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SUMMARY 

Spontaneous mutants resistant to a range of anti-

biotics, amino acids or amino acid analogues were 

isolated from cultures of methane-oxidising bacteria at 

frequencies between 1 in 3 x 1O7  to 1 in 4 x i08 . 

Methane-oxidising bacteria were found to be parti-

cularly sensitive to chemical mutagens; for example, 

MMS, EMS, nitrous acid and NTG. 

No induced mutations to auxotrophy were detected 

after IJV Irradiation, '-irradiation or EMS, MKS and 

nitrous acid treatments. 	Induced mutations to strepto- 

mycin resistance were not detected even after screening 

dense preparations of mutagenised cells. 

Unstable auxotrophe were isolated after treatment 

with NTG, but these colonies reverted rapidly to the 

wild-type phenotype. 	It Is suggested that the methylo- 

trophic metabolism of these bacteria may be responsible, 

at least in part, for the apparent lack of induction of 

mutations. 

Preliminary studies on the DNA repair mechanisms 

operating in these bacteria suggested the presence of an 

excision repair mechanism and an accurate recombinational 

repair mechanism in Methylococcue capsulatus (B), Methylo-

monas agile (R), Methylomonas albus (BG8) and Methylosinus 

trichosporIum (0B4). 	The presence of the latter mechanism 
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may have contributed to the apparent non-inducibility of 

mutations in these strains. 

Photoreactivation could not be detected in any of 

the strains tested. 

Filament formation was demonstrated in Methyloelnus 

sporium (12), Methylosinus trichosporium (0B4), Methylo-

sinus trichosporium (Pa), Methylomonas methanica (SI), 

Methylobacter capsulatus (Y) and Methylobacter boyle (CM) 

after certain mutagenlo treatments. 

No phages active against any of the laboratory or 

newly isolated strains of methane-oxidising bacteria were 

found. 	Lysogeny was not demonstrated in any of the 

strains tested. 	Lysis of Methylomonas agile (R) and 

Methylosinus trichoeporium (OBBP) was observed after 

treatment with certain inducing agents, but lack of a 

sensitive i&dicator strain precluded the identification 

of the possible lytic particle. 

Transformation of streptomycin or penicillin 

resistance was not demonstrated in Methylococcus 

capeulatus (B), Methylomonas albus (BG8), Methyloinonas 

agile (3) or Methylosinue triohosporlum (OB3B). 

The incorporation of Methyl-tritiated thymidine into 

the Trichioroacetic acid-insoluble material of Methylo- 

monas agile (R) and Methylococcus capsulatue (B) stopped 

after growth for half a generation. The presence of 
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both the enzymes thymidine kinase and thymidine phos-

phorylase was inferred from this result. 

Adenosine, Deoxyadenoalne, lJrldine and 5-Bromo-

deoxyuridine failed to stimulate the incorporation of 

Methyl-tritlated thyinidine or 14C-Thymine into the 

Triohioroacetic acid-insoluble material of Methylomonas 

agile (R) and Methylococcus capsulatus (B). 

Stable incorporation was achieved by incubation with 

(1) Methyl-tritiated thyinidine in the presence of 

20/0g/ml of 5-Pluorodeoxyuridine and 500/Ag/mi of 

thymidine, or (ii) 34 C-Thymidine monophosphate. 
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GENERAL INTRODUCTION 

A world shortage of protein has stimulated interest 

in unorthodox methods of protein production to supplement 

the conventional sources from agriculture and fishing. 

Microorganisms have many attractions as protein supple-

ments since they multiply rapidly, are easily handled and 

can be grown economically on inexpensive organic materials. 

Of these hydrocarbons are in greatest supply and it is the 

cheapest fractions, gaseous and liquid alkanes which are 

being investigated as potential substrates for the 

production of microbial protein.. It has been calculated 

that 100% of the protein required by the world's popula-

tion could be produced from between 15% and 20% of the 

world's petroleum production per annum (Johnson, 1967). 

The discovery of large quantities of natural gas has 

stimulated research into methane-oxidising bacteria with 

a view to the production of cheap single cell protein 

(Coty, 1967; Wilkinson, 1971). 

Occurrence of Methane 

One-carbon compounds at all oxidation levels between 

methane and carbon dioxide occur abundantly throughout 

nature. 	The sources of methane fall into two groupas 

(a) methane may be produced as a result of the anaerobic 

decomposition of organic matter by microorganisms. This 

process occurs in anaerobic muds, the tanks of sewage 

disposal plants and in the rumen of herbivore.. 
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(b) Methane occurs in coal and oil deposits and was 

probably produced biologically in primaeval swamps and 

became trapped in subterranean layers. Methane-

oxidising bacteria are found in associated environments 

where oxygen is available. 

Isolation and Characterisation of Methane-Oxidising 

Bacteria 

Isolation of methane-oxidising bacteria in pure 

culture has proved a difficult task. Sóhngen in 1906 

gave the clearest early description of a methane-

oxidising bacterium although it is doubtful if the 

bacterium isolated, which he named Bacillus methanious, 

was obtained in pure culture. 	Considering the widespread 

occurrence of methane in nature it is perhaps surprising 

that so few other methane-oxidising bacteria were isolated 

in the succeeding sixty years (Table 1). 	In theory the 

elective culture of methane-oxidising bacteria in an 

inorganic medium with methane and air in the gas phase 

should yield only methane-oxidising bacteria plus 

organisms capable of growth on their extracellular or 

autolysis products. 	However by 1966 only three new 

species had been isolated (Table 1) and methane-oxidising 

bacteria had gained the reputation of being difficult to 

isolate and to maintain in pure culture. 	It had also 

been implied that such bacteria could only be grown in 

mixed cultures, contaminants either removing a toxic 

inhibitor secreted during growth or producing an essential 
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nutrient for the growth of methane-oxidising bacteria 

(Vary & Johnson, 1967). 	However, Whittenbury, Phillips 

and Wilkinson (1970b) improved the Isolation procedures 

by two modifications: 

Since methane-oxidising bacteria are few in number 

and slow-growing relative to other bacteria in the initial 

enrichment, they streaked the cultures onto solid media 

without further aerial dilution. 

The small (0.2 cm) colonies which appeared after 

5 to 7 days incubation were picked off, not the larger 

colonies of other bacteria which had appeared by 3 days 

and which were presumably growing on impurities in the 

agar. By this isolation procedure more than 100 methane-

oxidising bacteria were Isolated in pure culture from mud, 

soil samples and water from ponds, ditches, streams, 

estuaries and marine sources. Among the isolates a 

proportion were readily identified as Pseudomonas 

methanica and Methyl000ccue capaulatus but many had not 

been isolated previously (Table 2). 	All the isolates 

were gram-negative and strictly aerobic with an obligate 

requirement for methane or methanol. A majority of the 

strains isolated were found to produce some form of 

resting stage and all possessed a complex internal 

membraneous structure. 

As a general rule therefore It can be said that 

bacteria which grow on methane have an obligate require-

ment for methane or methanol and the apparent growth of 

methane-oxidising bacteria on other hydrocarbons or on 
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Table 1. 

Name 

Methane-oxidising bacteria isolated prior to 1966 

Remarks 	 References to 
Isolation/Description 

Bacillus 
iethariicue 

Ps eud oinonai 
methanitri-
ficans 

Me thanomonas 
methano-
oxidans 

Methylo-
coccus 
oapsu].atus 

Isolated from aquatic 
environments, e.g. 
oonds ditches, weeds. 
Polar flagellate, 
Gram-negative rod 

Isolated from soils. 
Gram-negative motile 
rod. 	Forms pale 
yellow colonies on 
agar. Fixes nitrogen 
and thought to be 
generally similar to 
Methyl os inus 

Isolated from soils, 
mud, coal-mine water 
and rumen. Gram-
negative, motile, 
pleomorphic bacteria, 
often associated in 
rosettes. Forms micro-
colonies on agar. 
Thought to be similar 
to Methyloelnue 

Isolated from sewage, 
mud and spa-water. 
Gram-negative coccus. 
Optimum growth 
temperature 3700. 
Thermotolerant rather 
than therinophilio 

First isolated by 
Shngen (1906) 	re- 
isolated by (i) Dworkin 
and Poster (1956) who 
renamed it Pseudomonas 
methanica; (ii) Lead-
better and Poster (1958); 
(iii) Johnson and 
Temple (1962); (iv) 
Whittenbury et al. 
(1970b) who renamed it 
Methylomonas methanica 

Davis Coty and Stanley 
(l964 

(1) Brown, Strawinaki 
and Mocleskey (1964); 
(ii) Chapman and 
Ribbons (1968) 

(1) Poster and Davis 
(1966); (ii) Whitten-
bury et al. (1970b) 

There have been many other reports of methane-oxidising 

bacteria which have either obviously been In mixed culture 

or were too inadequately described to permit identification 

(Hutton and Zobell, 1949; Pape and Hanson, 1950; 

Strawineki and Tortorich, 1955). 
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complex media is probably due to either bacterial 

contamination of the isolates or the contamination of 

methane by its gaseous homologues. A Brevibaoterium 

(strain JOB 5) reported by Perry (1968) to grow on 

n-alkanes appears to be the only exception to this rule, 

although doubts have been expressed about its ability to 

grow on methane (Ooyazaa & Poster, 1965. 

Nomenclature of Methane-Oxidising Bacteria 

Attempts at a formal classification of these 

bacteria are premature since conventional tests give 

little information of differential value. 	The nomen- 

clature of methane-oxidising bacteria has been confused 

by the use of the prefix Methan- to both methane-

producing and methane-oxidising genera. The suggestion 

of Poster and Davies (1966) that methane-oxidising 

bacteria should have the prefix Methylo- was adopted by 

Whittenbury et al. (1970b) for the preliminary classifica-

tion of methane-oxidising bacteria based on variations in 

morphology, fine structure and the type of resting stage 

formed (Table 2). 

Resting Stages 

Some form of resting stage was produced by the 

majority of the strains isolated 	(Whittenbury, Davies 

and Davey, 1970a). 

(1) Exospores were budded off by Methylosinue strains as 

the cultures entered the stationary phase of growth. 
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Table 2. 	Classification of methane—oxidising bacteria 

Group Resting 
stage 

Membrane 
type 

Rosettes 	Morphology formed 

Methylomonas Immature I - 	Rod 
Azotobacter- 
type cyst 

Methylobacter Azotobacter— I - 	Rod 
type cyst 

Methylococcue Immature I - 	Coccus 
Azotobacter- 
type cyst 

Methylosinus Exoepore ii + 	Rod or 
pear—shaped 

Methylocyetls 'Lipid' cyst II + 	Rod or 
vibrioid 

im Adapted from Nhittenbury et al. 	(1970b). 

The exoapores had some properties in common with endoaporee, 

e.g. in staining properties, some structural features and 

resistance to heat and desiccation. 

(2) Cysts were produced by the majority of non—sporing 

strains which exhibited varying degrees of resistance to 

desiccation and cell specialisation in their formation. 

'Azotobacter—type' cysts were produced by 

Metbylobacter strains which were resistant to desiccation 

and similar in morphology, staining properties and fine—

structure to cysts produced by Azotobacter spp. 

'Immature cysts' were produced by Methylomonas 

and Methylococous strains; these cysts were not resistant 

to desiccation and had a cell wall structure intermediate 

between that of a vegetative cell and a mature cyst. 
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(o) 'Lipid cysts' were produced by Methylooystis 

parvus which were not resistant to desiccation and were 

characterised by the presence of large lipid inclusions. 

The significance of ability of most of the isolates 

to form resting stages has been linked to the obligate 

requirement for methane. Under adverse environmental 

conditions where methane is limited, survival would be 

enhanced by the production of resting stages able to 

survive for considerable lengths of time (Whittenbury 

et al., 1970a). 

Pine Structure 

An important characteristic of methane-oxidising 

bacteria is the possession of elaborate internal membrane 

structures, of which two types of organisation have been 

found (Whittenbury, 1969; Proctor, Norris & Ribbons, 

1969; Davies & Whittenbury, 1970). 	In organisms with a 

Type I system, the membranes were aggregated into bundle., 

each bundle consisting of a number of disc-shaped vesioles 

in a highly orientated arrangement. The organisation of 

the Type II membrane system was more variable and less 

ordered than that of Type I. The membranes were usually 

in the form of a series of concentric vesicles which more 

or lees completely enclosed the inner part of the organism. 

It has been suggested that the increase in surface area 

afforded by these complex membrane structures would 

compensate for the probable low efficiency of coupling of 

phosphorylation to the oxidation of methane. 	The type 
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of membrane organisation has been correlated with the 

generation times of the bacteria, those possessing the 

complex Type I membrane system having shorter generation 

times than those with Type II systems implying that the 

growth rate is a function of membrane area (Davies & 

Whittenbury, 1970), 

Energy Metabolism 

The biochemistry of the mechanism of methane oxida-

tion has recently been reviewed (Quayle, 1969; Ribbons, 

Harrison & Wadzineki, 1970; Kelly, 1971). The route of 

microbial methane oxidation is generally assumed to be: 

CH 	4CH3OH 	HCH0_ ,HCO2H 	CO2 

The evidence for this pathway has rested largely on the 

ability of washed suspensions of Pseudomonas methanica 

and Methanomonas methario-oxldane to oxidise these com- 

pounds and by the extracellular accumulations of methanol, 

formaldehyde and formate in the presence of suitable 

oxidation inhibitors and trapping agents. 	Recently di- 

methylether has been implicated as an intermediate in the 

oxidation of methane (Wilkinson, 1971). 

Comparison with Autotrophe 

Autotrophy may be defined in several different way., 

but is generally used to describe those organisms which 

possess the ability to synthesise the bulk of eell 

material from carbon dioxide only. All other organisms 

requiring pre-formed organic compounds are defined as 
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heterotropha. Autotrophy can be sub-divided according 

to the energy source required for carbon dioxide assimi-

lation, i.e* photoautotrophe such as algae and the photo-

synthetic bacteria utilise the energy of light while 

ohemolithotrophe use the energy derived from the oxidation 

of inorganic compounds. 	Such a definition of autotrophy 

automatically excludes the methane-oxidising bacteria. 

However, there are now several reasons for regarding 

methane-oxidising bacteria as being more akin to auto-

trophe than heterotrophe. 

The complex internal membrane structures found in 

methane-oxidising bacteria are similar in appearance to 

those found in photolithotrophic and ohemolithotrophic 

bacteria (Murray & Watson, 1965; Pfennig, 1967; Holt, 

Tauper & Takacs, 1968). 	In contrast heterotrophic 

bacteria do not possess these elaborate membrane arrange-

ments. 	Phosphatidyl choline, an unusual component of 

bacterial phoepholipids, Is present in the membranes of 

autotrophe and methane-oxidising bacteria but Is absent 

from most heterotrophs (Ribbons, Harrison & Wadzinekl, 

1970). 

Organic compounds cannot normally be used as an 

energy source by obligate autotrophs but may be 

assimilated and used as a source of cell carbon (Ritten-

burg, 1969). 	Organic compounds are also assimilated by 

methane-oxidising bacteria Into a variety of cellular 

compounds with a labelling pattern similar to that of 

chemolithotrophlo bacteria and dissimilar to that of 
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beterotrophic bacteria. 	However, this assimilation is 

strictly dependent on methane or methanol oxidation and 

organic compounds cannot replace the specific requirement 

for methane or methanol as the sole source of carbon and 

energy (Patel, Hoare & Taylor, 1969). 

Organic compounds have been shown to inhibit growth 

of methane-oxidising bacteria to varying degrees (Eroshin, 

Harwood & Pirt, 1968; Eceleston & Kelly, 1972). 	Similar 

inhibition of some obligate chemolithotrophe by exogenous 

organic matter has been widely reported (Kelly, 1967a; 

Rittenburg, 1969;  Johnson & Vishniak, 1970) and has been 

attributed to imbalance of amino-acid metabolism caused by 

the end product inhibition of early reactions of multiple-

product branched pathways. This results in starvation of 

one or more essential amino acids (Kelly, 1969a,b,o). 

Similar end-product inhibition has been shown to be the 

cause of threonine toxicity in Methylococcus capsulatue 

(PD) (Ecoleston & Kelly, 1972, 1973). 

There appear to be two pathways for the uptake of 

methane carbon into cell carbon. 	The allulose pathway 

is found in those methane-oxidising bacteria which have 

the Type I membrane system and is a modified form of the 

ribulose diphosphate pathway found in autotrophs. 	Those 

with the Type II membrane system have the aerine pathway 

for the assimilation of carbon; this pathway is also 

found in heterotrophic bacteria capable of utilising 

reduced C compounds (Kemp & Quayle, 1967; Heptinstall 

& Quayle, 1970; Lawrence, Kemp & Quayle, 1970). 
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(5) One explanation for obligate autotrophy has been 

assumed to lie in metabolic defects. 	A wide variety of 

ohemolithotrophic and photosynthetic organisms which lack 

the ability to grow on glucose in the absence of their 

specific energy source have been shown to lack at least 

two enzymes, a-ketoglutarate dehydrogenase and niootinaniide 

adenine dinuoleotide (NADH) oxidase (Smith, London & 

Stanier, 1967). 	Other reports have shown that not all 

autotrophe lack these enzymes (Smith & Hoare, 1968; 

Williams & Watson, 1968). 	However, it is not necessary 

that all autotrophe lack the same enzymes; the absence 

of one or more enzymes may be critical in these cells. 

An incomplete TCA cycle has been demonstrated in Type I 

methane-oxidising bacteria, the lesion involving loss of 

all or part of the a-ketoglutarate dehydrogenase enzyme 

complex, although no such lesion was detected in Type II 

methane-oxidising bacteria. NADH oxidase has been 

detected in all of the methane-oxidising bacteria studied 

but is present at low levels (Davey, Whittenbury & 

Wilkinson, 1972). 

An explanation advanced to explain the basis of 

obligate autotrophy maintains that glucose per se is not 

toxic, but that the metabolism of glucose in the absence 

of the required energy source produces toxic intermediates 

which accumulate because of enzyme deficiencies. 	The 

growth of obligate cheniolithotroplo bacteria on glucose, 

in the absence of the required energy source, has been 

demonstrated (Pan & Umbreit, 1972). 	However, the 
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bacteria cannot be redefined as 'heterotrophe' since 

growth occurred only under extreme culture conditions. 

Nevertheless it emphasises the pitfalls inherent in the 

classical definition of autotrophy. 

In spite of the qualifications which must be imposed 

on any definition of autotrophy it still remains a useful 

term (Rittenburg, 1969)0 and the similarities observed 

between methane-oxidising bacteria and autotrophs suggest 

that the former may be regarded as a group of obligate 

'methylotropha' dependent on methane or methanol as the 

sole source of carbon and energy (Hoare, Taylor & Patel, 

1970). 

Evolution 

The similarities observed between methane-oxidising 

bacteria and ohemolithotrophs may reflect a common 

evolutionary pathway or the inevitable imposition of some 

autotrophic characteristics caused by the ability to 

oxidise methane. 	Type I and Type II methane-oxidising 

bacteria may be distinguished by different membrane 

systems and different pathways of carbon a3similation. 

Furthermore, an incomplete TCA cycle has been found only 

in Type I bacteria and these differences suggest two 

distinct evolutionary mechanisms. 

The primaeval atmosphere is thought to have been 

composed of methane, ammonia and water but no oxygen, 

the latter arising from the subsequent activity of photo-

synthetic organisms (Bernal, 1967). Methane-oxidising 
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bacteria can oxidise ammonia and the oxidation of methane 

has been found to be inhibited by ammonia in an apparently 

competitive manner (Whittenbury et al., 1970b). 	These 

observations have led Wilkinson (1971) to 13peculate that 

Type I methane-oxidising bacteria may have evolved from 

nitrifying bacteria by mutations arising in the membrane- 

bound ammonia-oxidising system. 	The Type II methane- 

oxidising bacteria, which have the serine pathway for 

carbon assimilation, may have evolved from other organisms 

which had the ability to use methanol and other reduced 

compounds (e.ge formaldehyde, formate and methylainine) as 

sources of carbon and energy. 	If this is so then the 

acquisition of the ability to oxidise methane is associated 

with an obligate requirement for methane and the gain of 

many autotrophic characteristics. 

Conversely, Type II methane-oxidising bacteria may 

have evolved from Type I bacteria by loss of membrane-bound 

enzyme systems coupled with the independent evolution of a 

serine pathway as suggested by Quayle (1972). 

Industrial Potential 

The industrial interest in methane-oxidising bacteria 

lies in their use as cheap protein supplements. 	Thus 	it 

is obviously important that such supplements have as high 

a protein content as possible, and ideally the protein 

should be rich in lysine, tryptophan and nethionine 

(Whittenbury, 1969). 	The examination of a larger series 

of isolates may reveal an ideal organism but the selection 
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of mutants, or variation of growth conditions may produce 

the necessary changes In amino acid composition. 	Other 

products such as vitamins, various metabolic intermediates 

and enzymes from genetically engineered mutants may also 

prove practical Industrial products. Mutants which would 

be suitable for long-term growth in fermen'tore might also 

be selected; these would include mutants resistant to 

intermediate metabolites or to bacteriophage infection. 

For maximum exploitation, therefore, methane-oxidising 

bacteria should be readily mutable and posess genetic 

transfer mechanisms. 	This study was initiated to 

investigate these mechanisms in the methane-oxidising 

bacteria isolated by Whittenbury et al. (1970b). 
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MATRIALS AND METHODS 

Biological material 

The strains of methane-oxidising bacteria studied 

were isolated by Vthittenbury et al. (1970b). 	These 

included: Methylomonas albus (B08), Methylomona. agile 

(A20), Methyloinonas inethanloa (Si), Methylomonas 

methanica (A4), Methylornonas methanica (LX1); Methylo-

coccus capeulatus (B), Methylocoocus minimue (TMC); 

Methylosinus trichosporium (OB3B), Methyloelnus trioho-

sporium (OB5B), Methylosinue triehosporium (0B4), 

Methylosinus triohosporium (PG), Methylosi:riue eporium (5), 

Methyloairius sporlum (12); Methylobacter oapeulatue (Y), 

Methylobaoter boyle (CM); Methylocystle parvus (OBBP). 

The nomenclature used was that of Whittenbury et al. 

(1970b), and the symbols In brackets refer to the strain 

numbers. 

Methylococcus oapsulatus (PD), Isolated by Poster and 

Davis (1966), was obtained from the Department of Micro-

biology, Queen Elizabeth College, London. 

Methane 

Biologically produced methane was obtained from 

Greater London Council, Mogden Works, Ialeworth, Middlesex, 

Buffers 

Phosphate and acetate buffers of the desired molarity 

were prepared according to the methods outlined In 

"Medical Microbiology" (Cruickshank, 1965). 
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Growth media 

(1) The following nitrate mineral salts medium was 

used (NMS): KNO3 , 5.0 g; MgS04 17H20 1  1.0 g; KH2PO4 , 

0.26 g; NaHPO4 .7H20, 0.74 g; FeNa.ldta, 0.004 g; 

CaC12 , 0.2 g/litre of distilled water. 	0,5 ml quantities 

of a trace element solution (Phillips, 1970) was added to 

each litre of NMS and the pH adjusted to 6,8 before auto- 

claving. 	Finally, 20 ml quantities of a I8terile phosphate 

buffer solution (a mixture of KH 2PO4  and Na2HPO4 .12H20; 

15 g in 300 ml quantities of distilled water, pH value 6.8) 

were added to each litre of NMS when cool. 	For solid 

medium 1.8% Oxoid No. 1 agar (w/v) was added to the NMS 

liquid medium prior to autoclaving; for 1 I3oft-agar' 

0.6% agar (w/v) was added. 

Sterilisation was carried out by autoclaving at 

15 lbs. per eq. in. (121°C) for 15 mine. 	Supplements 

were sterilised separately by membrane filtration and 

added aseptically. Millipore filters (Millipore U.K. 

Ltd., Wembley, Middlesex) Type HA of pore isize 0. 4 5 ,*- or 

0.22 r were used for membrane filtration. Swinney hypo-
dermic adaptors (Millipore Ltd.) were used for small 

volumes and Millipore pyrex filter units for larger 

volumes. 

For 'supplemented' NMS, filter-sterilised 

solutions of oasamino acids and yeast extract were added 

to 0.1% (w/v). 

Filter-sterilised solutions of the vitamins 

pantothenic acid, biotin, para-aminobenzoi4 acid and 
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aneurine-HOl were added to a final concentration of 

1/-g/nil. 

Filter-sterilised solutions of amino acids were 

added Individually, or in various combinations, to NUS or 

incorporated into MM plates at the following concentra-

tions: L-methIonine, L-Isoleucine, L-tryptophan, 

L-oyeteine, L-threonIne, L-hietidine, Ii-v&Line, L-phenyl-

alanine at 100 /b.g/ml; L-leucine and L-glutamIo acid at 

50 pg/mi. 

(iv) Where methanol was used as the sole source of 

carbon and energy a filter-sterilised solution of methanol 

was added to lIMB to a final concentration of 0.1 (w/v). 

Maintenance and routine growth of cultures 

(I) Duplicate stocks were grown on NMS agar slopes 

incubated in domestic Tupperware containers. 	These 

vessels had lids with air-tight seals and small ports with 

air-tight caps. Methane gas was forced through the lid- 

port from a partially filled football bladder. 	Once a 

week stocks were subcultured onto fresh slopes and also 

streaked onto nutrient agar plates as a purity check. 

(ii) The high humidity which developed In the 

enclosed containers stimulated fungal spores present in 

the unsterile atmosphere to germinate and grow on the 

inside surfaces of the containers, leading to fungal 

contamination of the cultures. 	This problem was 

partially overcome by swabbing the 'Tupperware' containers 

with ethanol between transfers and by maintaining a 
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duplicate set of cultures. All handling of cultures was 

carried out in a positive flow sterile cabinet to reduce 

the possibility of contamination. 

(iii) 'Qulokfit' flasks (250 ml) containing 20 ml 

quantities of NMS were used for growing liquid cultures. 

The flasks were washed In Quadrelene (Flsoila Scientific 

Apparatus, Loughborough, Leicestershire) overnight and 

then washed several times with distilled water before 

being sterilised. 	Inocula were taken from either two-day 

old elopes or from an overnight liquid culture. After 

Inoculation the cotton wool plugs were removed and replaced 

with 'Subaeeal' caps. Methane was Injected from a hypo-

dermic syringe to give an approximately 1:1 ratio of 

methane to oxygen. 	The flasks were incubated on a 

Gallenkamp rotary shaker at 200-250 r.p.m.:; all cultures 

were Incubated at 30°C with the exceptions of Methylo-

coccus capsulatus (PD) and Methylococous capsulatus (B) 

which were incubated at 57 °C and 46°C respectively. 	The 

purity of the cultures was determined by spreading 0.5 ml 

quantities onto nutrient agar and incubating these plates 

at the growth temperature in the absence of methane. 

Methane-oxidising bacteria could not grow and contaminants 

were easily detected. 	In this way low levels of contami- 

nation were detected which would otherwise not have been 

observed microscopically. 

(iv) Dense preparations of cells for mutagenesis 

studies or for DNA extraction procedures were obtained by 

spreading 0.5 ml quantities of cells onto Large NMS agar 
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plates (14 ems diameter). 	The thick lawn was scraped off 

after two days incubation and resuspended in the required 

diluent. 	Such preparations contained approximately 

1 x 10 bacteria/mi. This method was prferabie to the 

harvesting of cells from large volumes of 1MS since 

contaminants were easily detected. 

(v) Two colony types of Methylomona agile (A20) 

were observed on NM3 agar plates, rough, crenellated 

colonies and smooth colonies, the latter being 

Indistinguishable from the smooth colonies of Methylo-

monas albus (BG8). 	The ratio of rough to smooth was 

variable, the maximum found was 1:100. Such rough 

colonies were 'unstable', single colonies always producing 

mixtures of rough and smooth colony types. 	The cells of 

each type were indistinguishable microecopLca1ly. During 

the routine subbing of the cultures the rough character 

became 'dominant' and was propagated as the stock strain 

of M. agile (&20). 	Smooth colony types could not be re- 

isolated from the cultures. The rough  strain was 

designated M. agile (R) and the 'smooth' parent strain 

M. agile W. Each results section will empbasise which 

culture was used, since different responsets to the 

inactivating effects of certain mutagene were found. 

Determination of survival 

Cells were suitably diluted into NMS ]pre-warmed to 

the growth temperature; 0.1 ml quantities were spread 

onto well-dried NMS plates which were then reinoubated at 
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the growth temperature. 	Ideally, fifty to two hundred 

colonies were obtained per plate. 	Colonies of Type I 

organisms were counted after seven days incubation, those 

of Type II after a minimum incubation period of one month. 

The moisture accumulated during growth was removed every 

three to four days and the containers regaE;sed with methane. 

Measurement of growth 

Samples from overnight cultures were diluted into 

20 ml quantities of NMS in a 'side-arm' flask to give a 

turbidity reading of about 0.15 in a nephelometer (Evans 

Electroselenlum Ltd., Halstead, Essex). 	This turbidity 

was equal to a concentration of about 3 x 107viable 

organisms per ml. 	The cultures were incubated and the 

optical density read at intervals. 

MUTATION 

1. Selection of spontaneous mutants 

Samples of (1) exponential phase cultures or (ii) 

dense cell preparations containing 1 x 1010  cells/ml were 

spread onto NMS plates supplemented with the required 

compound at a concentration known to inhibit growth of 

wild-type cells. Viability was measured on non-selective 

media. After incubation, resistant colonies were picked 

off with sterile toothpicks onto NMS platen supplemented 

with the inhibitory compound. Single colonies were kept 

as mutant stocks. 	Streptomycin resistant mutants were 

tested for streptomycin dependence. 
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2, Mutagenic treatments 

(I) Ultraviolet (1W) irradiation 

A 10 ml quantity of an exponential phase culture was 

irradiated in a sterile Petri dish (9 cm diameter) at a 

distance of 40 ems from a Hanovia germicidal lamp (Model 

12). 	The incident dose rate was 22.5 ergs/nun 2/sec. 

The suspension was agitated during irradiation by means 

of a magnetic stirrer to prevent sedimentation of the 

bacteria and to maintain uniformity of the absorbed dose. 

Exosporee or cysts were harvested from month-old }Th18 

slopes, washed and resuspended In NMS prior to irradia-

tion. At Intervals 0.1 ml samples were removed to assay 

for induced mutations and for a determination of viability. 

?-Irradiation 

Three ml quantities of exponential phase cultures 

were Irradiated in a 60  Cosource; 0.1 ml 8amples were 

removed at intervals for a measurement of viability and 

to assay for induced mutations. During this work the 

dose-.rate decayed from 7.94 to 5.86 Krad/min. and 

appropriate adjustments were made to Irradiation times. 

Nitrous acid 

A 10 ml quantity of an exponential phase culture was 

harvested by centrifugation and resuspended: in 0.05 M 

RH2PO4 , pre-warmed to 300, with and without the addition 

of a calculated volume of filter-sterilised 5 M NaNO2 . 

The cells were incubated at the growth temperature. 

0.1 ml quantities were removed at intervals Into phosphate 

buffer (pH 7.0). 	Viability and induction of mutations 

were measured as before. 
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Methylmethane suiphonate (MMS) and ethylmethane 

suiphonate (EMS)  

MMS and EMS (Kodak Ltd., London) were diluted into 

NMS and the required volume added to exponential phase 

cultures. Incubation was carried out under normal growth 

conditions. 	Samples were withdrawn at intervals, washed 

once with pre-warmed NMS snd resuspended in NIB. 

Viability and the induction of mutations was measured as 

before. 

N-methyl-N'-nitro-N-nitrosouanidin (NTG) 

NTG (Aldrich Biochem.) wasdissolved in distilled 

water (2.5 mg/ml) or In pH 5.0 acetate buffer (1 mg/ml). 

One ml quantities were kept frozen in the dark and never 

re-frozen after use. 

Five ml quantities of cells were harvested by 

centrifugation, washed with NIB and resuspended in the 

required buffer. A calculated volume of the NPG solution 

was added and the cells were Incubated under well defined 

conditions of temperature and aeration. samples were 

diluted into ITh1S and NTG removed by centrifugation and 

one washing with NMS* Viability and the induction of 

mutations to auxotrophy were measured. 

To obtain an aqueous solution of diazomethane 

and the other alkaline decomposition product. of NTG, a 

solution of NTG was brought to a high pH to decompose it 

rapidly, approximately neutralized and used at once. 

For example, to a 1 ml quantity of an NTG solution was 

added 0.25 ml of 0.2 M potassium hydroxide and when the 
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yellow colour had completely disappeared 0.2 ml of 0.2 M 

hydrochloric acid was added. 	The required volume of a 

washed cell suspension was added and the cells incubated 

without shaking at the required temperature. When 

Indicated, the NTG solution was aerated on a Whirlyniixer 

for one minute before use to remove the diazomethane from 

solution. 

(o) One ml quantities of exponential phase cultures 

were spread onto the surface of well—dried 1MS plates 

supplemented with Casamino acids. 	The excess was drained 

off and the lawn allowed to dry, when a Millipore filter 

(25 mm diameter) soaked In an NTG solution (pH 6.8, 

1 mg/ml) was placed in the centre of each plate. 

3. Assessment of induced mutation frequencies 

(I) The cultures were mutagenised and survival 

measured on NMS plates. 	One ml quantitIeø were re—grown 

in NMS for several generations to allow segregation and 

expression of mutant characters. 	0.2 ml quantities were 

then spread onto NMS plates containing the inhibitory 

compound, viability was measured on non—selective media. 

After Incubation, the mutants were counted and the 

frequency of mutation calculated. 

(ii) Dense preparations of cells were mul;agenised 

(clumps were dispersed on a 'WhIrlymixer') and survival 

measured on non—selective media. 	0.5 ml quantities were 

spread onto large NMS plates and incubated for 12 hours, 

when soft—agar overlays containing the inhibitory 
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compound at the required concentration we:e added to the 

plates. 	After further incubation resistant colonies 

were scored against a faint background lam. The 

frequency of mutation was then calculated 

(iii) Exponential phase cultures were mutagenised and 

survival measured on NMS. One ml quantities were re-

grown in NMS when 0.5 ml samples were spread onto large 

NMS plates and incubated overnight. 	The cells were 

harvested and resuspended in the minimum volume of NMS. 

Clumps were dispersed on a 'Whirlymixer' and the 

viability of the dense preparation measured. 	0.5 ml 

quantities were spread onto NMS plates containing strepto-

mycin or L.-threonine at the required concentration. 

After incubation the numbers of resistant mutants were 

counted and the frequency of mutation calculated. 

4. Isolation of auxotrophic mutants 

Cultures were mutagenised and the viability after 

treatment measured. 	The isolation of auxotrophic mutants 

was undertaken on NMS plates supplemented with (a) casamino 

acids and yeast extract, (b) amino acids, individually or 

in various combinations, and (c) vitamins. 

(1) 'Direct' isolation 

0.1 ml quantities of mutagenised cells were suitably 

diluted into NMS and 0.1 ml quantities were then spread 

onto the surface of well-dried, supplemented NMS plates 

to give about 50 to 100 colonies per plate after inouba-

tion. 	Each colony was then replica-plated once onto 
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supplemented and NMS plates using the replica plating 

technique of Lederberg and Lederberg (1952). 	Those 

colonies which could grow only on the supplemented plates 

were investigated for auxotrophy. Suspected auxotrophe 

were examined microscopically and also streaked onto 

nutrient agar as a purity check. 

Liquid enrichment 

To allow segregation and expression of possible 

recessive mutations the mutagenised cells were re-grown 

in NMS (supplemented as before). 	The cells were 

harvested by centrifugation and washed once with NMS, 

then resuspended in NMS and dumps dispersed on a 

'Whirlymixer'. Samples were assayed for auxotropbio 

mutants as in (1). 

Pencillin selection (Davis, 1948) 

Penicillin in varying concentrations was added 

to exponential and stationary phase cultures of selected 

strains of methane-oxidising bacteria. Samples were 

removed at intervals for measurement of viability; peni-

cillin was removed from the samples by one washing with 

NMS. 

Mutagenised cells were re-grown in supplemented 

NMS. Samples were withdrawn, washed once with NMS and 

resuspended in NMS (minus the nitrate source) in a shake-

flask. The cultures were incubated under methane over-

night to ensure the metabolic inertness of induced auxo-

trophe. Samples were then removed and diluted into NMS 

to a final concentration of 3 x 10 7  cells/ml and 
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penicillin added. 	The concentration of penicillin used 

and the time period of incubation were selected on the 

basis of the killing curves obtained in (a). 	To prevent 

the lysis of spheroplaete with the subsequent cross-

feeding of auxotropha, sucrose was added at 4% (w/v). 

After incubation, samples were withdrawn arid washed once 

with NMS to remove the penicillin and re-grown in supple- 

merited NMS. 	One ml quantities were removed and assayed 

as before for auxotrophe. 

Use of the repair inhibitor caffeine in the 

isolation of auxotroph. 

Samples of UV irradiated cultures were diluted into 

IMS and 0.1 ml quantities were spread onto NMS plates 

supplemented with casamino acids and caffeine. 	The 

concentrations of caffeine used did not affect the 

viability of an unirradiated culture and were chosen on 

the basis of survival curves. Surviving colonies were 

replica-plated onto NMS plates with and without casamino 

acids. 	Those colonies able to grow only on supplemented 

plates were examined for auxotrophy. 

Selection of thymine-requiring mutants 

0.2 inl quantities of exponentially growing cultures 

or mutagenieed cells, were spread onto NMS plates 

containing Triinethoprim (Calbiochem, Los Angeles, 

California) at 400 fr-g/ml and either thymine or thynildine 
at 500 -/ml. The plates were incubated for a week and 

resistant mutants were easily identifiable against a faint 

background lawn. These mutants were tested for the 
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inability to grow on NMS In the absence of thymine or 

thymidine. 

(vi) Selection of auxotrophe with Increased resistance 

to yeast extract or casainino acid. 

Exponential phase cultures were mutageriised with NTG, 

the cells were harvested by centrifugation, washed once 

with NMS and resuspended In NMS. 0.2 ml quantities were 

spread onto the surface of well—dried NMS plates 

containing casamino acids or yeast extract at concentra-

tions known to Inhibit the colony formation of wild—type 

cells (i.e. 1.0% w/v). 	The plates were incubated for 

three weeks. 	It was hoped that induced auxotrophe might 

show an Increased resistance to organic material, and 

thus a selective system for the isolation of auxotrophs 

might become available. 

5. Isolation of temperature—sensitive (t.s.) mutants 

0.1 ml quantities of mutagenised culture. of 

Methylocoocue capsulatus (B) were diluted into NMS and 

0.1 inl quantities were spread onto well—dried NMS plates. 

After incubation for ten days at 37°C the surviving 

colonies were replica—plated onto NMS plates which were 

then incubated at 4600  for ten days. 	Those colonies 

which were unable to grow at 4600  were investigated for 

temperature—sensitivity. Mutagenleed cultures were 

also regrown at 3700  before selecting for t.e, mutants. 
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6. Isolation of mutants able to utilize methanol but 

not methane for growth 

Mutagenised cells in 0.1 ml quantities were diluted 

into NMS and 0.1 ml quantities spread onto the surface of 

NMS plates containing methanol at 0.1% (w/v). 	The 

plates were incubated for ten days and surviving colonies 

replica-plated onto NMS plates with and without methanol. 

Plates without methanol were incubated in an atmosphere 

of methane. 	Colonies which failed to grow on methane 

were investigated further. 

DNA REPAIR MECHANISMS 

Photoreactivation 

The source of photoreactivating light was a Phillips 

'Black-light' Lamp, type TL 40W/08. 	Immediately after 

IJY irradiation of cultures, samples were diluted into NMS 

and 0.1 ml quantities spread onto NMS plate.. 	Half of 

the plates were exposed to photoreactivating light for 

varying periods of time. Unirradiated cultures were 

also exposed to photoreactivating light for equivalent 

periods of time. The plates were incubated under 

methane for ten days, survival levels were then compared. 

Liquid Holding Recovery in the dark (LHR) 

(1) Exponential phase cultures were harvested by 

centrifugation, washed once with NMS to remove dissolved 

methane and resuspended in pre-warmed NMS buffered to 

pH 6.8. After irradiation with UT the cultures were 
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held in the dark at the growth temperature in the absence 

of methane. Viability was measured after various 

periods of holding. Unirradiated cultures were set up 

as controls and viability measured at the same time 

intervals. 

(ii) Mitomycin C (at 0.5 or 1.0 p'.g/ml) was added to 

exponential phase cultures. 	After one to two genera- 

tions growth the mitomycin C was removed with two washings 

with pre-warmed NMS. The cells were resuspended in NMS 

buffered to pH 6.8 and then held in the dark at the growth 

temperature but in the absence of methane. Viability 

was measured after various periods of holding. 

Minimal Medium Recovery (1R) 

Exponential phase cultures grown in NMS supplemented 

with casamirio acids and yeast extract were harvested by 

centrifugation, washed and resuspended in NMS. After IJY 

irradiation, samples were diluted into pre-warmed NMS and 

viability measured on both supplemented and unaupplemented 

NMS plates. 

Determination of filament formation 

Mutagenised cells were (1) regrown in supplemented 

and unsupplernented NMS in shake-flasks and (ii) suitably 

diluted into NMS and samples plated onto supplemented 

and unsupplemented NMS. 

Samples of the liquid cultures were examined at inter- 

vale for the presence of filaments. 	Plates were removed at 
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daily intervals, the cells were harvested in NMS and the 

suspension examined microscopically for the presence of 

filaments. Comparisons were made with untreated 

cultures. A minimum of 100 fields per sample were 

screened for the presence of filaments. 

DL-.pantoyl lactone rescue of UV irradiated cells 

(1) DL-pantoyl lactone (Sigma Chemical Company) 

was incorporated into NMS plates at concentrations which 

did not inhibit the growth of wild-type cells of 

Methylosinus triohoeporium (0B4). Exponential phase 

cultures of M. triohosporium (0B4) were 1W irradiated as 

described previously. 	0.1 ml quantities were diluted 

into NMS and 0.1 ml quantities spread onto NMS plates 

with and without DL-pantoyl lactone at 0.01 M. A compari-

son of viability on the two media was made after four 

weeks incubation at 3000. 

(ii) DL-pantoyl laotone at varying concentrations 

was added to UT irradiated cultures of Methylosinus 

triohosporiui (0B4) in shake-flasks. 0.1 ml quantities 

were removed at intervals during the growth cycle for 

microscopic examination. Comparisons were made with 

unirradiated cultures in the presence and absence of 

equivalent concentrations of DL-pantoyl laotone. 

Effect of caffeine on colony-forming ability 

Caffeine was inoo'porated into NMS plates at varying 

concentrations. Exponential phase cultures were 
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suitably diluted into NMS and 0.1 ml quantities were 

spread onto the well-dried plates. 	Incubation took 

place at the growth temperature for two weeks when the 

surviving colonies were scored against a faint baokground 

lawn. 

7. Chloraniphenicol rescue of 'Y-irradiated cells 

(POT recovery) 

Exponential phase cultures were Y-irradiated to 

give 10 2  survival, doses being chosen on the basis of 

survival curves. 	Chloranipheniool was used at the 

minimum inhibitory concentrations, e.g. the growth of 

Methylosinus triohoeporium (0B4) and Methylomonas agile 

(R) on NMS plates was inhibited by 50 and 100 pg ohlorain-

phenicol/mi, and in shake-flasks by 100 and 200 

ohioramphenicol/mi respectively. The following methods 

were used: 

(1) After suitable dilution into NMS, 0.1 ml 

quantities of both irradiated and unirradiated cells 

were placed on Millipore membranes (Type HA, 0.45 , 

25 mm diameter) arranged on the surface of large NMS 

plates. These plates contained obloramphenicol at a 

concentration known to inhibit growth. 	Duplicates were 

made on uneupplemented NMS plates. 	Both sets of plates 

were incubated and at intervals membranes were removed 

with sterile forceps and replaced on the surface of NMS 

plates. After incubation the creamy-yellow colonies 

were easily identifiable against the membrane. 
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(ii) Samples of irradiated cells were diluted into 

flasks with and without chlorainpheniool at the concentra-

tion known to inhibit growth in shake-flasks. Unirradia-

ted cells were diluted into NMS containing ohioramphenicol 

at the required concentration. 	The flasks were incubated, 

samples removed at intervals and the viability measured. 

ATTEMPTED ISOLATION OF PHAGES 

Collection of samples 

Approximately 100 g of material was collected from 

pond waters, ditches, muds, polluted rivers, sewage and 

manure. Mud and manure samples were shaken with 500 ml 

quantities of NMS. 	Isolation of methane-oxidising 

bacteria from a majority of these samples was undertaken, 

using the methods of Whittenbury et al. (1970b). 

Assay of phages 

(1) Double-agar layer plates (Gratia, 1936; described 

by Adams, 1959) 

A 0.5 ml quantity of an exponential phase culture of 

the indicator strain and a 0.5 ml quantity of the sample 

under investigation were mixed gently in a small volume 

of molten soft-agar. The mixture was immediately poured 

over the surface of a well-dried NMS plate, allowed to 

set on a level surface and then incubated under methane. 

When required methanol was added to the soft-agar to a 

final concentration of 0.1% (w/v). 	An even, opaque 

layer of bacterial growth was obtained. The plates were 
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examined at intervals and suspected plaques were trans-

ferred into NMS and spotted onto fresh lawns of the 

indicator strains. 

(ii) Dried lawns 

A 0.5 ml quantity of an exponential phase culture 

was poured over the surface of a well—dried NMS plate. 

The excess was drained off and the lawn allowed to dry. 

Samples of the materials collected were then spotted onto 

the lawns at marked areas and allowed to dry. After one 

to two days incubation a thick surface lawn was formed. 

For the sharper differentiation of possible plaques from 

the background lawn methyl red was added to the plating 

medium at 0.05% (w/v). When required yeast extract and 

oasamino acids were added at 0.1% (w/v). 

3. Enrichment techniques 

20 ml quantities of exponential phase cultures 

were diluted into 100 ml quantities of NMS and regrown in 

the presence of 10 ml quantities of the samples. 

Mud and debris, etc., were removed from the 

samples by low speed centrifugation at 5000 x g for 30 

minutes. The supernatant was either passed through a 

Millipore filter (Type HA, pore size 0.22-) or 

pasteurised at 57 °C for 30 minutes. 	Samples were 

spotted onto nutrient agar to check £ or bacterial 

contamination. Five ml quantities of the treated 

supernatants were then added to exponential phase 

cultures of test strains. Incubation was carried out 
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at the growth temperature of the strains used. 

Equal volumes of untreated samples and NMS 

were incubated under methane without shaking. Methane—

oxidising bacteria isolated from these enrichments were 

purified and used as indicator strains. 

Samples from the enrichments above were centrifuged 

at 5000 x g for 30 minutes to sediment bacteria and the 

supernatant was passed through a Millipore filter (Type 

HA, pore size 0.22 ). 	Dilutions of each filtrate were 

made in NMS and assayed for the presence of phage.. A 

5 ml quantity of each filtrate was added to fresh 

cultures and the enrichment repeated. 

Concentration of phages by ammonium sulphate 

precipitation - Ammonium sulphate was added to four litres 

of habitat material to a final concentration of 

800 g/litre (Betz and Anderson, 1964). After thorough 

mixing the samples were left at 4°C for 24 hours. The 

resulting floe was skimmed off the surface and resuspended 

in a small volume of NMS, and assayed for phage an followes 

0.5 ml quantities of the floe suspension were 

added to growing cultures and the optical density followed. 

Sterilised samples of the floe were used as controls. 

After 24 hours growth the cultures were centrifuged to 

sediment bacteria, the supernatant was passed through a 

Millipore filter and then spotted onto lawns of selected 

indicator strains. 

0.5 ml quantities of the floe suspension were 

diluted In NMS and 0.1 ml quantities of each dilution 
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were spotted onto double-agar layer plates seeded with 

the Indicator strain. 

4. Identification of lysogenic strains and sensitive 

indicators 

(I) Double-agar layer plates seeded with samples of 

exponential phase cultures were prepared and 0.1 ml 

quantities of stationary phase cultures were spotted onto 

the plates at marked areas. Since small numbers of phage 

may be found in cultures of lysogenic bacteria, sensitive 

Indicators may be Identified by a clear area around the 

colony of the host strain. 	The plates were examined 

over a period of 5 days. 

(ii) Induction of lysogenic strains - In the absence 

of sensitive indicator strains, lysogenia bacteria may 

sometimes be identified by the Induction of phages after 

treatment with inhibitors of DNA synthesis. The 

following Inducing agents were usedz 

UV and i-radiations 

Exponential phase cultures were irradiated as 

previously described. 	The doses of irradiation were 

chosen on the bails of survival curves to give survival 

levels of between 1 and 90. 	The irradiated cells were 

regrown and the optical density followed. 

Mitomyoin 0 

Mitomycin C (Sigma Chemical Company) was dissolved 

in NMS and stored at 4 °C In the dark. 	Five ml quantities 

of exponential phase cultures were diluted Into NMS 



37. 

containing the required concentration of mitomycin C and 

the optical densities of the cultures followed. 

(a) NTG and N-nitroso-N-methyl urethane (MM) 

NMU was obtained from K and K Laboratories Inc., 

Plainview, N.Y., Hollywood, California. 

Exponential phase cultures were incubated with 

10 &'.g/ml of an NTG solution (buffered to pH 6.8) for ten 

minutes, or with NMU at 5 x 10 M for six minute.. The 

mutagens were removed by centrifugation and one washing 

with NMS. Samples were regrown in NMS and the optical 

densities of the cultures followed. 

(d) ENS 

Exponential phase cultures were incubated with 

0.2 M EMS for five minutes. The mutagen was removed as 

above, 5 ml quantities of the treated cells were regrown 

in NMS and the optical densities of the cultures followed. 

5. Negative staining of phages 

Culture. which showed partial or complete lysie 

after treatment with a mutagen were examined for the 

presence of phagea or related particles. 	The lysates 

were centrifuged at 2,000 x g for 30 minutes followed by 

sedimentation of possible phages at 65,000 x g in an 

M.S.E. High-Speed 50 ultra-centrifuge. 	The 'pellet' was 

then resuspended in K-pkiosphotungetate. 	The metal grids 

were coated with a formafor film and touched onto the 

surface of the resuspended pallet. 	The grids were 

examined under an electron microscope. 
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TRANSFORMATION 

1. Preparation of DNA 

Dense preparation of cells from streptomycin or 

penicillin resistant mutants were made. DNA was 

extracted from these preparations by one of two methods 

(1) 'Marmur' Method (Marmur, 1961) 

The cell, were resuspended in 100 ml quantities of 

saline-EDTA and lysed by the addition of 

of a 20% solution of sodium lauryl suiphi 

isolation procedure then followed Maraur 

final DNA precipitate was dissolved in a 

of NMS or saline-citrate buffer pH 7.0. 

(ii) 'Phenol' Method (Olowes and Hayes, 

2 ml quantities 

te (518). 	The 

(1961). 	The 

small volume 

1968) 

The cello were lysed by the addition of 518, an 

equal volume of 90% phenol was then added (the phenol 

was shaken with 0.1 M borate immediately before use to 

remove traces of acid). 	The mixture was shaken gently 

for 20 minutes to keep the phases mixed and then centri-

fuged at 10,000 x g for 30 minutes. The aqueous layer 

was removed without disturbing the protein interface. 

The dissolved phenol in the aqueous layer was removed by 

shaking two or three times with equal volume, of diethyl 

ether. DNA was precipitated by pouring ethanol down the 

side of the container. The resulting strand. of DNA were 

wound onto glass rods, washed with ethanol and resuspended 

in saline-citrate buffer pH 7.0 or in NMS. 
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Estimation of DNA 

The absorbance was measured at 260 nm on an 'SP 800' 

using calf thymus DNA as a standard. 

Transformation of antibiotic-sensitive wild-type 

cells to antibiotic resistance 

(1) Homologous DNA at 100 1-g/ml was added to 

(a) early exponential, (b) exponential, and (o) late 

exponential - early stationary phase (retardation phase) 

cultures of each strain. Cultures of Methylomonas albue 

(BG8), Methylomonas agile (5) and Methylosinue tricho-

sporiurn (OB3B) were incubated with DNA at 30°C; cultures 

of Methylocoocus capsulatus (B) at 3009 370 and 46 0C. 

All cultures were incubated for three hours under methane. 

Deoxyribonuclease (Sigma Chemical Company) was added to a 

concentration of 20g/m1 and the cultures incubated for 

a further 30 minutes. 	The cells were harvested by 

centrifugation and resuspended in pre-warmed NMS. 

(ii) Assessment of transformation and back-mutation 

frequencies. 	Three methods were used as follows: 

(a) 0.1 ml quantities of each culture were suitably 

diluted into NMS and 0.5 ml quantities spread onto large 

NMS plates containing streptomycin at 10 pg/mi or peni-

cillin at 15 I.U./mi. 	0.5 ml quantities of wild-type 

cells were also spread onto NMS plates containing an 

equivalent concentration of the antibiotic for an estima- 

tion of the back-mutation frequencies. 	The viability of 

each culture was measured on NMS plates. 
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0.5 ml quantities of suitable dilutions of each 

culture were placed in the bottom of petri-dishes. 

9.5 ml quantities of molten NMS agar were then added and 

the cells dispersed by gentle rocking of the plates. 

0.5 ml quantities of untreated cultures were seeded in 

NMS agar in the same way. Plates were removed at 

intervals during incubation and an overlay of soft-agar 

containing the antibiotic was added for an assessment of 

the transformation and back-mutation frequencies. 	The 

final concentration of streptomycin in the plate was 

10 1Lg/rnl, that of penicillin 15 I.U./ml. 	Viability was 

measured by adding an NMS overlay to plates seeded with 

appropriate dilutions of treated and untreated cells. 

The plates were examined after a further period of 

incubation. 

One ml quantities of the treated cells were regrown 

in 10 ml quantities of NMS. Samples were removed at 

two hourly intervals during the growth cycle, suitably 

diluted into NMS and 0.5 ml quantities spread onto large 

NMS plates containing streptomycin or penicillin at the 

required concentration. Viability was measured as 

before. 	The plates were examined for transformants 

after incubation at the required temperature. 

4. EDTA treatment of recipient cells 

Cells from an early exponential phase culture of 

Methyl0000cus capsulatus (B) were harvested and re-

suspended in phosphate buffer (pH 6.8) at a density of 
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1 x 109/21. EDTA was added to a final concentration of 

2 x 10 M and after five minutes incubation at 37°C the 

cells were diluted 1 in 10 into pre-warmed NMS (after 

Leive, 1965). DNA extracted from a etreptomyoin 

resistant mutant of M. capsulatus (B) was then added to 

a final concentration of 100 pg/mi. The cells were 

incubated at 37°C for three hours. 	Samples were then 

removed, treated with deoxyribonuolease as before (3 (1)), 

then regrown at 37 °C. During the growth of the treated 

culture samples were removed, suitably diluted into NMS 

and 0.2 ml quantities were spread onto N15 plates with 

and without the addition of streptomycin. 	The plates 

were examined after ten days incubation at 3700  for 

tranaformant.. 

5. Attempted transformation of apheroplasts of 

Methylornonas albus (BG8) 

Since it is not possible to obtain true protoplasts 

of gram-negative bacteria, the term epheroplast has been 

applied to "globular forms of gram-negative bacteria in 

which the cell wall structure has been modified rather 

than totally destroyed" (MoQuillen, 1960). 

(1) Production of epheroplasts 

0,1 ml quantities of a saturated solution of sodium 

lauryl sulphate (20% w/v) were added to 10 al cultures 

of Methylomonae albue (BG8) during exponential growth. 

Sucrose was added to the cultures (4%  w/v) to prevent 

lyale of the spheroplaat.. 	The cultures were incubated 
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for two hours at 3000,  samples were removed and examined 

microscopically for the presence of apheroplasta and for 

the measurement of viability. The epheroplasta formed 

were harvested and resuspended in NMS. 

(ii) Attempted transformation of streptomycin resistance 

Ten ml quantities of the epheroplast suspension were 

incubated with DNA extracted from a streptomycin resistant 

mutant of Methylomonas albu. (3G8). 	The final concentra- 

tion of DNA was 10 p-g/ml. The suspension was incubated 

at 30°C for three hours. 	The cells were then harvested, 

washed once with cold sucrose (4%  w/v) and resuspended in 

NMS containing sucrose at 4% (w/v). After overnight 

incubation at 3000,  microscopic examination showed that 

the culture had reverted to rod—shaped forms. 	0.2 ml 

quantities of the regrown cultures were plated onto 

selective media for an estimation of the transformation 

frequency, and viability was measured on INMS plates. 

Five ml quantities of the cultures were regrown In NMS 

and the number of traneformante assayed at intervals 

throughout the growth cycle. 

6. Measurement of DNA uptake 

Cultures of Methyl00000us capaulatue (B) and 

Methy].omonas albue (BG8) were grown to the retardation 

phase. 	0.2 ml quantities were transferred to 25 in]. 

'Quickflt' flasks and 10 /A/ml of tritiated DNA (from 

Micrococous radiodurane) was added (specific activity 

1.25 x 104 o.p.m./ g DNA). 	The cells were incubated at 
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30°C for three hours under methane. Heat-inactivated 

cello were used as controls. 	Deoxyribonuclease 

(20f../ml) was added to each culture and incubation was 

continued for a further 30 minutes. The bacteria were 

harvested and washed once with NMS and then lysed with 

hot 98% formic acid in scintillation vials. 	The formic 

acid was boiled off and one ml quantities of distilled 

water were added to the vials while they were still hot. 

Dioxan scintillation fluid was added after the vials had 

cooled and the radioactivity in each vial measured 

(Moseley & Mattingly, 1971). 

RADIOACTIVE LABELLING OF DNA 

1. Incorporation of thymidine (methyl-H 3 , 22.4 Cl/mM); 

thyinlne-2-C 14  (62 Cl/mM) and thymidine-2-& 4-5' 

monophosphate (43 Cl/mN) into whole cells or 

triohioroacetic acid insoluble material 

Twenty-five C of the above compounds were added to 

either one or twenty ml quantities of exponential phase 

cultures. The cells were incubated under methane in 

either 25 ml or 250 ml 'Quickfit' flasks. After various 

periods of incubation 0.1 ml or 0,5 ml quantities were 

removed from the flasks with a hypodermic syringe, and 

either filtered immediately by suction through a 0.22 

Millipore filter or mixed with 0.5 ml quantities of Ice-

cold triohloroaoetic acid (TCA) in small glass tubes. 

The filters were washed carefully several times with NMS 

buffered to pH 6.8. 	The tubes were held at 4°C, 
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surrounded by toe, for 30 minute.. 	The contents were 

then agitated on a 'Whirlymixer' and filtered by suction 

through a 0.22 Millipore membrane filter. These filters 

were washed twice with 5 ml quantities of 10% TCA and twice 

with 15 ml quantities of ice-cold distilled water. 	The 

membranes were removed from the filtration holder, placed 

in marked scintillation vials and dried overnight over 

phosphorous pentoxide. 	Ten ml quantities of scintillation 

fluid was added to each vial and the radioactivity assayed 

using a Beckman liquid scintillation counter. 

2. Determination of the effect of certain compounds on 

the incorporation of thymidine (methyl-H3 ) and 

thymine 2&14  into whole cells of trlchloroacetio 

acid insoluble material 

Effect on growth 

The following compounds at varying concentrations 

were added individually to shake-flask cultures of 

exponential phase cells and the optical density of the 

cultures followed: 5-fluorodeoxyuridine (5-MR); 

thymine; thymidine (TdR); deoxyadenoeine (AdR); 

adenosine (Ad); 5-.bromodeoxyuridine (5-BUdR); uridine; 

thymidine-5 1-monophosphorio acid (TMP); and 2-deoxy-4,-

D-riboae-l-phoephate (dRIP). 

Effect of these compounds on incorporation of 

radiochemicals 

The above compounds at concentrations not affecting 

growth were added an required to shake-flask cultures 
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containing 25 C of the radiochemical. Procedure then 

followed 1. above. 

Radioohemioa].s were obtained from the Radiochemical 

Centre, Amerehain, Buckinghamshire. 

Scintillation fluid was obtained from Nuclear 

Enterprises Ltd., Edinburgh. 

5—FUdR was kindly provided by Roche Products Ltd., 

Welwyn Garden City, Hertfordshire. 

Al]. other compounds were obtained from Sigma 

Chemical Company Ltd., Surrey. 
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INTRODUCTION 

Mutants are ubiquitous tools in genetic analysis 

and understanding of the way in which they arise has 

advanced with the development of the theory of the gene. 

A gene is a segment of DNA in which the sequence of 

purine and pyrimidine bases determines the sequence of 

those in an RNA molecule, and by translation the sequence 

of amino-acids in a polypeptide chain. Thus mutation 

can be defined as any permanent, heritable alteration in 

the sequence of bases in the DNA, which may be expressed 

as a change in the phenotype. The number of mutants 

arising in a population can be increased over the back-

ground level of those arising spontaneously by the use 

of a variety of mutagenic agents. The artificial 

induction of mutations was discovered in Drosophila with 

X-ray. (Muller, 1928). 	This was followed by the demon- 

stration that ionising radiations in general, and ultra-

violet light (UV) were also mutagenio (Proinptov, 1932). 

A detailed study of the induction of mutations in bacteria 

by X-ray. and UV was first undertaken by Demereo and 

Latarjet (1946) and since then bacteria have been 

increasingly used in mutageneale studies. 

Certain chemicals have also been found to be muta-

genie and their mode of action on DNA has been investigated. 

Knowledge of all the possible types of structural changes 

induced in bacterial DNA by exposure to mutagens is 

incomplete, but the most important of these changes 
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will be discussed in relation to the mutagene used in 

this study. 

1. Ultraviolet light (UV) 

The diners formed between adjacent pyrimidine bases 

are chemically the most stable and well defined lesions 

Induced by UV radiation In DNA. 	In Escherichia coil 

thymlne-thymlne diners are Induced more readily than 

cytosine-thymine or cytosine-cytosine diners and these 

diners are found In the DNA of the Irradiated bacteria 

in the ratio of 5i4z1 (Setlow, Carrier & Bollum, 1965). 

The formation of diners involves linking the 5 9 6 Un-

saturated bonds to form a cyolobutane ring, which causes 

a considerable distortion in the phoephodleeter backbone 

of DNA in the vicinity of the diner (for a review see 

Smith, 1966). 	It has been calculated that a UV dose of 

one erg/mm2  will produce about six pyrinildine diners per 

genome In Eeoherlchla coil (Witkin, 1969a). 	UT has also 

been found to Induce cross-links between DNA strands, but 

with a yield of lees than 1% of that for iritrastrand 

diners (Glleon & Doty, 1962). 	Cross-links between DNA 

and proteins have also been detected after UT irradiation 

(Smith, 1962). 

Although pyrimidine diners are not the only photo-

products formed in DNA by UT, they are thought to cause 

most of the lethal and mutagenlo effects observed In 

bacteria at low doses. 
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Ionising radiations 

The structural changes induced in bacteria by 

exposure to ionising radiation are largely unknown. 

The most easily observed effect on bacterial DNA in the 

introduction of double- and single-strand breaks and 

there Is circumstantial evidence that single-stranded 

damage might be the scission of the sugar-phosphate 

backbone (McGrath & Williams, 1966). 	X-rays have been 

shown to damage purinee and pyrimidines In aqueous 

solutions forming a number of different unstable 

products but very little is known about the production 

of base damage in vivo (Soholes, Ward & Weiss, 1960). 

For a review of available information see Bridges (1969). 

Nitrous acid 

Nitrous acid has a wide range of chemical and muta-

genie effects on DNA and was the first chemical mutagen 

whose action seemed to be understandable in simple 

molecular terms. One of the most Important reactions of 

nitrous acid with DNA is the oxidative deamination of 

bases, adenine being converted to hypoxanthine, guanine 

to xanthine and cytosine to uraoil (Schuster, 1960). 

Other important reactions are the induction of deletions 

(Teesman, 1962) and the production of covalent linkages 

between two complementary strands of DNA (Geidusohek, 

1961). 
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Alkylating agent. 

DNA treated with monofunctional alkylating agents 

behaves quantitatively as though the alkylation of 

purines was the major significant reaction. Alkylation 

by EMS and MMS occurs at the site of purines and 

particularly at the N7 position of guanine (Brook.. & 

Lawley, 1961). Methylated bases do not interfere with 

the replication of DNA (Prakash & Strauss, 1970) but tend 

to be unstable, the alkylation labilising the deoxyribose 

linkage so that the 7-alkylguanine is released from the 

DNA leaving an apurinio site (Brooks & Lawley, 1961). 

It has been suggested that depurination of alkylated 

sites may not in itself be a lethal event; however, some 

of the alkylated sites may be converted to single-strand 

breaks by enzymic action resulting in inactivation 

(Lawley, 1966; Strauss, 1968). 	The degradation of 

alkylated site, Is independent of the nature of the alkyl 

group; ethylated and methylated DNA behave in an 

essentially identical manner, the kinetics of the 

reaction being determined by the rate of depurination 

(Prakash & Strauss, 1970). Alkylated DNA may be 

regarded therefore as a mixture of alkylated bases, 

apurinic sites and single-strand break.. 

N-methyl-N1-nitro-nitrosoguanidine (NTG) 

NTG Is an extraordinarily potent mutagen (Mandell & 

Greenberg, 1960; Adelberg, Mandel & Cein Ching Chen, 

1965) which preferentially mutagenisee at the replication 
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point (Cerd-Oimedo, Hanawait & Guerola, 1968). 

Exposure of cells to NTG results in rapid methyla-

tion of DNA, the principal product being 7-methylguanine 

(Craddock, 1968) 9  but methylation of adenine and cytosine 

also occurs to a lesser extent (Singer, Fraenkel-Conrat, 

Greenberg & Michelson, 1968). 	A prerequisite for 

methylation is the binding of NTG to the DNA possibly 

between the tases (Singer et al., 1968). 	Methylatlon of 

phosphate groups in the DNA backbone also occurs, 

producing labile linkages which give rise to single- 

strand breaks (Olson & Baird, 1969). 	The methylating 

activity of NTG increases with increasing hydroxyl Ion 

concentration (McCalla, 1968) and Is correlated with the 

production of dlazome.thane at pH 7.5. 	At lower pH 

values nitrous acid Is the main decomposition product 

(DelI6, 1968; Cerd-Olmedo & Hanawalt, 1967a). 

Most mutational studies to date have been carried 

out on heterotrophic organisms, sophisticated techniques 

and genetic analyses have been applied to bacteria such 

as Escherlchia coil resulting in the accumulation of a 

large amount of Information. By comparison, autotrophs 

have received little attention and genetic studies on 

these organisms are still In a rudimentary state. 

Among the autotrophs Thiobacilil app., Hydrogeno-

monas app. and the blue-green algae have received the 

most attention. Mutants resistant to antibiotics and 

to some Intermediate metabolites have been found for 

Lu 
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Thiobacillus neapolitanue (Johnson & Vishniak, 1970) and 

for the blue-green algae Anacystis nidulans (Aaato & 

Poleome, 1969, 1970). 	Auxotrophic mutants of Thio- 

bacilluB thio-oxidane have been isolated which were 

unable to grow on autotrophic media in the absence of 

yeast extract. However, these mutants reverted before 

the specific nature of the nutritional block could be 

determined or verified (Rittenberg & Grady, 1950). NTG 

was found to be the most efficient mutagen for the 

induction of auxotrophs in the blue-green algae, 1W being 

relatively inefficient as a mutagen. The auxotrophic 

mutants of Anacystie nidulans isolated so far have been 

limited to requirements for methionine, tryptophan, 

cysteine and biotin. 	The reason for the Isolation of 

only a narrow spectrum of mutants is not known but may 

be related to the autotrophic metabolism of the organism 

(Herdman & Carr, 1972). 	It has been suggested that in 

general auxotrophic mutations occur in autotrophs at a 

much lower frequency than in heterotrophs (Li, Redei & 

Gowans, 1967). 	Other mutations documented for the blue- 

green algae include deficiencies in the reduction of 

sulphate, nitrate or nitrite (Stevens, Jrn & Van Baalen, 

1970). 

Mutants of Pseudomonas AY1 9  a methanol-utilising 

bacterium capable of growth on formate and methylainine 

but not on methane, have been obtained after NTG treat-

ments. 	The mutants lacked enzymes of the serine pathway 

for carbon assimilation (Heptinstall & Quayle, 1970; 
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Harder & Quayle, 1971a,b). 

In this study attempts have been made to isolate 

the following mutants by selection of those arising 

spontaneously or by induction with mutagens: 

mutant, resistant to a variety of antibiotics, 

aTninoaoide or amino acid analogues; 

auxotrophio mutants; 

(a) mutants able to utilise methanol but not methane for 

growth; and 

(d) temperature-sensitive (t.s.) mutants. 

Since no information was available on the induction 

of mutations in methane-oxidising bacteria, several 

strains were studied and as wide a range of mutagenio 

treatments as possible applied. 
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RESULTS 

Isolation of spontaneoua mutants 

Spontaneous mutants resistant to a range of anti- 

biotics, and to L—threonine and L.-oanavanine were 

isolated at frequencies of 1 in 3 x 10 	 to 1 in 4 x 10  

(Table 3). 	Of the 140 streptomycin—resistant mutants 

tested, none required streptomycin for growth. 

Action of mutagenas measurement of lethal effects 

Methane—oxidising bacteria were exposed to a variety 

of mutagenic treatments and the lethal and snutagenio 

effects measured, 

(1) Ultraviolet (UV) and '—radiation 

An analysis of 1W and i—radiation survival curves 

is given in Table 4. 

Nitrous acid 

The viability of exponential phase cultures of 

Methy-lomonae agile (R) and Methylomonas albus (BG8) was 

reduced to 10% by 3.5 and 8 minutes incubation 

respectively with 0.2 M NaNO2  at pH 4.6 (Pig. 5). 

EMS 

The viability of an exponential phase culture of 

Methyloinonas agile (R) was reduced to 10% by 8 minutes 

incubation with 0.2 M EMS at 30°C (Fig. 6)0 

The viability of a stationary phase culture and 

an exoepore suspension of Methy].osinus triohoaporium 

(OB3B) was reduced to 10% by 50 and 84 minutes incubation 
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with 0.2 M EMS at 30 °C (Fig. 6)0 

(iv) 

The viability of an exponential phase culture 

of Methyloc000us oapeulatue (B) was reduced to 10% by 

15 minutes incubation with 0.04 M !4M8 at 46 °C (Pig. 7). 

The viability of an exponential phase culture 

of Methyloinonas album (BG8) was reduced to 10% by 

55 minutes exposure to 0.04 M MMS at 30 °C (Pig. 7)6 
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(v) N12 

Lethality after 10 minutes incubation with NTG at 

100g/m1, 300C and without shaking (Pigs. 8.-11). 

Strain 	pH 	Condition% viability of cello 

Methylomonas 4.0 exponential 1.3 
albus (BG8) 

5.0 stationary 90 

6.0 exponential 17 

6.8 exponential 26 

6.8 stationary 45 

6.8 exponential 0.008 

8.52 exponential 90 

8.5 exponential 0.6 

Methylomonas 4.0 exponential 0.04 
agile 	(5) 

A.D.P. exponential 0.5 

A.D.P. (+ 
aeration) 	ex7onential 	50 

	

6.8 	exponential 	30 
Methyloinonas 	5.0 	exponential 	6.0 
agile (R) 

Methylococaus 4.0 exponential 0.007 
capsulatus 
(B) 5.0 exponential 95 

6.8 exponential 7.0 

exponential 0.6 

8.0 exponential 0.9 

Concentration of NTG at 1000/'/ml 
NTG solution aerated prior to use 

Incubation with NTG at 46 00 
A.D.P. Alkaline decomposition products of NTG 
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Table 3. 	Spontaneous mutation frequencies found in 

cultures of methane-oxidising bacteria 

Concentra- Concentra- 
Antibiotic 	 tion 	tion 

or 	Strain 	inhibiting to which 	
Frequency 

ra of inhibitory 	 wild-type mutant. 	Mutation compound 	 growth resistant 
in pg,/mi In pg/mi 

Streptomycin Methylococcus 	
7 oapeulatua (B) 	1 	20 	1 in 3 x 10 

Methyl omonas 
albue (BGB) 	1 	20 	1 in 3 x io8  

Me thy].omonas 
aIle (8) 	1 	20 	1 in 4 x io8  

Methylosinu. 
trichosporium 
(0B3B) 	 1 	10 	1 in 7 x 1O7  
Methvlosinus 
tricciosporium 
(PG) 	 1 	10 	lin6xlO 7  

Erythromycin Methylocoocu. 	 8 capsulatus (B) 	15 	25 	1 in 3 x 10 
Methyl omonas 
albus (B8) 	10 	25 	1 in 4 x io8  

Methyl omonas 
agile (S) 	10 	30 	1 in 4 x io8  

Me thylo sinus 
trichoaporium 
(PG) 	 10 	50 	lInlxlO8  

Aureomycin Methylococcue 	
7 capsulatus (B) 	10 	30 	1 In 4 x 10 

Methylonionas 
albus (BG8 	10 	30 	1 in 1 x io8  

Methylomonas 
agile (S) 	10 	30 	1 in i x io8  

Penicillin Methylococcus 
capsulatus (B) 5 I.tT./inl 15 1-U./ml1 in 2 x 108 

Methylornonas 
albu3 (BG) 	5 I.U./inl 15 1.13./rn]. 1 in 4 x io8 

Metbylomonas 
agile (S) 	5 I.U./ml 15 I.U./ml 1 In 4 x io8 
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Table 3 (contd.) 

Concentra— Concentra- 
Antibiotic 	 tion 	tion 

inhibitory 	Strain 	
inhibiting to which 	Frequency or 

compound 	
wild—type mutants 	of 
growth resistant Mutation 

- - - -------- 
	 in /ml 	in /ml 

Novobiocin Methylococcue 	 8 caps ulatus (B) 	30 	50 	1 in 1 x 10 

Methyloinonas 	 8 albue (B08) 	30 	50 	1 in 2 x 10 

Tetracycline Methyloinonae 8 albue (BG8) 35 50 1 in 4 x 10 

L—oanavanine Methylococcus 
100 200 1 2 x 8 10 capaulatue (B) In 

Methylonrnnae 
100 x 8 albus 	(3G8) 200 1 in 3 10 

L.-threonine 	Methylococcue 
1 7 capsulatus (B) 200 350 in 7 x 10 

Methylomonae 8 albue (BG8) 200 400 1 in 3 x 10 
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Table 4. Analysis of dose—response curves shown in Pigs. 1-4 

UV radiation dose— i—radiation 
response curves dose response 

Strain 
1-.rgs/1/e mm2  Intercept Krad Intercept 

Methyl omonas 
albue (BG8) (cysts) 180 340 nd nd 
Methylococous 
oapsulatus (B) 170 240 2.1 0 
Methylomonas albus 
(BG8) 190 230 1.9 4.6 

Methylomonas agile 
(8) 170 210 2.4 4.6 
Methylomonas agile 
(R) 100 0 2.4 4.6 
Mcthy1ococcue 
oap8ulatu8 (PD) rid rid 2.4 4.2 

Methylosinue 
sporium (12) 320 0 nd rid 
Methylosinus 
sporium (12) exo- 
spore suspension 740 0 rid rid 
Metbyloalnus 
trichosporium (0B4) 560 0 4.1 0 
Me thyloinonas 
rnethanloa (SI) 380 0 2.8 0 
Methylobacter 
capeulatus U!) 320 0 1.4 0 
Me thylobacter 
bovis 	(CM) 200 0 1.4 0 
Methylosinus 
trichosporiuin (PG) nd nd 3.6 0 

The 1/e value is the dose required to decrease the viability 

of a culture by 63 on the exponential part of the survival 
curve and is the dose required to give an average of one hit 
per bacterium. 
The Intercept value In terms of dose is obtained by extra-

polating the exponential part of the curve to unit survival. 
nd = not determined. 



Figure 1 

Ultraviolet (UV) survival curves of Type I methane—

oxidising bacteria 

o 	onential phase culture of Methylomonas agile (R) 

• 	nonnti I H.00 cul -turi of 1ethy1omonas agile (s) 

col tore of ethylomonas albus 

(BG8) 

• 	xponential phase culture of Metbylouionas 

capeulatus (B) 

0 	tationary phase culture of Methylonionas albus 

(BG8) 
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T1gure 2 

-radiation survival curves of exponential phase 

cultures of Type I methane-oxidising bacteria 

o 	thy1ornonas agile (R) 

• 	'thy1omonaa albus (B08) 

o 	:thY1000CCUB capsulatus (PD) 

, 	:ethylococcus capsulatus (B) 
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Figure 3 

UV survival curves of filament—forming strains of 

methane—oxidising bacteria 

. 	xponentjal phase culture of Methylobacter 

capsulatue (Y) 

• .xponentjai phase culture of Methylosinue sporium 

(12) 

xospore suspension of Methylosirius sporium (12) 

A 	xponentjal phase culture of Methylomonas 

methanica (Si) 

0 	xponential phase culture of Methyloelnue 

triohoeporlum (0B4) 
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Pigure 4 

—radiation curves of exponential phase cultures of 

filament—forming strains of methane—oxjd.jsjng bacteria 

A 'ethylobacter boyle (CM) 

A :cthylobacter capsulatus (Y) 

o lethylosjnus trlchosporlum (PG) 

• 	?thylomonas methanica (Si) 

o 	ethyloelnus trichosporlum (0B4) 
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Figure 5 

Nitrous acid survival curves of Methylomonas albus (BG8) 

and Methylomonas agile (H) 

0 	xponential phase culture of Methylomonas albus 

(BG8) suspended in 0.05 U KE 2 PO plus a 

calculated volume of 5 M NaNO2 . 

xponential phase culture of Methylontonas agile (R) 

suspended in 0.05 M KH2 PO4  plus a calculated 

L2, 	Incubation was at 3000. 

H r -  1Htylomonas albus (3G8) 

suspended in 0.05 M KH2PO4 , 	Incubation was 

A 	c,. 	' 	- 	t1ornon- 	_t_1_L:_. 	
(•. 

suspended in 0.05 U KH2PO4 . 	Incubation was 

at 30°C. 
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Figure 6 

Ethyl methanesuiphonate (EMS) survival curves of 

Methylosinue trichosporium (0B3B) and Methy].omonaa 

agile (R) 

o xponential phase culture of Methylomonas agile (R) 

o xospore suspension of Methylosinus trichosporjum 

. 	 44.. 

sporiurn (OB3B) 

All cultures were exposed to 0.2 M EMS and 

Incubated at 30°C. 
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Figure 7 

Methyl inethanesulphonate (MMS) survival curves o f  

Methylomonas albus (BG8) and Methylococcus capsulatue 

L1 

0 	onit 	oh: o c1ro of ethylomo 	o 

(BG8) exposed to 0.04 M MS. 	Incubation 
fl 

S 

capsu1atus (B) exposed to 0.04 M MKS at 46°C. 
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Figure 8 

Nitrosoguanidine (NTG) survival curves of Methylomonas 

albue (BG8) 

o Stationary phase culture, conditions of treatment: 

100 pg,/ml, pH 5.09 3000, no shaking. 

•i;tationary phase culture, conditions of treatment: 

100 p-g/rnl, pH 6.8 9  3000,  no shaking. 

Exponential phase culture, conditions of treatment: 

100 fg/ml, pH 6.8 9  300C, no shaking. 

A }xponential phase culture, conditions of treatment: 

1000 g/ml, pH 6.8 9  30°C, no shaking. 

NTG was dissolved in (i) acetate buffer pH 5.0 and a 

calculated volume added to cells suspended in NMS; 

(Ii) distilled water and a calculated volume added to 

cells suspended in phosphate buffer (pH 6.0 9  6.8 9  8.5) 

or citrate buffer pH 4.0. 
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Figure 9 

NTf survival curves of Methylonionas albue (BG8) 

A 	xponentja1 phase culture resuspended in buffer 

(pH 4.0) in the absence of NTG; incubation 

was at 30°C. 

E 	xponential phase culture, conditions of treatment: 

100 fig/ml, pH 4.0, 30°C, no shaking. 

0 Exponential phase culture resuspended in buffer 

PH 5.5 in the absence of NTa incubation 

was at 3000 

Exponential phase culture, conditions of treatment: 

100 j /ml, pH 8.5 9  30°C 9  no shaking. 

4 	xponentjal phase culture, conditions of treatment: 

100 g,/znl, pH 5.5, 30°C, NTG solution aerated 

for one minute prior to the addition of the 

cells. 

0 }.xponentlal phase culture, conditions of treatment: 

lOOtk€/ml, pH 6.0 9  3000, no shaking. 
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Figure 10 

NTG survival curves of Methylomorias agile (R) and 

MethylomonaB agile (5) 

• 	xponentia1 phase culture of Methylomonas agile (s) 
resuspended in buffer (pH 4.0) in the absence 
of NTG; incubation was at 30 00. 

o 	ixponentja1 phase culture of Methyloinorias agile (S), 
conditions of treatment: 100 	1 9  pH 4.0, 
30°C, no shaking. 

• 

	

	I.xponentjal phase culture of Methylomonas agile (5), 

conditions of treatment: 100g/ml, pH 6.8, 
30°C, no shaking. 

Exponential phase culture of Methylomonas agile (R), 
conditions of treatment: 100 1&gJml, pH 5.0 9  
30°C, no shaking. 

,  Exponential phase culture of Methylomorias agile (5), 
conditions of treatment: exposure to alkaline 

decomposition products of NTG (10014ml), 
30°C, no shaking. 

A 

	

	xponentia1 phase culture of Methylomonas agile (s), 
conditions of treatment: exposure to the 
alkaline decomposition products of NTG 
(100-gJml); the solution was aerated for one 

minute prior to the addition of the cells, 
30°C. 

Alkaline decomposition products were obtained by 
bringing a solution of NTG to a high pH then 

neutralising it rapidly. A calculated volume of a 
cell suspension was then added. 	When required, the 
solution was aerated prior to the addition of the 
cells. 
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Figure 1]. 

NTG survival curves of Methylococcus capeulatus (B) 

0 stationary phase culture, conditions of treatment: 

100 1 &g/m1, pH 5.09 3000,  no shaking. 

• Jxponential phase culture, conditions of treatment: 

100 pg/ml, pH 6.8, 30°C, no shaking. 

0 

	

	xponential phase culture, conditions of treatment: 

100 1&g/ml, pH 6.8 9  460C, no shaking. 

xponentia1 phase culture, conditions of treatment: 

100 ~g/mi q  pH 4.0, 300C, no shaking. 

A 	:xponentia1 phase culture resuspended in buffer 

(pH 4.0) in the absence of NTG; incubation 

was at 3000. 

A 	xponentjal phase culture, conditions of treatment: 

100 N/mi, pH 8.0 9  300C, no shaking. 
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3. Measurement of mutagenic effects 

The effect of mutagene on the mutation frequencies 

to streptomycin, Ir-oanavanine and L-threonine resistance. 

(1) Ultraviolet and (-irradiation, EMS, MMS and 

nitrous acid treatments were used in attempts to increase 

the mutation frequencies in cultures of Methylococous 

capsulatua (B), Methylomonas albus (BG8) and Methylomonas 

agile (5). 	No induction was found (Table 5(a)). 

(ii) Dense preparations of cells were used in an 

attempt to detect small increases In mutation frequencies. 

However, no induction could be detected using the overlay 

method, or by plating dense preparations (regrown from 

mutagenised cultures) onto selective media (Table 5 (b) & 

(c)). 	By using such dense preparations of cells, 

mutation frequencies based on counts of over 1000 mutant 

colonies per treatment were obtained. 
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Table 5. Mutation frequencies of streptomycin—resistant 

mutants found in cultures of Methylococcue 

capsulatus (B), Meth'1omonas albus (BG8) and 

Methylom.ona8 agile (5). 

(a) Mutation frequencies found in regrown cultures of 

mutagenised cells 

Cr 

	

' 	Frequency of 7 Strain 	Mutagen 	survival 	mutation 

Methylococcus 
capsulatus (B) 	ITV 	90 	1 in 3.7 x 10 

UV 	33 	1in3.4x107  

"f—radiation 	23 	1 in 2.8 x 10 

EMS 	5 	11n2.7x107  

Methyloinonas 8 
albus (BG8) liv 73 1 in 4.6 x 10 

UT 54 11n3.0x108  

UT 29 1 in2.7x108  

j—radiation 36 1 in 3.2 x 10  

Methylomonaa 8 
agile (S) UV 80 1 in 3.9 x 10 

UT 14 11n4.5x108  

EMS 0.04 11n4.8x108 
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Table 5. 

(b) Mutation frequencies found in dense preparations of 

rnutagenised cells, streptomycin-agar overlays were 

added after 12 hours expression time 

Strain 	Mutagen survival 
Frequency 
mutation 

of 

Methylococous 
1O7  capsulatus (B) 	UV 65 1 in 3.9 x 

UT 2.3 1in4.1x107  

'(-radiation 58 1 in 3.0 x 1O7  

Methylomonas 8 
albus (BG8) 	 UV 56 1 in 2.7 x 10 

UT 2.4 1 in3.5x108  

-radiation 47 1 in 3.5 x 1O8  

ItIMS 68 11n3.7x108  

Methylornonas 8 10 x agile (6) 	 UV 	92 1 in 3.7 

UT 	74 11n2.5x108  

UT 	 3 11n4.1 x108  

EMS 	35 11n5.6x108 



63. 

Table 5. 

(o) Mutation frequencies found in dense preparations of 

cells (mutagenised cells were regrown in N1(S then 

used to make dense cell preparations) 

Strain Mutagen survival mutation 

Methylocoecus 7 
capsulatus (B) try 87 1 in 3.2 x 10 

UT 4.7 1 in2.5x107  

UV 3 1 in5.4x107  

1-radiation 72 1 in 2.2 x 10 7 

MRS 69 1 in5.6x107  

EMS 9 1 in4.3x107  

H1¼102  36 1 in 2.8 x 10 

Methylomonas 8 
albue (BG8) UV 57 1 in 1.5 x 10 

UV 0.4 1 in4.1x108  

HNO2  85 1 in 3.4 x 108 

Nethyloonas 8 
agile (3) UT 61 1 in 4.2 x 10 

UV 28 1 in3.7x108  

v-radiation 74 1 in 4.6 x 10 

EMS 12 1 in 3.2 x 108 
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4. Isolation of auxotrophic mutants 

Cultures were mutagenised and the isolation of auxo-

trophe attempted as described previously (Materials and 

Methodsa mutation, section 4). 

(1) Mutagenic treatments 

1W Irradiation (Table 6) 

No auxotrophe were detected among the 41,400 

colonies tested. 

-radiation (Table 6) 

No auxotrophe were detected among the 22,600 

colonies tested. 

(o) ?MS and EMS (Table 6) 

No auxotropha were detected among the 10,400 

colonies tested. 

(d) Nitrous acid (H:NO 2 ) (Table 6) 

No auxotrophs were detected among the 5,600 

colonies tested. 

Table 6. Attempted isolation of auxotrophic mutants 

Strain 	Mutagen 	% 	Numbers of 
survival colonies tested 

Methylomonas 	UV 73 1270 
albus (BG8) 	lIT 61 1980 

liv 46 3794 
UT 22 4824 

UT 6.4 4120 

-radiation 0.8 1320 
HNO2  70 1445 
HNO2 37 1750 

HNO 2  1.2 1100 

MMS 0.05 2341 
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Table 6 (contd.) 

Strain 	Mutagen 	 Numbers of 
survival colonies tested 

Methylomonas 	UT 91 4110 

agile (S) 	 U? 69 2474 

UV 4.2 2212 

UT 0.01 1348 

ciatjozi 20 6543 

63 1087 

IIMS 4.0 2345 

17 

Nethylococcus 	UV 84 1530 
cpsu1atus (B) 	UT 61 2328 

UT 26 2756 

lIT 5.2 1427 

UV 0.03 2156 

\j'-r ,:idiation 34 6915 

EMS 67 1692 

MMS 39 1912 

Methylosinue 	 11? 	 73 	 1597 
trichosporlum 
(OB3B) exospore 	_radiation 	41 	 1980 

suspension 	 ENS 	50 	 1000 

Methylosirius 	 UT 	 47 	 980 
eporium ( 	 1W 	 0.04 	2163 

Methylomonas 	 UT 	 38 	 2850 
methnica (SI) 	 4,5 	 1564 
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(e) NTG (Table 7) 

Methylococous capsulatus (B) 

Thirty-four aixotrophe were found after treatment 

with NTG. Three of these mutants were temperature-

sensitive, i.e. they showed normal growth at 3700  but 

could not grow on unsuppleniented NMS at 4600. 	The 

requirement of one of these t.s. mutants and two other 

auxotropha could be satisfied by any one of the following 

amino acids: L-tryptophan, L-glutainic acid, 1,-methionine, 

L-lysine or L-threonine. All of the mutant colonies 

reverted to wild-type phenotype within two to three sub-

cultures. 

Methylomonas albus (BG8) 

Sixteen auxotropha were found after treatment with 

NTG; all of the mutant colonies reverted to the wild-type 

phenotype within two to three subcultures. 	0.01 of the 

colonies formed after treatments with NTG at l000/'-g/ml 

were 'mini-colonies', i.e. small colonies of 0.1 cm 

diameter. 	The survival levels based on counts of large 

colonies was 0.5%. 	These 'mini-colonies' did not 

increase In size on prolonged incubation at 250  or 30 0C, 

and were inviable on transfer to fresh supplemented 

media. White-sectoring of the creamy-yellow colonies 

was also observed after this treatment. 

Methylomonas agile (s) 
Twenty-three auxotrophe were found after treatment 

with NT. 	All of these reverted to the wild-type 

phenotype within two to three subcultures. 
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Table 7. 	Attempted isolation of auxotrophic mutant. 

with NTG at 100-gJml;  the cells were 

incubated at 30 °C without shaking 

Strain pH survival 
No. of 

colonies 
tested 

No. of 
auxotropha 

Me thylococcue 
capsulatus 	() 6.0 8.0 1830 4 

6.8 2.4 3428 1 

6.8 1.1 1740 8 

6.81 0.5 3486 3 

Methvlomonae 
iThus (BG8 6.0 13 1679 4 

6.8 - 2478 2 

6.82 1.7 3310 25 

7.5 4.2 3165 3 

Me thylomonas 
agile 	(S) 6.0 34 1824 7 

6.0 18 2538 3 

6.0 2 2189 13 

NTG at 1000 k-g/ml, 0.01% of surviving colonies were 

'mini—colonies'. 

Three of these mutant colonies were temperature—

sensitive auxotrophs. 

No auxotropha were detected among a total of 23,000 

colonies of all three strains after NTG treatments at 

pH 4.0 9  5.0 9  8.0 or 9.0. 
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(ii) Penicillin enrichment 

The penicillin method for the selection of auxo-

tropha depends on the fact that only growing cells are 

killed, non-growing cells are not sensitive to penicillin 

and so survive the treatment (Davis, 1948). 

Overnight incubation with 200 I.U./nil of peni-

cillin reduced the viability of growing cultures of 

Methylomonas albus (B8) to 0.2%, but had no effect on 

the viability of non-growing cultures (Fig. 12). 	A 

similar reduction in viability was found with growing 

cultures of Methylococcus capsulatus (B) and Methylomonas 

agile (5). 	Osmotic buffering by sucrose (4% w/v) 

prevented the lysia of spheroplasta but sucrose at 

higher concentrations inhibited the regrowth of treated 

cells. 

No enrichment of auxotropha could be demon-

strated by the penicillin enrichment technique. 

(iii) The effect of the repair inhibitor caffeine on the 

isolation of auxotrophs of Methylocoocus 

capsulatus (B) 

Cultures were exposed to UT for a time period equi-

valent to 450 ergs/= 2 . Samples were spread onto NMS 

plates containing caffeine at 300 t-g/ml  and caeamino 

acids at 0.1% (w/v). 	Survival was 35%. No auxotrophe 

were detected among the 2,100 colonies tested. 

(iv) Attempted isolation of thymlne-reciuiring mutants 

(a) Spontaneously-arising trirnethopriin-resistant 

mutants of Methylomonas albus (BG8). Methylomonas agile (5) 



Figure 12 

Effect of 200 International units (I.U.) of penicillin 

on the viability of growing and non-growing cultures 

of Methyloinonas albus (BG8) 

. T;on.growing (stationary) phase culture Incubated 

in the presence of 200 I.U. penicillin at 

30°C. 

a Exponential phase culture grown in the presence 

of 200 I.U. penicillin. 
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and Methylocoocus capsulatus (B) were obtained at 

frequencies of 1 In 1 x 108 , 1 In 3 x lO8and 1 in 3 x 107  

respectively. 	None of 570 mutants tested required 

thymine or thynildine for growth. 

(b) The frequency of mutation to trimetor-

resistancE could not be increased by iflT or 

None of the mutants obtained after mutagenic treatments 

required thynilne or thymldine for growth. 

(v) Attempted identification of auxotrophic mutants of 

Methylornonas albus (BG8) by the isolation of 

mutants resistant to casamino acids at concentrations 

known to Inhibit the growth of wild-type cells 

Mutants resistant to oaeamino acids at 1 (w/v) 

were not detectec! among 1010  cells plated. 

Fifty-four spontaneous mutants of Methylomonas 

albus (BG8) which were resistant to L-threonine at 

400/&g/ml were tested for auxotrophy; however, none 

required threonine for growth. 

5. Isolation of temperature-sensitive (t,s.) mutants of 

Methylococcus capeulatus (B) 

Seven t.s. mutants were found after treatment with 

100 /-g  NTG/ml at pH 6.8 which were unable to grow at 46 °C 

but which showed wild-type growth at 37°C. 	These mutants 

reverted to the wild-type phenotype after two to three 

subcultures. 	Too. mutants could not be isolated after 

other mutagenic treatments. 
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Number of Mutageri 	survival 	colonies tested 
Number of 

t.s. mutants 

UT 	 2.9 	 2980 
	

1-1 Is 

-radiation 	10 	 925 
	

0 

	

1.5 	 1980 
	

7 

6. Isolation of mutants of Methylomonas albue (BG8) 

able to utilize methanol but not methane for growth 

Thirteen mutant colonies which could not grow on 

NMS plates in an atmosphere of methane were isolated 

after treatment with NTG at 100 	at pH 6.8. Normal 

growth was obtained on NS containing methanol at 0.1%. 

These mutants reverted to the wild-type phenotype after 

two to three subcultures. No such mutants were found 

after other mutagenic treatments. 

Mutagen Number of Number of 
survival colonies tested t.s. mutants 

tilT 2.3 5050 0 

' -radiation 1.7 1324 0 

NTG 1.9 1380 13 



71. 

DISCUSSION 

Spontaneous mutants resistant to a range of anti-

biotics and to L-threonine and L-oanavanine were found 

in cultures of methane-oxidising bacteria at frequencies 

similar to those found in other bacteria, e.g. 1 in 3 x10 7  

to 1 in 4 x 10. Spontaneously-arising mutants resistant 

to antibiotics and other compounds may be easily isolated 

by direct selection, however direct selection of auxo-

trophic mutants if not possible and for their isolation 

the numbers of auxotropha in the population must be 

increased by the use of mutagens. 	In this study a wide 

range of mutagenlo treatments was used in attempts to 

induce auxotrophic mutants, but apart from the use of 

NTG was unsuccessful. 

In order to test the apparent inability of these 

rnutagene to induce mutants in populations of methane-

oxidising bacteria, attempts were made to increase the 

frequency of mutation to amino acid or antibiotic 

resistance. 	It was hoped that low levels of induction 

would become detectable by using dense preparations 

containing approximately 1 x 1010 cells/mi. 	However, 

no induction of mutations to streptomycin resistance, for 

example, could be detected after UV radiation, '-radia-

tion or EMS, MMS and nitrous acid treatments (Table 5). 

There was a similar lack of UV induced mutations to 

L-threonine and L-canavanine resistance. 

The failure to detect induced mutations may be 
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caused by the experimental design allowing insufficient 

time for the segregation of the mutant genome from the 

influence of dominant, non-mutant elements and the 

'expression' of the mutant genotype in an altered pheno-

type. However, mutagenised cells were regrown in NMS 

for a minimum of three generations before plating onto 

selective media, and in some instances dense preparations 

were made from the regrown cells thus allowing a further 

three generations growth. However, the lack of induced 

mutations could mean that these bacteria possess error-

proof DNA repair mechanisms which render them stable to 

most of the mutagene used. The only mutant colonies 

Isolated were found after NTG treatments, but it has been 

suggested that, although DNA repair mechanisms can 

eliminate potentially lethal damage induced by NTG, the 

establishment of mutations is Independent of these 

mechanisms (Cerd-0lmedo & Hanawalt, 1967b). 

Sensitivity towards mutagens 

Methane-oxidising bacteria appear much more 

sensitive to chemical mutagens than, for example, 

Esoherichia coli. 	By comparison with the data available 

for the Inactivation of E. coil by chemical mutagens 

(Clarke, 1970; Kondo, Ichikawa, Iwo & Kato, 1970), it 

was calculated that Methylomonas albus (BG8) was at least 

50 times more sensitive to MMS and 10,000 times more 

sensitive to nitrous acid (Figs. 7 & 5) than E. coil 

under comparable conditions of treatment. Methylomonas 
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albue (BG8) 0  Methylomonas agile (5) and Methylocoocue 

capaulatue (B) were at least 100 times more sensitive to 

NTG (Figs. 8-11) than E. coil, although exact comparisons 

cannot be made because of the diverse conditions of 

treatment used, e.g. pH, the nature and molarity of the 

suspending buffers and the temperature of incubation. 

Survival of Esoherichia coil in buffered solutions 

of NTG is greatest at pH 5 and decreases as the pH is 

varied in either direction. 	Since NTG is unstable at 

both ends of the pH scale this suggests that the decom-

position products are the main causes of lethality and 

that NTG has a maximum stability In this system at pH 5 

(Cerd-0lmedo & Hannawalt, 1967a). Methylomonas albue 

(BG8) and Methylococcus capsu].atus (B) were also found 

to be least sensitive to NTG at pH 5 when shouldered 

survival curves were obtained (Figs. 8 & 11). 	In 

E. coil lethality at pH 5 is due to permanent inhibition 

of protein synthesis by NTG (Cerd-O].medo & Hannawalt, 

1967a) and ribosomal inactivation may also be a contri-

butory factor towards cell death in M. albus (BG8) and 

M. capsulatus (B). 	However, Methylomonas agile (H) was 

rapidly Inactivated at pH 5 (Fig. 10) and a possible 

interpretation of the sensitivity of this strain is 

given In sections 2 and 3. At pH values greater than 5, 

however, all three strains were rapidly inactivated 

(Figs. 8 9  9 9  10 & 11). 	One of the gaseous alkaline 

decomposition products of NTG, dlazoznethane, is the 

principal agent of lethality in E. coil and should be 
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removed from solution by intense shaking or aeration 

(Cerd-0lmedo & Hannawalt, 1967a). 	figures 9 and 10 

indicate that the lethality caused by an alkaline 

solution of NTG decreased appreciably when the solution 

was aerated prior to the addition of the cells, presumably 

by the removal of diazomethane. 	Thus diazomethane may 

also be one of the principal agents of lethality in 

methane-oxidising bacteria. 	The more rapid inactivation 

of Methylococcue capsulatus (B) by NTG at 46 °  than at 

30 0C may be due to the increased rate of decomposition 

of NTG at higher temperatures plus the increase In the 

rate of methylation of DNA, both factors leading to 

increased lethality. 

Methane-oxidising bacteria have complex membrane 

systems (Davies & Whittenbury, 1970) and it has been 

suggested that these membranes are associated with 

methane-oxidation (Lawrence, Kemp & Quayle, 1970). 

Since NTG is lipophilio and may accumulate In the 

membranes (Freese & Freese, 1966) the sensitivity towards 

NTG may be due in part to the accumulation of the 

powerful methylating agent In the complex membranes 

disrupting methane-oxidation and leading to cell death. 

It has recently been demonstrated in this laboratory 

that NTG does in fact Inhibit methane-oxidation under 

the conditions routinely used for mutageneals in this 

study, i.e. 100 ,Lg  NTG/ml, buffered to pH 6.8 

(J. Hubley, pers. comm.). 	It would be of interest to 

determine the sensitivity of a recently Isolated 
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methylotroph, which has an obligate requirement for 

methanol but not methane for growth, since this organism 

does not possess the complex internal membrane organisa-

tion characteristic of methane-oxidising bacteria (Dahl, 

Mehta & Hoare, 1972). 

NTG mutagenesis 

The conditions which have been used for NTG muta-

genesis in other systems vary widely, for example, it has 

been used in concentrations ranging from 2g/ml to 

several mg/ml; in minimal medium or in buffers; from 2 

minutes incubation to the addition of NTG to the plates 

where the mutants are selected and on isolated nucleic 

acid or growing cultures. 	Since NTG has been found to 

be active under all of these conditions the optimum 

conditions for NTG mutagenesie In methane-oxidising 

bacteria were not predictable and the. isolation of auxo-

trophic mutants was attempted on a trial and error basis. 

Mutant colonies of Methylomonas albus (BG8) 9  Methylomonas 

agile (5) and Methylococcus capsulatus (B), e.g. sectored, 

'mini-colonies' and presumptive auxotrophe unable to grow 

In the absence of oasamino acids or yeast extract, were 

Isolated after treatments with 100 or 1000/-g NTG/ml in 

the pH range 6.0 to 7.5. 	However, all of the auxotrophia 

mutants Isolated were unstable and reverted back to the 

wild-type phenotype so rapidly as to preclude biochemical 

analysis of the presumed auxotrophic blocks (Table 7). 

Mutant colonies of Methylomonas albus (BG8) 9  able to 
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utilise methanol but not methane for growth, and t.e. 

mutants of Methylococcus capsulatus (B) were also found 

after treatment with 100 g NTG/ml at pH 6.8 but 

reversion of these mutants to the wild-type phenotype 

was again very rapid, usually within two to three sub- 

cultures. Since the isolation of these types of mutants 

at comparable survival levels proved unsuccessful with 

solutions of NTG buffered to pH 4, 5, 8 or 9 the most 

favourable conditions for NTG mutagenesis in methane-

oxidising bacteria appear to be the incubation of 

exponential phase cells with NTG solutions buffered to 

PH 6.0 - 7.5 to give between 34 and 0.5% survival. 

The numbers of auxotrophe isolated could not be 

increased by regrowing the mutagenised cells in supple-

mented media and allowing the segregation and expression 

of newly acquired characters. 	Since the only stable 

auxotroph of a methane-oxidising bacterium so far 

isolated has a generation time of forty hours (Harwood, 

Williams & Bainbridge, 1972), some induced auxotrophe 

may be at a selective disadvantage compared to the wild- 

type population and may be rapidly diluted out. 	The 

penicillin method for the enrichment of au.xotrophs 

(Davis, 1948) was also ineffective which could have been 

due to the leakage of compounds, required by induced 

auxotrophs in minimal amounts, from lysed cells. 

Although the detection of recessive auxotrophic 

mutations usually depends on the segregation and 

'unmasking' of mutant nuclei, the unstable auzotrophe of 
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methane-oxidising bacteria were isolated immediately 

after treatment with NTG at 100 or 1000 /&g/ml, i.eo 

without segregation of the recessive character. 	However, 

NTG has been found to affect about 50 genes at the 

replication point of Esoberichia coil and since strand 

preference is not shown the possibility exists that each 

gene may be mutated in both copies (Guerola, Ingraham & 

Cerda-Olinedo, 1970). 	Thus in cells with only one nucleus 

a normally recessive mutation might become dominant if it 

mapped towards the end of the genoine. 	Adelberg et al. 

(1965) have also suggested that the higher yield of auxo-

trophic mutations detected In E. coil after treatment with 

NTG at 1000/Lg/ml may be due to the killing of wild-type 

nuclei in heterooaryotio cells which would increase the 

probability of detection of the recessive mutations. 

Instability of the mutant colonies isolated after NTG 

treatments 

No satisfactory explanation for the reversion of the 

mutants isolated after NTG treatments can be advanced, 

however the phenomenon is not confined to methane-oxidising 

bacteria since similar Instability of NTG-induced auxo-

trophe of Salmonella typhimurium (Eiaenstark & Eisenstark, 

1965) and Miorococcus radiodurans (D. Sweet, pers. comm.) 

has been found. 	However, the instability of auxotrophic 

mutations is not confined to those induced by NTG, auxo-

trophio mutants of Thiobacillus thiooxldans isolated after 

UV irradiation have also been reported to be unstable, 
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the mutants reverting to the wild-type phenotype after 

two to three subcultures (Rittenberg & Grady, 1950). 

Similarly, a variety of auxotrophio mutants of 

Esoheriohia coil, Salmonella typhimurium and Pseudomonas 

putida have also been shown to be unstable and it has 

been suggested that this Instability I. under the 

control of episomal elements which on association with 

preferred regions of the chromosome, block gene 

expression and under selective conditions are transferred 

to other regions of the chromosome, thus altering the 

phenotype (Dawson & Smith-Kerry, 1963; Gunsalue, 

Chakabarty & Gunsalue, 1970). 

Comparison with autotrophe 

Of the auxotrophlo mutant. of Methyl0000cu. 

oapsulatua (B) isolated, three were temperature-sensitive 

in that they exhibited auxotrophy only at 46 0C, growth at 

3700 being normal. 	The requirement of one of these t.e, 

mutants and that of two other auxotrophic mutants of 

M. capsulatus (B) could be satisfied by any one of a 

number of amino acids. Similar mutants have been 

isolated in Hydrogenomonas eutropha and have been shown 

to be pH-conditional ammonia assimilation deficient 

mutants. 	These mutants lack an N114+  Ion transport 

system and rely on amino acids to supply the nitrogen 

required for growth (Strenkoski & DeCicco, 1971a,b). 

Auxotrophic mutants of other autotropha have been 

isolated infrequently and in the blue-green algae appear 
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to be limited to about five types. NTG appears to be 

the most efficient mutagen for their induction (Herdman 

& Carr, 1972). 	The autotrophic metabolism of these 

organisms and the methylotrophic nature of methane-

oxidising bacteria may be relevant to the problems 

observed in the induction of auxotropha. For example, 

the induction of mutants blocked at some stage in the 

synthesis of an amino acid may result in the accumulation 

of metabolites prior to the block and such accumulations 

may be lethal to strictly autotrophic cells. 	Hence the 

induction of many auxotrophio mutations may be lethal 

events, 	The 'mini-colonies' observed after treatment 

with high concentrations of NTG may represent such 

induotional events if accumulated metabolites secreted 

into the medium result in the sterilisation of the colony. 

It may be significant that the para-aminobenzoio acid 

auxotroph of Methylococous capeulatus (PD) had a very 

much reduced growth-rate and was also very difficult to 

maintain (Harwood et al., 1972) 0  which suggests that 

methane-oxidising bacteria may be very sensitive to 

metabolic changes. 

Thus the failure to isolate mutants of methane-

oxidising bacteria may be explained as follows: 

The extreme sensitivity exhibited by these bacteria 

towards some chemical mutagena (which may be partly due 

to the inhibition of methane-oxidation) means that only 

relatively mild mutagenic treatments may be applied. 

The methylotrophic metabolism of these bacteria may 
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mean that the induction of some classes of auxotrophio 

mutations, and mutations in the pathway of methane-

oxidation, are lethal events. 

(3) The bacteria may possess only error-proof, accurate 

DNA repair mechanisms which would render them sensitive 

to, but non-mutable by, a wide range of mutagene. 
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2. STUDIES ON THE DNA REPAIR MECHANISMS 

OPERATING IN METHANE-OXIDISING BACTERIA 
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INTRODUCTION 

The difficulties encountered in the mutagenesie of 

methane-oxidising bacteria and the extreme sensitivity 

exhibited towards some mutagenic treatments stimulated 

Interest In their DNA repair mechanisms. 	Since genetic 

effects can often be reproduced by physiological means, 

DNA repair mechanisms were studied by comparing the 

survival of ITV or '-irradiated wild-type strains of 

methane-oxidising bacteria under specific physiological 

conditions with the survival under similar conditions of 

strains of Eacherichia coil having well-defined repair 

capacities. 

A re-interpretation of the meaning of the shapes of 

radiation survival curves led to the hypothesis that 

certain cells can repair radiation damage. 	In classical 

target theory lethality was thought to result from a 

number of hits In the target volume, the hits being 

regarded as random events and proportional to the dose. 

All relevant hits were assumed to have a unit probability 

of producing inactivation. 	The observation of shoulders 

on survival curves was attributed to a threshold level of 

inactivation at the level of the individual cell and no 

allowance was made for repair. Furthermore, the fate of 

the cell was thought to be determined immediately after 

irradiation (Lea, Haines & Coulson, 1936; Hutchinson & 

Pollard, 1961; Zimmer, 1961). 	This theory has since 

been modified and the shoulders on survival curves have 
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been re-interpreted to implicate the capacity of cells 

to repair radiation damage (Haynes, 1966). 	The 

shoulder on a survival curve thus represents the dose 

range within which the Celia can cope with the damage 

produced. At higher doses where the survival curve 

becomes steep the number of lesions produced in the DNA 

may exceed the capacity of the repair systems, or these 

systems themselves may have become inactivated by the 

radiation. 

DNA repair mechanisms have been studied mainly in 

Eacherichia coil with particular reference to the photo-

chemical changes, e.g. pyrimidine diners, produced in 

the DNA by ultraviolet light. A summary of the 

characteristics of each of the three repair mechanisms 

now known to promote survival In E. coil after exposure 

to ultraviolet light and their relative importance in 

the establishment of mutations is given. 

Photoreactivation is described as the reversal of 

ultraviolet induced killing (Kelner, 1949a)  and ultra-

violet-induced mutations (Kelner, 1949b; Novick & 

Szilard, 1949) by post-irradiation exposure to intense 
0 

visible light of wave-length between 3,100 and 4,400 A. 

A photoreactivating enzyme has been found in Eacheriohia 

coil which forms a complex In the dark with irradiated 

DNA, but not with unirradiated DNA (Goodgal, Rupert & 

Herrlott, 1957). 	The complex separates on exposure to 

intense visible light, monomerising the diner in situ 

and restoring the normal DNA structure (Wulff & Rupert, 
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1962). Photoreactivation is the only known DNA repair 

mechanism which requires visible light and it is also 

the only one in which the primary ultraviolet damage Is 

reversed chemically In a single enzymatic step. Another 

Important characteristic of photoreactivation Is Its 

specificity, pyrimidine dimera are the only DNA lesions 

upon which It is known to act (Setlow, 1966). 	Because 

of its relative simplicity it Is the least likely 

mechanism to introduce errors into DNA. 	It has not been 

demonstrated conclusively that photoreactivation is 

entirely accurate but a comparison of strains with and 

without photoreactivation suggests that If monoinerisation 

of a dirner can cause a mutation then an unsplit dimer Is 

at least ten times more likely to do so (Wltkin, 1969a). 

Excision repair which occurs In the dark is an 

alternative mechanism for the elimination of dlmers from 

the DNA. This mechanism involves the removal of dimers 

by a series of sequential light-independent steps. 	In 

Escherlohia coil excision repair ir thought to be 

controlled at the loci uvrA, uvrB, uvrC, uvrD and polAl 

although uvrD and polAl may be equivalent (Van de Putte, 

Van Sluis, Van Dilleurljn & Rrsch, 1965). 	Certain 

enzyme activities have been correlated with these loci 

and a model based on the known activities of these 

enzymes In vitro has been proposed (Kelly, Atkinson, 

Humberinan & Kornberg, 1969). 

In this model (Fig. 13) it Is suggested that uvrA 

and uvrB code for a UV specific endonuolease(s) which 



Figure 3.3 

Summary diagram of excision repair 

Adapted from Kelly et al. (1969). 
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makes an incision on one aide of the diner. An enzyme 

which might fulfil this role has been isolated from 

Micrococcus luteus (Iushner, Kaplan, Ono & Grossman, 

1971). 	This enzyme catalyses the production of a 

single—strand incision at the 5' site of the diner 

leaving a 3' phosphoinonoester and a 5' hydroxyl end 

group. 	These end groups block further translation of 

the nicks and the 3' phosphomonoester must be converted 

to a 3' hydroxyl end before the DNA polymeraee can 

attach. 	The product of the uvrC gene has been 

implicated in the production of the 3' hydroxyl end 

(Kato, 1972) and the uvrD gene is thought to code, at 

least in part, for the DNA polymerase (de Lucia & Cairns, 

1969). 	Once attached the DNA polymerase catalyses 

hydrolysis in the '->' direction with concomitant 

repolymerisation using the intact complementary strand 

as a template. 	When hydrolysis has progressed to within 

1 to 4 bases of the diner there is insufficient hydrogen 

bonding to prevent the 5' end from fraying out. 	The 

polymerase can excise this frayed segment by making a 

out at the base—paired region where the double stranded 

structure is first restored. 	The diner is then released 

from the DNA together with a few adjacent bases. 	The 

polymerase continues to translate the nick along the 

duplex until polynucleotide ligase intervenes to close 

the nick by the formation of a phosphodiester bond 

between the newly eyntbeeised and pre—existing DNA 

(Kornberg, 1969; Kelly et al., 1969). 



Excision repair is apparently not specific for 

pyrinidine diners since DNA damage produced by 4-nitro-

quinoline (Kondo & Kato, 1968); mitomycin C (Boyce & 

Howard-Flanders, 1964); and nitrous acid (Howard-

Flanders & Theriot Boyce, 1966) may be repaired by the 

same mechanism sharing some of the same steps. From a 

comparison of strains of Escherichia coil with and 

without excision ability, it has been concluded that 

unexolsed diners cause most of the UV mutations in 

excision-deficient strains and that an unexcised diner 

is at least 500 times more likely to cause a mutation 

than a diner which is excised. The excision repair 

mechanism is at least accurate enough to repair 10  
dimera in the streptomycin locus of Eacherichia coil 

before causing one mutation (Witkin, 1969a). 

Post-replication repair of gaps opposite pyrimidine 

dimers is the third mechanism which promotes survival 

after exposure to TN light. 	It has been demonstrated 

that diners which are not excised or photoreactivated 

pass slowly through the replication point. The daughter 

strands produced were found to be discontinuous and 

contained a gap opposite each pyrlmidine diner. These 

gaps gradually disappeared during the hour following the 

first post-irradiation DNA replication and a post-

replication repair mechanism was postulated (Rupp & 

Howard-Flanders, 1968). 

Exchanges between UV irradiated DNA strands have 

recently been shown and It seems probable that post- 
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replication repair of gaps involves a recoinbinational 

event mediated by some of the enzymes involved in genetic 

recombination (Rupp, Wilde, Reno 	Howard-Flanders, 1971). 

Recombination in Eseherichia coli has been shown to be 

controlled at three loci recA, recB and reoC, all of 

which map closely (Willets, Clark & Low, 1969; Eamerson, 

1968; Willete & Mount, 1969). 	The recB and reoC genes 

control the synthesis of an adenosine triphosphate 

dependent nuolease known as exonuolease V (Youngs & 

Bernstein, 1973). 	This enzyme had previously been 

partially purified and shown to have both double-strand 

exonuoleolytio (Butlin & Wright, 1968) and single-strand 

endonuoleolytic activity (Goldmark & Linn, 1970). 

Mutations at either reeB or recC eliminate these 

activities. 	The reoA gene product controls (or inhibits) 

the activity of exonuclease V in vivo and in the absence 

of the functional recA gene product degradation of DNA 

after tTV irradiation is extensive. 	This degradation is 

prevented by mutations at either reeB or reoC (Willete & 

Clark, 1969). 

Mutations at recA, recB or reoC also result in an 

increase in ultraviolet sensitivity but recombination 

deficient strains having mutations at the reoB or reoC 

loci are not as extreme in their UV sensitivity as recA 

strains (Emmerson, 1968). 	Thus it appears probable 

that the recA, reeB and recO loci are responsible at 

least in part, for the repair of gaps produced by the 

passage of a dimer through the replication point. 
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Most of the mutations which affect UV sensitivity 

In Escherlchla coil by reducing the capacity to repair 

damaged DNA also affect UV mutability. For example, 

the yield of Induced mutations may be greatly amplified 

as in 3f strains, substantially reduced as in recB and 
reeC strains or reduced to zero in recA strains (Witkin, 

1969a,b; 1972). 	Although Hill and Nestman (1973) have 

argued that the observed reduction in UV Induced mutation 

in recB and recO strains Is due to lethal sectoring 

occurring on the plates used to score the mutants. 	One 

of the mutations which contributes to the extreme UV 

sensitivity of Escherlohia coil B81  maps at a locus 

designated exr (Hill, 1958). 	A mutation at this locus 

also leads to increased sensitivity to X—ray's (Howard—

Flanders & Boyce, 1966; Mattern, Zwenk & Rrsoh, 1966) 

and to nitrosoguanidine (Witkin, 1967a). 	Recombinational 

ability Is also reduced by a factor of two to three 

commensurate with the reduction In UV resistance (Witkin, 

1969a). 	Purthermore q  Exr strains are non—mutable by U? 

and a mutation—proof and a mutation—prone mode of survival 

at this locus has been proposed (WItkln, 1969a). 	On 

this model recombination In Exr+  strains is mutagenic and 

all UV induced mutations are thought to arise as errors 

in the recombinational repair of gaps. Mutations at 

this locus modify the recombinational process so as to 

eliminate the error—promoting feature while at the same 

time reducing the efficiency by a factor of two to three. 

Error—prone recombinational repair may involve the 



modification of an end-base at the gap produced by the 

passage of a dimer through the replication point. 	this 

modification may involve inhibition of degradation by the 

exonuclease, preparation of the base for recombination 

and the alteration of pairing specificity so that the 

probability of subsequent replication error is increased 

(Witkin, 1969a). Exr strains would use an alternative 

mechanism which is less efficient but lacks the inherent 

inaccuracy of the Exr+  system. 	The functions of the exr 

gene (i.e. facilitating recA dependent repair and 

promoting an error-prone step in this pathway) may be 

separated by genetic means since strains of L. coli have 

been isolated in which the repair but not the mutagenesis 

deficiency of the exrA allele is suppressed (Sedgwick & 

Bridges, 1972; Bridges, Gray, Green, Rothwell & 

Sedgwick, 1973). 

The repair of damage induced by ionising radiations 

is less well understood, but the repair of X-ray induced 

single-strand breaks in the DNA of Eacherichia coli has 

recently been shown to result from the action of at least 

three repair mechanisms (Town, Smith & Kaplan, 1972). 

Type I 'ultrafast' repair acts preferentially on the 

breaks produced by anoxic X-irradiation and is complete 

within one to two minutes after irradiation, even at 000. 

It has been suggested that such repair is mediated by a 

DNA. llgase. 75% of the breaks produced after anoxia 

irradiation but only 25% of those produced after aerobic 

irradiation may be repaired by this mechanism. 	It has 
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been suggested that chemical differences in the DNA 

damage produced may be responsible for this differential 

repair and that the breaks produced under aerobic 

irradiation are lees amenable to Type I repair. 

Type II 'fast' repair can cope with 90 of the breaks 

remaining after Type I repair and can act on breaks 

produced under both aerobic and anoxic conditions. 

Repair is complete in buffer within ten to twenty minutes 

at room temperature and is partly deficient in those 

strains which lack DNA polymeraeel(Town et al., 1972). 

Type III 'slow' repair can act on approximately two 

breaks per single—stranded genome and repair is complete 

within forty to sixty minutes at 37 0C in complete growth 

medium. 	This type of repair Is under the control of the 

recand exr genes (McGrath & Williams, 1966; Kapp & 

Smith, 1970; Green, Gray, Sedgwlck & Bridges, 1973). 

DNA polymerase I Is apparently not involved in this type 

of repair (Town et al., 1972). The Involvement of DNA 

polymerase III has also been implicated in the repair of 

single—strand gaps and the exrA and polAl gene products 

may be involved in a further type of repair of X—ray 

induced damage in addition to the repair of single—

strand gape (Youngs & Smith, 1973). 

It has been suggested that there may be a common 

pathway for UV and ionising radiation mutagenesis 

(Bridges, Law & Linson, 1968). The single—strand gaps, 

formed by exonuclease enlargement of single—strand breaks 

(Emmeroon & Howard-Flandere, 1965) 9  are thought to be the 
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common mutagenic precursor. 	In support of this hypo- 

thesis It was found that Exr strains have one-tenth the 

mutability towards ionising radiation of Exr strains 

(Bridges, Law & Munson, 1968). 	If the filling In of 

gaps by the error-prone Exr+  mechanism Is a major mode 

of mutation then mutation by agents which induce the 

formation of single-strand breaks should also be 

controlled at the exr locus. 	One such agent is Methyl- 

methane sulphonate (1MS) and the repair of MMS induced 

damage has been shown to Involve the repair of single-

strand gaps rather than the removal of a substantial 

number of methylated bases (Praicash & Strauss, 1970). 

The repair of these gaps may be under the control of the 

Ezr' mechanism. However, agents such as NTG and EMS, 

which also induce single-strand gaps, appear to establish 

mutations independently of the Exr+ mechanism since 

strains of Esoherichia coil carrying exr and recA mutations 

remain mutable by these agents (Wltkln, 1967a; Kondo et 

al., 	1970). This has been attributed to the damage 

produced in non-DNA material which leads to the production 

of progeny DNA full of errors. Plausible candidates are 

membrane factors since NTG and EMS are lipophilic (Freese 

& Freese, 1966), the DNA polymerase or other components 

of the DNA replication machinery (Cerd&-O]jnedo et al., 

1968; Kondo et al., 1970). 

The fourth mechanism which contributes to cell 

lethality but probably not to mutation (Witkin, 1967b) 

maps at a locus designated fil in Eacherichia coli B 
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(Donch & Greenberg, 1968) and ion in E. coil 1(12 

(Howard-Flanders, Simeon & Theriot, 1964). 	Cells with 

the fil+  genotype have a tendency to form filaments after 

treatments which inhibit DNA synthesis. Filament is the 

nomenclature used to describe a long cell, e.g. some fl1 

strains of E. coil form cells over 200 long after UT 

irradiation (Marshall & GIllies, 1972). 	The fil geno- 

type also leads to increased sensitivity towards UV, 

X-rays and NTG (Greenberg, 1964), and a one-hit survival 

curve irrespective of the repair capacity of the strain 

(Witkln, 1967a). 	The increase in UT sensitivity of  

strains is due to a susceptibility to inhibition of 

septum formation rather than to a deficiency in repair 

capacity or the DNA replication machinery. UT irradia-

tion, therefore, results in the formation of non-septate 

filaments which lyse if they have not recovered before a 

critical time of six hours (Alper, 1957; Adler & Hardi-. 

gree, 1965; Witkin, 1967a). 

The survival of UT irradiated fll  cells is enhanced 

by poet-treatments which reduce the amount of protein 

synthesised before repair is completed (Witkin, 1967b). 

It is postulated that the UT sensitivity is due to the 

inactivation of a repressor which Is sensitive to the 

inhibition of DNA synthesis. 	The inactivation of this 

repressor induces a hypothetical operon, one of the 

products of which (a protein) causes the inhibition of 

cell division. 	The length of time for which a cell 

remains unable to divide will depend on the amount of 
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inhibitory protein synthesised by the cell before DNA 

synthesis resumes (Witkln, 1967b). 

The f1l phenotype may be suppressed by the presence 

of other genes, e.g. aul, exrA and recA (Donch, Green & 

Greenberg, 1968; Donch, Chung & Greenberg, 1969;  Green, 

Greenberg & Donob, 1969).  After UV irradiation the size 

of filaments induced in t3se strains is very much reduced 

(Iwo & Kondo, 1970). 	Although these genes suppress 

filament formation, radiation resistance is restored only 

in fill. +  uI strains, I'll +  exr- 	•1 and fil recA strains 

still ci E.. t y  i;l. e fi1 mechanism (Donch et al., 1968; 

Mattern, Zwenk & Rorsch, 1966; Witkin, 1967a). Possible 

mechanisms by which these genes suppress filament forma-

tion are discussed by James and GIllies (1973). 

In conclusion then, the survival of Eacherichia coil 

strains after UV Irradiation is controlled at the 

following loci: phr, uvrA, uvrB, uvrC, uvrD, polAl, 

recA, recE, recO, exr and I'll (ion). 	Survival after 

ionising radiation is determined by the I'll (2,) locus 

and at least three repair mechanisms controlled by the 

rec, exr and polAl 1001. 	The induction of all mutations 

by UV and 90 of those induced after ionising radiations 

depends on the presence of the recA+  and exr+ genes and 

possibly also on the recL+  and  recC+  genes. 

Prophage induction, liv reactivation, DV mutageneale 

of Irradiated phage and filament formation in Eacheriohia 

coil all require the recA4  exr genotype (Hertman & 

Luria, 1967; Donch, Greenberg & Green, 1970; Defaie, 
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Pauquet, Radman & Trrera, 1971; Green et al., 1969; 

Donch et al., 1968). 	Since the Induction of mutations 

by UV in r. coli Is also reoA exr dependent (WItkIn, 

1967a; 1969a)  It has been suggested that bacterial UT 

mutability may depend on an Inducible system sharing the 

requirements of, for example, prophage Induction (Defale 

et al,, 1971). 	Witkin and George (1973) have recently 

put forward the theory that the error-prone poet-

replication repair mechanism (or one or more of Its 

components) is Inducible and that the error-free repair 

carried out in 	mutants Is probably constitutive. 

Knowledge of the DNA repair mechanisms of autotrophe 

is still in a rudimentary state but photoreactivation has 

been demonstrated In blue-green algae (Asato, 1972) and 

Hydrogenomons fci1Is (Pootjes, 1968). 	The photo- 

reactivation mechanism of Rydrogenomonas faollls is able 

to repair UT induced damage under heterotrophic and auto- 

trophic growth conditions. 	The DNA repair mechanisms 

operating in methane-oxidising bacteria have been 

Investigated and a general picture of the nature and 

relative efficiencies of these mechanisms has been built 

up by the analysis of many experiments. 	In the absence 

of mutants with well-defined repair capacities, the 

Interpretation of the results has been based on the 

models of DNA repair developed in other systems. 	Thus 

the conclusions drawn can only be tentative ones, although 

it should be emphasised that the results obtained so far 

have shown a convincing adherence to a general pattern. 
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RESULTS 

Photoreactivatlon 

There was no Increase In the survival of UV 

irradiated cultures of Methylococous capsulatus (B), 

Methylomonae agile (R) and Methylomonas albus (BG8) by 

exposing cells to 'Blaoklight' for one hour. 	It was 

concluded that the photoreaotivating mechanism Is absent 

in these strains (Table 8). 

Growth of UV irradiated shake—flask cultures 

ihe minimum dose of UV which inhibited the growth of 

shake—flask cultures of Methylococous capeulatus (B) was 

225 ergs/mm 2 . 	The growth rate of Methylosinus trioho- 

aporium (O34) was reduced by a dose of 112.5 erge/mm2 . 

Increasing doses of UV produced a dose-dependent lag 

(Pigs. 14 & 15). 

Growth of shake-flask cultures In the presence of 

mitomycIn C; 

Mitomycin C at a concentration of lp..g,/m]. inhibited 

the growth of Methyloinonas agile (R) (Pig. 16) 9  Methylo-

monas agile (s) and Methylosinus triohosporium (0B4). 

Recovery of growth occurred on prolonged incubation and 

the recovered populations did not show an increase in 

resistance to mitomycin C. 

Methylocoocus capsulatus (B) appeared more resistant 

to mitoinycin C since growth continued in the presence of 



Pigure 14 

The effect of UT on the Frowtb of shake—flask cultures 

of Mçethyl000ccue oapsulatus (B) 

• nirradiated control culture, 

o u1ture regrown after exposure to 112.5 ergs/=2 UV. 

t ulture regrown after exposure to 225.0 ergs/=2  UT. 

A ulture regrown after exposure to 337.5 ergs/am 2  UT. 

o ulture regrown after exposure to 450.0 erge/mm 2  UT. 

Exponential phase cultures were UT Irradiated and 

regrown in NNB at 4600. 
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Figure 15 

Effect of UT on the growth of shake—flask culture. of 

Methylosinue triohoeporiwn (0B4) 

a Unirradiated control culture 

• :ulture regrown after exposure to 112.5 ergs/xnm 2  UT 

t Culture regrown after exposure to 225.0 ergs/m2  UT 

A Culture regrown after exposure to 337.5 ergs/mm 2  UT 

o Culture regrown after exposure to 450.0 erge/mm 2  UT 

• 'u1ture regrown after exposure to 675.0 ergs/mm 2  UT 

Culture regrown after exposure to 900.0 erge/mm2  UT 

Exponential phase cultures were UT irradiated and 

regrown in NMS at 30°C. 
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Figure 16 

The effect of rnitorn'oin C on the growth of shake-flask 

cultures of Methylornorias agile (R) 

0 Control culture, no mitornycin C added 

• + O. g initomycin 0/rn]. 

o + 1.0 rg mitomycin C/rn]. 
• + 2.0 nitornycin C/mi 

+ 3.0 mitomycin C/rn]. 

A + 5.0 p.g mitomycin C/rn]. 

+ 10.0 mitomycin C/mi 

Exponential phase cultures were diluted into NMS 

containing mitomycin C at the required concentration 

and regrown at 3000. 
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2/g/ml (Fig. 17). 	At higher concentrations growth was 

inhibited but recovery from 3/4-9/ml was observed on 

prolonged incubation. The recovered population was not 

more resistant to mitomycin C. 

4. Minimal Medium Recovery (IffdR) 

IN irradiated cultures of Methyl00000ue oapsulatus 

(B), MethyJ.omoriae agile (ii), Methylomonas albus (BG8) and 

Methylosinue trichoaporium (0B4) did not show i1MR, i.e, 

survival of irradiated cultures was not reduced by 

plating on NMS supplemented with caeamino acids (Tables 

8 & 9). 

5. Liquid Holding Recovery (L1) 

(1) Cultures of Methylomonas agile (R), UV 

irradiated to give approximately 10 survival, showed 

full recovery of viability after 110 hours of liquid—dark 

holding at 30°C in the absence of methane (Pig. 18). 

Cultures of 1Iethylococcue capaulatus (B), UV 

irradiated to give 10 2  survival, showed partial recovery 

of viability by liquid—dark holding at 46 °C (Pig. 19). 

Exponential phase cultures of Methylocoocus 

capsulatus (B) showed partial recovery from mitomycin 0—

induced damage under liquid—holding conditions (Pig. 19). 

6. Effect of caffeine on colony—forming ability 

Caffeine affected the colony—forming ability of 

Methyl0000cua capsulatus (B) at 400/A9/nh1; Methylomonas 



Pliure 17 

The effect of aitoayoin C on the growth of shake—flask 

cultures of Methylococcue capsulatue (B) 

0 ';ontrol culture, no mitomycin C added 

• 	I.Org  aitoayoin C/a]. 

16 	2.0 nitoayoin 0/a]. 

A 	5.O/e aitomyoin 0/21 

o 	lO's O 1ug mitoayoln C/mi 

Exponential phase cultures were diluted into NMS 

containing mitoayoin C at the required concentration 

and regrown at 46°C. 
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Figure 18 

Effect of liquid-dark holding, in the absence of 

methane, on the survival of UV irradiated cells of 

Methylomonas agile (R) 

0 TT nirradiated control culture. 

• ulture exposed to 450 ergs/rnm2  UT. 	The cells 

were held at 30 °C in the absence of methane. 
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Figure 19 

Effect of liquid-dark holding, in the absence of 

methane, on the survival of (1) UV irradiated cells and 

(ii) mitomycin C treated cells of Methylococcus 

capsulatus (B) 

A irnirradjated control culture 

o (ontro1 culture, untreated with mitomycin C 

o Culture exposed to 900 erga/mm2  UT 

• iltomycin C treated culture 

(1) Exponential phase cultures were harvested, re-

suspended in NMS and UT irradiated. 	The culture was 

then buffered to pH 6.8. 

(ii) Exponential phase cultures were grown in the 

presence of 1 g mitomycin C/mi for approximately two 

generations. 	The cells were harvested and washed once 

with prewarined NMS then resuspended In NMS buffered to 

pH 6.8 

Untreated, exponential phase control cultures were 

harvested and resuspended in NMS buffered to pH 6.8. 

All cultures were incubated at 46 °C in the absence of 

methane in the dark. 
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agile (R) at 700 4g/ml and Methyloinonas albus (BG8) at 

1,100/Ag/mi. 	All three survival curves were shouldered 

(Fig. 20). 

Sensitisation to UV by caffeine 

Caffeine at a concentration which did not reduce the 

viability of unirradiated cells (i.e. 300/A-g/ml) reduced 

the viability of UV irradiated cultures of Methylocoocus 

capeulatue (B), Methylomonas agile (R) and Methylomonas 

albus (BG8) by a factor of four (Table 8). 

Filament formation 

(1) Filament formation was not observed in cultures 

of Methylococcus oapsulatus (B), Methylomonas agile (R) 

and Methylonionas albus (BG8) regrown after mutagenesie. 

(Ii) Liongated, branching cells were found in 

cultures of Methylosinus triohosporium (0B4), Methylosinus-

triohosporium (Pa), Methylosinus eporiuxn (12) 9  Methylo-

monas methanlea (Si), Methylobacter oapsulatus (Y) and 

Methylobacter boyle (CM). 	These cells were approximately 

five to ten times the size of untreated cells and were 

regarded as filaments (Plate 1). 	Filament formation was 

studied in more detail in Methylosinus triohosporlum (0B4). 

Mitomycin 0 was found to be the most efficient inducing 

agent, approximately 90% of the cells in cultures of 

Methylosinus triobosporlum (0B4) formed filaments in the 

presence of this antibiotic, whereas only 10% of cells 

as a maximum, formed filaments after exposure to UV or 



Figure 20 

Effect of caffeine on the colony—fo rming, ability of 

cultures of Methylococcus capsulatus (B), Methylomor]as 

albus (BG8) and Methjlomonaa agile (R) 

• lTethylococcus capsulatus (B) 

A othylomonas agile (R) 

Iethylomonaa albus (BG8) 
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Plate 1 

Filaments of Methylosinus trichoeporiuin (0B4) 

Exponential phase cells were diluted into NMS containing 

1.0 	ni mitomycin 0/mi. 	Samples were removed at 

intervals and examined for the presence of filaments. 

Magnification x 3000. 
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Table 8. Estimation of survival after UV irradiation 

by plating on (1) NMS t  (ii) NMS + oasaniino 

acids, (iii) NMS + caffeine at 300 kg/ml and 
/ 

(iv) NMS after exposure to 'Blacklight' for 

60 minutes 

NMS + 	NMS after 
IJY dose 	 NMS + 	caffeine 	exposure 

ergs /mm2 	
NMS 	casaniino 	 to 'Black- 

acids 	300/kg/ml light' for 
60 mine 

LtL.iriococCus 
caDsulatus (B 

o 3.4x108  3.2x108  2.9x108  3.5x108  

112.5 3.1 x 10 8 2.9 x 
10   8.3 x 107 3.1 x 10  

450 7.3 x iO 8.4 x 10 2.2 x 10 7.1 x 107  

900 1.0 x 10   1.2 x 10  
 - 1.6 x i06  

1e th1ornonaa 
agile (R) 

o 1.1 x108  2.3 1 108  1.2 1 108  1.5 1 108  

225 6.6 x 10  
 9.0 x 

10   2.2 x 10  79 x 
10  

450 4.1 x 10 6.5 x 10 8.4 x 104 4.3 x 10 

900 1.0 x 104  2.3 x 103 - 8.5 x 103  

iletbylomorias 
albus (BG8) 

0 3.11108 2.8x108  3.3 1 108  3.5 1 108  

112.5 2.71 10 1.4 x 108  7.2110 2.51 108 

450 6.2 x 107 6.4 x 107 1.5 x 10 6.7 x 10 

900 1.3 x 10   2.1 x 106  - 1.9 x 106 
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Table 9. Estimation of survival of Methylosinue trioho-

sporiu.m (0B4)  after UV irradiation by plating 

on (1) NMS, (ii) NMS + ca8amino acids and 

iii) NMS + 0.01 M Dantovi lactone 

UV dose NKS Supplemented 
1S 

NMS + 0.01 M 
pantoyl lactone 

0 1.4 x 10   2.0 x 10   2.2 x 10  

225 8.8 x 107  9.1 x 107  9.7 x 10 

450 6.6 x 10 7  7.4 x 10'  5.9 x 10 

900 1.1 x 107  9.1 x 
10   g x 10  

1350 5.7 x 
10   6.4 x 10   7.0 

'-irradiation. 	Induction of filaments by 1311 and 

irradiation was found to be dose dependent, maximum 

induction occurred after exposure to 225 erge/xnm 2  and 

8.79 Krade respectively. 

The size of the filaments could not be Increased by 

the addition of oasamino acids and yeast extract to the 

growth medium. 	Filament formation in Methylosinue 

trichosporium (0B4) was completely inhibited by the 

addition of ohloramphenicol at 100 fi--g/ml. 

9. Effect of DL-pantoyl lactone on filament formation 

and 1311 survival in Methyiosinus trichosorium (CR4) 

(I) DL-pantoyl lactone in concentrations up to 

0.01 M did not reduce the size of filaments obtained in 

TN or 1-irradiated  shake-flask cultures. Higher 

concentrations reduced the growth rate of unirradiated 
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cells while at 0.1 U growth was completely inhibited. 

Shake-flask cultures of uriirradlated cells grown in the 

presence of 0.01 U pantoyl lactone formed filaments. 

(ii) DL-pantoyl lactone at 0.01 U did not enhance 

the survival of UV Irradiated cells when incorporated 

into NMS plates (Table 9). 

not form filaments. 

Unirradiated controls did 

10. Chlorainphenicol rescue of A -irradiated cells 
(PCT Recovery) 

(1) Post-treatment of '-irradiated cells was 

carried out in shake-flasks, since recovery was enhanced 

by holding irradiated cells on Millipore membranes as 

opposed to direct plating onto NMS plates. 	Detergents 

present in the membranes or the reduced availability of 

methane may have induced a lag leading to the enhanced 

repair of -induced damage. 

A three times increase in the viability of 

krradiated cells of Methyloinonas agile (R) was found 

by holding the irradiated cells in ohloramphenicol at 

200/Ag/mi for eight hours (Table 10). 

A seven times increase in the viability of 

"-irradiated cells of Methylosinue triohoaporium (0B4) 

was detected after eight hours holding in ohioramphenicol 

at 100 /Ag/ml (Table 10). 



101. 

Table 10. POT Recovery of irradiated cells of 

Methylomonas agile (R) and Methyloelnus 

trichosporiuin (0B4) 

(1) Methyloinonaa agile (R) 

Unirradiated 	 Y—irradiated 
Time 	control plus 	r-1rradiatL. 	plus 
(hours) ohlorainpheniool 	control 	ciiloramphenicol 

at 20O //ml 	 at 200 

0 	3.9x108 	1.11106 	9.5x105 

2 	4.2 1 108 
	

1.4 x 106 
	

1.6 x 106  

4 	4,11108 
	

1.7 x 106 
	

2.4 x 10  

8 	4.4 1 108 
	

1.1 x 10 
	

3.3 x 106  

(ii) Methlosinus trichoaporium (0B4) 

Unirradiated 	 J'—irradiated 
Time 	control plus 	—irradia -ied 	plus 
(hours) ohlorainphenicol 	control 	chioramphenicol 

at 100 	ml 	 at 100 

0 	2.2x108 	4.1x106 	4.8x106  

2 	1.5x108 	4.5x106 	8,2x].06  

4 	2.11108 	4,4x].06 	1.5x107  

8 	2.41108 	4.9x106 	3.510 
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DISCUSSION 

Living systems have evolved a variety of mechanisms 

for dealing with potentially lethal and/or mutagenio 

changes in their genetic material. 	One of these 

mechanisms, excision repair, has been demonstrated in a 

wide range of organisms from mycoplaamas to protozoa and 

is thought to play an important role in the maintenance 

of genetic stability (Hanawalt, 1970). 	Methane- 

oxidising bacteria also appear to possess this type of 

repair and probably also recombinatjonal repair. 

However, photoreactivation, the most easily demonstrated 

mode of repair in Escherichia coll, was found to be absent 

in Methylococcus capeulatus (B), Methylomonas agile (R) 

and Methylomonas albus (BG8) (Table 8). 	Evidence that 

methane-oxidising bacteria possess excision and reoombina-

tional repair capacities will be discussed separately for 

each strain. 

Methylococcue capsulatue (B) 

(1) Analysis of UV and 'I-radiation survival curves 

Some indication of the overall efficiency of repair 

mechanisms may be obtained from an analysis 01 survival 

curves. 	Although it Is generally accepted that a 

shouldered survival curve indicates repair capacity, 

Witkin (1967a) observed that shoulders were restricted 

to strains of Esoherichia coli with the fil genotype, all 

unsuppressed fil strains exhibited shoulderless one-hit 
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survival curves. 	Fl1  strains suppressed by an 	or 

reef mutation still died by the f11 mechanism and 

exhibited ehoulderlees survival curves, but when the 

fil+ character was suppressed by sul, radiation resistance 

was restored and a shouldered survival curve was obtained 

provided the strain had some repair capacity. 	]?11 

strains have shouldered survival curves if they have 

excision or post-replication recombination repair 

mechanisms. 

The UV survival of Methylococcus capsulatue (B) was 

shouldered (Pig. 1) which may indicate that the strain has 

some repair capacity and is analogous to the f11 or fil+ 

sul strains of Escherlchla coil. 	However, the inter- 

pretation of the shoulder is complicated because cultures 

of M. capsulatus (B) contain a low proportion of diplo-

cocci, thus the shoulder would be expected if both members 

of a dipl000cous have to be inactivated before colony-

forming ability is lost. Thus the presence of dipiococol 

may mask the fil character. 

In contrast the -survival curve was ehoulderlesa, 

viability being reduced exponentially (Pig. 2). 	Thus 

at low doses colony-forming ability was reduced by 

-radiation but not by UV radiation. Thus Methylo-

coccus capsulatus (B) may be deficient in one or more of 

the repair mechanisms now known to operate on damage 

induced in Eseherichia coli by Ionizing radiations, but 

which does not play a significant role in the repair of 

UV induced damage. A similar UV resistant, -sensitive 
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strain of Eecheriohia coil has been isolated. 	This ror 

mutation is located in the same region as reoB and recO 

but the biochemical lesion has not been identified 

(Gllohman, Zwenk, Van Sluls & Roreoh, 1971). 	By 

comparison Methylocoocus oapeulatus (PD) had a shouldered 

'-surviv1 curve (Pig. 2)0 

Additional information as to the presence of repair 

mechanisms may be obtained from the regowth of UV 

irradiated cultures. 	The minimum dose which induced a 

lag in shake-flask cultures of Methylococcue oaDsulatue 

(B) was 225 erge/lnrn 2  (Pig. 14). 	This amount of energy 

would produce about 19400 dlmers per genome in 

Becherichia coil (Witkln, 1969a). 	The number of dimere 

produced in the DNA of M. capsulatus (B) might be 

expected to be similar but modified by such factors as 

the higher G + C content, 62.5% (Poster & Davis, 1966), 

compared with the 50-53% of E. coil strains (Beizerehey 

& Spirin, 1960) and the UV absorbing properties of 

capsular material and other cell constituents (Pohlit, 

1968; Donch & Greenberg, 1970). 	Strains of S. coil 

with the rec k exr genotype can survive 1W if the number 

of pyrlinidine dimers remaining in the DNA after excision 

repair does not exceed about 165 and a reck f strain 

can tolerate about 55 residual dimers (Witkin, 1967a). 

The shake-flask experiments with M. capsulatue (B) 

suggest that perhaps as many as 1,400 diners may be 

Introduced Into the DNA before replication is stopped 

and growth ceases. 	This suggests that the cells possess 
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an excision repair mechanism and probably also a recom-

bination repair mechanism to cope with this number of 

dimers. 	Exposure to more than 225 ergs/nun 2  produced a 

dose dependent Increase in lag but on prolonged Incubation 

recovery of growth occurred. 	This could suggest either 

recovery of the least damaged fraction of cells or the 

repair of damaged DNA during the lag by an excision 

repair mechanism. 

(ii) Mitomycin a 

Mitomycin C on reduction in the cell Interacts with 

the DNA in two ways, i.e. the majority of the mitomycin 0 

residues attach to the DNA by monofunotional alkylatlon 

but occasional purine cross-links are produced between 

complementary strands. Wild-type cells of Esoheriohia 

coil are more resistant to monofunctional mitomyolne than 

uvrA, uvrB, uvr0 and recA mutants suggesting that repair 

of mitomycin C induced damage occurs by a combination of 

excision and reoombinatlonal repair (Otsuji & Murayama, 

1972). 	The repair of cross-links Is also under the 

control of the uvr+ and  rec+ genes and Is most efficient 

when both mechanisms are present. 	The reooinbinational 

repair of cross-links can take place without DNA replica-

tion. Wild-type cells of Esoheriohia coil can survive 

treatments which produce 55-70 cross-links per genome, 

recA and uvr strains can survive 5-20 cross-links but 

a uvr recA strain is killed by one cross-link (Cole, 

1973). 
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Methylococcus capsulatus (B) was fairly resistant 

to initomycin C since growth in shake-flasks continued 

normally in the presence of 2/kg/m1 (Fig. 17). 	At 

higher concentrations growth became inhibited but resumed 

after a lag. 	However, the recovered population was no 

more resistant than before, suggesting the lag allowed 

the repair of damaged cells and that the resumption of 

growth was not due to the selection of resistant mutants. 

Also, recovery from mitomycin C induced damage took place 

when the cells were held in the dark in the absence of 

methane (Pig. 19). 	This recovery may indicate the 

presence of both excision and recombination repair 

mechanisms. 

Filament formation 

Cultures of Methylocoocus capsulatus (B) were re-

grown after mutagenlo treatments and examined micro-

scopically for filaments or 'giant' cells, but none were 

observed. 	It was concluded that N. capsulatus (B) 	Is 

not an unsuppressed fil strain but the possibility still 

existed that the fil+  character could be suppressed by 

eul, exr or reef. 

Minimal Medium Recovery (NMR) 

The most definitive characteristic of fil cells Is 

the ability to show ?4MR, i.e, the enhanced recovery of 

UV irradiated cells when plated on minimal rather than 

complex media (Witkin, 1967a). 	The recovery of 
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cells on minimal medium is enhanced presumably because 

of the reduction in protein synthesis. 	However, UT 

Irradiated cells of Methylococcus oapeulatus (B) failed 

to show MM indicating the probable fil nature of this 

strain. MM is also observed In fi]. rec+  uvr strains 

of Eseheriohia coil (Ganesan & Srn.Ith, 1968), but as MMR 

was not demonstrated in M. capsulatue (B) this may 

indicate by elimination that it does not possess the 

genotype reo uvr. 

However, the interpretation of MMR In methane-

oxidising bacteria may be complicated by the limited 

contribution organic material makes to total eell carbon 

and growth. 	Thus 'shift-down' conditions may not occur 

in these bacteria. 

(v) Caffeine 

Caffeine Is an inhibitor of dark-repair in 

Esoheriohia coil and a variety of other organisms (Malke, 

1967; Freim, Jr. & Deering, 1970; Loprieno & Schupbach, 

1971; Walker & Reid, 1971). 	Caffeine Is not incor- 

porated into the DNA but binds by face to face stacking 

In those regions of the DNA where the helix is distorted 

by pyrimidine dimera (Koch, 1956; Domori, Barton, Porte 

& Rauth, 1970; Harm, 1970). 

At concentrations greeter than 430/*€/ml the Incor-

poration of caffeine into MS plates reduced the colony-

forming ability of Methylocoocus oapeulatus (B) (Fig. 20). 

In comparison Eacherichia coil is more sensitive to 
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caffeine and has a ahoulderless survival curve. However, 

mutants deficient in excision ability or in the exr gene 

product are more resistant to caffeine than the fully 

repair proficient Eacherichia coil B parent strain (Grigg, 

	

1968). 	The presence of excision repair in M. oapsulatua 

(B) Is implicated by previous experiments (I & ii) and by 

the observation that caffeine at concentrations which have 

no effect on colony-forming ability (e.g. 300,4-9/m1) 

sensitised M. capsulatus (B) to UT irradiation (Table 8). 

Sensitisation to UT by low concentrations of caffeine is 

restricted to excision-proficient (uvr+) strains of 

Esoheriohia coil and is due to the inhibition of either 

the repolymerisation or the ligase stage of excision 

repair (Clarke, 1967; Grigg, 1968; Witkln & Farquharson, 

	

1969). 	M. capsulatus (B) appears therefore to possess an 

excision repair system and by elimination the caffeine 

resistance of this strain may be due to the absence of 

the exr gene product. 

(vi) Liquid-Dark Holding Recovery (LHR) 

The experiments discussed so far Indicate the 

presence of an excision repair and probably a recombina-

tional repair mechanism. Further Information may be 

obtained by holding irradiated cells in buffer in the 

absence of an energy source (i.e. methane), and assaying 

for an increase in survival. LHR occurs In Esoheriohia 

coil because the expression of the fil +  character is 

inhibited under conditions which restrict protein 
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synthesis (Roberts & Aldous, 1949). 	In E. coil X12 jj 

strains, LHR is restricted to those strains which possess 

excision repair but have recA mutations (aanesan & Smith, 

1968 9  1969), while LHR Is observed in excision-effective 

strains of Salmonella app. which carry exr mutations 

(Elsenstark, Elsenstark, van Dillewijn & Rorech, 1969). 

A small but consistent increase In the survival of 

UV irradiated Methyl000ccua oapsulatua (B) was observed 

by liquid-dark holding at 46°C, which may indicate 

excision repair capacity combined with a 'weak' 

recombination system, i.e. reoA/exr (Fig. 19). 

Summary 

An analysis of many experiments suggests the 

probable absence of the fj]+  mechanism, the presence of 

an excision repair and a 'weak' recombination repair 

mechanism (i.e. uvr+ rec&/exr). 	The latter would 

render M. capaulatus (B) sensitive to, and non-mutable by, 

a wide range of mutagens. 

Methylomonas agile (R) 

DNA repair mechanisms were investigated in Methylo-

monas agile (R) and wherever possible comparisons were 

made with Methylomonas agile (s). 	The most significant 
difference found was in the response to 1W light and 

other m utagens. 

(1) Analysis of UV and '-survival curves 

The UV survival curve of the 'smooth' strain of 
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Metbylomonas agile had a shoulder of similar dimensions 

to that of Methylococeus capsulatue (B), (Pig. 1), 

indicating that this strain has some repair capacity and 

may possess either the f11 or fi] sul genotype. 	In 

contrast the 'rough' strain was more sensitive to W. 

having a shoulderlees survival curve (Pig. 1). 	This 

could suggest that Methylomonas agile (R) is a fi1 

variant of Methylomonas agile (5). 	However, the 

presence of the fil+  mechanism seems unlikely since 

filament formation was not observed in cultures of 

M. agile (R) regrown after niutagenic treatments. 

Alternatively the increased UT sensitivity may be due to 

the induction of a baoteriolytio particle since 

Leoherichia coli strains lysogenised by UT inducible 

temperate phages are more sensitive to UT than their 

non-lysogenio counterparts (Mattern, van Winden & Rorach, 

1965). 	The induction of a lytic factor was also 

suggested by the partial lysis of UT irradiated shake-

flask cultures. 

(ii) Mitomycin C 

Methylomonas agile (R) and Methylomonas agile (5) 

appear equally sensitive to mitomyoin C and both are 

more sensitive than Methylocoocus capeulatue (B). 

Recovery of M. agile (R) from 1fg mitomycin 0/ml 

occurred on prolonged Incubation but the recovered 

fraction was still sensitive to the antibiotic (Pig. 16). 

This may indicate that repair of mitomycin C induced 
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damage has taken place and if so implicates the presence 

of excision and/or recombinational repair. 

Liquid-Dark Holding 1ecovery (LHR) 

Recovery of UT irradiated cultures of Methylomonas 

agile (R) was enhanced by liquid-dark holding in the 

absence of methane (Pig. 18). 	By a comparison with 

results obtained in Eacherichia coil (anesan & Smith, 

1968 9  1969) this recovery may indicate the presence of 

excision repair coupled with a weak recombination repair 

mechanism. Alternatively the increase in survival may 

be due to the inhibition of production of the postulated 

lytic factor by restricted protein synthesis under LHR 

conditions, or most probably represents a combination of 

both. 

Minimal Medium Recovery (MM) 

If the increased survival of UV irradiated cells by 

liquid-dark holding is partly due to restricted protein 

synthesis inhibiting production of the lytic factor then 

it Is difficult to see why MMR is negative in this strain 

(Table 8). 	The absence of MMR suggests that the LHR 

observed is due to the possession of the uvr+ recAJexr 

type genotype. 	However, as mentioned previously, the 

Interpretation of MMR experiments in these bacteria must 

be treated with caution since 'shift-down' conditions 

may not be produced. 
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Poet-chlorainphenlcal treatment of '-irradiated 

cells 

The post-chloraznphenlcal treatment of Y-irradiated 

cultures of Methylotnonas agile (H) gave a small but 

consistent increase in survival (Table 8). 	Since the 

postulated lytlo factor i8 non-inducible by 'Y-irradia-

tion, this increase in survival may not reflect the 

inhibition of Its production by chloramphenlcol. 

Survival of '-irradiated Exr strains of Esoherichia 

coil is also enhanced by post-treatment with ohloraxn-

phenicol at low doses (Marshall & Glllies, 1972) but 

this recovery was not observed with high concentrations 

(Green et al., 1973). 	High concentrations of chiorarn- 

phenicol had to be used with methane-oxidising bacteria 

as the minimum inhibitory concentration in liquid medium 

is high (200 /-/ml) which complicates the interpretation 

of the results. 	However, the small but consistent 

increase in survival of Y-irradiated cultures may 

indicate the presence of an Exr type mechanism. 

Caffeine 

The colony-forming ability of Methylomonas agile (R) was 

not affected by caffeine in concentrations up to 800/-g/ml, 

however at higher concentrations viability was reduced 

exponentially (Pig. 20). 	By comparison with shouldered 

survival curves of Esoherichia coil the absence of 

excision repair or the exr+  product is suggested. 	Since 

the sensitisation to IJY by caffeine (Table 8) implicates 
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the presence of an excision repair mechanism, then the 

shouldered survival curve may mean that 11!. agile (R) 

possesses the Exr type of repair. 

Summary 

The experiments discussed imply the absence of the 

fi1 mechanism, the presence of an excision repair and 

probably an Exr type recombination repair mechanism in 

Methylomonas agile (R). An inducible lytlo factor may 

be responsible for the Increased UV sensitivity of this 

strain. 

Methylomonas albus (B8) 

(1) Analysis of UV and y-radiation survival curves 

The UV survival curve of an exponential phase 

culture of Methylomonas albus (BG8) had a shoulder of 

similar dimensions to that of Methylococous capeulatue (B), 

indicating the probable fi] nature of the strain coupled 

with some repair capacity (Pig. 1). 	The TJY survival 

curve of a stationary phase culture had a larger shoulder 

and a slightly increased slope, i.e. a more resistant 

slope (Pig. 1). 	This Increased resistance may be due to 

the presence of UV resistant cysts in the population, 

although it is unlikely that the cysts formed would be 

radiation resistant since they are not resistant to either 

heat or desiccation (Whittenbury et al., 1970a). 	The 

increase In resistance may, however, be due to the 

enhancement of excision repair In the stationary phase 
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of growth. 	Increased resistance of stationary phase 

cultures is found only in those strains of :.scheriohia 

coil with excision repair mechanisms (Wltkln, 1967a). 

The 1—survival curve was shouldered and of the same 

proportions as those of Methylococcus capaulatus (PD) 

and Methylomonas agile (R), again indicating some repair 

capacity in this strain. 

Filament formation 

Mutagenised cultures regrown in shake—flasks did not 

form filaments suggesting that the strain lacks the fll 

character. 	Since shouldered UV and '—survival curves 

were obtained (Pigs. 1 & 2), masking of the fil 

character by exr or recA mutations is ruled out. 

Caffeine 

Caffeine at concentrations up to 1,300 -g/ml did 

not affect colony—forming ability of Methylomonas albus 

(BG8). 	The shouldered survival curve obtained (Pig. 20) 

could indicate that M. albue (BG8) lacks either excision 

repair or the exr+  gene product. 	However, M. albus (BG8) 

was sensitised to UV by low doses of caffeine indicating 

an excision repair mechanism (Table 8). 	By elimination, 

therefore, this suggests the presence of an Exr type 

mechanism. 

Summary 

Although fewer experiments have been applied to 
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Methylomonas albus (BG8) analysis of the results obtained 

suggests that this strain possesses excision repair and 

probably a recombinational repair mechanism, which may be 

of the Exr type. 

Methylosinus trichoeporium (0B4) 

(1) Filament formation 

The three strains examined so far which have all 

conformed to a general pattern and have lacked the 

filament-forming mechanism. However, certain strains 

were observed to form filaments after mutagenic treat-

ments and one of these strains, Methiloainus trioho-

sporiuin (0B4), was studied in greater detail. 	tTV, 

'(-Irradiation and mitomycin C treatments were all found 

to induce filaments (Plate 1), mitomyoin C being the most 

efficient inducing agent while low doses of liT and 

-radiation were more efficient than high doses. However, 

the maximum increase in size observed was only approxi-

mately ten times that of untreated cells, suggesting that 

filament-formation may be suppressed in this strain. 

(ii) Pantoyl lactone resuce of '(-irradiated cells 

In order to determine the nature of the possible 

suppression of the fil+  mechanism, pantoyl lactone rescue 

of Irradiated cells was attempted. 	Pantoyl laotone is 

known to aid the recovery of UV and -irradiated cells 

of unsuppreased fil+  strains of JscherIchia coli by 

stimulating cell division, but does not rescue fil+ 



116. 

strains suppressed by exrA recA or sul (Marshall & 

i11iea, 1972). 	However, pantoyl lactone in very low 

concentrations was found to induce filaments In untreated 

cells of Methylosinus trichosporium (0B4) and no rescue 

of Irradiated cells was observed (Table 9). 

Post-chlorainphenicol treatment of '-irradiated 

cells 

The formation of filaments in shake-flask cultures 
4 

of Methylosinus trichosporiuin (0B4) was completely 

suppressed by ohioramphenicol at 100 1L9/lnl. 	In 

T'scherichla coil post-chloraznphenical treatment of 

-irradiated cells has been used to distinguish between 

fl1 strains suppressed by sul or exrA. 	P11+ exrA strains 

show an increase in survival by post-irradiation holding 

In chlorainphenlool, whereas fil+  eul strains show a rapid 

decrease In survival (Marshall & Glilies, 1972). 	Since 

the survival of -irradiated cultures of M. triohosporium 

(0B4) was enhanced by holding in ohioramphenicol, 

suppression of filament-formation in this strain may be 

under the control of an Exr type mechanism. 

Minimal Medium Recovery (NMR 

One of the most definitive characteristics of fil 

strains of Eacherichia coil is the ability to show MMR 

(Witkin, 1967b), although this was not detected in UV 

irradiated cultures of Methylosinus tricbosporium (0B4) 

(Table 9). 	However, since organic materials may make 
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only a limited contribution to the cell's economy and the 

addition of oasamlno acids and yeast extract did not 

increase the size of the filaments obtained, 'shirt-down' 

conditions of protein synthesis may not be obtainable in 

methane-oxidising bacteria. 

Analysis of UV and '-radiation survival curves 

The UV and 1-survival  curves of Methylosinus tn-

chosporium (0B4) were shoulderlees indicating a similarity 

to the fil  strains or fil exr7recA  strains of 

..scherichia coli (Figs. 3 & 4). 

Recovery from mitomycin C or UV induced damage 

Growth of shake-flask cultures was inhibited by 

1 /"g  mitomyoinC/ml, although recovery occurred on 

prolonged incubation. 	The recovered population did not 

show an increase in resistance to the antibiotic, 

suggesting the ability to repair mitomycin C induced-

damage by excision repair, recombination repair or by a 

combination of both mechanisms. Although the growth 

rate of shake-flask cultures was reduced by exposure to 

112.5 ergs/mm2/sec UV, the continuation of growth suggests 

that the repair mechanisms are able to cope with the 

introduction of at least 700 dimere into the DNA before 

replication is stopped. 

Summary 

In conclusion, evidence is presented suggesting that 
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Methylosinus trichosporlum (0B4) possesses excision 

repair ability and the fil mechanism, the latter may be 

suppressed by an ExD ype mechanism. 

Conclusions 

The following summary of possible genotypes may be 

made: 

Methylococous oapsulatua (B) fil_ uvr 	exr7recA 

Methylomonas agile (R) 

Methylomonas albus (B08) f t11 uvr 	exr 

Methylosinus trichosporium (0B4) rid fi1 uvr 	exr 

rid - not determined 
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Classes of Bacterlolytic Particles 

Phages may be conveniently differentiated by the 

type of relationship they impose on the host bacterium. 

Virulent phages lyse the bacteria they infect and the 

environment best suited to their survival is one where 

the supply of sensitive bacteria is continually renewed. 

One expects to find phages in the natural habitat of the 

host organism, and It is from this source that new 

isolates are best obtained. With habitat material In 

which the phage concentration Is expected to be very low, 

e.g. liquid environments, then enrichment procedures are 

required. 

Temperate phages, on the other hand, either lyse the 

bacteria they infect or form a stable relationship in 

which the phage DNA becomes Integrated Into the host 

chromosome. 	In the latter case the two DNA structures 

are replicated together and each daughter cell has the 

potential to produce and release phage as a stable 

heritable trait. Bacteria In which phage DNA is 

integrated In this way are termed lysogenic and are 

immune to lytic infection by the same or closely related 

phages, the integrated phage DNA being known as the 

prophage. Recognition of a lysogenic strain of bacteria 

usually depends on the Identification of a sensitive 

indicator strain on which the phages can form plaques. 

Production of phages In lysogenic bacteria can be induced 

by a variety of treatments which Inhibit DNA synthesis, 

for example UV (Lwoff, Slminov and Kjelgaard, 1950) and 
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ionising radiations (Latarjet, 1951); mitomyoin C 

(Otsuji, Sekiguchi, lijima & Takagi, 1959) and NTG 

treatments (Allan & McCalla, 1966). 

Bacteriocins differ from phages in that they do not 

multiply in the cell but only kill it. 	The structure of 

bacteriocins is variable, some resemble complete phage 

particles, others phage components, while one large group 

is entirely different being in the form of very small 

molecules. A common feature of the different types is 

their protein nature (Reeves, 1965). 	The genetic deter- 

linants of bacteriocine exist as extrachromosomal 

elements analogous to those associated with temperate 

phagea (Jacob & Wollman, 1958). 	Bacteriooins may be 

'induced by metabolic inhibitors or lysis by phage 

Infection, but have no genetic action and cannot lyso-

genlee bacteria (Bradley, 1967), 

A number of phage-like particles with heads and 

tails have been found associated with Bacillus subtilis 

(Seamen, Tarmy & Marmur, 1964; Bradley, 1965; Stickler, 

Tucker & Kay, 1964). 	These particles are inducible and 

like temperate phagea their genetic determinants are 

perpetuated in the carrier strains as episomes (Seaman, 

Tarmy & Marmur, 1964). 	The only biological activity of 

these 'killer' particles is the ability to lyse a 

sensitive cell. 	Like bacteriocina they cannot mutliply 

intercellulary or lysogenise a sensitive cell. 

A further class of particles exists which appears 

to be a product of bacterial lysis, but these particles 
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do not display any biological activity (Correll & Lewin, 

1964). 	For a review of bacteriolytic particles see 

Bradley (1967). 

Phages active against autotropha 

Only intermittent reports of phages active against 

autotrophs have been made but with the increasing interest 

in autotrophe the problems associated with possible phage 

infection will be an important factor in their industrial 

exploitation. 

Phagee active against Hydrogenomonas facilis were 

first isolated by Pootjee (1964, 1966). 	Of the five 

phagee isolated only two were able to replicate in auto-

trophically growing cells when the efficiency of plating 

of these two phages dropped to lO of that obtained when 

assayed on cells grown heterotrophically on peptone agar. 

The latent period was also greatly extended in auto-

trophically growing cells, although ultimate virus yields 

were similar. Autotrophically growing cultures had to 

be vigorously agitated with hydrogen and carbon dioxide 

or the latent period was extended indefinitely and no 

phage production occurred (Korant & Pootjea, 1968). 

DeCicco (1966) has Isolated phages active against Hydro-

genomonas eutropha and reported that complete clearing of 

the medium was obtained only under heterotrophio growth 

conditions. A similar ratio of phagee to bacteria under 

autotrophic conditions resulted In Inhibition of growth 

or only partial lysis. 	Clear well-defined plaques were 
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obtained only when H. eutropha was grown heterotrophically 

and DeCicco has suggested that this differential response 

may be connected with the faster growth rate under 

heterotrophic conditions. 

Three phages active against a methanol-oxidising 

bacterium, Metbanomonae methylovora, have been isolated 

from soil samples by liquid-enrichment culture (Oki, 

Nishida & Osaki, 1972). 	The host range of these phages 

was limited to only one species of methanol-oxidising 

bacteria and a high titre lysate was obtained for only 

one of the phages. 

A virus active against blue-green algae was first 

isolated by Safferman and Morris (1964) and was designated 

LPP-I because of its host range: Lyngbya, Phormidium and 

Plectomena. Adsorption and one-step growth experiments 

indicated a very much slower adsorption rate In comparison 

to most phage systems and a seven hour latent period. 

The presence of the magnesium ion was required to maintain 

the biological activity of the virus (Goldstein, Bendet, 

Lauffer & Smith, 1967). 	Other LPP viruses have since 

been isolated and lysogeny has been demonstrated in 

Plectomena (Safferman, Morris, Sherman & Haselkorn, 

1969; Cannon, Shane & Bush, 1971). 

The isolation of phages active against methane-

oxidising bacteria was undertaken for the following' 

reasons: 

(1) The problem of phage Infection Is important 

industrially. 
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Phage resistance may be used as a marker in 

inutagenesis studies. 

The reactivation of liT irradiated phage would give 

important information about the DNA repair 

mechanisms operating in these bacteria. 

More ambitiously it was hoped that genetic 

manipulation by transduction might be possible. 
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RESULTS 

Attempted isolation of phagea 

1. 	Phagea active against laboratory or newly-isolated 

strains of methane-oxidising bacteria could not be 

isolated from any of the samples of habitat materials 

used (Table 11). 	Infrequent opaque plaques were 

observed on lawns of Methylomonas albus (BG8) and Methylo-

0000U8 oapsulatus (B) when the supernatants, from cultures 

of these bacteria incubated with mud samples, were assayed 

for phages. 	The activity was not transferable and the 

supernatants showed no lytic activity on lawns of methane-

oxidising bacteria isolated from the same mud samples. 

Table 11. Number of attempted ohage enrichments 

Bacterial strain used 
to enrich for phagea Mud,  

Source of material 

Stag- 	Polluted Sewage 
ponds 	rivers 

Bath 
Spa 
Water 

Methylomonas agile (5) 20 3 2 5 - 

Methylomonas albue (BG8) 24 3 2 4 - 

Methylococcus 
capsulatus (B) 15 8 1 4 2 
Methylosinus tricho- 
sporium (OB3B) 5 2 1 2 - 

Methy1os1nus tricho- 
sporium (PG) 6 1 - 1 - 

Methylocystia parvus 
(OBBP) 1 1 1 2 - 

Methylomonas methanica 
(SI) 1 1 1 2 - 

' Infrequent opaque plaques, activity non-transferable 
but no Pseudomonad activity was demonstrated. 
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2. 	The identification of plaques on lawns of methane- 

oxidising bacteria was complicated by bacteria]. contami-

nation. 	Convincing 'plaques' were found to be due to 

the growth of a baoteriolytio Pseudoinonad op. 	The 

viable count of this contaminant on nutrient agar was 

found to be equivalent to the numbers of 'plaques' 

observed on lawns of Methylomonas albus (BG8) Inoculated 

with the Pseudoinonad. 	No 'plaques' were obtained when 

albus (BG8) was Incubated with a filter-eterjljeed 

sample of the suspension. 	It has since been shown that 

this Pseudomonad (strain BD) is a constitutive producer 

of a bacteriolytlo enzyme complex containing n-aoetyl-

murainic acid amidases and endopeptidases (Kroupova, 1971). 

Growth of the contaminant is probably supported initially 

by impurities in the agar, followed by scavenging of 

material released from methane-oxidising bacteria by 

enzymic attack. Plate 2 shows the convincing 'plaques' 

obtained by growth of the contaminant on lawns of 

albus (BG8). 	On prolonged incubation central colonies 

of the Pseudomonad appeared in the areas of lysla. 

3. Ammonium sulphate precipitation of phages 

Concentration of phages from large volumes of 

habitat material was attempted using ammonium sulphate 

precipitation. 	The precipitates were tested for lytic 

activity against laboratory strains of methane-oxidising 

bacteria. 	Lytia activity was demonstrated in three of 

six precipitates obtained. 	One precipitate gave large 
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Plate 2 

Activity of P6eudolnonas (strain BD) on a lawn of 

Methylomonae albus (BG8) 

A 0.1 ml quantity of a Pseudomonad suspension was mixed 

with a 0.3 ml quantity of an exponential phase culture 

of Methylomonas albus (BG8), then spread onto the 

surface of a well—dried NMS plate. Areas of iyeie 

became visible in the surface lawn after 24 hours 

Incubation. 
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opaque areas of lysie on lawns of Methylomonas inethanica 

(LXI) and another gave 'pinprick' plaques on lawns of 

Methylomonas methanica (A4). 	Lysis was not observed on 

lawns of other strains and sterilised samples of the 

original precipitates were inactive. 	The lytic activity 

could not be transferred and the original preparations 

decayed very rapidly. 

A third precipitate gave lysie on lawns of Methylo-

COCCUS capsulatus (B), Methylomonas albus (BG8) and 

Methyloinonas agile (R). 	No lysis was observed on lawns 

of Type II strains. 	Sterilised samples of the precipitate 

were inactive and no Pseudomonad activity was demonstrated 

in the lysed areas. 	The lytic agent was designated PEI. 

Discrete plaques could not be obtained and the areas of 

lysis became more transparent on dilution. Transfer of 

the lysed areas into growing cultures of M. capsulatus (B) 

resulted in inhibition of growth in IMS, but when grown 

in NMS supplemented with casamino acids complete clearing 

of the medium occurred followed by regrowth of unlysed 

cells (Fig. 21). A phage preparation was made from the 

soft-agar overlays and examined under the electron micro-

scope. 	Phage-like particles were observed (Plate 3), 

the heads appeared empty which could have been a 

reflection of the instability of the preparation which 

lost all activity within one week. 



Figure 21 

The effect of an ammonium sulphate precipitate obtained 

from four litres of mud, on the growth of shake—flask 

cultures of Methylococcus capsulatue (B) 

o Thntrol culture, no precipitate added 

• 	0.25 ml quantity of sterilised precipitate 

0.25 ml quantity of the precipitate 

A 	1.25 ml quantity of the 1precipitate g  + 0.1% 

yeast extract and caaainino acids (w/v) 
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Plate 3 

riectronmicrograph of a bacterlolytlo particle PEI 

A preparation was made from soft-agar overlays which 

showed areas of lysis and examined under the electron 

microscope. 	Infrequent particles were observed. 

Magnification x 280,000. 
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Attempted demonstration of lysogenisation of 

Methylococcus capaulatus (B) by the lytlo agent PEI 

Cultures of Methylococcus capsulatus (B) grown in 

the presence of the lytic agent PEI were treated with 

initoxnycin C. UV and 	-radiation. 	The optical densities 

of the treated cultures were followed and samples assayed 

on Methylomonae albus (B48) as a sensitive indicator 

strain. 	Lysogenisation of M. capeulatus (B) by PEI as 

defined by a fall in optical density and lysia on lawns 

of M. albus (BG8), could not be demonstrated. 

Attempted identification of the lytic agent PEI 

The lack of discrete plaques and the increasing 

transparency of the areas of iysia on dilution suggested 

that the lytic agent could have bacterlocin-like 

properties. 	Transfer through Methylococcus capsulatue 

(B) in liquid or on plates could not be maintained and 

the activity of the original preparation decayed before 

completion of experiments designed to identify the lytlo 

agent on the basis of its biological activities. 

Attempted isolation of the carrier of the lytic 

agent PEI 

Two methane-oxidising bacteria, designated SWI and 

BGI, were isolated from the mud sample In which the lytic 

agent was found. 	These bacteria were studied as possible 

carriers of the agent. 	However, no lytic activity could 

be demonstrated in cultures of these bacteria and neither 
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strain appeared to be lysogenic since lysie of cultures 

'a not observed after treatment with mitomycin C. UV or 

-riition and samples of the treated cultures did not 

produce iysis on lawns of Methylococcus capsulatue (B). 

7. Identification of lysogenic strains of methane-

oxidising bacteria 

Laboratory strains of methane-oxidising bacteria 

were examined for the presence of temperate phages. 

'Cross-spotting' did not reveal any lysogenic strains so 

cultures were treated with agents which Inhibit DNA 

synthesis, e.g. UV, v-radiation, NTG, NMJ, EMS and mito-

mycin C. 	Cultures of Methylomonas agile (R) regrown 

after Th1TJ treatment lysed completely (Fig. 22) while 

only partial lysie was observed following UV, NTG and EMS 

treatments. No iysis was observed after s-irradiation 

or mitomycin C treatment. 	I,ysIs was observed in 

cultures of Methylocystis parvus (OBBP) during growth in 

varying concentrations of mitomycin C (Pig. 23). 	Iysis 

of cultures of other strains was not detected. 

Electron micrographs of lysates of Methylocystis 

parvus (OBBP) revealed a phage-like object which was 

present only in very low numbers but nothing resembling 

phage or phage components could be detected In lysates of 

Methylomonas agile (R). 	Lysatee of M. parvus (OBBP) and 

M. agile (R) did not produce areas of lysls on lawns of 

Methylomonas albus (BG8), Methylococcus capsulatus (B), 

Methylosinus trlchosporium (OB3B) or Methylobacter boyle 

(CM). 



Figure 22 

The effect of nitrosomethyl urethane (NMU) on the 

growth of shake—flask cultures of Methylonionas 

agile (R) 

• Control culture, no NMU added 

0 +5x1O5MNMU 
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Figure 23 

Effect of mitoinyoin C on the growth of shake-flask 

cultures of Methylocystis parvue (OBBP) 

o Control culture, no mltomycin C added 

• 	± 1.0 rg ]flltOfllyoln C/mi 

t 	+ 2.0 rnitomyoin C/rn]. 

A 	+ 3.0 	g rnitomyoln C/mi 
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DISCUSSION 

The failure to isolate phagea active against methane-

oxidising bacteria may simply mean that none exist, or 

more probably that the conditions selected for their 

growth and detection are unfavourable. The results 

obtained cannot be explained convincingly and it can only 

be speculated that the opaque areas of lysia observed may 

be due to the lytic activity of particles released by 

other strains of methane-oxidising bacteria present in the 

natural environment. 	However, none of the strains of 

inethane-.oxidising bacteria isolated from the same environ-

ment could be identified as carriers of bacteriolytio 

factors. The failure to transfer or maintain the 

activity of suspected baoterio].ytic particles may be due 

to one or more of the following: 

The indicator strains used may be lysogenised by 

the same or closely related phages. 	However, since the 

majority of the indicator strains used did not undergo 

lysis after treatment with inducing agents this seems 

unlikely, although not all temperate phagea are inducible. 

Certain requirements necessary for phage 

infection may be lacking, e.ge adsorption in certain 

phage-host systems is strongly dependent on the concen-

tration of divalent cations (Puck, Garen & Cline, 1951). 

Thus by manipulation of the salt concentration a more 

satisfactory medium for the propagation of phages may be 

developed. 
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3. More vigorous aeration of the cultures may be 

required since phage production in Hydrogenomonas 

facilie only occurred under autotrophic conditions if the 

cells were vigorously agitated with hydrogen and carbon 

dioxide (Rorant & Pootjee, 1968). 

The failure to isolate phagee may also reflect the 

methylotrophic nature of these bacteria since the type of 

metabolism operating in Hydronomonas species has been 

found to be important In determining the response to phage 

infection (De Cicco, 1966; ICorant & Pootjee, 1968). 

Certain oheniolithotrophic bacteria are able to grow on 

glucose in the absence of their specific energy source if 

alleged inhibitory intermediates, produced as a result of 

the metabolism of glucose, are removed by dialysis (Pan & 

Umbreit, 1972). Such a situation might occur in nature 

If toxic products, produced as a result of the metabolism 

of organic compounds and secreted into the environment 

were adsorbed onto soil components. 	It may be therefore 

that obligate methylotrophy is imposed on methane-

oxidising bacteria by laboratory conditions and that the 

failure to propagate phage is a result of this type of 

metabolism. 

A quantitative analysis of phage infection of 

facultative autotropha may help towards a better under-

standing of the problems encountered in the Isolation of 

phagee for methane-oxidising bacteria. 

Since temperate phagee may sometimes be induced by 

Inhibitors of DNA synthesis (IMoff et al., 1950; Otsuji 
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et a].., 1959), cultures of methane-oxidising bacteria 

were treated with such agents in the hope of identifying 

a lysogenic strain. Lysis of shake-flask cultures of 

Methyloxuoj.ias agile (R) and IIethy1ocystjs parvus (OBBP) 

was observed after certain mutagenic treatments (Pigs. 

22 & 23). 	However, phage particles could not be 

detected by electron microscopy in lysatee of M. agile 

(R) and only a few phage-like particles were detected in 

lysatee of M. parvus (OBBP). 	It had been observed 

previously, however, that cultures of M. agile (S) did 

not undergo lysis after mutagenic treatments and it is 

suggested that M. agile (R) is a carrier of a ].ytio 

agent Inducible by UV, NTG and NMU treatments. 	This 

may account for the greater sensitivity of M. agile (R) 

towards these mutagens. 

Mutagenic treatments are known to induce a variety 

of temperate phages, bacteriocins and phage-like 

particles In host bacteria (Bradley, 1967). 	But 	In the 

absence of sensitive indicator strains of methane-

oxidising bacteria, definite identification of the ].ytio 

agents induced, on the basis of their biological activity, 

was not possible. 

Certain repair deficient strains of Esoheriohia coil 

(those with exrA or recA mutations) lysogenised by lambda 

phage, exhibit greatly reduced induction frequencies by 

comparison with repair proficient strains (Hertman & 

Luria, 1967; Brooks & Clark, 1967; Donch, Greenberg & 

Green, 1970). 	Since the presence of an exr type 
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repair mechanism has been implicated in at least four 

strains of methane—oxidising bacteria (Section 2), the 

apparent stability of these bacteria to inducing agents 

may be a consequence of the nature of the repair 

mechanisms present. 



' 
% 

t 
- 	-i_ 	, -r 

''• • x •• 	T._ 

)44  
tJ 

top 04  
_ 

cY  

Aq  

4. TRANSFORMATION STUDIES 



135. 

INTRODUCTION 

The discovery of transformation by Griffith (1928) 

was a landmark In the development of genetics. 	In 

general terms, transformation may be defined as the 

integration with the genome of a recipient cell of a small 

piece of exogenous genetic material, extracted from a 

donor cell and introduced into the receptor as part of a 

free DNA particle (Schaeffer, 1964). 	Besides its obvious 

use in extending genetic analysis to bacteria which are 

not amenable to transduction or conjugation, transforma-

tion is the only method available for the correlation of 

physical or chemical alterations in the structure of DNA 

with Its biological activity. 

Transformation has been demonstrated in a wide range 

of bacterial genera and species which include Pneumo-

coccus, Streptococcus, Haemophllus, Neisseria, Bacillus, 

Rblzobium, Micrococcue and Pseudomonas. 	Most of the 

basic knowledge of transformation has come from studies 

on Pneumococcus, Haemophilus influenzae and Bacillus spp. 

and has been reviewed by Spizizen, Reilly and Evans (1966). 

The occurrence of transformation in autotrophic 

organisms is less well documented. Shestakov and Khyen 

(1970) have reported transformation in the blue-green 

alga Anacystis nidulans and the transformation of the 

para-aminobenzolc acid requiring auxotroph of Methylo-

coccus capsulatus (PD) to prototrophy was recently 

demonstrated (Williams & Bainbridge, 1971). 
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The recipient bacteria in a culture which are able 

to take up a molecule of transforming DNA and to be trans-

formed by it are said to be competent. 	Competence has 

been shown to be a transitory state of the recipient 

population and its duration Is restricted to a small 

fraction of the growth cycle In Bacillus subtilis and 

Haemophllus spp. (Anagnostopoulous & Splzizen, 1961; 

Spencer & Herriott, 1965). 	The onset of competence in 

these cultures at the end of the exponential phase of 

growth may reflect metabolic changes or alterations in 

the cell wall; in the case of Methylococcus capsulatus 

(PD) such changes could be associated with immature cyst 

formation. 	Competence may be 'bypassed' by using 

epheroplasta as recipients for transforming DNA. 	For 

example, restoration of prototrophy in epheroplasts 

obtained from auxotrophic Escherichia coll strains has 

been reported (Chargaff, Schulman & Shapiro, 1957), 

although lack of stringent controls has led to the 

criticism of the conclusion that genetic transfer was 

involved (McQuillen, 1960). 	Secondly, it has been shown 

that EDTA causes a non-specific increase In the permeabi-

lity of E. coll without impairing viability and It has 

been suggested that this might facilitate the entry of 

transforming DNA (Leive, 1965). 	It was not known 

whether EDTA has a similar effect on methane-oxidising 

bacteria but It was one of the methods used in an attempt 

to prepare recipient cells for transformation experiments. 

Transformation was Investigated in methane-oxidising 
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bacteria as a possible mechanism of genetic transfer and 

if demonstrated would also have been valuable in 

extending knowledge of the DNA repair mechanisms 

operating in these bacteria. 
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RESULTS AND DISCUSSION 

In the absence of stable auxotrophic markers, trans-

formation from antibiotic sensitivity to resistance was 

attempted in Methylomonas albus (BG8) 9  Methylomonas 

agile (5), Methylococcue oapsulatus (B) and Methylosinus 

triohosporlum (OB3B). 	The markers used were streptomycin 

and penicillin resistance. However, the transformation 

of these markers could not be demonstrated using DNA 

extracted by the 'Marmur' or 'phenol' method. 	The 

results of the attempted transformation of the str 

marker are given in Table 12. 

No tranaforinante were detected even under conditions 

which should have allowed adequate time for the segrega-

tion and expression of the recessive characters, when the 

concentration of DNA was presumably in excess and when 

the recipient population was taken from the retardation 

phase, i.e, from that part of the growth cycle of the 

para-amino benzoic acid auxotroph of Methylococcus 

capsulatus PD which shows maximum competence (Williams & 

Bainbridge, 1971). 	However, lack of transformation 

could be due to the failure of the strains to take up 

transforming DNA since preliminary studies have shown 

that in Methylococcus capsulatus (B) and Methylomonas 

albus (3G8) the uptake of radioactive DNA into heat-

inactivated cells was equivalent to that taken up by 

cells from the retardation phase. 	Attempts to increase 

the permeability of the cells to DNA by using EDTA-treated 
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cultures of M. capeulatue (B) as recipients were 

unsuccessful and no transformants were detected In 

cultures of M. albue (BG8) regrown from apheroplasts 

Incubated with homologous DNA. 

Another factor which could contribute to the lack 

of transforming ability Is the inefficiency of the 

recombination mechanisms operating in these bacteria. 

Table 12. Attempted transformation of sensitive, wild—

type strains with homologous DNA from 

streptomycin—reeistant mutants 

The following methods of determination of the 

transformation frequency were used: 

Direct plating of treated cells onto selective 

media. 

The addition of streptomycin overlays after a 

maximum expression time of 12 hours. 

The treated cells were regrown in NMS and then 

plated onto selective media. 

The condition of the recipient cells was as follows: 

Early exponential phase. 

Exponential phase. 

Late exponential—early stationary (retardation 

phase). 

Represents the spontaneous frequency to strepto-

mycin resistance found in exponential phase 

cultures. 
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Condition Of 	
Method of Determination of Transformation recipient 	

Frequency cells 

(1) 	 (2) 	 (3) 

Methylomonas 
albus TB—G-8-7  

 1 in2.2x108  1 in3.7x108  1 in2.8x108  

 1 in2.5x10 8 1 jn3,0x10811n2.1x108 

 1 in1.8x1081in2.4x10811n2.7x108 

 11n2.6x10811n3.1x1081in2.3x108 

Methylomonas 
agile CS) 

 1 in4.0 x10 8 1 jn4.8x108 11n4,0x108  

 1 in3.4x1081in4.7x10811n3.71108 

 1 in3.5x1081jn4.8x10611n2.81108 

Methylococous 
capsulatue 
B) 

(b) 46°C 
	

1 in 5.1 x 107 
 

1 in 3.7 x 107  1 in 4.6 x 107  

(0) 46 °C 
	

1 in 3.9 x 107 
 

1 in 4.3 x 10 
	

1 in 3.7 x 10 7  

(d) 46°C 
	

1 in 3.9 x 10 ' 
 

1 in 4.2 x 107  1 in 3.0 x 107  

11ethyloeinus 
trichosporjum 
(OB3B) 

1 in2.7x108  

(d) 	 - 	 - 	1in9.2x107 
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RESULTS AND DISCUSSION 

The radioactive labelling of DNA by the incorporation 

of exogenous thymidine has been a useful tool in many 

areas of bacterial genetics. Methods of labelling the 

DNA of methane-oxidising bacteria have been investigated 

for use in transformation and DNA repair studies. 	Two 

strains have been studied extensively: Methylococcus 

capoulatus (B) and Methylomonas agile (R). 

Exogenous thymidine and its analogues are readily 

incorporated into the DNA of wild-type Eecherichia coil 

but the incorporation stops after a short time due to the 

rapid breakdown of thymidine to thymine by the inducible 

enzyme thyinidlne phosphorylase (Raohmeler, Gerhart & 

Rosner, 1961). 	The Incorporation of methyl-tritiated 

thymidine into Methylococcus capsulatus (B) and Methylo-

agile (R) follows a similar pattern to that found in 

E. coil. 	Thymidine was incorporated into the TCA- 

Insoluble material at a rate which was initially propor -

tional to the percentage increase in the optical density 

of the cultures (Pig. 24). 	This rate gradually 

diminished after growth for about half a generation in 

shake-flasks, presumably because of the breakdown of 

thymidine to thymine by thymidine phoephorylase. 	The 

percentage of labelled material Incorporated was 

dependent on the initial cell density and the state of 

the cultures; low cell densities and exponential phase 

cultures gave the maximum incorporation. Experiments 



Figure 24 

The incorporation of 3H-TdR into the trichioroacetlo 

acid (TCA) insoluble material of shake-flask cultures 

of Methyloinonas agile (R) 

'/o 3H-TR incorporated into TCA insoluble material 
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with exponential phase cultures Incubated in small flasks 

indicated that the incorporation reached a maximum after 

45 minutes incubation (Fig. 25)9 again suggesting the 

Induction of an enzyme capable of breaking down thymidine 

to thymine. 	In Salmonella typhimuriuin thymidine phos- 

phorylase is induced 2-3 minutes, and in Esoheriohia coil 

6-7 minutes, after the addition of thymldlne (Clark & 

MaalØ'e, 1967; Spratt & Rowbury, 1970). 

The incorporation of 3H-thymidlne Into the DNA of 

Eseherichia coil may be Increased by several methods, 

each of which was applied to methane-oxidising bacteria. 

1. Incorporation may be Increased by the use of 

mutants deficient in either thymidine phosphorylase 

(Fangman, 1969), or in thymidylate synthetase. 	Mutants 

deficient in thymidylate synthetase may be selected by 

the use of the folate antagonists, aininopterin and tn-

methoprim, in the presence of thymine or thymldine 

(Okada, Homnia & Sonohara, 1962; Stacey & Simpson, 1965). 

Aminoptenin and tnimethoprim are Inhibitors of dihydro-

folate reductase which catalyses the formation of tetra- 

hydrofolate from dihydrofolate (Pig. 26). 	Since 

thymidylate synthetase consumes -tetrahydrofolate during 

the conversion of deoxyuridine monophosphate to deoxy-

thymidlne monophosphate, the continued action of 

thymidylate synthetase in the presence of aminopterin or 

trimethoprim rapidly depletes the supply of tetrahydro- 

folate. 	However, since tetrahydrofolate derivatives 

are required in a variety of biochemical pathways 



Figure 25 

Effect of adenosine, deoxyaden0eine 1  uridine and 

5-bromodeoxyuridine on the Incorporation of 3H-.TdR 

into the TCA insoluble material of Methylomonas 

agjle (R) incubated in 25 ml 'Quick-fit' flasks 

o 3H-TdR alone 

A 3H-TdR plus 2g adenoeIne/mJ. 

o 	H-TdR plus 2 	deoxyadenoelne/ml 

• 	M-TdR plus 50 	uridlne/ml 

plus 500 rg 5-bromodeoxyuridine/ml 
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Figure 26 

Sites of action of inhibitors of thyniidine synthesis 

Thymidylate synthetase 

Dihydrofo].ate reductase 

Thymidine kinase 

Thyinidine phosphorylaee 

UMP pyro—phoephorylase 

Urldine phosphorylase 

Uridine kinase 

Adapted from O'Donovan and Neuhard (1970). 
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including purine biosynthesis, the metabolism of certain 

amino acids and the initiation of protein biosynthesis 

(Shih, Eisenstadt & Lengyel, 1966) 9  treatment with amino-

pterin or trimethoprirn In the presence of thymine results 

in the cessation of RNA, DNA and protein synthesis. 	The 

only cells able to grow In the presence of these analogues 

are those in which the activity of thymidylate synthetaee 

Is depressed and the inhibition 01 dlhydrofolate reductase 

is sufficiently leaky to allow the synthesis of catalytic 

amounts of tetrahydrofolate (Bertino & Stacey, 1966). 

Attempts to isolate thymine requiring mutants of 

Methyl000cous capsulatus (B) and Methylomonas agile (R) 

using trimethoprin, and aininopterin have been made. 

Shake-flask cultures of the two strains were resistant to 

400/-g/ml of both compounds. 	However, this concentration 

of trimethoprim completely inhibited the growth of wild- 

type organisms on plates. 	The selection of thymine 

requiring mutants was therefore attempted using this 

concentration of trimethoprim in plates supplemented with 

500 /--g/ml of thymine or thymidine. Mutants resistant to 

trimethoprim were found at frequencies of 1 in 3 x 10 7 

and 1 in 3 x 108  in cultures of M. capsulatus (B) and 

M. agile (R) respectively. 	However, none of these 

mutants resistant to trimethoprim had a requirement for 

thymine and no thymine requiring mutants were found in 

the 1010  cells screened per strain. 	This may reflect 

the usual difficulties in the isolation of stable auxo-

trophic mutants of methane-oxidising bacteria. 
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2. Another way in which the incorporation of 

thymidine may be increased in Eacheriohia coil is by the 

use of 5-fluoro-deoxyuridine (5-PUdR), an inhibitor of 

deoxythymiidine monophosphate (dTMP) synthesis (Rosner & 

Yagil, 1970). 	The metabolism of 5-PUdR leads to the 

production of two inhibitors, i.e. 5-PIJdR is converted 

to 5-fluoro-dtlMP by thymidine kinase and to 5-f iuoro- 

uracil by thymidine phosphorylase (Pig. 26). 	5-Pluoro- 

dUMP is an inhibitor of thymidylate Byflthetase causing 

thymine starvation (Cohen, Flake, Barner, Loeb & Lichten- 

stein, 1958). 	5-Fluorouracil is converted to the 

inhibitor 5-fluoro--UMP by uridine monophosphate pyro- 

phoephorylase (Brockman & Anderson, 1963). 	Thus 

resistance to 5-PUdR probably requires the absence of 

both thymidine kinase and thymidine phoephorylase. 

5-PUdR was found to inhibit the growth of shake-

flask cultures of Methylomonas agile (R) and Methylo-

coccus capsulatus (B); 10 and 20 1 9/m1 slowed down 

growth and reduced the final optical density while 

S0 /ml completely inhibited growth (Pig. 27). 	The 

relief of 5-FUdR inhibition was achieved by the 

addition of high concentrations of thymidine. A con- 

centration of 500/g/m1 of thymidine completely reversed 

the inhibition of M. capsulatus (B) but only partially 

overcame that of M. agile (R) (Pigs. 28 & 29)9 lower 

concentrations gave intermediate levels of relief. 	The 

addition of 5-bromodeoxyurldine (5-BUdR) partially over-

came the inhibition of M. oapeu1atIe (B) but did not 



Figure 27 

Effect of varying oonoentrations of 5—fluorodeoxy-

uridine (5—PUdR) on the growth of shake—flask cultures 

of Methylomonas agile (R) 

0 Control culture, no 5—PUdR added 

• + 10 A,,y 5—PUdR/ml 

• + 20 1 -g 5—FUdR/m]. 

A + Opg 5—PUdR/ml 
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Figure 28 

Effect of thymidine, 5'-BUdR, thymidine monophosphate 

(TMP) and thymine on the inhibition of growth of 

shake—flask cultures of Methylococcus capsulatus (B) 

by 5—PUdR 

0 Control culture 

• 	+ 20 Nr 5—FUdB/ml 

E 	+ 20 5—PUdR/ml plus 500 /g  thyinidine/mi 

A 	+ 20 5—PUdR/ml plus 500 rg TMP/ml 
+ 20 5—PUdR/m]. plus 500 thymine/mi 

o 	+ 20 1 'g 5—PUdR/ml plus 100 /Jg  5—BUdR/inl 
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Figure 29 

Effect of thyaldine, thymine and TMP on the inhibition 

of growth of shake-flask cultures of Methylomonas 

agile (R) by 5-FUdR 

0 Control culture 

	

• + 20 	5-PUdR/ml 

• + 20 / g  5-PUdR/ml plus 500 -g thymldine/ml 

	

+ 20 	5-PUdR/rnl plus SOO 	thymine/m]. 

A + 20 -g 5-PUdR/m]. plus 500 /-g  TMP/xnl 
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fully restore the growth rate (Pig. 29). 	This may be due 

to the longer time required to replicate DNA containing 

this analogue (Nagley & Wake, 1969). 

The Inhibition of growth by 5-PUdR suggests that one 

or both of the enzymes thymidine kinase and thymidine 

phoephorylase Is present In Methylococcue capsulatue (B) 

and Methylomonas agile (R). 	The relief of Inhibition by 

thymidine and Its incorporation into DNA suggests that 

thymidine kinase is present In both strains. 	The 

presence of thymidine phosphorylase is indicated by the 

kinetics of 3H-Tdr Incorporation and also by the high 

levels of thymidine required to reverse the inhibition 

by 5-PUdR. 

Inhibition by 5-PUdR and Its reversal by thymidine 

has been studied in other strains of methane-oxidising 

bacteria and the following patterns have emerged (Table 13). 

Inhibition and relief, e.g. Methylomonas albue 

(BG8), indicating the presence of thymidine kinase and 

thymidine phosphorylase. 

Inhibition and no relief, e.g. Methylosinus 

sporlurn (12) 9  possibly Indicating the absence of thyinldine 

kinase (Pig. 30). 

No Inhibition, e.g. Methylosinus trichosporlum 

(0B4), possibly indicating the absence of both thymidine 

kinase and thymidine phoephorylase (Pig. 31). 	These 

strains were resistant to 50 r 5-PUdR/ml. 
The effect of 5-PUdR on the incorporation of 3H-TdR 

was studied in Methylornonas agile (R) and Methylococcus 



Figure 30 

Effect of 500/-A thymidlne/ml on the inhibition of 

growth of shake-flask cultures of Methylosinus 

sporium (12) by 5-FUdR 

0 Control culture 

• + 101 5-PUdR/m]. 

E 	+ 10g 5-PUdR/ml plus 500 	thymidine/al 
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Figure 31 

Effect of 50 5—PUdR/ml on the growth of shake—flask 

cultures of Methyloelnus trichoeporluin (0B4) 

0 Control culture 

• + 50 	5—PUdB/ml 
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capsulatus (B). 	Incorporation in the presence of low 

levels of cold thymidine and 20/&g/ml 5-PUdR stopped 

after one generation, but in the presence of 500 p.g/ml 

of cold thymldine continued over three generations. 

Table 13. 	Pattern of 5-fluorodeoxyuridine inhibition 

and its relief by thymidine 

Inhibition by Relief of 
Strain 10 kg 5-FUdR/ml inhibition by 

/ 500 /kg  TdR/ml 

Methylomonas capsulatue (B) ++ 

Methylococcue niinirnus (TMC) ++ +4+ 

Methylomonas agile (R) ++ ++ 

Methylomonas albus (BG8) ++ ++ 

Methylosinue trichosporiuni 
(C)B3) +++ 

Methylosinus trichosporlum 
(Ps) +++ 

Methylobacter boyle (CM) +++ +4+ 

Methylosinus sporlum (12) +4+ - 

Methylomonas methanica (3].) +++ - 

Methylomonas methanica (Lxi) +4+ - 

Methylomonas niethanioa (A4) +++ - 

Methyloalnus triohosporlum 
(0B4) - - 

Methylosinus eporlum (5) - - 
Methylobacter capsulatus (Y) - - 

Methylocystis parvus (OBBP) - - 

+++ complete Inhibition/complete reversal of inhibition 

++ incomplete inhibition/incomplete reversal ofinhibition 

- no inhibition/no reversal of Inhibition 
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3. Another way of increasing the incorporation of 

3H-TdR In Eacherichia coil Is by the Inhibition of the 

action, or the induction of thymidirie phosphorylase. 

Compounds such as adenosine, deoxyadenosine and 5-BUdR 

competitively inhibit thymidine phoaphorylase thus 

reducing the fraction of thymidine degraded to thymine. 

These compounds also Increase the endogenous pool of 

deoxyribose-1-phosphate, which promotes the recycling of 

thymine to thymldine (Pig. 26). 	Uridlne also enhances 

thymidine Incorporation by competitive inhibition of 

thymidine phosphorylase but may also repress the 

induction of thymldine phoephorylase by thymidine (Budman 

& Pardee, 1967; Boyce & Setlow, 1962; Yagil & Rosner, 

1970). 

In Eacherichia coil adenosine or deoxyadenocine at 

250ç-g/ml stimulates the incorporation of 3H-TdR, but 

these concentrations were found to completely inhibit the 

growth of Methylococcus capsulatus (B) and Methylomonas 

agile (R) (Figs. 32 & 33). 	Both strains were very 

sensitive to these compounds and concentrations as low as 

5 ,iJ 	
/ 

m1 Inhibited growth. Uridine at 100 g/ml 
/  

partially inhibited growth and at 500 /g/ml completely 

Inhibited growth (Fig. 34). 	However, 5-BUdR at a con- 

centration of 5009/m1 had no effect on the growth of 

either strain. 

The effect of these compounds on the Incorporation 

of 3H-TdR into MethylococcuB capsulatus (B) and Methylo-

monas agile (R) was studied. No stimulation was 



Figure 32 

Effect of deoxyadenosine on the growth of shake—flask 

cultures of Methylomonas agile (B) 

• Control culture 

o + 514g  deoxyadenosine/ini 

• + lOpg deoxyadenoalne/mi 

. + 50 deoxyadenosine/mi 
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Figure 33 

Effect of adenosine on shake-flask cultures of 

Methylomonaa agile (R) 

• Control culture 

o + 5 1 Ag adenosine/ml 

• + 10 1 ka adenosine/ml 

t + 50 tg adenoelne/mi 

A + 250 7ka adenosine/ml 
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Figure 34 

Effect of uridine on the growth of shake—flask cultures 

of Methylomonas agile (R) 

Control culture 

o + 100 1¼g uridlne/ml 

• + 500 fg  uridine/mi 
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obtained in either strain; all of the compounds (at 

concentrations not inhibiting growth) reduced the amount 

of 3H-TdR Incorporated Into TCA insoluble material and 

all, with the exception of adenosine, decreased the 

Initial rate of Incorporation (Pig. 25). 	This may be 

due to competition for uptake, as indicated by Figure 35. 

4. Exogenous thynilne is not incorporated into the 

DNA of wild-type Eacherichia coil (Crawford, 1958; 

Siminovitch & Graham, 1955). 	However, if a deoxyribo- 

nuoleoside is added simultaneously extensive Incorporation 

of thymine is observed (Boyce & Setiow, 1962; Budman & 

Pardee, 1967). 	It has been suggested that the lack of 

incorporation of thymine is due to a lack of endogenous 

deoxyribosyl groups, probably deoxyribose-1-phosphate, 

which are necessary for the formation of thymidine and 

that these may be supplied exogenously by the addition 

of deocyrlbonucleosidee. 

Thy-mine at 500/g/ml failed to relieve the Inhibition 

of growth by 5-PUdR In Methylococcue casulatus (B) and 

Methylomonae agile (R), suggesting that little incorpora-

tion of thymln.e occurs (Figs. 28 & 29). 	140-thymine was 

incorporated into the TCA-insoluble material of both 

strains but the incorporation stopped afttr 35 minutes. 

The limited Incorporation may be due to the action of 

degradative enzymes similar to those found in E8cheriohia 

Roll (Ban, Vitale & Kos, 1972). 	The simultaneous 

addition of adenosine, deoxyadenosine, uridine or 5-BUdR 



Figure 35 

Effect of uridine on the incorporation of 3H-TdR into 

whole cells of Methylococoue capsulatus (B) 

0 Control culture plus 3H-TdR 

• + 3 H-TdR plus 50g uridine/ml 
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failed to stimulate the incorporation of 14C-thymine 

into the TCA-insoluble material of either strain. Two 

possible alternatives exist to explain why these com-

pounds failed to stimulate incorporation of 14C-thymine 

and 3H-TdR. 	Firstly, nucleoside phosphorylases 

necessary for the release of deoxyribose-l-phosphate 

groups may be absent and secondly if such enzymes are 

present then the release of deoxyribosyl groups may 

inhibit cell growth by upsetting the methylotrophic 

metabolism. 	The latter was suggested by the observation 

that both strains were sensitive to exogenously supplied 

deoxyriboae-l-phosphate (Fig. 36), concentrations of 

5 and 10 1Lg/ml severely Inhibited growth while 50/'&g/ml 

completely inhibited the growth of shake-flask cultures. 

5. A further method by which the incorporation of 

3H-TdR may be increased in Eseherichia coil is by the use 

of thymidirie monophoaphate as a source of thymidlne 

(Breitman, Bradford & Cannon, Jr., 1967). 	Exogenous 

thyinidine monophoephate is dephoephorylated at the cell 

surface and enters the cell as thymidine. 	Since the 

rate-limiting step is the dephosphorylation, slow feeding 

of thyinidine occurs and the concentration does not become 

sufficiently high to Induce thymidine phoephorylase 

(LichtEnstein, Earner & Cohen, 1960). 

Thymidine monophosphate partially overcame 5-PUdR 

inhibition of growth In Methylomonas agile (H), while 

having little effect In Methylococcus capsulatue (B) 



Figure 36 

Effect of 2—deoxy—D(—D—ribo8e—I—phosphate (dRIP) on 

the growth of shake—flask cultures of Methy].omonaa 

agile (R) 

U Control culture, no dRIP added 

o 	10 g dRIP/mi 

• 	50 .-g dRIP/mi 

L 	500 	dRIP/mi 
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(Pigs. 28 & 29). 	140-.TMP was incorporated into TCA- 

insoluble material of M. agile (R), the maximum moor-

poration was 4% after two generations growth. 

The evidence presented suggests: (1) That the 

enzymes thymidine kinase and thymidine phosphorylase are 

present in Methylomonas agile (R) and Methylococous 

capsulatus (B). 	(ii) Compounds such as deoxyadenosine 

and uridine failed to stimulate the incorporation of 

3H-TdR or 14C-thymine into the TCA-insoluble material of 

either strain. 	(iii) Both strains appeared sensitive 

to compounds which are donors of deoxyribonucleosides; 

this may be a reflection of the finely balanced methylo- 

trophic metabolism. 	(iv) The most satisfactory methods 

for labelling DNA are the incubation of exponential 

phase cells at low cell densities with (a) 3H-TdR in the 

presence of 20/-g 5-.PUdFI/m1 and 500 /-'g thymidine/ml or 

(b) 140-thyinidine monophosphate. 
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GENERAL DISCUSSION 

The potential of methane—oxidising bacteria lies in 

their use as cheap protein supplements. 	For maximum 

exploitation It would be desirable if they were readily 

mutable, possessed genetic exchange mechanisms and were 

also resistant to phage infection. 	The aims of this 

study were to investigate the mechanisms of genetic 

exchange and mutation in these bacteria, and to determine 

if susceptibility to phage infection would limit their 

usefulness. 

Spontaneous mutants resistant to a variety of coin—

pounds were readily isolated by direct selection. 	Since 

direct selection of auzotrophe is not possible the 

frequency of such mutants In cultures has to be increased 

by the use of mutagens. However, most of the mutagene 

used failed to Induce auxotrophs and experiments designed 

to detect possible low levels of induced mutations to 

streptomycin resistance by screening dense preparations 

of mutagenised cells were unsuccessful. 	Furthermore, no 

UT Induced mutations were detectable even when Irradiated 

cells were regrown in the presence of caffeine, an 

inhibitor of the accurate excision repair mechar4sm in 

Eseherichia coil (Clarke, 1967; Witkin & Farquharson, 

1969). 	The absence of induced mutations led to an 

investigation of the DNA repair mechanisms of methane—

oxidising bacteria and preliminary results suggest that 

accurate repair mechanisms may be present. 	These would 
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render the bacteria non-mutable by most of the mutagene 

used. 

The only mutagen which appeared to induce mutations 

was NTG, which Is thought to establish mutations 

Independently of the DNA repair mechanisms (Witkln, 1967a; 

Rondo et a].., 1970). 	However, all of the mutant colonies 

were unstable and reverted to the wild-type phenotype 

within two to three subcultures. 	The failure to Isolate 

a high frequency of auxotrophe with NTG comparable to 

those obtained In other systems (e.g. Adelberg et al., 

1965) may be linked to the methylotrophie metabolism of 

the bacteria. 	Major alterations in metabolism, e.g, in 

the pathway of methane-oxidation or the establishment of 

auxotrophy, may be lethal events. 	It may be significant 

that the only stable auxotroph yet isolated had a require-

ment for para-amino benzoic acid and a generation time of 

40 hours (Harwood et al., 1972). 	Thus only small changes 

may be tolerated by the cell and the rapid reversion of 

all the mutant colonies may be the result of strong 

selection pressures. 	Furthermore, methane-oxidation may 

be inhibited by some mutagene resulting In increased 

sensitivity, thus only relatively mild mutagenic treat-

ments may be applied. 

The failure to isolate phagee active against methane-

oxidising bacteria Is good news industrially since It 

means that fermentor runs should be free from Infection. 

The problems encountered in the detection and propagation 

of suspected phages may also be a reflection of the 
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metabolism peculiar to these bacteria, since similar 

problems have been reported in autotrophe, particularly 

In Hydrogenomonas app. (Pootjes, 1964, 1966; DeCioco, 

1966; Korant & Pootjes, 1968). 

From this study it would appear that the problems 

encountered in mutagenesia and phage Infection are common 

to all of the strains of methane-oxidising bacteria 

examined. The accurate mechanisms of DNA repair seem 

to be present in all four strains studied In detail and 

the evolutionary significance of the possession of 

accurate types of repair could reflect the necessity to 

maintain genetic Integrity since gross changes In 

metabolism may be lethal events. 	As a corollary, 

therefore, the lack of phagea could be explained on the 

basis that phage—mediated genetic exchange may be 

disadvantageous in these bacteria. 



•-il-  

_ 

V4 
ri  

P 	

4 

4 

 

REFERENCES 



157. 

REFERENCES 

Adams, M.H. (1959). 	Bacteriophages. 	Intersclence 
Publishers, Inc., New York, 

Adelberg, E.A., Mandel, M. and Chein Ching Chen, G. 
(1965). 	Yptimal conditions for mutagenesia by 
N-methyl-N -nitro-N-nitrosoguanidine in 
EBoherichia coil. 	Blochem. and Blophys. Res. 
Comm., 18, 788. 

Adler, H.I. and Hardigree, A.A. (1965). 	Post-irradiation 
growth, division and recovery in bacteria. 
Radiation Res., 25, 92. 

Allan, R.K. and MoCalla D.R. (1966). 	Prophage induction 
by N-methyl-N 1--nitro-N-nitrosoguanjdjne. 	Can. 
J. Microblol., 12, 202. 

Alper, T. (1957). 	Observations on bacterial growth and 
morphology shortly after irradiation and some 
remarks on the oxygen effect. 	In Advances In 
Radiobiology, Proceedings of the!ifth Inter-
national Conference on Radloblology, G.C. de 
Hevesy, A.G. Porseberg and J.D. Abbatt (eds.). 
Edinburgh: Oliver and Boyd, p. 90. 

Anagnostopouloue, C. and Spizizen, 
mente for Transformation 
J. Bacterial., 81, 741. 

Asato, Y. (1972). 	Isolation and 
sensitive mutants of the 
Anacyatis nidulans. 	J. 

J. (1961). 	Require- 
In B. subtills. 

Jharacteriaatjori of ITV 
Blue Green Alga 
Bacterlol., 110, 1058, 

Aeato, Y. and Polsome, C.E. (1969). 	Mutagenesls of 
Anacystis nidulans by N-methyl-NJ--nitro-N-
nitrosoguanidine and ultraviolet irradiation. 
Mutation Res., 8, 531. 

Asato, Y. and Polsome, C.E. (1970). 	Temporal genetic 
mapping of the blue-green alga Anacyatle 
nidulans. 	Genetics, 65, 407. 

Ban, J., Vitale, L. and Kos, E. (1972). 	Thyinlne and 
uracil catabolism in Escherichja coil. 
J. Gen. Microbiol., 	, 267. 

Belozereky, S.J. and Spiriri, A.W. (1960). 	Radiation 
resistance in Eacherlohia coil. 	The Nucleic 
Acids, 2. 147. 

Bernal, J.D. (1967). 	The Origin of Life. 	Weldenfeld 
and Nicolson, London. 



158. 

Bertino, J.B. and Stacey, K.A. (1966). 	A suggested 
mechanism for the selective procedure for 
isolating thyinine-requiring mutants of 
Esoherichia coil. 	Biochem. J., 101 9  32. 

Bets, J.V. and Anderson, K.E. (1964). 	Isolation and 
characterisation of bcter1ophagee active In 
Clostridium sporogenes, 	J. Bacterlol., 87, 408. 

Boyce, R.P. and Howard-Flanders, P. (1964). 	Genetic 
control of DNA breakdown and repair In B. coil 
K12 treated with initomycin C or ultraviolet 
light. 	Z. Venerbungslehre, 95 v  345. 

Boyce, R.P. and Setlow, R.B. (1962). 	A simple method of 
increasing the incorporation of thymidine into 
the deoxyribonucleic acid. Biochim. Biophys. 
Acta, 61, 618. 

Bradley, D.E. (1965). 	The isolation and morphology of 
some new bacteriophages specific for Bacillus 
and Acetobacter species. J. Gen. Miorobiol., 
41, 233. 

Bradley, D.E. (1967). 	Iiitrastructure of bacteriophages 
and bacteriocins. 	Bact. Rev., 31, 230. 

Breitman, T.R., Bradford, R.M. and Cannon, Jr., W.D. 
(1967). 	Use of exogenous deoxthyonidyllc acid 
to label the deoxyribonucleic acid of growing 
wild-type Eacherichia coil. 	J. Bacterlol., 

1471. 

Bridges, B.A. (1969). 	Mechanisms of radiation muta- 
genesis in cellular and subcellular systems. 
Ann. Rev. Nuclear Science, 12, 139. 

Bridges, B.A., Gray, W.J.H., Green, M., Rothweli, A. and 
Sedgwiok, S.G. (1973). 	Genetic and physio- 
logical separation of the repair and mutagenio 
functions of the exrA gene in Esoheriohia coil. 
Genetics, j, 123. 

Bridges, B.A., Law, J. and Munson, R.J. (1968). 	Muta- 
genesis In Eseherichia coil. II. Evidence for 
a common pathway for mutagenesis by ultraviolet 
light, Ionizing radiation and thyinine depriva-
tion. Mol. Gen. Genet., 103 ,  266. 

Brockman, R.W. and Anderson, E.P. (1963). 	Pyrimidlne 
analogues, p. 239. 	In R.M. Hochster and J.H. 
Quastel (eds.), MetabTic Inhibitors. 	Academic 
Press Inc., New York. 



159. 

Brooks, K. and Clarke, A.J. (1967). 	Behaviour of 1\ 
bacteriophage In a recombination deficient 
strain of Eacherichia coil. 	J. Virol., 1. 283. 

Brookes, P. and Lawley, P.D. (1961). 	The reaction of 
mono- and difunctional alkylating agents with 
nucleic acids. 	J. Blocheni., 80, 496. 

Brown, L.R., Strawineki, R.J. and MoCleakey, C.S. (1964). 
The isolation and characterisation of Methano-
monas methano-oxidane, 	Canadian J. Microbiol., 
10, 791. 

Budman, D.R. and Pardee, A.B. (1967). 	Thymidine and 
thymine incorporation Into deoxyribonucleic 
acid: inhibition and repression by uridine of 
thymidine phosphorylase of Escherlchia coil. 
J. Bacterlol., 24 1546. 

Butlin, G. and Wright, M. (1968). 	Enzymatic DNA 
degradation in E. coil: its relationship to 
synthetic processes at the chromosome level. 
Cold Spring Harbor Symp. Quant. Biol., 259. 

Cannon, R.E., Shane, M.S. and Bush, V.N. (1971). 	Lyso- 
geny of a blue-green alga, Piectonema boryanuni. 
Virology, 45, 149. 

Cerd-01medo, E. and Hanawalt, P.C. (1967a). 	Macro- 
molecular action of nitrosoguanldine in 
Esoherichia coil. 	Biochim. Blophys. Acta, 
142, 450. 

Cerd-01medo, E. and Hanawalt, P.C. (1967b). 	Repair of 
DNA damaged by N-methy1-N1-nitro-Nnitroeo-
guanidine in Escherlchia coil. 	Mutation Res., 
4, 369. 	 11 

Cerda-0].medo, E., Hanawalt, P.C. and Guerola, N. (1968). 
Mutagenesis of the replication point by NTGs 
map and pattern of replication of the E. coli 
chromosome. 	J. Molec. Biol., 33, 705. 

Chapman, H.M. and Ribbons, D.W. (1968). 	Polymorphism 
In methane-utilising bacteria. 	J. Gen. 
Microbiol., 50, viii. 

Chargaff, E., Schulman, H.M. and Shapiro, H.S. (1957). 
Frotopiaste of E. coil as sources and acceptors 
of deoxypentose nucleic acid: rehabilitation 
of a deficient mutant. 	Nature, London, 180, 
851. 



160. 

Clarke, C.H. (1967). 	Caffeine- and amino acid-effects 
upon txT revertant yield In u.v.-irradiated 
hcr and hcr mutants of E. coil B/r. Molec. 
Gen. Genet., 22, 97. 

Clarke, C.H. (1970). 	Repair systems and nitrous acid 
mutagenesis In E. coil B/r. Mutation Res., 
9 9  359• 

Clark, D.J. and MaalØe, 0. (1967). 	DNA replication and 
the division cycle in Esoberiohia coil. 
J. Mol. Biol., 23, 99. 

Clowee, R.C. and Hayes, W. (1968). 	Experiments in 
Microbial Genetics, 	Blackwell Scientific 
Publications, Oxford and Edinburgh. 

Cohen, S.S., Flake, J.G., Barner H.D., Loeb, M.R. and 
Lichtenstein, J. (19585. 	The mode of action 
of 5-fluorouracil and its derivatives. 	Proc. 
Nat. Acad. Sc!. (U.S.A.), 44 9  1004. 

Cole, R.S. (1973). 	Repair of DNA containing interatrand 
cross-links in Eacheriohia coil: sequential 
excision and recombinatjon. 	Proc. Nat. Acad. 
Sc!. (U.S.A.), 709 1064. 

Correll, D.L. and Lewin, R.A. (1964). 	Rod-shaped ribo- 
nuoleoprotein particles from Saprospira. 
Can, J. Microblol., 10, 63. 

Coty, V.P. (1969). 	A critical review of the utilization 
of methane. 	Biotechnol. Bloengng, Symp., 1, 105. 

Craddock, V.M. (1968). 	The reaction of NTG with DNA. 
Biochem. J., 106 9  921. 

Crawford, L.V. (1958). 	Thymine metabolism in strains of 
Escherichla coil, 	Biochim, Biophys. Acta, 30, 
428. 

Cruickshank, R. (1965). 	Medical Microbiology, 11th ed. 
E. & S. Livingstone, Edinburgh. 

Dahl, J.S., Mebta, R.J., Hoare, D.S. (1972). 	New 
obligate methylotroph. 	J. Bact., ], 916. 

Davey, J.F., Whittenbury, R. and Wilkinson, J.P. (1972). 
The distribution In the methylobacterla of some 
key enzymes concerned with intermediary meta-
bolism. 	Arch. Mlkroblol., 87, 359. 

Davies, S.L. and Whlttenbury, R. (1970). 	Pine structure 
of methane and other hydrocarbon-utilising 
bacteria. 	J. Gen. Miorobiol., 61, 227. 



161. 

Davis, B.D. (1948). 	Isolation of biochemically 
deficient mutants of bacteria by penicillin. 
J. Amer. Chem. Soc., 10 4267. 

Davis, J.B., Coty, V.F. and Stanely, J.P. (1964). 
Atmospheric N2-fixation by methane-oxidising 
bacteria. 	J. Bacterlol., 88, 468. 

Dawson, G.W. and Smith-Keary, P.P. (1963). 	Episomlo 
control of mutation in Salmonella typhimurlum. 
Heredity, 18, 1. 

DeCicco, B.T. (1966). 	Genetic stability of ljydrogeno- 
monas eutropha. 	Bioregenerative systems. 
(NASA 9P-165.) 

Defais, M., Pauquet, P., Radman, M. and Errera, M. (1971). 
Ultraviolet reactivation and ultraviolet muta-
genesis of 1\ in different genetic systems. 
Virology, 43

,  495. 

Delia, V. (1968). 	Mutageneels by NTG in Sreptoinyces. 
Genetics and breeding of Streptoujyces. 

De Lucia, P. and Cairns, J. (1969). 	Isolation of an 
E. coil strain with a mutation affecting DNA 
polymerase. 	Nature, London, 224, 1164. 

Demerec, M. and Latarjet, R. (1946). 	Mutations in 
bacteria induced by radiations. 	Cold Spr. 
Harb. Symp. quant. Biol., 11, 38. 

Domon, M., Bartor B., Porte, A. and Rauth, A.M. (1970). 
The intaction of caffeine with ultraviolet 
light irradiated DNA. 	Into J. Radiation 
Biol., 17, 395. 

Donch, J., Chung, Y.S. and Greenberg, J. (1969). 	Locus 
for radiation resistance in scherichia coil 
strain B/r. 	Genetics, 61, 367 

Donch, J., Green, M.H.L. and Greenberg, J. (1968). 
Interaction of the exr and lon genes in 
Eecherichia coil. -7 BacterTol., , 1704. 

Donch, J. and Greenberg, J. (1968). 	Ultraviolet 
sensitivity gene of Esoherichia coli B. 
J. Bacterial., U. 1555. 

Donch, J. and Greenberg, J. (1970). 	Protection against 
lethal effects of ultraviolet light on 
Eecherlchia coil by capsular polysaocharlde. 
Mutation Res., U. 153. 



162. 

Donch, J., Greenberg, J. and Green, M.H.L. (1j70). 
Repression of induction by U.V. Of 	phage by 
exrA mutations in Esoherichia coil. 	Genet. 
Res,, Camb., 15, 87. 

Dworkin, M. and Poster, J.W. (1956). 	Studies on 
Pseudoinonas nietharilca. 	J. Bacterlol., 72, 646. 

Eccieston, M. and Kelly, D.P. (1972). 	Assimilation and 
toxicity of exogenous amino acids In the 
methane-oxidising bacterium Methylococcus 
capeulatue. 	J Gen. Microbiol., 71, 541. 

Eccleeton, M. and Kelly, D.P. (1973). 	Assimilation and 
toxicity of some exogenous Cl compounds, 
alcohols, sugars and acetate in the methane-
oxidising bacterium Methylococcus capsulatus. 
J. Gen. Microbiol., 75, 211. 

Eisenetark, A., Elsenetark R., van Dlllewljn, J. and 
Rc5rsch, A. (19695. 	Radiation-sensitive and 
recombinationlese mutants of Salmonella 
typhiuiurlum. 	Mut. Res., 8, 497. 

Eleenetark, A., Eiaenstark, R. and Vanaickle, R. (1965). 
Mutation of Salmonella typhimurium by nitro-
soguanidine. 	Mut. Res., 2, 1. 

Enimerson, P.P. (1968). 	Recombination deficient mutants 
of E. coil 1(12 that map between thy A and 
arg A. 	Genetics, 60, 19. 

mmerson, P.T. and Howard-Flanders, P. (1965). 	Post- 
irxdiation degradation of DNA following 
exposure of UV-sensitive and resistant 
bacteria to X-rays. 	Bloohem. Blophys. Res. 
Commun., 18, 24. 

Eroshin, V.Y., Harwood, J.H. and Pirt, S.J. (1968). 
Influence of amino acids, carboxylic acids and 
sugars on the growth of Methylococous capsulatus 
on methane. 	J. Appi. Bacteriol., 31, 560. 

Fangman, W.L. (1969). 	Specifioity and efficiency of 
thymidine Incorporation in Lecherichia coil 
lacking thymidine phoephorylase. 	.1. Bacteriol., 
22 v  681. 

Foster, J.W. and Davis, R.H. (1966). 	A methane dependent 
coccus, with motes on the classification and 
nomenclature of obligate methane-utilising 
bacteria. 	J. Bacteriol., 91, 1924. 

Freese, E. and Freese, E.B. (1966). 	Mutagenic and 
inactivating DNA alterations. 	Radiation Res. 
Supplement, 6, 97. 



163. 

Preim, J.0., Jr., and Deering, R.A. (1970). 	Ultraviolet 
irradiation of the vegetative cells of 
Dictyosteijuin discoideuni, 	J. Bacterlol., 102, 
36. 

Ganesan, A.K. and Smith, K.C. (1968). 	Dark recovery 
processes in E. coil Irradiated with ultra-
violet light. 	I. Effect of ia mutations on 
liquid holding recovery. 	J Bacteriol., 26, 365. 

Ganesan, A.K. and Smith, K.C. (1969). 	Dark recovery 
processes in E. coil irradiated with ultra- 
violet light. 	II. Effect of uvr genes on 
liquid holding recovery. 	J. Bacterlol,, 97, 1129. 

Gelduechek, E.P. (1961). 	Reversible DNA. 	Proc. Natl. 
Aced. 3d. (U.S.A.), 47 9  950. 

Glickman, B.W., Zwenic, H., 'Van Sluis, C.A. and Rrsch, A. 
(1971). 	The Isolation and charaoterie*tiori of 
an X-ray sensitive ultraviolet-resistant mutant 
of Eacherichia coil. 	Biochim. et Biophys. Acta, 
2549 144. 

Glison, V.R. and Doty, P. (1962). 	The effect of tempera- 
ture on the cross-linking of deoxyribonucleic 
acid on ultraviolet irradiation. 	Blochiin. 
Blophys. Acta, 61, 458. 

Goidniark, P.J. and Linn, S. (1970). 	An endonuolease 
activity from Eacherichia coll absent from 
certain rec strains, 	Proc. Nat. Acad. Sal. 
(U.S.A.), 67 9  434. 

Goldstein, D.A. Bendet, I.J., Iuffer, M.A. and Smith, 
K.M. 11967). 	Some biological and physico- 
chemical properties of Blue-green algal virus 
LPP-1. 	Virology, 32, 601. 

Goodgal, S.H., Rupert, C.S. and Herriott, R.M. (1957). 
Photoreactivation of Haemophilus influenzae 
transforming factor for streptomycin resistance 
by an extract of Fscherichia coil B. 	The 
Chemical Basis of Heredity, p. 3419 W.D71oE1roy 
and B. Glass (eds.). 	John Hopkins Press, 
Baltimore. 

Gratia, A. (1936). 	Des relations numrigues entre 
bacterlee lysogenee et particules des bactirio-
phagee. 	Ann. Inst. Pasteur, 57, 652. 



164. 

Green, M.H.L., Gray, W.J.H., Sedgwiok, S.G. and Bridges, 
B.A. (1973). 	Repair of DNA damage produced 
by Gamma-radiation in Eecherlchia coil IC-12 
and a radiation sensitive exrA derivative 
during inhibition of protein synthesis and 
normal DNA replication by chioramphenlool. 
J. Gen. Microbiol., fl, 99. 

Green, MH.L., Greenberg, J. and Donch, J. (1969). 
Effect of a recA gene on cell division and 
capsular polysaccharide production in a ion 
strain of Esoherichia coil. 	Genet. Res., 
14, 159. 

Greenberg, J. (1964). 	A locus for radiation resistance 
in Esoherichia coil. 	Genetics, 49, 771. 

Griffith, P. (1928). 	Significance of pneumocoocai types. 
J. Hyg. (Camb.), 27, 113. 

Grigg, G.W. (1968). 	Caffeine death In E. coil. 	Moiec. 
Gen. Genet., 102, 316. 

Guerola,N., 'Ingràham, J.L. and Cerda-Olmedo, E. (1970). 
First InternafibrlSyniposium, Genetics of 
Industrial Microorganisms, P. 54, Prague. 

Gunsalus, C.F.,Chakrabarty, A.M. and Gtmealue, I.C. (1970). 
'iements controlling mutation rates in Pseudo-
monas putida. 	Bact. Proc., 34. 

Hanawalt, P.C. (1970). 	First International Symposium, 
Genetics of Industrial Microorganisms, p. 62 9  
Prague. 

Harder, W. and Quayle *  J.R. (1971a). 	The biosynthesis 
of serine and glycine in Pseudomonas AM1 with 
with special reference to growth on carbon 
sources other than Cl compounds. 	Blochern. J., 
121, 753. 

Harder, W. and Quayle, J.R. (1971b). 	Aspects of glyolne 
and serine biosynthesis during growth of 
Pseudomonae AM]. on C compounds. 	Bloohem. J., 
121, 763. 

Harm, W. (1970). 	Analysis of photoenzytnatio repair of 
UV lesions in DNA by single light flashes. 
VIII. Inhibition of photoenzymatic repair of 
UV lesions in E. coil DNA by caffeine. 
Mut. Res., 10, 319. 

Harwood, J.IT., Williams, E. and Bainbridge, B.W. (1972). 
Mutation of the methane-oxidising bacterium, 
Methylocoocue oapsulatus. 	J. Appi. Bacteriol., 
,i, 99. 



165. 

Haynes, R.H. (1966). 	The interpretation of microbial 
inactivation and recovery phenomena. 	Radia- 
tion Res. Supplement, 6, 1. 

Heptinstail, J. and Quayle, J.R. (1970). 	Pathways 
leading to and from serine during growth of 

eudomonas AM]. on C compounds or succinate. 
Biochem. J., 117, 563. 

Herdman, M. an Carr, N.G. (1972). 	The isolation and 
characterisation of mutant strains of the blue-
green alga Anacystle nidulans. J. Gen. Micro-
biol., 70, 213. 

Hertman, I. and Luria, S.E. (1967). 	TransductIon studies 
on the role of a reo+  gene in the ultraviolet 
induction of propie lambda. 	J. Mol. Biol., 

, 117. 

Hill, R.F. (1958). 	A radiation-sensitive mutant of 
Escherlohia coil. 	Bloohim. Biophys. Acta, 	, 
636. 

Hill, H.P. and Nestman, E.R. (1973). 	Effect of the2.  C 
gene in B. coil on frequencies of ultraviolet 
induced mutants. 	Mut. Res., 11, 27. 

Hoare, D.S., Taylor, B.F. and Patel, R. (1970). 	Obligate 
methylotrophe and obligate autotropha. 	Tenth 
International Congress for Microbiology, Mexico. 

Hoffman, G.R. (1970). 	Studies on the reversal of 
5-fluorodeoxyuridlne-induced mitotic inhibition 
by thyinidine and thymidine analogues. 	Canad. 
J. Genet. Cyt1.,  12, 230. 

Holt, S.C., Truper, H.G. and Takaca, B.J. (1968). 	Pine 
structure of Eotothlorhodosjra mobills strain 
8113 thylakoids: chemical fixation and freeze-
etching studies. 	Arch. Mikrobiol., 62, 111. 

Howard-Flanders, P. and Boyce, H.P. (1966). 	DNA repair 
and genetic recombination: studies on mutants 
of Eacherichia coil defective in these processes. 
Radiation Res. Supplement, 6, 156. 

Howard-Flanders, P., Boyce, R.P. and Theriot, L. (1966). 
Three loci in E. coli K-12 that control the 
excision of pyriinidlne diners and certain other 
mutagen products from DNA. 	Genetics, 53, 1119. 

Howard-Flanders, P., Simson, E. and Theriot, L. (1964). 
The excision of thymine dimers from DNA, 
filament formation and sensitivity to U.V. 
light in B. coil K-12. 	Mut, Res., 1, 219. 



166. 

Hutchinson, P. and Pollard, E.C. (1961). 	Target theory 
and radiation effects on biological molecules. 
In Mechanisms in Thdloblology, Vol. I, P.  71, 
N. :rrera and A. Porssberg (eds.). Academic 
Press, New York. 

Hutton, W.T. and Zobell, C.E. (1949). 	The occurrence 
and characteristics of methane—oxidising 
bacteria in marine sediments. 	J. Bacterlol., 
58, 463. 

Iwo, K. and Kondo, S. (1970). 	Characters of non— 
filamentous derivatives of E. coIl strain BS-.1 
compared with related strains of E. coil K-12 
and B. 	Jap. J. Genet., 45, 101, 

Jacob, P. and Wollinan, E.L. (1958). 	Lee pisomee 
ëléments gntlques ajout6s. 	Compt. Rend., 
247, 154. 

James, R. and Glilles, N.E. (1973). 	The sensitivity of 
suppressed and unsuppressed ion strains of 
Esoherichia coil to chemlca1ents which 
induce filatnentation. 	J. Gen. Microbiol., 
76, 429. 

Johnson, C.L. and Vishniak, W. (1970). 	Growth inhibition 
in Thiobaclilus neapolitanus by histidine, 
methionine, phenylalanine and threonine. 
J. Bacteriol., 104, 1145. 

Johnson, J.L. and Temple, K.L. (1962). 	Some aspects of 
methane—oxidation. 	J. Bacterlol., 84, 456. 

Johnson, M.J. (1967). 	Growth of microbial cells on 
hydrocarbons. 	Science (N.Y.), 1559 1515. 

Kapp, D.S. and Smith, K.C. (1970). 	Repair of radiation— 
induced damage in Eacherichia coil. II. Effect 
of rec and uvr mutations on radiosensitivity and 
rep'ar of X—ray—induced single—strand breaks in 
deoxyribonucleic acid. J. Bacteriol, 103 9  49. 

Kato, T. (1972). 	Excision repair characteristics of 
recB res and uvrC strains of E. coil. 
J. Bacterlol., 112, 1237. 

Kato, T. and Kondo, S. (1970). 	Genetic and molecular 
characteristics of X—ray sensitive mutants of 
E. coil defective in repair synthesis. 
37 Bacterlol., 104, 871. 

Kelly, D.P. (1967). 	Influence of amino acids and organic 
antirnetabolites on growth and biosynthesis of 
the cheinoautotroph Thiobacillus neapolitanus 
strain C. 	Arch. Mikrobiol., 	, 91. 



167. 

Kelly, D.P. (1969a). 	Regulation of chemoautotrophic 
metabolism. 	I. Toxicity of phenylalanine to 
Thiobacilli. 	Arch. Mlkroblol., 9, 330. 

Kelly, D.P. (1969b). 	Regulation of chemoautotrophlc 
metabolism. 	II. Competition between amino 
acids for Incorporation in Thiobacillus. 
Arch. Mlkroblol., 	, 343. 

Kelly, D.P. (1969c). 	Regulation of chemoautotrophic 
metabolism. 	III. DAHP synthetase In Thlo- 
bacillus neapolitanus. 	Arch. Mlkroblol., 

, 360. 

Kelly, D.P. (1971). 	Autotrophy: concepts of litho- 
trophic bacteria and their organic metabolism. 
Ann. Rev. Microbiol., 25, 177. 

Kelly, R.B., Atkinson, M.R., Huberman, J.A. and 
Kornberg, A. (1969). 	Excision of thymine 
dimers and other mismatched sequences by DNA 
polynern 	Ec1-] rrlchia coli. 
Nct-urt (Lo-nJo-n) ,z24, 45 

Kelner, A. (1949a). 	1ffect of visible light on the 
recovery of Streptomyces griseus conidla from 
ultraviolet irradiation injury. Proc. Natl. 
Acad. 3d. (U.S.A.), 35 9  73. 

Keiner, A. (1949b). 	Photoreactivatlon of ultraviolet- 
irradiated Eacherichia coil with special 
reference to the dose-reduction principle and 
to ultraviolet-induced mutation. 	J. Bacteriol., 
•, 511. 

Kemp, M.B. and Quayle, J.R. (1967). 	Microbial growth on 
CI compounds; uptake of 14C-formaldehyde and 
140-formate by methane grown Pseudomonas 
methanica and determination of the hexose 
labelling patterns after brief incubation with 
14C-methanol. 	Blochem. J., 102, 94. 

Koch, A.L. (1956). 	The metabolism of methyl purines by 
Escherlchla coil. 	I. Tracer studies. 
J. Biol. Chem., -219 , 181. 

Kondo, S., Ichikawa, H., Iwo, K. and Kato, T. (1970). 
Base-change mutagenesis and prophage Induction 
In strains of Esoherichia coil with different 
DNA repair capacities. 	Genetics, 66, 187. 

Kondo, S. and Kato, T. (1968). 	Photoreactivatlon of 
mutation and killing In Eacherichia coil. 
Advan. Biol. Med. Phys., 12, 283. 



168. 

Korant, B.D. and Pootjes, C.P. (1968). 	Bacteriophage 
production by autotrophicaily growin' Hydro- 
genomonas facilis. 	J. Virology, 2, 87. 

Kornberg, A. (1969). 	Active centre of DNA polymerase. 
Science, 163, 1410. 

Kroupova, H. (1971). 	Hone. Dissertation, Edinburgh 
University. 

Kushner, S.R., Kaplan, J.O., Ono, H. and Grossman, L. 
(1971). 	Enzymatic repair of deoxyribonucleic 
acid. 	IV. Mechanism of photoproduct excision, 
J. Blochem., 10, 3325. 

Latarjet, R. (1951). 	Induction par lea rayons X de la 
production d'un bacteriophage chez B. mega-
therlum lysogene. 	Annals. Inst. Pasteur, 
Paris, 81 , 389. 

Lawley, P. (1966). 	Effects of some chemical mutagene 
and carcinogens on nucleic acids. 	Progr. 
Nuci. Acid Res. Mol, Biol., 5, 89. 

Lawrence, A.J., Kemp, Y.B. and Quayle, J.R. (1970). 
Synthesis of cell constituents by methane 
grown Methy]..ococcus capsulatus and Methano-
monas mnethanooxidans, 	Blochemn. J.,116, 631. 

Lea, D.E., Haines, R.B. and Coulson, C.A. (1936). 	The 
mechanism of the bactericidal action of radio-
active radiations. 	Proc. Royal Soc. B., 120 9  47. 

Leadbetter, E.R. and Poster, J.W. (1958). 	Studies on 
some methane utilising bacteria. 	Arch. 
Mikrobioi., 30, 91. 

Lelve, 	(1965). 	A non—specific increase in permeability 
In Esoherichia coil produced by EDTA. 	Proc. 
Natl. Acad. 3d. (U.S.A.), at 745. 

Lederberg, J. and Lederberg, E.M. (1952). 	Replica 
plating and indirect selection of bacterial 
mutants. 	J. Bacteriol., 63, 399. 

Li, S.L., Redei, G.P. and Gowane, C.S. (1967). 	A phylo- 
genetic comparison of mutation spectra. 	Molec. 
Gen. Genet., 100 9  77. 

Lichtenstein, 1., Barner, H.D. and Cohen, S.S. (1960). 
The metabolism of exogenously supplied nucleo-
tides by ischerlchia coil. 	J. Biol. Chemn., 
235, 457. 



169. 

Loprieno, N. and Sohupbach, M. (1971). 	On the effect of 
caffeine on mutation and recombination in 
Schlzosaccharomycea pombe. 	Molec. Gen. Genet., 
110, 348. 

Lwoff, A., Siminov, L. and Kjelgaard, N. (1950). 
Induction of bacteriophage iysis of an entire 
population of lysogenic bacteria. 	Compt. Rend., 
231, 190. 

Malke, H. (1967). 	Dark reactivation of U.V. injury and 
NTG resistance in Streptococcus pyoenes. 
Zeitschrift Naturferechung, 226, 1139, 

Mandell, J.D. and Greenberg, J. (1960). 	A new chemical 
inutagen for bacteria, 1-methyl-3-nitro-1-nitro--
soguanidine. 	Biochem. Blophys. Res. Cominun., 
I s  575. 

Marinur, J. (1961). 	A procedure for the isolation of 
deoxyribonucleic acid from microorganisms. 
J. Molec. Biol., 2, 208. 

Marshall, M.J. and Gillies, N.L. (1972). 	Chloraznphenlcol 
rescue of -irradiated ion and exrA mutants of 
Esoherichia coil. 	Mut. Res., 14, 13. 

Mattern, I.G., Van Winden, M.P. and Rbrsch, A. (1965). 
The range of action of genes controlling 
radiation sensitivity in Eseherichia coil. 
Mut. Res., 2, lii. 

Mattern, I., Zwenk, H. and Rrsch, A. (1966). 	The genetic 
consitutlon of tflc radiation-sensitive mutant 
Esoherichia coil Be_i. 	Mut, Res., 1. 374 

McCalla, D.R. (1968). 	Reaction of N-methyl-N1-nitro-N- 
nitrosoguanidine and N-methyi-N-nitroso-p-toluene-
sulfonamide with DNA in vitro. Biochim. Biophys. 
Acta, 155, 114. 

McGrath, R.A. and Williams, R.W. (1966). 	Reconstruction 
In vivo of irradiated Eacherichia coil deoxyribo-
nucleic acid; the rejoining of broken pieces. 
Nature, London, 212, 534. 

MeQuillen, K. (1960). 	In The Bacteria, Vol. I s  I.C. 
Gunsalus and R.Y. Stanier (eds.). 	Academic 
Press, New York and London. 

Moseley, B.E.B. and Mattingly, A. (1971). 	Repair of 
irradiated transforming deoxyribonucleic acid 
in wild-type and a radiation-sensitive mutant 
of Micrococcus radlodurans. 	J. Bacterlol., 
105, 976. 



170. 

Muller, H.J. (1928). 	The production of mutations by 
X-rays. 	Proc. Natl. Acad. 3d. 9  Wash., li 714. 

Murray, R.G.E. and Watson, S.W. (1965). 	Structure of 
Nitrocystle oceanus and comparison with Nitroso-
monas and Nitrobacter. 	J. Bacteriol., 89, 1594. 

Nagley, P. and Wake, R.G. (1969). 	Effect of 5-bromo- 
uracil on the pattern of DNA replication in 
germinating B. subtille spores. J. Molec. 
Biol., j, 619. 

Novick, A., Szilard, L. (1949). 	Experiments on light- 
reactivation of ultraviolet-inactivated 
bacteria. 	Proc. Natl. Acad. Sd. (U.S.A.), 

591. 

O'Donovan, G.A. and Neuhard, J. (1970). 	Pyrimidine 
metabolism in microorganisms. 	Bacteriol. 
Rev., 34, 278. 

Ogawa, H., Shimada, K. and Tom.izawa, J. (1968). 	Studies 
on radiation-sensitive mutants of E. coil. 

Mutants defective In the repair synthesis. 
Molec. Gen. Genet., 101, 227. 

Okada, T., Homma, J. and Sonohara, H. (1962). 	Improved 
method for obtaining thymineleas mutants of 
Escherichia coli and Salmonella tyhimurIum. 

Baoterlol., 84, 602. 

Oki, T., Nishida, H. and Ozaki, A. (1971). 	Deoxyribo- 
nucleic acid bacteriophage of Methanomonas 
inethylovora. 	J. Virol., 2., 544. 

Olson, A.O. and Baird, K.M. (1969). 	Single strand breaks 
In B. coil DNA caused by treatment with nitroso-
guanidine. 	Blochlin. Biophye. Acta, Ifl 513. 

Ooyama, J. and Poster, J.W. (1965). 	Bacterial oxidation 
of oycloparaffinic hydrocarbons. 	Antonie van 
Leeuwenhoek, 31, 45. 

Otsuji, N. and Murayama, I. (1972). 	Deoxyribonucleic acid 
damage by monofunctional mitomycins and its 
repair in Escherlcbia coil. 	J. Bacteriol., 109, 
475. 

Otsuji, N., Sekiguohi, M., lijinia, T. and Takagi, T. 
(1959). 	Induction of phage formation In the 
lysogenic E. coil K-12 by niltomycin C. 	Nature, 
London, 184, 10790 

Pan, P. and Umbrelt, W.W. (1972). 	Growth of obligate 
autotrophic bacteria on glucose In a continuous 
flow-through apparatus. 	J. Bacteriol., 102, 
1149. 



171. 

Pape, C.H.V., and Hansen, A. (1950). Methane oxidising 
bacteria in the filters of waterworks. Fifth 
International Congress of Microbiology, p. 169. 

Patel, R., Hoare, D.S. and Taylor, B.F. (1969). Bio-
chemical basis for the obligate C-i dependence 
of Methylococcus capsulatus. Bacteriol. Proc., 
69, 128. 

Perry, J.J. (1968). 	Substrate specificity in hydrocarbon 
utilising microorganisms. Antonie van 
Leeuwenhoek, 34, 27. 

Pfennig, N. (1967). Photosynthetic bacteria. Ann. Rev. 
Microbiol., 21, 285. 

Phillips, K.C. (1970). 	Ph.D. Thesis, University of 
Edinburgh. 

Pohlit, W. (1968). Radiation sensitivity in relation to 
the physiological state of yeast cells. Adv. 
Biol. Med. Physics, 12, 275. 

Pootjes, C.F. (1964). 	Isolation of a bacteriophage for 
Hydrogenomonas facilis. J. Bacteriol., 87, 1259. 

Pootjes, C.F. (1966). 	Isolation and characterisation of 
Hydrogenomonas facilis bacteriophage under 
growth conditions. J. Bacteriol., 92, 1787. 

Pootjes, C.F. (1968). Repair of ultraviolet light damage 
by a facultative autotroph, Hydrogenomonas 
facilis. 	Canad. J. Microbiol., 14, 1205. 

Prakash, L. and Strauss, B. (1970). Repair of alkylation 
damage: Stability of methyl groups in Bacillus 
subtilis treated with MMS. J. Bacteriol., 102, 
760. 

Proctor, H.M., Norris, J.R. and Ribbons, D.W. (1969) 
Fine structure of methane utilising bacteria. 
J. Appl. Bacteriol., 32, 118 

Promptcv, A.N. (1932). The effect of short ultraviolet rays 
on the appearance of hereditary variations in 
Drosophila Melanogaster. J. Genet., 26, 59. 

Puck, T.T., Garen, A. and dine, J. (1951). The mechanism 
of virus attachment to host cells. I. The role 
of ions in the primary reaction. J. Exptl. Med., 
93, 65. 

Quayle, J.R. (1969). Microbial growth on Cl compounds. 
Process Biochern,, 4, 25. 

Quayle, J.R. (1972). The metabolism of one-carbon 
compounds by microorganisms. Adv. Microbial 
Phys., 7, 119. 



172. 

Rachmeler, M., Gerhart, J. and Rosner, V. (1961). Limited 
thymidine uptake in Escherichia coli due to an 
inducible thymidine phosphorylase. Biochim. 
Biophys. Acta, 49, 222. 

Reeves, P. (1965). The bacteriocins. Bact. Rev., 29, 24. 

Ribbons, D.W., Harrison, J.E. and Wadzinski, A.M. (1970). 
Metabolism of single carbon compounds. Ann. 
Rev. Microbiol., 24, 135. 

Rittenberg, S.C. (1969). The roles of exogenous organic 
matter in the physiology of chemolithotrophic 
bacteria. Adv. Microbial Physiol., 3, 159. 

Rittenberg, S.C. and Grady, R.P. (1950). Induced mutants 
of Thiobacillus thiooxidans requiring organic 
growth factors. J. Bacteriol., 60, 509. 

Roberts, R.B. and Aldous, E. (1949). Recovery from 
ultraviolet irradiation in Escherichia coli. 
J. Bacteriol., 57, 363. 

Rosner, A. and Yagil, E. (1970). Incorporation of 5 - 
bromodeoxyuridine into DNA of wild-type E. coli 
and its use for the enrichment of auxotrophic 
mutants. Molec. Gem. Genet., 106, 254. 

Rupp, W.D. and Howard-Flanders, P. (1968). Discon- 
tinuities in the DNA synthesised in an excision-
defective strain of Escherichia ccli following 
ultraviolet irradiation. J. Molec. Biol., 31, 291. 

Rupp, W.D., Wilde, C.E., Reno, D.L. and Howard-Flanders, P. 
(1971). Exchanges between DNA strands in 
ultraviolet-irradiated Escherichia coli. 
J. Molec. Biol., 61, 25. 

Safferman, R.S. and Morris, M.-E. (1964). Algae virus 
isolation. Science, 140, 679. 

Safferman, R.S., Morris, M.-E., Sherman, L.A. and 
Haselkorn, R. (1969). serological and electron 
microscopic characterization of a new group of 
blue-green algal viruses (LPP-2). Virology, 
39 l  

Schaeffer, P. (1964). Transformation 	In The Bacteria, 
Vol. V, p.  87, I.C. Gunsalas and R.Y. Stanier 
(eds.). Academic Press Inc., New York and London. 

Scholes, G., Ward, J.F., Weiss, J. (1960). Mechanism of 
the radiation-induced degradation of nucleic 
acids. 	J. Mol. Biol., 2, 379. 

Schuster, H. (1960). 	The reaction of nitrous acid with 
deoxyribonucleic acid. Biochem. Biophys. Res. 
Commun., 2, 320. 



173. 

Seaman, E., Tarmy, E. and flarmur, J. 
phages of Bacillus subtilis, 
607. 

(1964). Inducible 
Biochemistry, 3, 

Sedgwick, S.G. and Bridges, B.A. (1972). Survival, 
mutation and capacity to repair single-strand 
breaks after Gamma-irradiation in different 
exr strains of Escherichia coli. Molec. Gen. 

119, 93 •  

Setlow, J.K. (1966). 	Photoreactivation. Radiation 
Res, Supplement, 6, 141. 

Setlow, R.B., Carrier, W.L. and Bollum, F.J. (1965). 
Pyrimidine dimers in UV-irradiated poly dI:dC. 
Proc. N.A.S., U.S., 53, liii. 

Shestakov, S.V. and Khyen, N.T. (1970). Evidence for 
genetic transformation in the blue-green alga, 
Anacystis atdulans. Molec. Gen. Genet., 107, 372. 

Shih, A., Eisenstadt, J. and Lengyel, P. (1966). On the 
relation between ribonucleic acid synthesis and 
peptide chain Initiation in Escherichia coil. 
Proc. Nat. Acad. Sci. 	(U.S.A.), 56, 1599. 

Siminovitch, L., and Graham, A.F. (1955). Synthesis of 
nucleic acids in Escherichia coli. 	Can. J. 
Microbiol.,, 1, 721. 

Singer, B., Fraenkel-Conrat, H., Greenberg, J. and 
Michelson, A.M. (1968). Reaction of NTG with 
tobacco-mosaic virus and its RNA. Science, 
160, 1235. 

Smith, A.J. and Hoare, D.S. (1968). Acetate assimilation 
by Nitrobacter agilis in relation to its obligate 
autotrophy. 	J. Bacteriol., 95, 844. 

Smith, A.J. London, T.  and Stanier, R.Y. (1967). Bio-
chemical basis of obligate autotrophy in blue-
green algae and Thiobacillus. 	J. Bac4-eriol., 
94, 972. 

Smith, K.C. (1962). Dose dependent decrease in 
extractability of DNA from bacteria following 
irradiation with ultraviolet light or with 
visible light plus dye. 	Biochem. Biophys. 
Res, Comnmun., 8, 157. 

Smith, K.C. (1966). Physical and chemical changes 
induced In nucleic acids by ultra-violet light. 
Radiation Res. Supplement, 6, 54. 

SOhngen, N.L. (1906). Uber bacterien, welche methen als 
kohlenstoffnahrunq und energiequelle gebranchen. 
Zenthi. Bakt. Parasitkde Abte., II, 15, 513. 



174. 

Spencer, H.T. and Herriott, R.M. (1965). 	Development of 
competence of Haemophilus influenzae. 	J. Bact., 
90, 911. 

Spizizen, J., Reilly, B.E. and Evans, A.H. (1966). 
Microbial transformation and transfection. 
Ann. Rev. Microbiol., 20, 371. 

Spratt, B.G. and Rowbury, R.J. (1970). A mutant in the 
initiation of DNA synthesis in Salmonella 
typhimuriuni. 	J. Gen. Micro., 64, 127. 

Stacey, K.A. and Simpson, E. (1965). 	Improved method for 
the isolation of thymine requiring mutants of 
Escherichia coil. J. Bacteriol., 90, 554. 

Stevens, S.E., Jr., and Van Baalen (1970). Growth 
characteristics of selected mutants of a coccoid 
blue-green alga. Arch. Microbiol., 72, 1. 

Stickler, D.J., Tucker, R.G. and Kay, D. (1964). 
Bacteriophage-like particles released from 
Bacillus subtilis after induction with hydrogen 
peroxide. Virology, 26, 142. 

Strauss, B.S., (1968). DNA repair mechanisms 
relation to mutation and recombination. 
Curr. Top. Microbiol. Immunol., 44, 1. 

Strawinski, R.J. and Tortorich, J.A. (1955). 	Preliminary 
studies of methane-oxidising bacteria and their 
possible use in oil-prospecting Bacteriol. Proc., 
8, 27. 

Strenkoski, L.F., and De Cicco, B.T. (1971a). 	p11.-conditional 
ammonia assimilation - deficient mutants of 
}Iydrogenomonas eutropha: Isolation and growth 
characteristics. J. Bacteriol., 105, 291. 

Strenkoski, L.F. and De Cicco, B.T. (1971b). p11-conditional, 
ammonia assimilation-deficient mutants of 
Hydrogenemonas eutropha: evidence for the nature 
of the mutation. J. Bacteriol., 105, 296. 

Tessinan, I. (1962). The induction of large deletions by 
nitrous acid. J. Mol. Biol., 5, 442. 

Town, C.D., Smith, K.C. and Kaplan, H.S. (1972). 
Influence of ultrafast repair processes 
(independent of DNA polyinerase 1) on the yield 
of DNA single-strand breaks in Escherichia coli 
K-12 X-irradiated in the presence or absence of 
oxygen. Radiation Res., 52, 99. 

Van de Putte, P., Van Sluis, C.A., Van Dilleurijn, J. and 
Rärsch, A. (1965). The location of genes 
controlling radiation sensitivity in E. coli. 
Mut. Res., 2, 97. 



175. 

Vary, P.S. and Johnson, M.J. (1967). Cell yields of 
bacteria grown on methane. Appi. Microbiol., 
15 , 1473. 

Walker, I.G. and Reid, B.D. (1971). Caffeine potentia-
tion of the lethal action of alkylating agents 
on L-cells. Mut. Res., 12, 101. 

Whittenbury, R. (1969). Microbial utilisation of 
methane. Process Biochem., 4, 51. 

Whittenbury, R., Davies, S.L. and Davey, J.F. (1970a). 
Exospores and cysts formed by methane-utilising 
bacteria. J. Gen. Microbiol., 61, 219. 

Whittenbury, R., Phillips, K.C. and Wilkinson, J.F. (1970b). 
Isolation and some properties of methane-utilising 
bacteria. J. Gen. Microbiol., 61, 205. 

Wilkinson, J.F. (1971). Hydrocarbons as a source of 
single-cell protein. Symp. Soc. Gen. 
Microbiol., 21, 15. 

Willets, N.S. and Clark, A.J. (1969). Characterisation 
of some multiple recombination - deficient 
strains of E. coil. 	J. Bacteriol., 100, 231. 

Willets, N.S., Clark, A.J. and Low, B. (1969). Genetic 
location of certain mutations conferring 
recombination deficiency in Escherichia coli. 
J. Bacterlol., 97, 244. 

Willets, N.S. and Mount, D.W. (1969). Genetic analysis 
of recombination-deficient mutants of 
Escherichia coil K-12 carrying rec mutations 
cotransducible with thy A. 	J. Bacteriol., 
100, 923. 

Williams, E. and Bainbridge, B.W. (1971). Genetic trans- 
formation in Methylococcus capsulatus. 
J. Appi. Bacteriol., 34, 683. 

Williams, P.J. Le B. and Watson, S. (1968). Autotrophy 
in Nitrocystis oceanus. 	J. Bacteriol., 96, 1640. 

Witkin, E.M. (1967a). Mutation-proof and mutation-prone 
modes of survival in derivatives of Escherichia 
coli B differing In sensitivity to ultraviolet 
light. Brookhaven Symposium in Biology, 20, 17. 

Witken, E.M. (1967b). The radiation sensitivity of 
Escherlchia coil B: a hypothesis relating 
filament formation and prophage induction. 
Proc. Nat. Acad. Sd. (U.S.A.), 57, 1275. 

Witkin, E.M. (1969a). 	Ultraviolet-induced mutation and 
DNA repair. Ann. Rev. £4icrobiol., 23, 487. 



176. 

Within, E.M. (1969b). 	The mutability towards ultra- 
violet light of recombination-deficient strains 
of Escherichia coil. 	Mut. Res., 8, 9. 

Witkin, E.M. (1972). Ultraviolet mutagenesis in repair 
deficient derivatives of E. coli B/r: uvrA 
recB and uvrA recC strains. Mut. Res., 16, 235. 

Within, E.M. and Farquharson, E.L. (1969). Enhancement 
and diminution of ultraviolet-light-initiated 
mutagenesis by post-treatment with caffeine in 
Escherichia ccli. 	CIBA Foundation Synip., 
Mutation as a Cellular Process, p.  36. 

Witkin, E.M. and George, D.L. (1973). Ultraviolet 
inutagenesis in polA and uvrA polA derivatives 
of Escherichia coil B/r: evidence for an 
inducible error-prone repair system. Genetics, 
73, 91. 

Wulff, D.L. and Rupert, C.S. (1962). 	Disappearance of 
thyinine photodimer in ultraviolet irradiated 
DNA upon treatment with a photoreactivating 
enzyme from baker's yeast. 	Biochem. Biophys. 
Res. Cominun., 7, 237. 

Yagil, E. and Rosner, A. (1970). 	Effect of adenosine 
and deoxyadenosine on the incorporation and 
breakdown of thymidine in Escherichia ccli K-12. 
J. Bacterlol., 103, 417. 

Youngs, D.A. and Bernstein, I.A. (1973). Involvement of 
the recl3 - recC nuclease (exonuclease V) in the 
processThf X-ray induced DNA degradation in 
radiosensitive strains of E. coli K-12. 
J. Bacteriol., 113, 901. 

Youngs, D.A. and Smith, K.C. (1973). 	X-ray sensitivity 
and repair capacity of a poi Al exrA strain of 
Escherichia coil K-12. 	J. Bacteriol., 114, 121. 

Zimmer, K.G. (1961). Studies on quantitative radiation 
biology. 	Oliver and Boyd, Edinburgh and London. 



177. 

ACKNOW LDGE!VtENTS 

I would like to thank Professor J.P. Wilkinson for 

allowing me to use the facilities of the Department of 

Microbiology and Dr B.E.B. Moseley for his advice and 

encouragement during this project. 

I wish to acknowledge that I have had useful 

discussions with Mr E. Williams. 

I should also like to thank Mr G. Pinnie for his 

expert preparation of photographs and graphs and Dr P. 

Highton for kindly producing the electron micrographs. 


