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CHAPTER I 

INTRODUCTION 

General Properties of 4-nitroquinoline-l-oxide 

Four-nitroquinoline-1-oxide (4-NQO) is a carcinogenic 

compound (32) capable of inducing bacteriophage (26), caus-

ing mutations (33) and binding to deoxyribonucleic acid 

(27, 30). It causes nuclear inclusions (29) and chromosomal 

aberations (41) in Eucaryotic organisms. Moreover, a paral-

lel has been demonstrated between ultraviolet light and 

4-NQO sensitivity in Bacillus subtilis (14). 

Huggans and Yang (21) postulate there are molecular 

factors critically significant in determining mammary car-

cinogenicity of polynuclear aromatic hydrocarbons. These 

are: (1) donation of electrons by CH., NH^ and aromatic 

rings; (2) a configuration resembling the steroids or 

nucleic acid bases; (3) a molecular thickness not exceeding 

the nucleic acid base pairs. It is significant that doses 

of radiation and aromatic hydrocarbons caused the same bio-

logical effect in rats, i.e., the induction of tumors (21). 

The ability to induce bacteriophage formation in 

lysogenized cells can be correlated with the carcinogenicity 

of the 4-NQO (10, 11). Interruption of DNA synthesis appears 



to be a prerequisite for 4-NQO induced bacteriophage forma-

tion (31). When 4-NQO was added to Bacillus subtilis 

defective bacteriophage particles were formed (17). These 

bacteriophage contained only bacterial DNA which transformed 

at a low frequency. In addition, linked genetic markers 

could not be simultaneously transformed. 

Malkin and Zahalsky (27) used thin layer chromatography 

to show an interaction between 4-NQO and DNA. The failure 

of 4-NQO to attain its normal m.igration pattern in the 

presence of native but not denatured DNA was interpreted 

as 4-NQO binding to DNA. A normal migration of 4-NQO was 

attained as the ratio of DNA to 4-NQO decreased. Although 

DNA precursors failed to react with 4-NQO, polydeoxyadenosine 

and polydeoxyadenosine-thymine reduced the 4-NQO migration. 

However, polydeoxyguanine and polydeoxycytosine failed to 

reduce 4-NQO migration. 

Flow dichroism (30) was used to shov; the interaction 

of 4-NQO with DNA. Four-nitroquinoline-1-oxide and its 

derivatives aligned parallel to the plane of nucleic acid 

base pairs. A direct correlation was found between the 

amount of a 4-NQO derivative bound to DNA and its biologi-

cal activity. The purines appeared to be base specific 

sites for this interaction (30). Malkin and Zahalsky (27) 

found that increasing the sodium chloride concentration 

decreased the amount of 4-NQO bound to DNA. This would 

tend to support the intercalation theory of Boyland and 



Green (2) for the interaction of 4-NQO with DNA. 

Further evidence for purine specificity of 4-NQO is 

provided in experiments by Ishizawa and Endo (22). The 

addition of 4-NQO to mutant T4 bacteriophage caused rever-

sion to wild type only if the mutant codon contained gua-

nine. The degree of 4-NQO attachment to DNA derivatives 

was as follows: Native DNA > polyadenosine DNA > apyrimi-

dimic DNA >̂  denatured DNA > apurimic DNA (30). Therefore, 

the available data indicated that 4-NQO acts upon purine 

nucleotides and aligns parallel with the plane of bases in 

DNA. 

Temperate Bacteriophage 

A temperate bacteriophage may provoke one of three 

responses in the host bacteria: a lytic response in which 

the bacteriophage lyses the cell, a lysogenic response in 

which the viral DNA is replicated with the host DNA as a 

prophage, and the bacteriophage may exist in the host cell 

as an episomal particle. Viral development in a cell con-

taining a prophage occurs at a very low rate but may be in-

duced by chemical or physical methods. Repressor genes 

probably inhibit a lysogenic bacteriophage from becoming 

lytic (23). Also, a specific integration system of the 

bacteriophage may be responsible for inserting viral DNA 

into the host genome (23). This integration system includes 

a region required for recognition of the proper prophage 



insertion site in the host DNA and one or more enzymes 

catalyzing the integration process (23). The reverse of 

integration, i.e., bacteriophage induction, involves exci-

sion of prophage DNA from bacterial DNA. An error in the 

excision process may lead to the formation of defective 

bacteriophage containing bacterial DNA. These bacteriophage 

particles are then capable of transferring bacterial genetic 

markers intercellularly (transduction). 

Campbell (5) proposed a model for the integration of 

bacteriophage DNA into the host genome. The model involves 

three steps: (1) circularization of the bacteriophage DNA; 

(2) specific pairing over a region of homology between the 

bacteriophage and host DNA; (3) a reciprocal recombination 

event occurring within the homologous regions and providing 

for linear insertion of the viral DNA into the host genome. 

The bacteriophage may contribute to this event in at least 

three ways. First, it may provide only a physical recogni-

tion region with the bacteria recombination mechanism cata-

lyzing the integration. Second, it may provide a recogni-

tion region and an enzyme increasing the general level of 

recombination in the cell. Finally, it may provide a 

recognition region plus an enzyme which specifically cata-

lyzes the integrative recombination. 

A possible bacteriophage enzymatic requirement has 

been shown in experiments dealing with superinfection of 

lysogenic cells. The frequency of superinfection by a 



second X bacteriophage in Escherichia coli is greatly 

reduced due to the presence of a prophage (6). The bacterio-

phage can catalyze its own high frequency integration with 

infections involving non-lysogenic cells. However, previ-

ously lysogenized cells could repress the formation of 

recombination enzymes necessary for the insertion of a 

second prophage (6). Experiments with recombinationless 

(rec) E. coli have shown X and ^ 80 which lack integrative 

genes fail to become lysogenized in rec cells (37). 

Lysogeny sometimes produces a change in the morphology 

of host cells. This is exemplified by changes in the appear-

ance of colonies, the production of toxin by Corynebacterium 

diptheriae, and the synthesis of new surface antigens by 

Salmonella typhosa. A rec strain of E. coli infected by a 

X bacteriophage gained recombinati^ properties. In addi-

tion, the strain lost its sensitivity to ultraviolet light 

(UV) treatment, a property also associated with recombina-

tion. These properties were lost when the cells were cured 

of prophage (12). 

The E. coli bacteriophage 0 80d lac is preferentially 

inserted into the lac site of the host genome. Mixed infec-

tions with wild type bacteriophage ^ 80 plus ^ 80d lac 

result in insertion of 0 80d lac at the normal prophage 

integration site. When the wild type 0 80 bacteriophage is 

not present 0 80d lac must rely on the host cells integra-

tion mechanism for low frequency insertion at the lac 

region (37). 



Recombinationless host cells do not inhibit recombi-

nation among vegetative bacteriophage in mixed infections. 

Two bacteriophage X strains, each carrying different mutant 

genetic markers, can infect a rec E. coli and produce recom-

binant progeny at a rate equal to that produced in rec+ 

cells (3). An enzyme produced by X bacteriophage may cata-

lyze the prophage insertion reaction. The enzyme may not 

require homology between the host genome receptor site and 

the bacteriophage recognition region (4) . 

Dove (7) has postulated a reversible thermodynamic 

process for insertion and excision of the prophage genome. 

The integrated state lies at a lower energy level than the 

excised state due to nucleotide stacking interactions. A 

gene product acts as a catalyst for the integration reaction 

and energy is supplied to the reaction for prophage exci-

sion. 

Recombination 

A parallel has been demonstrated between repair of 

ultraviolet damaged DNA and the mechanism of genetic recombi-

nation (15, 20). The rec mutants of E. coli lack the 

ability to mend single strand breaks caused by the excision 

of thymine dimers from ultraviolet irradiated DNA (24). 

Enzymes involved in repair of ultraviolet irradiated DNA 

and in genetic recombination may be analogous. Transduction 

may actually be increased by low UV irradiation of the host 



cells. This effect could be brought about through stimula-

tion of repair enzyme synthesis by irradiation and hence 

recombination. 

The effect of ultraviolet sensitivity (hcr) and two 

recombination (rec-1 and rec-2) mutations on Bacillius 

subtilis transformation and transduction was studied by 

Hoch et. al. (18). They found that the transformation fre-

quency was greatly reduced in both rec-1, hcr and rec-2, 

hcr mutated cells. Transduction by bacteriophage SPIO v/as 

similarly reduced in these cells. However, the transduction 

frequency using bacteriophage PBS-1 was not decreased in 

rec-1, hcr cells and only somewhat diminished in rec-2, 

hcr B. subtilis. Several theories were proposed by Hoch 

et. al. (18) to explain this phenomenon: (1) Two independent 

recombination mechanisms exist in B. subtilis. Thus, the 

rec-1 locus may control the recombination pathv/ay for trans-

formation and SPlO transduction whereas PBS-1 transduction 

follows a different pathway which is affected only by the 

rec-2 locus. (2) Infection by bacteriophage PBS-1 results 

in formation of a bacteriophage determined enzyme able to 

catalyze the function normally attributed to the yec-l locus. 

A bacteriophage induced enzyme was postulated by Hertman and 

Luria (16) to explain the ability of bacteriophage mutants 

to recombine normally in rec mutants of E. coli. (3) A 

single mechanism for genetic recombination may exist but 

additional steps are essential for transformation and SPIO 

transduction. 
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Yamagishi and Takahaski (41) have examined the DNA 

in transducing bacteriophage particles of PBS-1. They 

found that the particles do not contain bacteriophage DNA, 

but only bacterial DNA. Therefore, the DNA of transducing 

particles probably does not code for the recorabination 

enzymes necessary for PBS-1 transduction. However, the 

possibility of multiple infection by both a vegetative and 

transducing bacteriophage still existed. To resolve this 

question, Hoch and Anagnostropolous (19) postulated that 

if PBS-1 bacteriophage transduction of B. subtilis required 

multiple infection by bacteriophage particles, the number 

of transductants would not be directly proportional to the 

number of bacteriophage particles. The transduction rate 

would follow frequencies predicted by the Poisson distri-

bution. However, the results showed that when a PBS-1 

transducing lysate was diluted ten-fold, the number of 

transductions decreased to one-tenth the original frequency. 

Therefore, multiple infection is not indicated for PBS-1 

transduction. 

Further information about PBS-1 transduction is pro-

vided by Dubnau et. al. (8). Homologous transduction, 

transduction between mutants derived from the same strain, 

occurs at a higher frequency than heterologous transduction, 

transduction between mutants derived from different strains. 

Therefore, there may be two pathways for handling donor 

genetic material in B. subtilis. Pathway one, used in 



transformation, is permissive for heterologous DNA because 

heterologous transformation is at the same frequency as 

homologous transformation. Pathway two, used in PBS-1 

transduction, is non-permissive for heterologous DNA. 

Pathway one may be controlled by both rec-1 and rec-2 loci 

whereas pathway two is only influenced by rec-2 mutation. 

The purpose of my inquiry is two-fold. First, to 

investigate the hypothesis that a recombination mechanism 

is responsible for recovery from 4-NQO treatment of Bacillus 

subtilis. Second, to show that bacteriophage PBS-1 infec-

tion of recombinationless B. subtiJis enables recovery 

from 4-NQO treatment. The process of recombination and 

the repair of ultraviolet-damaged DNA appears to involve 

common enzymatic systems (15, 20). Mutants of B. subtilis 

show a common sensitivity to both 4-NQO and UV (14). There-

fore, 4-NQO interaction with bacteria cells may be affected 

by a system involving genetic recombination. This may have 

some bearing on its carcinogenicity. 



CHAPTER II 

MATERIALS AND METHODS 

Isolation of Deoxyribonucleic Acid 

The method used for deoxyribonucleic acid (DNA) iso-

lation was a modification of the procedure used by Berns 

and Thomas (1) and Marmur (28) . Approximately one gram 

wet weight of Bacillus subtilis cells was washed in saline-

versine (28) and treated at 37°C for thirty minutes with 

lysozyme (10 mg.). Dodecyl sodium sulfate (0.25%) was 

added and the mixture was heated at 6 0°C for ten minutes. 

Next, equal volumes of water saturated phenol and the mix-

ture were combined and shaken at 40°C for thirty minutes. 

The phenol-treated suspension was separated into three 

layers by centrifugation (1,0 00 X g for ten minutes) . The 

upper layer, containing DNA and ribonucleic acid (RNA), 

was withdrawn and placed in dialysis tubing. This was 

dialyzed with phosphate buffer (pH7, 0.IM) and standard 

saline citrate (28). Ribonuclease (preheated at 80°C to 

destroy DNAse activity) was added to the dialyzed material 

and the phenol extraction plus dialysis was repeated. 

Chloroform was added to the DNA to prevent microbial con-

tamination. 

10 
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Transformation of Bacillus subtilis 

A procedure similar to that of Felkner and Wyss (13) 

was used. Vegetative (cells grown overnight) cells were 

added to M-1 medium (13) and grown just beyond the inflec-

tion point of the growth curve. The cells were then washed 

with M-2 medium (13) resuspended in M-2 medium at 20 klett 

units (O.D. X 520 =0.1) and grown to 40 klett units (O.D. 

X 520 = 0.22). The DNA was added and the culture incubated 

with vigorous shaking for one-half hour. The cells were 

diluted in minimal salts (38) and assayed for transformation 

by plating onto minimal agar (38) containing the necessary 

growth requirements (with the exception of the requirement 

being introduced by the transforming DNA). The back muta-

tion frequency was measured by assaying for ability for 

growth on minimal medium prior to addition of DNA. The 

transformation frequency was determined from dividing the 

number of transformants by the viable count. The DNA was 

plated upon the assay medium as a control for detection 

of organisms introduced with the DNA. 

Bacteriophage Isolation and Propagation 

The procedure for bacteriophage isolation and propa-

gation was a modification of that used by Takahashi (39). 

Lysogenic spores of B. subtilis containing bacteriophage 

PBS-1 were incubated overnight in Penassay medium (Difco). 

In addition, a bacteriophage sensitive indicator strain of 
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B. subtilis (39) was grown to the late logarithmic growth 

period, washed, and diluted in adsorption medium (41). The 

overnight culture was also diluted in adsorption medium 

(41). These two cell suspensions were then mixed and 

incubated (five minutes at 25°C). Molten Tryptone-Yeast 

(TY) Agar (41) was added to this mixture and layered onto 

TY agar plates (39). Bacteriophage PBS-1 turbid plaques 

were formed on the confluent lawn of indicator cells. The 

PBS-1 plaques were transferred to penassay medium, incubated 

overnight and filtered through millipore filters (0.45 u). 

The filtrate was then stored at 4°C with chloroform (0.05 M) 

to prevent microbial contamination. 

Propagation of bacteriophage PBS-1 from specific B̂ . 

subtilis strains was accomplished by the following procedure 

Host organisms were grown to the mid-logarithmic stage in 

MY-1 medium (minimal salts plus 0.1% yeast extract plus 

amino acids required for the specific strain @ 50 ug/ml.). 

Bacteriophage was added to the host cells at a phage multi-

plicity ratio (PMR) of 0.1. This culture was grown twenty-

four hours, centrifuged (1,000 xg for ten minutes) and the 

supernatant filtered through a millipore filter. Another 

logarithmically growing culture of the same strain was 

infected at a PMR of 0.1 from the filtered supernatant and 

treated the same as before. This step was included to 

reduce the number of transducing phages which would have 

undesirable genetic markers. 
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Establishing a Bacteriophaqe Infected Culture 

Logarithmically growing B. subtilis cells were 

infected with bacteriophage PBS-1 at a vm of 0.1. The 

infected cells were grown overnight in MY-1 medium, diluted 

in MY-1 (1:10) and incubated twenty-four hours. These 

infected cultures were utilized in experiments involving 

bacteriophage-cell interactions. Lysogeny was indicated 

in experiments where lysogenic centers were correlated 

with plaque formation by bacteriophage PBS-1 infected cells. 

Four-nitroquinoline-1-oxide Treatment 
of Bacillus subtilis 

The procedure for 4-NQO treatment of B. subtilis was 

based on the procedure by Felkner and Kadlubar (14). Vege-

tative B. subtilis cells were grown in MY-1 medium to 65' 

klett units (O.D. X 520 = 0.3), treated with 1 mM 4-NQO 

and allowed to incubate for ten minutes. These cultures 

were centrifuged (12,000 xg for five minutes at 25°C) and 

resuspended in fresh r4Y-l medium. The growth of the organ-

isms following 4-NQO exposure was measured spectrophoto-

metrically. Petroff-Hauser Chambers and viable plate 

counts were used to complement the spectrophotometric 

growth curves. A control culture was treated similarly, 

except no 4-NQO was added. 

Measurement of Deoxyribonucleic Acid Synthesis 

The procedure for measuring DNA synthesis was based 

on the method of Barlati (S. Barlati; Stanford University/ 
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Stanford, California; personal communication). This pro-

cedure eliminates radioactive counts contributed by non-

specific Trichloracetic acid precipitable products. The 

rate of DNA synthesis was determined by measuring [ H]-

thymidine incorporation into the trichloroacetic acid (TCA) 
3 

cell fraction. The [ Hj-thymidine (0.02 uC/ml., specific 

activity equals 4 x 10 dpm) was added to culture aliquots 

withdrawn at regular periods throughout incubation. The 

intervals for sample removal (1 ml.) from these aliquots, 

were contingent upon the time linear uptake of radioactivity 

was occurring. The 1 ml. samples were mixed with equal 

volumes of cold (0°C) 10% TCA. This was diluted to 5 ml. 

with 5% TCA and stored at 0°C for at least one hour. After 

storage, the samples were heated at 100°C for ten minutes, 

cooled, and filtered through a millipore filter (0.45 mm). 

The filtered cells were washed six times using cold 5% TCA. 

Following washing, the filter pads were removed, dried 

with an infrared heat lamp, and placed in scintillation 

vîals. The scintillation vials contained 10 ml. toluene 

plus 0.055 g. "calflour" (91% PPO, 2-5 Diphenyloxazole and 

9% POPOP, 1, 4 bis-2 [4-methyl-S-phenyloxazolyl] - Benzene). 

A Beckman scintillation counter v/as used to measure the 

radioactivity. 

Measurement of Protein Synthesis 

The rate of protein synthesis was determined by the 

14 same procedure described for DNĴ  synthesis. The [ C] 
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labeled phenylalanine (0.02 uc/ml, 4 x 10 d.p.m.) was 
3 

used in place of [ H] thymidine. 

The relative rate of protein and DNA synthesis was 

measured by determining the slope for uptake of radio-

activity in a graph of counts per minute per mg. dry cell 

weight versus time. The value of the change in counts per 

minute per mg. dry cell weight for a control sample (150 

minutes) was set equal to 1.0. The other samples were 

related to this value. 

Genetic Abbreviations 

1. HCR—Cells lacking host cell reactivation of ultra-

violet irradiation. 

2. Rec.—Cells deficient in recombination due to the 

inability to incorporate donor transforming DNA into the 

cells genome even though DNA is irreversibly bound to the 

cell's surface. 

3. Thy--Auxotrophic mutant cells with a growth require-

ment for thymine. 

4. Trp—Auxotrophic mutant cells with a growth require-

ment for Tryptophan. 

5. rec—The genetic locus for recombination. 

6. hcr—The genetic locus for host cell reactivation. 

7. ind—The genetic locus for indole synthesis. 
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Bacillus subtilis Strains 

Designation 

3. hcr-9 

4. MC-1 

Phenotype 

1. W23 Prototroph 

2. 168 ind Trp 

Trp, Hcr 

Trp, Mit-S, Rec 

Source 

C. B. Thorne (40) 

S. Okubo and W. Romig 

(34) 

S. Okubo and W. Romig 

(34) 

S. Okubo and W. Romig 

(34) 

5. FH2006-7 Trp, Thy, Hcr, Rec I. C. Felkner and F. 

Kadlubar (14) 

Bacteriophage PBS-1 was obtained from I. Takahashi (Depart-

ment of Biology, McMaster University, Ontario, Canada) (39) 



CHAPTER III 

RESULTS 

The Effect of 4-nitroquinQline-l-oxide 
on the Growth of Bacillus subtilis 

The growth of B. subtilis 16 8 ind following treatment 

with 1 mî4 4-NQO is depicted in Figure 1. Growth of the 

cells appeared to cease about one hour following treatment, 

but recovery occurred after a drop in absorbance. This 

pattern was substantiated by Petroff-Hauser and viable cell 

counts which were routinely used in conjunction with spec-

trophotometric monitoring techniques. Recovery similar to 

this was also observed with B. subtilis W2 3 after 4-NQO 

treatment (Figure 2). Although strain MC-1 recovered from 

4-NQO treatment (Figure 3), the time involved between the 

drop in optical density (O.D. X 540) and the subsequent 

rise is about two-fold greater than for either strain W23 

or 168 ind. Strain MC-1 is a rec-2 mutant since it has 

about 20% of the recombination activity of strain 168 ind. 

Figure 4 depicts the growth of B. subtilis FH 2006-7 fol-

lowing 4-NQO treatment. The strain FH 2006-7 is mutant 

for host cell reactivation (hcr) and Recombination (rec). 

It is judged a rec-1 mutant because its recombination 

activity is less than 1% that of strain 168 ind. The strain 

17 





Figure 1.—The growth of B^ 
lowing treatment with 1 mM 4-NQO. 
untreated control cells (O)' 

subtilis 168 ind fol-
Treated cells {^) ; 
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Figure 2.—The growth of B. subtilis W23 after 
treatment with 1 mM 4-NQO. Treated cells {/^); un-
treated cells iQ); untreated, bacteriophage PBS-1 
infected cells TQ^' treated, bacteriophage PBS-1 
infected cells {J\^) . 
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Figure 3.—The effect of 4-NQO treatment on the 
growth of B. subtilis MC-1. Treated cells (^) ; un-
treated cells (Q); untreated, bacteriophage PBS-1 
infected cells {Q); treated, bacteriophage PBS-1 
infected cells (^)• 
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Figure 4.—The effect of 4-NQO treatment on B. 
subtilis FH2006-7. Untreated cells {Q); treated cells 
(A)? untreated, bacteriophage PBS-1 infected cells 
(Q); treated, bacteriophage PBS-1 infected cells (̂ ) . 
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FH2006-7 does not recover from 4-NQO treatment even after 

twenty hours (Figure 4). 

It should be noted that pre-infection of strains 

W23 or MC-1 with bacteriophage PBS-1 allows faster recovery 

from 4-NQO treatment. Also, PBS-1 infection of B. subtilis 

FH2006-7 enables the cells to recover after 4-NQO treat-

ment. Non-infected cells do not recover from 4-NQO treat-

ment. 

Protein and Deoxyribonucleic Acid Synthesis 

The rate of protein synthesis in B. subtilis 168 ind 

(Figure 5) following 4-NQO treatment appears to remain at 

a generally low level throughout the period of measurement. 

Although until about two and one-half hours, it is not 

less than 50% of the untreated control culture. However, 

4-NQO treatment of B. subtilis FH2006-7 reduced the rate 

of protein synthesis to about 10% of the control culture 

after about sixty minutes (Figure 6). The rate of protein 

synthesis actually drops to near 0 following 4-NQO treat-

ment of B. subtilis FH2006-7. 

The rate of DNA synthesis for B. subtilis 168 ind 

(Figure 7) recovers after a decline to near 0 at about two 

hours follôwing 4-NQO treatment. However, DNA synthesis 

by B. subtilis FH2006-7 following identical treatment 

(Figure 8) never recovers. The initial high rate of DNA 

synthesis for both strains in the untreated controls was 

thought to be caused by transferring cells into fresh 





Figure 5.—The rate of protein synthesis in 
Bacillus subtilis 168 ind following treatment with 
1 mM 4-NQO. A value of 1.0 was set equal to th.e rate 
of protein synthesis at 150 min. in the control culture 
C A cpm/mg. dry cell weight = 465). The rate of pro-
tein synthesis was determined by the incorporation of 
[14c] - phenylalanine into the trichloroacetic acid 
insoluble fraction. Treated cells {^); untreated 
control cells (Q). 

\ 
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Figure 6.—The rate of protein synthesis in 
Bacillus subtilis FH2006-7 following treatment with 
1 mM 4-NQO. The rate of protein synthesis was deter-
mined by the incorporation of [•'-̂C] - phenylalanine 
into the trichloroacetic acid insoiuble fraction. A 
value of 1.0 was made equal to the rate of protein 
synthesis at 150 min. in the control culture ( A 
cpm/mg. dry cell weight = 185). Treated cells (A); 
untreated control cells (Q). 



30 

«n 
• • 

«n 
INJ 

Z 

z 
>• 
V) 

z 
au 
1» 
o 
& 

8 

7 

6 

5 

4 

3 

2 

< 
Cí 

T IME ( H r ) 





Figure 
subtilis 168 

7.—The rate of DNA 
ind after treatment 

synthesis in Bacillus 
with 1.0 mM 4-NQO. The 

rate of DNA synthesis was determined by the incorporation 
of [%] - thymidine into the trichloroacetic acid insol-
uble fraction. A value of 1.0 was made egual to the 
rate of DNA synthesis in the control culture at 150 min. 
( A cpm/mg. dry cell weight = 175). Treated cells {A); 

(Q). " untreated control cells 
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growth medium since the rate was higher than the observed 

values in logarithmically growing cultures. 

The rate of DNA synthesis by bacteriophage PBS-1 

infected B. subtilis FH2006-7 was measured (Figure 9) and 

it followed the same recovery pattern as the growth curve 

(Figure 4) following 4-NQO treatment. It should be noted 

that there was a recovery in DNA synthesis which preceded 

the recovery of growth. Protein synthesis in PBS-1 infected 

B. subtilis FH2006-7 (Figure 10) also recovered at about 

the time of cellular recovery. 

The Growth of B. subtilis FH2006-7 Infected by 
Bacteriophage PBS-1 Propagated in Various Hosts 

Since the previous experiments have been performed 

utilizing bacteriophage PBS-1 propagated in B. subtilis 

168 ind, the possibility existed hat the capacity for 

recovery from 4-NQO treatment was being transduced into 

B. subtilis FH2006-7. Therefore, bacteriophage PBS-1 was 

propagated in strains FH2006-7, MC-1 and hcr-9. The growth 

curve obtained after 4-NQO treatment of B. subtilis FH2006-7 

infected with bacteriophage PBS-1 propagated in B. subtilis 

FH2006-7 is shown in Figure 11. When B. subtilis FH2006-7 

was infected by bacteriophage PBS-1 propagated in strains 

MC-1 and hcr-9 respectively a similar curve with recovery 

phase was obtained. These data show that bacteriophage 

pBS-1 mediated recovery from 4-NQO treatment is not trans-

duced into the cells. This indicates that recovery is due 





Figure 8.—The rate of DNA synthesis in B. subtilis 
FH2006-7 following treatment with 1.0 mM 4-NQO. The rate 
of DNA synthesis was determined by the incorporation of 
[̂ H] - thymidine into the trichloroacetic acid insoluble 
fraction. A.value of 1.0 was made equal to the rate of 
DNA synthesis in the control culture at 150 min. ( A 
cpm/mg. dry cell weight = 650). Treated cells (jĵ ) ; 
untreated control cells (Q). 
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Figure 9.—The rate of DNA synthesis in bacterio-
phage PBS-1 infected Bacillus subtilis FH2006-7 follow-
ing 4-NQO treatment; The rate of DNA synthesis was 
determined by the incorporation of [̂ H] - thymidine into 
the trichloroacetic acid insoluble fraction. A value of 
1.0 was made equal to the rate of DNA synthesis in the 
control culture at 135 min. ( A cpm/mg. dry cell weight 
= 2,450). Treated cells (A); untreated control cells 
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Figure 10.—The rate of protein synthesis in bac-
teriophage PBS-1 infected Bacillus subtilis FH2006-7 
following treatment with 1.0 mM 4-NQO. The rate of 
protein synthesis was determined by the incorporation 
of [̂ Ĉ] - phenylalanine into the trichloroacetic acid 
insolubie fraction. A value of 1.0 was made equal to 
the rate of DNA synthesis in the control culture at 
135 min. ( A cpm/mg. dry cell weighrt = 3,370). Treated 
cells {^) ; untreated control cells (Q) . 
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Figure 11.—The growth of bacteriophage PBS-1 
infected B. subtilis FH2006-7 following 1 mM 4-NQO 
treatment. The bacteriophage PBS-1 was propagated 
from B. subtilis FH2006-7. Treated cells (A)/ un-
treated control cells (Q). 
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to the bacteriophage and not genetic material from a pre-

vious host bacterium. 

The Presence of Bacteriophage PBS-1 in 4-NQO 
yreated and Non-Treated Cells 

Experiments were designed to investigate the effect 

of 4-NQO treatment on bacteriophage PBS-1 infected strain 

168 ind. Bacteriophage plaque assays were made for infec-

tious centers after treatment with 4-NQO. These results 

are shown in Table I. They show the infectious centers 

were present before and after 4-NQO treatment of B. sub-

tilis 168 ind (infected with PBS-1 at a multiplicity ratio 

of 0.1). The number of plaques was about equal to or 

greater in the 4-NQO treated culture than in the non-treated 

culture. 

The Effect of Bacteriophage PBS-1 nfection 
on Transformation in B. subtilis FH2006-7 

Bacteriophage PBS-1 will transduce strain FH2006-7 

and other rec-1 mutants (18) at a near normal frequency. 

Therefore, experiments were performed to determine whether 

bacteriophage PBS-1 infection of B. subtilis FH2006-7 

would improve transformation. This was an attempt to 

determine if the bacteriophage could supply the missing 

recombination associated genes of the strain. B. subtilis 

FH2006-7 transforms at a very low frequency due to its 

rec-1 mutation. Therefore, it was not surprising to find 

the frequency of transformation in the non-infected cells 
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was less than 5 x 10 (the lowest frequency for which 

the assay technique was devised). The bacteriophage-

infected cells also showed no detectable transformation. 

The possibility exists that under better physiological 

conditions transformation frequencies will be improved. 

However, based on these results, it is not possible to 

determine whether or not there was an increase in trans-

formation by bacteriophage infection. 

TABLE 1 

BACTERIOPHAGE PBS-1 INFECTIOUS CENTERS 

Time Following 4-NQO 
Treatment of PBS-1 
Infected B. subtilis 
168 ind (Hr.) 

Control non- 4-NQO treated 
treated cells cells 

Infectious centers per ml. 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

3.0 X 10 

1.7 X 10 8 

1.2 X 10 

1.0 X 10 

2.0 X 10 

2.4 X 10 

4.9 X 10 

8 

8 

2.0 X 10 

2.0 X 10 

1.4 X 10 

8 

8 

2.1 X 10 

2.3 X 10 

3.4 X 10 

8.0 X 10 

8.5 X 10 

2.0 X 10 

8 

8 



CHAPTER IV 

DISCUSSION 

Previous investigators have emphasized the in vitro 

effects of 4-NQO without correlation to the in vivo action 

of the compound. Little work has been done to bring both 

types of data together at the molecular level. Therefore, 

we have performed in vivo experiments related to in vitro 

findings. 

One explanation for the action of 4-NQO on B. sub-

tilis could be the induction of bacteriophage particles 

and siobsequent lysis of the cell. Carcinogenic derivatives 

of 4-NQO could induce bacteriophage formation in lysogenized 

Escherichia coli Ã K12, but this activity was absent in 

non-carcinogenic derivatives (10). Treatment of B. sub-

tilis with 4-NQO induced the formation of defective bac-

teriophage PBSX particles (17). The bacterial DNA contained 

in these particles transformed single but not linked genetic 

markers. This indicated that DNA could have been degraded 

after 4-NQO treatment and before incorporation into the 

bacteriophage head. 

The in vivo action of 4-NQO on DNA has been indicated 

by experiments conducted in this laboratory designed to 

44 



45 

detect the presence of 4-NQO in DNA extracted from cells 

following treatment. The DNA extracted from a rec, hcr 

mutant (B. subtilis FH20 06-7) after in vivo treatment, con-

tained 4-NQO. However, DNA extracted from strain 168 ind 

treated in an' identical manner did not contain this com-

pound (A. Laumbach, personal communication). These data 

indicate that the primary in vivo site for action by 4-NQO 

is DNA. The presence of 4-NQO in the DNA of strain FH2006-7 

and its absence in strain 16 8 ind seems to indicate that 

the recombination and host cell reactivation mechanism 

must be functional for removal of 4-NQO from the DNA-4-NQ0 

complex. This hypothesis is consistent with the growth 

curve of B. subtilis FH2006-7 obtained after treatment by 

4-NQO (Figure 4). Strain FH2006-7 failed to recover from 

4-NQO treatment whereas strain 16 8 ind recovered (Figure 

1). 

The order of increasing sensitivity to 4-NQO in B̂ . 

subtilis strains has been established as follows: 168 ind, 

wild type, hcr-9, MC-1 and FH2006-7 (14). The strain 

FH2006-7 (rec, hcr) was the most 4-NQO sensitive of all 

strains tested. This was probably due to a combination of 

both the rec and hcr mutations. The rec f unctioji appeared 

more critical for recovery from 4-NQO treatment than the 

hcr function. This was because strain MC-1 (rec) was more 

sensitive to 4-NQO than strain hcr-9 (14). 

Bacteriophage PBS-1 was able to transduce B̂^ subtilis 
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FH2006-7 and other rec-1 mutants at near normal frequencies 

(18). However, bacteriophage SPIO, also a temperate bac-

teriophage, transduced a hcr, rec-1 strain at greatly 

reduced frequencies (18). This implies that some property 

of PBS-1, other than means of DNA entry, mediated integra-

tion of genetic markers into those mutants which irreversi-

bly bind DNA to their surface at normal levels but fail to 

become transformed (rec). Moreover, PBS-1 infection of 

strain FH200 6-7 prior to 4-NQO treatment enabled the cells 

to recover (Figure 4). Therefore, the bacteriophage could 

have introduced protection from 4-NQO in a manner associated 

with its capacity for transduction since transformation 

and transduction require molecular recombination. 

The association between recombination and repair of 

genetic damage caused by ultraviolet light (UV) irradiation 

has been well documented (15, 20). A parallel has been 

demonstrated between the in vivo effects of 4-NQO treatment 

and UV irradiation (14). Therefore, protection from 4-NQO 

by a bacteriophage-associated recombination-repair mechan-

ism seems plausible. Erskine (12) has provided proof for 

the hypothesis in E. coli using the temperate bacteriophage 

X. Lysogenization of a rec mutant E. coli with bacterio-

phage caused the host cells to become less UV sensitive. 

However, when the cells were cured of bacteriophage, the 

strain reverted to ultraviolet sensitivity. Thus, infec-

tion of B. subtilis FH2006-7 with bacteriophage PBS-1 may 
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supply the recombination associated repair enzymes for 

integration of genetic markers and also repair of 4-NQO 

damaged DNA. The mechanism for repair of 4-NQO-treated 

DNA and UV irradiation may be analogous. 

Intercalation has been suggested as a possible 

mechanism for 4-NQO interaction with DNA (30). Moreover, 

the attachment site of 4-NQO appears to be the purine bases 

(22, 27). Therefore, repair of 4-NQO damaged DNA could 

involve excision of 4-NQO associated purines from DNA fol-

lowed by new DNA synthesis and rejoining broken strands. 

The DNA synthesis in UV irradiated E. coli did not resume 

until all thymine dimers were removed (36). Strains of 

E. coli K12 rec mutants have been studied for their ability 

to repair single strand breaks in DNA. The rec mutants 

lacked the capacity to repair the single strand breaks 

although, non-mutant cells could efficiently rejoin such 

breaks. The absence of DNA repair synthesis or ligase 

activity could account for the above observations. The 

recovery of DNA synthesis (Figure 9) indicates that infec-

tion by bacteriophage could supply the recombination 

mechanism necessary for rejoining single strand breaks in 

DNA which would allow DNA synthesis. 

Another possible mechanism for protection of strains 

from 4-NQO treatment by infection with bacteriophage PBS-1, 

could be excision of 4-NQO from DNA. When .UV irradiated 

bacteriophage T4 DNA v/as incubated V7ith an extract of T4 
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infected E. coli, the amount of pyrimidine dimers released 

into the medium was much greater than the amount of dimers 

released with an extract of normal cells (35). Therefore, 

it is likely that enzymes responsible for excision of 

dimers are induced by infection with bacteriophage T4. If 

PBS-1 infected B. subtilis induced the formation of enzymes 

for excision of pyrimidine dimers, then it might also induce 

enzymes for the excision of 4-NQO. Therefore, recovery 

from 4-NQO treatment would be enhanced. This hypothesis 

could explain the reason recovery from 4-NQO treatment is 

improved in strains W23 and MC-1 (Figures 2 and 3) infected 

by bacteriophage PBS-1 even though non-infected cells also 

recover. 

A third theory on the mechanism of bacteriophage 

PBS-1 mediated recovery from 4-NQO is that infection by 

bacteriophage PBS-1 inhibits the induction or release of 

bacteriophage PBSX (17) by 4-NQO. A repressor could be 

produced by PBS-1 lysogenization which would inhibit PBSX 

induction. This would inhibit lysis of cells caused by 

PBSX induction and therefore, enable the cell to recover 

if it can repair 4-NQO damaged DNA. 

The first hypothesis, increased recombination-repair 

following bacteriophage infection, is complicated by the 

fact that Yamagishi and Takahashi (41) have found that the 

transducing PBS-1 particles do not contain bacteriophage 

DNA. Hoch and Anagnostopoulos (19) have shov/n that PBS-1 
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transduction of B. subtilis rec-1 mutants does not result 

from multiple infection by a transducing bacteriophage 

plus a viable bacteriophage. Therefore, the capacity for 

transduction by PBS-1 in a rec-1 strain does not appear to 

be aided with recombination enzymes specified by bacterio-

phage DNA. However, a part of the bacteriophage genome with 

properties similar to first step transfer DNA reported by 

Lanni (25) could accompany bacterial DNA and not be detected 

due to its small size and similarity to host DNA. Further-

more, a recombination-involved protein might be introduced 

with the transducing particle. The possibility also exists 

that normal bacteriophage possess genes coding for recombi-

nation-repair enzymes which aid in protection from 4-NQO. 

However, if the interpretation of Hoch and Anagnostopoulos 

(19) is correct, recombination in rec-1 mutants infected 

with transducing PBS-1 particles is probably regulated by 

bacterial gene products. Infection of cells by bacterio-

phage PBS-1 could induce the formation of bacterial recom-

bination enzymes which would aid in the repair of 4-NQO 

treatment. 

Hypothesis two, that infection by bacteriophage PBS-1 

aids in recovery from 4-NQO treatment by inducing excision 

enzymes, is compatible with the fact that 4-NQO is present 

in the DNA of B. subtilis FH2006-7, but not strain 168 ind 

after 4-NQO treatment. The rec-1, hcr cell (B. subtilis 

FH2006-7) has difficulty removing 4-NQO from its DNA; 
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therefore, DNA synthesis could be stopped when this com-

pound blocks replication (Figure 8). Since B. subtilis 

16 8 ind can remove 4-NQO from its DNA, synthesis can recover 

after an initial reduction in rate (Figure 7). The DNA 

synthesis in strain FH2006-7 infected with bacteriophage 

PBS-1 (Figure 9) also recovers after an initial decline. 

Bacteriophage PBS-1 could induce or supply the missing 

excision enzymes for removal of 4-NQO and hence allow 

recovery of DNA and protein synthesis (Figure 10). It 

seems feasible that the code for repair and recombination 

enzymes may be introduced by phage DNA similar to first 

step transfer DNA demonstrated by Lanni (25). 

The third hypothesis, that the presence of bacterio-

phage PBS-1 represses the induction of PBSX, does not explain 

the removal of 4-NQO from the DNA of strain 16 8 ind shortly 

after in vivo 4-NQO treatment, nor does it account for the 

lack of this phenomenon in strain FH2006-7. Furthermore, 

Felkner, Hirokawa, Lang and Kadlubar have been unable to 

find PBSX particles in strain FH2006-7 under conditions 

where lysis occurs following 4-NQO treatment (unpublished 

data). 

Recovery from 4-NQO treatment by strain FH2006-7 

infected with bacteriophage PBS-1 propagated through several 

transfers in strain FH2006-7 (Figure 11) seems to negate 

the possibility that rec genes of bacterial origin within 

the phage are involved. The number of infectious centers 
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obtained after treatment of the cells with 4-NQO and wash-

ing indicates that PBS-1 can establish lysogeny in the host 

cell (Table 1). The compound does not appear to damage 

bacteriophage PBS-1 since there is no large difference 

betv/een the number of bacteriophage in the control and 

treated cultures. 

In conclusion the following points have been demon-

strated: (1) B. subtilis 16 8 ind recovers from 4-NQO treat-

ment. (2) B. subtilis FH2006-7 (rec, hcr) fails to recover 

from 4-NQO treatment. (3) Infection of B. subtilis FH2006-7 

with bacteriophage PBS-1 enables recovery from 4-NQO treat-

ment. (4) Infection of strains MC-1 or W23 with bacterio-

phage PBS-1 enhances recovery follov/ing 4-NQO treatment. 

(5) The DNA and protein synthesis patterns reflect the 

growth of those cells after exposure to 4-NQO for a short 

time (ten minutes). There is a reduction followed by an 

increase of protein and DNA synthesis in strains which 

recover from 4-NQO treatment. Furthermore, DNA and protein 

synthesis cease in strains failing to recover from 4-NQO 

treatment. (6) The in vitro effect, i.e., binding of 4-NQO 

to DNA (27, 31), can be observed in vivo. The changes in 

growth patterns following 4-NQO treatment are attributed 

to the effects on DNA and protein synthesis. (7) Finally, 

infection with bacteriophage PBS-1 somehow prevents or 

alleviates 4-NQO interference with DNA and protein synthesis 

thereby allowing the cells to recover. 
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This investigation constitutes only a beginning to 

our understanding of either the process of recombination, 

or how 4-NQO sensitivity is related to this process. Among 

many other things of considerable significance, it would be 

interesting to determine if a first step transfer-like DNA 

segment is introduced by transducing PBS-1 particles and 

if de novo protein synthesis related to recombination fol-

lows. The characterization of such a segment and associated 

enzymes might be equivalent to the isolation of a recombi-

nation operon. 
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