
AN ABSTRACT OF THE THESIS OF 

PAUL EDWARD BISHOP      for the       DOCTOR OF PHILOSOPHY 
(Name of student) (Degree) 

in        Food Science presented on fl* <=- dr "    /Y/.S 
(Major) (Date) 

Title:    ISOLATION AND CHARACTERIZATION OF BACILLUS 

SUBTILIS MUTANTS RESISTANT TO ETHIDIUM  

BROMIDE AND AFLA££)XIN ^      ^  

Abstract approved: 
ft-  >^lf1'lfl»' -*  Mf        \    Vja-^i   '  

^   Efr.   Jong S.   Lee 

The in vivo effects of ethidium bromide and aflatoxin B    on a 

Marburg strain of Bacillus subtillis and resistant mutants derived 

from it were studied to determine whether ethidium bronaide and 

aflatoxin B    share a common mode of action. 

An ethidium bromide-resistant mutant (EB8) was found to be 

conditiontally resistant to  10 (xg of ethidium bromide/ml.    Expres- 

sion of resistance was complete only during vegetative growth (as 

measured turbidimetrically) at incubation temperatures above 30C 

in complex medium or minimal medium supplemented with casamino 

acids. 

Aflatoxin B    resistance was not expressed conditionally in an 

aflatoxin B   -resistant mutant (FST3).    Resistance was expressed 

during growth at 30 or 37C in either complex or minimal medium. 



Sporulation of strain FST3,   as measured by heat resistant cells, 

was nearly seven-fold more resistant to aflatoxin B  .     Growth of 

the Marburg strain was inhibited by 40 |j,g of aflatoxin B   /ml at an 

incubation temperature of 30C in penassay broth,   but was resistant 

to aflatoxin B    in the same medium at 37C.     Growth in minimal 

medium plus casamino acids was not affected either at 30 or 37C. 

Strains EB8 and FST3 were cross-resistant to proflavine. 

Strain EB8 was also cross-resistant to acriflavine but not to afla- 

toxin B   .    Strain FST3 was not cross-resistant to acriflavine, 

ethidium bromide,   erythromycin,   or mitomycin C. 

PBS1 bacteriophage mediated transduction showed that the 

ethidium bromide resistance marker was co-transduced with hisAl 

at a frequency of 6% and was located to the right of hisAl on the  B.. 

subtilis chromosome.     The aflatoxin B    resistance marker was 
1 

linked to both the cysA and adel6 markers by transduction,  and was 

located to the right of the strA marker. 

3 
Incorporation of    H-5-uridine by strain EB8 showed that RNA 

synthesis in both whole cells and protoplasts was ethidium bromide 

3 
resistant.    Incorporation of    H-6-uridine into DNA was inhibited 

39% in both the Marburg and FST3 strains after 45 min of incubation 

3 
in the presence of aflatoxin B    while inhibition of    H-6-uridine uptake 

into RNA was slight under the same conditions.    In the presence of 

14 
aflatoxin B   ,   incorporation of      C-phenylalanine by the Marburg 



strain showed that protein synthesis was inhibited 19% while protein 

synthesis by strain FST3 was inhibited 5%.    When incubated for six 

hr in the presence pf aflatoxin B  ,   Marburg cells began to lyse before 

DNA synthesis ceased. 

After one hr of incubation,  viability of the Marburg strain,  as 

measured by plate counts,   began to decline at an exponential rate 

3 
leading to a  10   -fold loss in viable cells.    Strain FST3 did not lose 

viability under the same conditions. 

The effects of ethidium bromide and aflatoxin B    on a Marburg 

strain of B.   subtilis and resistant mutants derived from it were 

distinct,  and do not support the hypothesis that the two agents share 

a common mode of action. 
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ISOLATION AND CHARACTERIZATION OF BACILLUS SUBTILIS 
MUTANTS RESISTANT TO ETHIDIUM BROMIDE 

AND AFLATOXIN B 

INTRODUCTION 

Aflatoxins are a group of toxic metabolites produced by some 

strains of the mold Aspergillus flavus.     Under suitable conditions 

A.   flavus is commonly found as a contaminate in food-stuffs such as 

corn,   peanuts,   and rice.    Aflatoxins have been shown to induce liver 

cancer in some animals. 

The relatively high incidence of human liver cancer in South- 

east Asia also has been linked to ingestion of aflatoxin contaminated 

foods. 

Aflatoxin B    (AB   ),  the most potent hepatocarcinogen of the 

known aflatoxins,   has been studied extensively from both a biological 

and a chemical standpoint.     But little progress has been made in 

elucidating its mode of action at the molecular level in biological 

systems. 

To help direct research efforts,   it was hypothesized that the 

AB    molecule might intercalate between adjacent base pairs in 

doublerstranded nucleic acids.    Intercalation was selected as a pos- 

sible mode of action because the AB    molecule is relatively planar 

and binds noncovalently to nucleic acids in vitro.    To test this 



hypothesis,  the in vivo effects of ethidium bromide (EB:  2, 7-diamino 

9-phenylphenanthridium 10-ethyl bromide),   a known intercalcating 

agent,  were compared to those of AB  .     Bacterial mutants resistant 

to either EB or AB    served as a basis for comparison.     The rationale 

behind studying resistant mutants is that in many cases a site(s) of 

action for an antibacterial agent (e. g. ,  EB or AB  ) is altered by 

mutation in such a manner that the agent is no longer able to produce 

its antibacterial action.     Therefore,   it may be possible to infer the 

mode of action of the antibacterial agent from the identification of 

the altered site(s). 

Bacillus subtilis was selected as the experimental organism 

because it is amenable to both genetic and physiological approaches. 

The primary objectives of this investigation were to:    a) characterize 

the effects of EB and AB    on the Marburg strain of B.   subtilis; 

b) study the expression of resistance in mutants resistant to EB and 

AB   ; and   c) genetically map the resistance marker in each mutant.. 



LITERATURE REVIEW 

Binding of Ethidium Bromide to Nucleic Acids 

Physicochemical studies on nucleic acid-ethidium bromide 

(-EB) binding have been made on DNA (40,   71,   72,   73), RNA (19, 

72,   73),   and t-RNA (7).    A brief summary of the results is as 

follows:    a) both single- and double-stranded nucleic acids induce 

a bathochromic shift in the absorption spectra of EB (7,   19,   71,   72, 

73);    b) the fluorescence intensity of EB is enhanced by both single- 

and double-stranded DNA,   however,   the enhancement caused by 

single-stranded DNA is only about half that seen with double-stranded 

DNA (40);    c) thermal melting curves of double-stranded nucleic 

acids show increased Tms (transition midpoint) in the presence of 

EB (19);    d) the viscosity of nucleic acids is increased in the presence 

of low concentrations of EB (19);    e) the sedimentation coefficient for 

linear nucleic acids decreases in the presence of EB (7,   19,   43); 

f) superhelical twists are removed in covalently closed circular 

DNA by EB (3,   18). 

The intercalation model for nucleic acid-EB binding (38) 

predicts that insertion of the planar EB molecule between adjacent 

base pairs in double-stranded nucleic acids would result in local 

unwinding and extension of the nucleic acid helix causing an increase 



in viscosity and lowering of the sedimentation coefficient of the 

complex.    At high phosphate/EB (P/D) ratios these predictions appear 

to be supported by the evidence summarized in the preceding para- 

graph.    However,  at lower P/D ratios a second weaker binding 

process can be inferred from EB binding to double-stranded nucleic 

acids as represented by Scatchard plots of spectral data,  which is 

probably due to an electrostatic interaction between the phosphates 

in the double-stranded nucleic acid backbone and the dye molecule 

(7,   19,   40,   72).    In the presence of high ionic strength buffers this 

mode of binding is apparently abolished or greatly reduced and the 

only detectable binding process is the strong intercalative binding 

(19,   40). 

A requirement implicit in the intercalation model is that in 

order for intercalation to occur,   the nucleic acids must contain 

double-stranded helical regions.     But a proton magnetic resonance 

study of the interaction of EB with uridylyl (31  5') uridine and 

polyuridylic acid shows that EB can intercalate between the uridine 

residues (35).    Therefore,   single-stranded nucleic acids may also 

be capable of forming intercalated complexes with EB. 

Effects of Ethidium Bromide on Microbial Systems 

EB has been shown to be inhibitory to trypanosomes (56),   and 

bacteria (69). 



Inhibition of in vivo nucleic acid synthesis by EB has been 

observed in the parasitic flagellate Strigomonas oncopelti (55), 

Saccharomyces carlsbergensis (33),   Escherichia coli (69),  and B. 

cereus (69).    In these studies,   DNA synthesis was generally inhibited 

to a greater degree than RNA synthesis.    EB also inhibited DNA (21) 

and RNA (71) polymerase preparations from E.   coli. 

The inhibition of protein synthesis by EB is,   in general,   less 

than that of nucleic acid synthesis (33,   56,   69).    However,  the nor- 

mal pattern of protein synthesis in B.   cereus appeared to be dis- 

rupted by EB,   since incorporation of lysine was increased,  that of 

valine decreased,   and that of methionine unchanged (69).    EB has 

also been shown to inhibit aminoacylation of t-RNAs from E.   coli, 

the level of inhibition depending upon the species of t-RNA involved. 

This inhibition appeared to correlate well with the number of EB- 

binding sites on particular t-RNAs,   i. e. ,  the greater the number 

of binding sites,  the greater the inhibition (49).     Thus,   it is apparent 

that EB may be capable of directly inhibiting protein synthesis, 

unrelated to the indirect inhibition caused by the binding of EB to the 

DNA template. 

Treatment of yeast cultures with EB leads to inhibition and 

irreversible loss of mitochondrial DNA (24),   giving rise to petite 

mutations (66).    However,   loss of mitochondrial DNA   in 

Kluyveromyces lactis (48) and chloroplast DNA in Chlamydomonas 



(22),   during EB-treatment,   appears to be reversible. 

EB is an effective episomal curing agent as has been shown 

by its elimination of F'-lac      factors in E.   coli (8),   drug resistance 

transfer factors in enterobacteria (8,   52) and staphylococci (8),  and 

a penicillinase plasmid in Staphylococcus aureus(62)..    It can also 

function as a mutagen in E.   coli in the absence of cellular division 

(51). 

EB-resistant variants of bacteriophage QB (64) and EB- 

resistant strains of trypanosomes (56) have been described,   and it 

has been demonstrated that Klebsiella aerogenes is able to develop 

resistance to EB through repeated subculturing in its presence (27). 

Ho-wever,   EB-resistant mutants derived from single step nautagenic 

events have not been described in the literature. 

Binding of Aflatoxin B    to Nucleic Acids 

Aflatoxin B    (AB  ) binds to both single- and double-stranded 

DNA as demonstrated by difference spectra (15,   16,   34,   54,   68), 

equilibrium dialysis (5,   68),   viscosity measurements (6),   and 

fluorescence quenching (43,   54,   6l).     Binding of AB    to RNA has 

also been shown by equilibrium dialysis (6) and difference spectra 

(68). 

Spectral studies on the interaction of AB    with nucleosides 



show that deoxguanosine,   deoxyadenosine,   adenine,   2-aminopurine, 

2,   6-diaminopurine,  and 6-dimethylaminopurine gave the largest 

difference in absorption,  whereas cytosine,  thymidine,   thymine, 

and purine gave a smaller difference.     From these results,   Clifford 

and Rees (15) concluded that the amino groups present in the purine 

compounds were playing an important role in the nucleoside-AB 

interactions.    In another study,   King and Nicholson (34) were unable 

to find any change in the spectrum of AB    in the presence of 2'3'- 

mononucleotides,   polycytidylic,   polyuridylic,   or polyinosinic acids 

(both single- and triple-stranded).     But they were able to induce 

spectral shifts with polyadenylic + polyuridylic acids and to a lesser 

degree with polyadenylic acid and polyadenylic +  polyinosinic acids. 

The secondary structure of DNA may be important to DNA- 

AB    binding since the spectral shift induced by polyadenylic + 

polyuridylic acids is greater than that induced by polyadenylic acid 

alone (34).     On the other hand,   arguments against an involvement of 

both strands are that the difference spectra of AB    with single- or 

double-stranded DNA are the same (15,   34),   and also that Clifford 

and Rees (15) were unable to find a significant difference in the 

thermal melting curves of DNA in the presence or absence of AB  . 

Binding of AB    to DNA appears to be weak since a mixture of 

DNA and AB    can be separated on a Sephadex G-50 column (15), 

and fluorescence polarization by AB    was not changed upon addition 



of DNA (61).    Also increasing ionic strength tends to reverse binding, 

2+ 2 + reversal being the greatest with bivalent cations (Mg      and Mn     ) 

("34,   61). 

Estimates as to the number of AB    molecules bound per DNA 

nucleotide vary according to the conditions under which the measure- 

ments were made.    With equilibrium dialysis,   Spornet aL   (68) and 

Black and Jirgensons (6) found ratios of 1/600 and 1/5 (AB    molecules 

per DNA nucleotide) respectively,  whereas King and Nicholson (34) 

calculated a ratio of 1/80 from spectral data. 

The mode of binding of AB    to DNA is not presently known, 

however,   Moh and Chu (57) have postulated that AB    may form charge- 

transfer type complexes with the bases in DNA. 

Effects of Aflatoxin B    on Microbial Systems 

AB  -sensitive bacterial strains are,   apparently,   limited to the 

genera Bacillus (10),   Streptomyces (2),   and Nocardia (2).     Of these 

the most sensitive strain as yet studied is a B.   megaterium strain, 

which is sensitive to 3-5 (JLg of AB per ml (4,   14,   42). 

Little is known about the effects of AB    on bacteriophage. 

However,   it has been reported that the lytic action of bacteriophage 

h9 on a sensitive strain of Streptococcus lactis is prevented,   either 

following pretreatment of the phage with AB    or in the presence of 

AB    (32).    In another study,   the lytic action of unspecified E.   coli 



bacteriophages was prevented by AB    (31). 

Most eucaryotic microorganisms have been found to be rela- 

tively resistant to AB    (10),   however the growth of Aspergillus 

flavus (a mold which can produce AB  ) is inhibited by 20 |j.g of AB   / 

ml (46). 

AB    appears to have its greatest effect on growing cells since 

growth of B.   megaterium cells in the presence of AB    show a rapid 

loss of viability which is not seen in the absence of growth (42). 

Growth temperature may also be important,   as demonstrated by 

AB   -inhibition of growth of an E.   coli strain at 42C as compared to 

no inhibition at 37C (74). 

The cellular morphology of AB   -sensitive bacterial strains, 

grown in the presence of AB  ,   is characterized by the formation of 

long filaments (5,   47).    This morphological change is reversible 

since filanaents of B.   megaterium are able to divide when transferred 

to AB  -free medium (5).     Because of AB  -induced filament formation, 

it was suggested by Lilehoj et_ al.   (47) that AB    may act as a cell wall 

inhibitor.    However,  AB  -inhibition of L-forms derived from B, 

megaterium and B.   subtilis is equal to that of the bacillary forms 

(11,   12).    Thus,   cell wall biosynthesis does not appear to be the 

major site of action for AB 

Bacteria bind AB  ,   but again the cell wall does not appear to 

be necessary since L-forms of B.   megaterium bind as much AB    as 
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do the bacilli (11).    AB    bound to  B.   megaterium cells can be quanti- 

tatively recovered by aqueous washing of the cells and chloroform 

extraction of the cell membranes.    Attached nucleic acids are 

apparently not responsible for cell membrane binding of AB  , 

because the same amount of AB    is bound before and after treatment 

of the membranes with DNase and RNase (42).    In contrast to the 

situation with B.   megaterium,   AB    taken up by Flavobacterium 

aurantiacum cells could not be recovered by washing the cells with 

water,   sonic treatment and subsequent washing of the ruptured cells 

with water,   or extraction of either intact or ruptured cells with 

chloroform.     Therefore,   it would appear that AB    is degraded or 

irreversibly bound by F.   aurantiacum cells (47). 

AB   has been shown to inhibit macromolecular synthesis in 

bacteria,   but the pattern of inhibition seems to vary,   depending upon 

the bacterial strain studied.    In F.   aurantiacum,   DNA synthesis 

appears to be more sensitive to AB    than either RNA or protein 

synthesis (41).    On the other hand,   DNA and RNA synthesis in B. 

cereus are inhibited by AB    to about the same extent (45).    An in 

vitro study with a DNA polymerase preparation from E.   coli,   grown 

in the presence of AB    (5 (ig/ml),   showed that the activity of the 

enzyme preparation was reduced regardless of the source of DNA 

primer (74).    AB  -inhibition of induced penicillinase biosynthesis in 

B.   cereus and B.   licheniformis,   and inhibition of induced 
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a-glucosidase biosynthesis in B.   licheniformis,   paralleled and was 

roughly equivalent to growth inhibition as measured by protein 

synthesis.    However,   inhibition of induced  «-gluc'osidase biosynthesis 

by actinomycin D was greater than growth.    Therefore,   Lillehoj and 

Ciegler (45) concluded from their results that the primary effect of 

AB    on induced enzyme biosynthesis was due to inhibition of protein 

and not  m-RNA synthesis.    In addition,   it has been shown that AB 

can inhibit amino acid activation enzymes from E.   coli (67). 

The mutagenic effects of AB    on microbial systems have been 

studied with B.   subtilis transforming DNA (50) and Neurospora 

crassa (58,   59).    Treatment (in vitro) of B.   subtilis transforming 

DNA with AB    resulted in a loss of transforming activity and the 

induction of mutations in transformed cells.    About 35% of these 

- 8 
mutations were reverted at frequencies of less than 10     ,   and were, 

therefore,  thought to be deletion mutations.     From these observations, 

Maher and Summers (50) concluded that AB    can function as a muta- 

gen without first being metabolically activated.    Ong (59) has studied 

the induction of ad-3 mutations by AB    in N.   crassa,   and has 

classified them by reversion with nitrous acid,  N-methyl-N' -nitro- 

nitrosoguanidine,  and ICR-170.    Results from these reversion tests 

show that the ad-3 mutations consist of mulfilocus deletions,   frame- 

shifts,   base-pair transitions,   and possibly other types of intragenic 

alterations.     Since AB    failed to induce mutations under conditions 
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where growth did not occur,   Ong suggested that metabolic activation 

of AB    may be necessary for the induction of mutations. 

As well as being mutagenic,   AB    has also been shown to induce 

bacteriophage in lysogenic strains of E.   coli (37),  S.  aureus (37), 

and B.   megaterium (44).    Induction in lysogenic E.   coli and S.  aureus 

could be detected with as little as 0. 06 jxg of AB   /ml. 
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METHODS AND MATERIALS 

Bacterial Strains 

Bacillus subtilis strains used in this study are listed in Table  1. 

Media 

Media used were:    antibiotic medium No.   3 (PAB,   Difco Labor- 

atories,   Detroit,   Michigan); tryptose blood agar base (TBAB,   Difco 

Laboratories,   Detroit,   Michigan); AK agar (BBL,   Division of Bio- 

Quest),   Cockeysville,   Maryland);: and Shaeffer's 2x sporulation 

medium (29).     For protoplast formation,   SFL-3 medium of Landman 

and Forman was used (36).    This medium contained per liter of dis- 

tilled water:   K HPO      14 g; KH  PO      2 g; MgSO    •   7H  O,   1.43 g; 

-5 sodium citrate,   1 g; casamino acids,   10 g;  glucose,   5 g;  5 x 10       M 

ethylenediaminetetraacetate,   and 0. 67 M sucrose.     The minimal 

medium used in this study was Spizizen's minimal (1) plus 0. 2 or 

0. 5% glucose (MG) and in some experiments this medium was 

supplemented with vitamin-free casamino acids (Difco).    When used 

for growth of auxotropic mutants,   MG medium was supplemented with 

the required amino acids at 50 |j.g/ml.    MG agar contained 15 g of 

Noble agar (Difco)/liter. 



Table 1.    Strains of B.   subtilis, 

Strain Genotype Origin Parent Strain Source 

Marburg 

FST1 

FST3 

FST4 

EB8 

BD3 

BR19 

OSB169 

OSB192 

GSY1057 

GSY1058 

wild type 

cysA,   strA 

afb 

cysA,  novA 

ebr 

adel6,   leu,   metB 

hisAl,   trpCZ,   rou-1 

cysB,   his,   trp,   strA 

cysA 

metBS,   hisAl,   uvr-1 

ar^C4,   hisAl,   uvr-1 

spontaneous 

spontaneous 

spontaneous 

EMS mutagenesis 

OSB192 

Marburg 

OSB192 

Marburg 

Marburg 

Marburg 

N.   Sueoka 

isolation 

isolation 

isolation 

isolation 

D. Dubnau 

F.   Young 

L.   Brown 

L.   Br own 

J.   Hoch 

J.   Hoch 

4^ 
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Addition of Aflatoxin B    to Media 

AB   was stored at OC in  chloroform,  and the concentration of 

AB    in solution was determined by absorbance at 363 nm using a 

molar extinction coefficient of 22, 400. 

Due to the insolubility of AB    in aqueous media,   dimethyl- 

sulfoxide (DMSO) at a final concentration of 1% (v/v) was used as a 

solubilizing agent.    The AB   -chloroform solution and DMSO were 

transferred to a sterile boiling flask,  and the chloroform was 

removed under vacuum with a flash rotary evaporator (Model PF- 

10DN,   Buchler Instruments,   Fort Lee,   New Jersey).    Hot sterile 

media was then added to the boiling flask,   mixed with the DMSO 

containing AB  ,  and distributed to sterile culture flasks or plates. 

Mutant Isolation 

B.   subtilis,  Marburg spores (1. 2 x 10    viable spores/ml) 

were treated with ethyl methanesulfonate (EMS) for 20 min as des- 

-2 
cribed by Haworth and Brown (29).    Samples were diluted 2x10 

with sterile distilled water and filtered on membrane filters (Type 

HA,   0. 45 |j.m pore size,   86 mm diameter; Millipore Filter Corp. , 

Bedford,   Mass. ).    The filters were washed once with sterile dis- 

tilled water,  transferred to TBAB plates,  and incubated for two hr 
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at 37C to allow for expression of ethidium bromide resistance 

(EB resistance).    The filters were transfered to TBAB plates con- 

taining 10 \ig per ml of ethidium bromide (TBAB-EB10 plates),  and 

incubated for 20 hr at 37C.    EB-resistant colonies were picked,  and 

purified by several transfers on TBAB.    One of these isolates (EB8) 

was chosen for this study. 

Transduction 

Transduction experiments using PBSl phage were carried out 

as described by Haworth and Brown (29). 

Multiplicities of infection ranged from 0. 3 to 2 in these experi- 

ments and all incubations were carried out at 37C. 

Direct selection of prototrophic transductants was done on MG 

(0. 2% glucose) plates supplemented with the required amino acids 

(50 |j.g/ml) for non-selected auxotrophic markers.    The prototrophic 

transductants were picked onto appropriately supplemented MG 

plates and incubated overnight.     The  "picked clones" were replica- 

plated onto TBAB,   incubated for six hr,   and then transferred to 

TBAB plates containing appropriate concentrations of the selective 

agent (e. g. ,   EB).    After 18-20 hr,   TBAB plates containing 10 fig of 

EB,   25 mg of AB  ,   1 mg of streptomycin,   or 5 jig of novobiocin/ml, 

were scored for EB-,   AB  -,   streptomycin- or novobiocin-resistant 

clones respectively. 
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The rou-1 marker was scored on AK agar plates after 36 hr of 

incubation,   at which time the rough phenotype was easily discernible 

from the smooth phenotype (28). 

The uvr- 1 marker was scored on TBAB supplemented with 

mitomycin C (0. 05 (ag/ml) (30). 

Direct selection of EB- or streptomycin-resistant transductants 

was accomplished by filtering the transduced cells on 0. 4 (am 

Nuclepore membrane filters (General Electric Plant,   Pleasanton, 

California),   placing the filters on TBAB plates,   and incubating 

these plates for 3. 5 hr to permit expression of resistance.    The fil- 

ters were then transferred to TBAB plates containing 5 yig of EB or 

500 (jig of streptomycin per ml and incubated for 24 hr.    The EB- or 

streptomycin-resistant colonies were transferred to appropriately 

supplemented MG (0. 2% glucose) plates or TBAB plates containing 

mitomycin C or AB  .     The plates were scored after 48 and 24 hr 

incubation periods on MG and TBAB plates respectively. 

Spore Production 

Spores were collected after 48 hr of growth in 2X Shaeffer's 

medium with shaking at 37C and purified using the "Y" system of 

Sacks and Alderton (63). 
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Sporulation 

A flask (250 ml) containing 20 ml of 2X Shaeffer's medium was 

inoculated from a streaked TBAB plate,  and incubated at 37C with 

vigorous shaking for 24 hr.    This incubation sequence was repeated 

using 0. 1 ml from the first culture as inoculum.    Using the second 

culture as inoculum,  the same incubation sequence as above was 

followed with the control and treated (40 ^.g of AB  /ml) cultures. 

Percentage sporulation was taken as the number of viable cells/ml 

following heat treatment at 80C for 15 min divided by the number of 

non-heat treated viable cells/ml from the same culture x 100. 

Germination,   Outgrowth and Growth Studies 

All germination,   outgrowth and growth experiments were done 

in a model G-24 environmental incubator with a gyratory shaker ( 

(New Brunswick Scientific Co. ,   New Brunswick,   New Jersey) at a 

shaking speed of 250 rev/min.    Optical density measurements were 

made with a Spectronic 20 spectrophotometer (Bausch and Lomb 

Inc. ,   Rochester,  New York) at 660 nm. 

Protoplast Preparation 

A modified version of Clive and Landman1 s procedure was used 

for preparing protoplasts'(l7).   Twenty-five ml of MG (0. 5% glucose) 
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medium,   supplemented with 1% casamino acids (MG + 1% CA),  was 

inoculated from a streaked TBAB plate (incubated for  12 hr at 37C). 

After incubation with shaking for  16 hr at 37C,   0. 1 ml of this culture 

was inoculated into MG + 1% CA (25 ml) and incubated for six hr with 

shaking at 37C.    One ml from the six hr culture was diluted with nine 

ml of SFL-3 medium,   supplemented with uridine (10 |j,g/ml),   in each 

of three 250 ml flasks and incubated with shaking for 90 min at 37C. 

Lysozyme was added to a final concentration of 300 |j.g/ml,  and the 

cells were incubated for an additional 30 min without shaking at 37C. 

These cells were then centrifuged at 8, 000 x g for ten min,  washed 

once with MG + 1% CA,   containing 0. 67 M sucrose,   and resuspended 

in one ml of the same medium.     The resuspended cells were examined 

microscopically to ascertain that protoplast formation was complete. 

3 
H-5-Uridine Incorporation Experiments 

3 
Cells used in either whole cell or protoplast    H-5-uridine 

incorporation experiments were incubated as indicated above under 

protoplast preparation,   except that in whole cell experiments,   cells 

were incubated with shaking for 120 min in ten ml of MG + 1% CA 

(0. 67 M sucrose) medium supplemented with uridine (10 (ag/ml). 

These cells were washed and resuspended as described above under 

protoplast preparation.    Each of two  125 ml flasks containing ten ml 

of MG + 1% CA (0. 67 M sucrose) medium supplemented with 
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3 
H-5-uridine (0. 2 (j.Ci/10 |j.g/ml were inoculated with 0. 2 ml of the 

resuspended cells.    The two flasks were preincubated for 20 min to 

allow for equilibrium of intracellular uridine pools.    At "zero-time", 

eithidium bromide was added to a final concentration of 10 (jig/ml. 

Duplicate 0. 5 ml samples were taken at ten min intervals and placed 

in tubes containing 0. 5 ml of 10% trichloracetic acid (TCA),   followed 

by addition of two ml of 5% TCA.     The sample tubes were held on ice 

for 30 min or more after which each sample was filtered on a glass 

fiber prefilter (25 mm diameter:    Millipore Filter Corp. ,   Bedford, 

Mass. ),  washed once with three ml of 5% TCA and then twice with 

9 5% ethanol.     The filters were  placed in scintillation vials and 

allowed to dry overnight at room temperature.    Scintillation fluid 

(five ml) containing four g of PPO (2,   5-'diphenyloxazole) and 40 mg 

of POPOP l,4--bis    [ 2-(5-phenyloxazolyl)] benzene/liter of toluene 

was added to each vial.    The vials were counted in a model 6766 

Nuclear-Chicago scintillation counter. 

3 14 
H-6-Uridine and       C-Phenylalanine 

Incorporation Experiments 

Twenty ml of PAB medium was inoculated from a streaked 

TBAB plate (incubated at 30C for 12 hr).    This culture was incubated 

with shaking until it reached an optical density (O. D. ) of approxi- 

mately 0. 5 at 660 nm.     Five ml of this culture was then diluted with 
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3 
five ml of fresh PAB medium containing    H-6-uridine (4. 0 |j.C"i/40 

(jig/ml),  and incubated an additional 30 min at 30C with shaking 

(prelabeled culture).     Control and AB  -treated cultures were inocu- 

lated by diluting the prelabeled culture with PAB medium containing 

3 14 
H-6-uridine (2.0 (j.Ci/20 |j,g/ml) or       C-phenylalanine (0.2 (j.Ci/20 jxg/ 

mi),   1%  dimethyl   sulfoxide (DMSO) and in the case of the AB  - 

treated culture,   40 |j,g of AB    per ml.    The "inoculation dilutions" 

-2 3 were;    one ml diluted 5x10       for the    H-6-uridine incorporation 

-1 14 
vs.   O. D.   experiments,  two ml diluted 2x10       for the       C- 

phenylalanine incorporation experiments,   and three ml diluted 2 x 

-1 3 
10       for the    H-6-uridine incorporation experiments. 

3 
In order to measure incorporation of    H-6-uridine into DNA 

and RNA,  two sets of duplicate 0. 5 ml samples were withdrawn from 

the control and AB  -treated cultures at 15 or 30 min intervals.     One 

3 
set of samples was treated as described above under the    H-5- 

uridine incorporation experiments.    In the other set each sample 

was placed in a tube containing 0. 5 ml of 10% TCA and held on ice 

for 30 min or more.    Alkaline hydrolysis was then carried out by 

adding one ml of 1.0 N KOH to each tube followed by incubation at 

37C for 16-18 hr.    The alkaline hydrolysis was terminated by addi- 

tion of one ml of 27% TCA to each sample after which the samples 

were held on ice for 30 min or more.     From this point on the samples 

3 
were treated as described above under the    H-5-uridine incorporation 
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experiments.     The counts in the TCA precipitated alkaline-stable 

3 
material were taken as a measure of    H-6-uridine incorporation 

into DNA,   and the difference between these counts and the counts in 

the corresponding non-alkali treated TCA precipitated sample was 

3 
taken as incorporation of    H-6-uridine into RNA. 

14 
In the       C-phenylalanine incorporation experiment,   duplicate 

3 
samples were taken and treated as described above under    H-5- 

uridine incorporation experiments. 

Fluorescence Measurements 

Relative fluorescence intensities of protoplasts suspended 

with EB were measured with an Aminco-Bowman spectrophoto- 

fluorometer (American Instrument Co. ,   Silver Spring,   Maryland) 

at an excitation wave-length of 542 nm.     Concentrations of proto- 

plasts were determined by optical densities at 620 nm using a Zeiss 

spectrophotometer PMQII (Carl Zeiss,   Oberkochen/Wuertt,   West 

Germany). 

Chemicals 

Lysozyme (grade A),  aflatoxin B    (grade B),   proflavinte sul- 

fate,   mitomycin C,   uridine,   and PPO (scintillation grade) were pur- 

chased from Calbiochem,   La Jolla,   California.    The following 

chemicals were purchased from companies as indicated:    POPOP 
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(scintillation grade) from Nuclear-Chicago,   Des Plaines,   Illinois; 

toluene (liquid scintillation counting grade) from J.   T.   Baker Chemi- 

3 
cal Co. ,   Phillipsburg,   New Jersey;      H-5-urdine (spec.   act.   20.5 

m Ci/mg) from Amersham/Searle Corp. ,   Arlington Heights,   Illinois; 

14 
C-phenylalanine (spec.   act.   0.05 \±Ci/0. 0215 mg) from New England 

Nuclear,   Boston,   Massachusetts; acriflavine from Aldrich Chemical 

Co. ,   Inc. ,   Milwaukee,   Wisconsin;  streptomycin sulfate (U. S. P. ) 

from Eli Lilly & Co. ,   Indianapolis,   Indiana; and novobiocin from 

Upjohn Co. ,   Kalamazoo,   Michigan. 
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RESULTS 

An Ethidium Bromide-Resistant Mutant 

Studies on growth,   germination,  and sporulation were carried 

out at various temperatures in several different media to characterize 

the effects of EB on wild type and EB8 cells physiologically. 

Cross-resistance to acriflavine and proflavine was also 

studied in order to determine whether strain EB8 was cross- 

resistant to other chemicals known to bind to DNA by intercalation 

(38,   39). 

Growth of the Marburg and EB8 Strains 
in the Presence of EB 

Figure  1 shows that growth of the Marburg strain in PAB 

medium was strongly inhibited by 2. 5 \±g of EB/ml,   and completely 

blocked by 10 |j,g/ml.     But growth of strain EB8 in PAB (Figure 2) 

was only slightly inhibited by 2. 5 |j.g of EB/ml,  and even in the 

presence of 10 p.g/ml,   growth remained logarithmic throughout the 

experiment.    However,   growth of strain EB8 was blocked by 20 jag of 

EB/ml.    In Figure 3,   it can be seen that 2. 5 [xg of EB/ml completely 

inhibited growth by the Marburg strain in MG medium.     Figure 4 

shows that growth of strain EB8 in MG containing 2. 5 jj,g of EB/ml 

remained logarithmic whereas it was completely blocked in the 
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Figure  1. 
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TIME (hr) 

Growth of Marburg in PAB at 37C  in the presence of 
EB.    Symbols: A,  o,   •,   and  Q   represent 0,   2.5, 
10,   and 20 (j.g of EB/ml respectively. 
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Figure 2.       Growth of EB8 in PAB at 37C  in the  presence of 
EB.     Symbols:    are as in Figure  1. 
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4 6 
TIME(hr) 

8 10 12 

Figure 3.       Growth of Marburg in MG (0. 5% glucose) at 37C  in 
the presence of EB.     Symbols:    •   ,   and Q    represent 
0,   and 2. 5 \xg of EB/ml respectively. 
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6 
TIME(hr) 

Figure 4.      Growth of EB8 in MG (0. 5% glucose) at 37C in the 
presence of EB.     Symbols:   •    ,  □   ,   and   o     represent 
0,   2. 5,   and  10 |j.g of EB/ml respectively. 
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presence of 10 (ag/ml.    It was found,   however,  that this incomplete 

expression of resistance could be overcome by adding casamino acids, 

as can be seen in Figures 5 and 6. 

From the results it appears that amino acids are essential 

to the full expression of resistance.    However,  testing of strain EB8 

on MG plates containing different amino acid pools,   as well as EB 

(10 (jig/ml),   failed to reveal any single amino acid that would permit 

full expression of resistance in minimal media. 

Effect of Temperature on the Expression 
of EB Resistance by Strain EB8 

Strain EB8 grew at 37 and 47C on TBAB medium containing 

10 (jig of EB/ml,   but not at 25 or 30C.    To see if this result could be 

repeated in liquid media,   strain EB8 was incubated at 37C in PAB 

containing EB (10 (ig/ml),   and then shifted to 30C.    After the shift 

to 30C,   growth was strongly inhibited,   and after  5. 5 hr,   long 

filamentous forms were observed microscopically. 

Cross-resistance to Acriflavine and Proflavine 

Table 2 summarizes the  results from experiments on cross- 

resistance to acriflavine and proflavine.    Strain EB8 grew on TBAB 

containing 5 and 10 |j.g of acriflavine /ml,  whereas the Marburg strain 

did not.    Strain EB8 was also cross-resistant to  10 \xg of 
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3 

TIME(hr) 

Figure 5.      Growth of Marburg in MG (0. 5% glucose) + 0. 2% 
CA at 37C in the presence of EB.    Symbols are 

n as in Figure  1. 
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Figure 6.      Growth of EB8 in MG (0. 5% glucose) + 0. 2% CA 
in the presence of EB.    Symbols are as in Figure  1. 
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Table 2.      Cross-resistance of strain EB8 to acriflavine and 
proflavine. 

Acriflavine Proflavine Incubation , 
a / 

Strain        cone,   (jjig/ml)        cone,   ((jig/ml)      temp.   (0C) Growth- 

Mar. 5 -- 37 
hi 

c/ 
EB8                           5 -- 37                         +-' 

Mar.                       10 -- 37 

EB8                        10 -- 37                        + 

Mar.                       -T 10 30                         ±- 

EB8                       -- 10 30                        + 

Mar.                      -- 20 30 

EB8                       -- 20 30                        + 

Mar.                      -- 10 37 

EB8                       -- 10 37                        + 

Mar.                      -- 20 37 

EB8                        -- 20 37                         + 

Mar.                       -- 10 47                         ± 

EB8                        -- 10 47                         + 

Mar.                       -- 20 47                         ± 

EB8                        -- 20 47                         ± 
_ 

— Growth was scored on TBAB containing the indicated concentra- 
tions of either acriflavine or proflavine. 

h/ 
— -  = No growth. 

c/ r, — + = Growth. 

j / 

-'■  ± = Marginal growth. 
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proflavine/ml when incubated at 30,   37 or 47C and to 20 |j.g/ml at 

30 or 37C,   but resistance at this concentration was marginal at 47C. 

Under these same incubation conditions and concentrations of pro- 

flavine,  the Marburg strain failed to grow. 

From the above results it is interesting to note that strain EB8 

was cross-resistant to proflavine when incubated at 30C, in contrast 

to the results obtained with EB. 

Strain EB8 was not cross-resistant to 25 |i.g of AB  /ml. 

The Effect of EB on Sporulation of Strain EB8 

Sporulation of strain EB8 was blocked when grown in the 

presence of EB (10 ng/ml) on either AK agar or in 2 x Shaeffer's 

sporulation medium.    After  16 hr of growth at 37C with vigorous 

shaking in 2 x Sheaffer's medium containing JO jxg of EB/ml,   micro- 

scopic examination revealed no spores or intermediate stages. 

However,   the cells were highly motile and their morphology appeared 

normal.    In contrast,   microscopic examination of the control culture 

(without EB) showed many spores and intermediate stages after the 

same incubation period.    Also,   strain EB8 appeared to sporulate 

normally on AK agar at both 37 and 47C. 

Germination and Outgrowth of Strain EB8 
in the Presence of EB 

Germination,  as followed by a loss of refractility and drop in 
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turbidity,   did not appear to be affected by EB (10 (jig/ml) when it was 

added to germinating spores of the Marburg or EB8 strains at the 

onset of germination.     But,   outgrowth was blocked in strain EB8 

except when EB was added after the first 45 min.     Figure 7 shows 

that when EB was added at times later than 45 min outgrowth took 

place,   however,   microscopic examination of the outgrowing cells 

showed that many curved and twisted forms were also present. 

Chromosomal Location of the EB Resistance Marker 

Genetic mapping studies using PBS1 bacteriophage mediated 

transduction were carried out since the chromosomal location of the 

EB resistance (ebr) marker might give some clue as to the mode of 

resistance.     Table 3 summarizes linkage data from two-factor 

crosses and shows that the ebr marker is cotransduced with the hisAl 

marker at a frequency of 6%.    However,   ebr does not appear to be 

linked to either the cysB3 or argC4 markers.    This would imply that 

ebr is located to the right of hisAl as represented in Figure 8,   since 

argC4 does not appear to be linked to hisAl (75) and cvsB3 cotrans- 

duced with hisAl at a frequency of 22% (20).    Results from the analy- 

sis of three-factor crosses involving the uvr- 1 and rou- 1 markers, 

shown in Table 4,   confirm this location.     Figure 8 shows the approxi- 

mate location of the ebr marker in relation to some other markers 

in the hisAl region of the  B.   subtilis chromosome. 
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Figure 7.      Germination and outgrowth of EB8 in PAB at 37C in 

the presence of EB.    Arrows indicate times of 
addition of EB (final concentration of 10 |ag/ml). 
Symbols •   ,    o    , ©  ,   and   D   represent;    no addition 
of EB,   addition at 40 min,   45 min,   and 50 min 
respectively. 



a/ 
Table 3.      Linkage relationships of the ebr marker as shown by two-factor transduction crosses.- 

Recipient 
Selected 
marker 

Unselected 
marker 

Fraction of 
recombinants 

(uns elected /selected) 

Cotransduction 
frequency 

(%) 

OSB169 

GSY1058 

BR19 

GSY1057 

GSY1057 

cvsBS 
+ 

argC4 

hisAl 
+ 

hisAl 

ebr 

ebr 

ebr 

ebr 

ebr 

hisAl 

0/571 

0/624 

136/1123 

36/501 

29/615 

0 

0 

12 

7 

a/ 
Donor:    PBSI lysate prepared on strain EB8. 
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cysfi3 rfiud      biiA) MVM 
I 1 t^d  

J42 21 

ebr 
-4— y/ 

fl£fl£4 

Figure  8.      Partial transduction map of the hisA region on the 
Bacilluys subtilis chromosome.    Arrows indicate 
the direction of selection of the crosses with direct 
selection being made for the marker at the tail of 
the arrow.    No arrow represents the average 
recorrVbination distance from crosses in both direc- 
tions.    aRecombination distance  "78" was taken 
from Dubnau et al.   (20). 
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a/ 
Table 4.      Analysis of three-factor transduction crosses.- 

hisAl rou- 1 ebr 
No.   of 

recombinants 

a)  Recipient:    BR19 
Selected phenotype:   His 

1*/ 1 1 2 
1 1 0 329 
1 0 1 57 
1 0 0 184 

Probable order: rou- ■1,   hisAl, ebr 

N o.   of 
hisAl uvr- 1 ebr recombinants 

b)   Recipient:    GSY1057 
Selected phenotype:   His 

1 1                         1 35 
1 1                        0 372 
1 0                         1 1 
1 0                        0 93 

Probable order: hisAl,   urv-1,   ebr 

No.   of 
ebr uvr-1               hisAl recombinants 

c)  Recipient:    GSY1057 
Selected phenotype:   EB 

1 
1 
0 
0 

1 
0 
1 
0 

29 
39 

0 
545 

Probable order:    ebr,   uvr-1,   hisAl 

a/ — Donor:    PBSI lysate prepared on stain EB8. 

— Donor and recipient phenotypes are denoted by 1 and 0 
respectively. 
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Effect of EB on RNA Synthesis in Whole Cells 
and Protoplasts 

The location of the ebr marker in a region on the B.   subtilis 

chromosome known to contain genes regulating cell wall synthesis 

(9,   75) suggested that resistance to EB might be due to a modification 

of the cell wall.    This possibility was tested by removal of the cell 

wall (protoplast formation) from the Marburg and EB8 strains,   and 

then comparing the effect of EB on RNA synthesis in both the whole 

cells and protoplasts.    RNA synthesis was measured by the uptake 

3 
of    H-5-urdine into TCA insoluble material.     Figures 9A and 9B 

show that RNA synthesis,   in both whole cells and protoplasts of the 

Marburg strain,  was completely inhibited by EB (10 |j.g/ml).     On 

the other hand,   RNA synthesis in whole cells and protoplasts of strain 

EB8 was inhibited by 10 \ig of EB/ml,   but not blocked (Figures 9C 

and 9D).    Moreover,   RNA synthesis in whole cells and protoplasts of 

strain EB8 appears to be inhibited to about the same degree.     This 

suggests that the cell wall is not necessary for the resistance of 

RNA synthesis(and probably resistance of cell growth in general) to EB. 

Fluorescence Measurements on Protoplasts of the Marburg 
and EB8 Suspended Strains with EB 

Since the experiments described above ruled out modification 

of the cell wall as being the major mode of resistance of strain EB8 
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Figure 9.      Effect of EB on RNA synthesis,   as measured by    H-5- 
uridine uptake into acidrinsoluble material,   in whole 
cells and protoplasts of Marburg and EB8.    A.    Marburg 
whole cells.   B.    Marburg protoplasts.    C.    EB8 whole 
cells.    D.    EB8 protoplasts.    Symbols: •   and   D. 
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to EB,   it was thought that protoplasts of the Marburg and EB8 strains 

might enhance EB fluorescence to a different degree.    If this were 

true,   then it might imply that cell membranes of the Marburg and 

EB8  strains bind EB differently,   either qualitatively,   quantitatively, 

or both (23).     Using an excitation wavelength of 542 nm,   no signifi- 

cant difference in relative fluorescence intensities was detected 

when different concentrations of protoplasts of the Marburg and EB8 

strains were  suspended in MG + 1% CA medium (contained 0. 67 M 

sucrose) in the presence of 10 (Jig of EB/ml.    When protoplast sus- 

pensions were diluted with distilled water,   a large increase'in the 

relative fluorescence intensity of EB (10 (jLg/ml) was seen with 

ruptured protoplasts of both the Marburg and EB8 strains,   and again, 

no difference could be observed between the two strains. 
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AN AFLATOXIN B   -RESISTANT MUTANT 

Growth of the Marburg and FST3 Strains 
in the Presence of AB 

To determine the effect of AB    on the Marburg and FST3 

strains,   growth was studied in the presence of various concentrations 

of AB    and under various cultural conditions.    It was found that 40 ^.g 

of AB   /ml had little effect on the growth of either strain at 30 or 37C 

in MG medium,   or at 37C in PAB medium (Figures  10-15).    However, 

the Marburg strain began to lyse after four hr of growth at 30C in 

PAB medium containing 40 fig of AB   /ml (Figure  16).    Strain FST3, 

on the other hand,   was relatively unaffected under the same condi- 

tions (Figure  17). 

Since the growth medium appeared to play an important role 

in the response of the Marburg strain to AB  ,   it was of interest to 

see if the lytic response could be related to media which permitted 

rapid growth.     Figure  18 shows that addition of casamino acids 

(1%) to MG medium containing AB    did not result in the lysis of the 

Marburg strain during growth at 30C.    Therefore,   some property 

other than the promotion of rapid growth must result in the lytic 

response to AB    in PAB medium. 

During the growth studies it was noted that the generation 
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times for strain FST3 were always greater than those for Marburg 

strain under the same conditions (Table 5). 

Table 5.      Generation times for the Marburg and FST3 strains. 

/ Generation 
Strain Media Temp I (C) time (min) 

Mar. PAB 37 22 

FST3 PAB 37 29 

Mar. MG 37 60 

FST3 MG 37 95 

Mar. PAB 30 33 

FST3 PAB 30 48 

Mar. MG 30 74 

FST3 MG 30 158 

The Effect of Aflatoxin B    on Germination 
and Outgrowth 

Germination and outgrowth (at 37C) of spores of the Marburg and 

and FST3 strains were followed to see if AB    affected either of these 

processes and if any difference in response could be noted between 

the mutant and wild type strains.     Figures  19 and 20 show that AB 

had no effect on germination,   but outgrowth was inhibited about 

equally in both strains. 
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Effect of Aflatoxin B    on Sporulation 
of the Marburg and FST3 Strains 

Sporulation of strain FST3 was nearly seven-fold more 

resistant to AB    than that of the Marburg strain.    DMSO (1%) was 

also inhibitory to sporulation of both strains (Table 6) 

Table 6.     Sporulation of the Marburg and FST3 strains in the 
presence of aflatoxin B   .— 

Percent 
Strain Treatment sporulation 

Mar. none 109 

FST3 none 104 

Mar. 1% DMSO 71 

FST3 1% DMSO 79 

Mar. 1% DMSO + AB^ 9. 4 

FST3 1% DMSO + AB^ 62 

a/ Concentration of AB    is 40 fxg/ml. 

Chromosomal Location of the AB    Resistance Marker 

Genetic mapping studies using PBS1 bacteriophage mediated 

transduction were done to determine the location of the AB 

resistance marker on the B.   subtilis chromosome. 

Two-factor transduction crosses showed that the AB 

resistance marker was linked to both the cysA and ade 16 markers 

(Table 7).    Data from three-factor crosses (Table 8) show that the 
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resistance marker is located to the right of the strA marker as 

represented in Figure 21. 

Table 7.     Linkage relationships of the afb marker as shown by two-factor transduction crosses. 

Fraction of 
Selected Unselected recombinants Cotransduction 

Recipient marker marker (unselected/selected) frequency {%) 

OSB192 
+ 

cysA afb 154/208 74 

FST1 
+ 

cysA afb 170/260 65 

BD3 adel6+ afb 16/208 8 

Cross-Resistance Relationships of Various 
Drug-Resistant Mutants 

Cross-resistance of strain FST3 and other mutants resistant 

to various drugs,  was studied to see if any correlation could be found 

between AB    resistance and resistance to other drugs. 

Strain FST3 was not cross-resistant to:   acriflavine (5 or 10 |j.g/ 

ml),   EB (10 |jLg/ml),   erythromycin (l|ig/ml) or mitomycin C 

(0.1     |jLg/ml).    It was cross-resistant to proflavine (10 or 20 |j.g/ml). 

But cross-resistance to AB    (25 |j.g/ml) was not found in four pro- 

flavine resistant mutants.    During genetic mapping studies three 

erythromycin resistant mutants derived from OSB19 2 were found 

to be marginally cross-resistant to AB    (25 |j,g/ml).     The two EB- 

resistant mutants tested,  were not cross-resistant to AB    (25 

(ig/ml). 
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Table 8.    Analysis of three factor transduction crosses. 

cys A strA afb No.   of recombinants 

a)  Donor:    FST3 
Recipient:    FST1 

154 
79 
16 
11 

Selected phenotype: Cys 

i*/ 1 1 
1 1 0 
1 0 1 
1 0 0 

Possible orders:      1)    cysA,   strA,   afb 

2)   afb,   cysA,   strA 

strA afb cysA No.   of recombinants 

b) Donor:    FST1 
Recipient:    FST3 
Selected phenotype:    streptomycin-resistance 

111 147 
110 10 
10 1 86 
10                    0 16 

Possible orders:       1)    cysA,   strA,   afb 

2)   afb,   cysA,   strA 

cysA afb novA No.   of recombinants 

c) Donor:    FST3 
Recipient:   FST4 
Selected phenotype:    Cys + 

111 54 
1 10 29 2 
10 1 102 
10                     0 72 

Probable order:   novA,   cysA,   afb 

a/ — Donor and recipient phenotypes are denoted by 1 and 0 
respectively. 
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Figure 21.       Partial transduction map of the cysA region on the B.   subtilis chromosome. 
Arrows indicate the direction of selection of the crosses with direct selection 
being made for the marker at the tail of the arrow.    No arrow represents the 
average recombination distance from crosses in both directions.    Recombin- 
ation distances from:      a       Dubnau et al.   (20) 

b       GoldthwalteTet al.   (2 5) 
c        Van Alstyne and Simon (70) 
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Effect of AB    on Macromolecular Synthesis 

Location of the AB    resistance marker in a region of the  B. 

subtilis chromosome known to contain resistance loci for a number 

of antibiotics which inhibit protein synthesis (25) suggested that the 

site of action of AB    might be protein synthesis.    In Figures 22 and 

23 it can be seen that inhibition of protein synthesis in either strain 

was relatively slight,   however,   inhibition in the Marburg strain was 

greater than in strain FST3 (19% vs-   57o after 45 min).    The effect 

of AB    on RNA synthesis in both the Marburg and FST3 strains was 

also small and the difference between the strains did not appear to 

be significant (Figures 24 and 25).    Inhibition of DNA synthesis by 

AB    (39%) was more  severe than in either protein or RNA synthesis, 

however,   the difference between the Marburg and FST3 strains was 

negligible (Figures 26 and 27). 

The Effect of AB    on DNA Synthesis and Growth 
During Prolonged Incubation 

DNA synthesis by the Marburg and FST3 strains appeared to be 

more  sensitive to inhibition by AB    than protein or RNA synthesis, 

therefore it was of interest to see if DNA synthesis was shut down by 

AB    at some time prior to lysis of the Marburg culture.     From 

Figure 28 it appears that DNA synthesis continues past the time at 
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which the cell density decreases (4. 5 hr).     This result suggests that 

DNA synthesis inhibition by AB    in the Marburg strain may be a 

secondary and not a primary effect.     Figure 29 shows that DNA 

synthesis in strain FST3 is less affected by AB    than.in the Marburg 

strain. 

Viability of the Marburg and FST3 Strains 
in the Presence of AB 

Results from experiments on macromolecular synthesis were 

inconclusive as to the site of action of AB , therefore viability was 

studied to see at what point it would decrease during growth in the 

presence of AB  .    Figure 30 shows that after one hr viability began 

3 
to decline at an exponential rate resulting in a  10   -fold loss in 

viable organisms.    On the other hand no loss of viability occurred 

during incubation of strain FST3 in the presence of AB    (Figure 31). 
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DISCUSSION 

A Comparison of the Expression of Resistance 
in Strains EB8 and FST3 

Physiological characterization of the expression of resistance 

in strains EB8 and FST3 showed many differences between the two 

strains.    In strain EB8 resistance to EB is expressed during vegeta- 

tive growth in casamino acid supplemented minimal medium or 

complex media,   and at incubation temperatures greater than 30C. 

In contrast,   growth of strain FST3 was resistant to AB    at 30 or 

37C  in either minimal or complex media.     Thus it appears that EB 

resistance in EB8 is conditional whereas AB    resistance in strain 

FST3 is not.     Growth of the Marburg strain was sensitive to AB    at 

30C,   and relatively resistant at 37C in PAB medium.    Incubation 

medium was also found to be important in determining sensitivity 

of the Marburg strain to AB  .     Growth in MG medium was more 

resistant to AB    than in PAB medium at the same temperatures. 

But increased AB  -sensitivity did not appear to be only a function of 

a media which promotes rapid growth since casamino acid supple- 

mented MG gave the same result as MG alone.     From these observa- 

tions a similarity can be noted between the expression of "AB 

resistance" in the Marburg strain and EB resistance in strain EB8, 

i.e. ,   expression of resistance in both strains appears to be 
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conditional.     The germination of EB8 or Marburg spores as measured 

by loss of refractility was unaffected by EB but outgrowth was blocked 

by the drug in both strains. 

However,   outgrowing EB8 spores became at least partially 

resistant to EB at about 45 min after the start of germination indicat- 

ing that at this point some cell component is synthesized or can 

accumulate in sufficient quantities such that it can counteract the 

complete inhibitory effect of EB. 

AB    did not affect germination of Marburg or FST3 spores, 

but outgrowth was inhibited about equally in both strains.    This 

result suggests that resistance in strain FST3 was not expressed 

during outgrowth in the presence of AB   .    No attempt was made to 

determine if strain FST3 became AB   -resistant at sometime during 

outgrowth because addition of AB    to PAB at 37C is difficult,   due 

to solubility problems at this temperature. 

Sporulation of strain E B8 was blocked by EB suggesting that the 

cell component conferring EB resistance to strain EB8 is either not 

present,   is altered,   or fails to protect cells at sometime during late 

log or early stationary growth phase.    However,   at least one cellular 

function that occurs during late-log phase was not blocked,  namely 

cell motility. 

AB    inhibited sporulation to a greater extent in the Marburg 
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strain than in strain FST3,  thus AB    resistance is expressed during 

sporulation. 

Genetic mapping experiments showed that the EB resistance 

and AB    resistance markers were located in different regions on the 

B.   subtilis chromosome.     The EB resistance marker was located in 

the hisAl region while the AB    resistance marker was located near 

the origin of the B.   subtilis chromosome. 

Proflavine was the only drug to which both strains EB8 and 

FST3 were found to be cross-resistant.    Strain EB8 was not cross- 

resistant to AB  ,   but was cross-resistant to acriflavine.    Strain 

FST3 was not cross-resistant to either EB or acriflavine.    During 

the genetic mapping studies,  three erythromycin-resistant mutants 

were isolated and found to be marginally cross-resistant to AB   . 

However,  when strain FST3 was tested,   no cross-resistance to 

erythromycin could be demonstrated.    Erythromycin is an antibiotic 

that acts on the 50S ribosomal subunit,   however,   Goldthwaite and 

Smith (26) found that ribosomes from an erythromycin-resistant 

mutant of B.   subtilis (ery- 1) were not erythromycin-resistant and 

concluded that either the ery- 1 mutation was not ribosomal or 

conditions were not adequate to measure in vitro resistance.     Thus 

it is uncertain as to whether AB    could act on bacterial ribosomes. 

Since the chromosomal location of the AB    resistance marker is 

near a mitomycin C resistance marker (65),   strain FST3 was tested 
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for and was found not to be cross-resistant to mitomycin C. 

Possible Modes of Resistance in Strain EB8 

The EB-resistance marker mapped in a chromosomal region 

that contains genes known to regulate cell wall biosynthesis (9,   67). 

But a modified cell wall is probably not the major cause of EB 

resistance in strain EB8 since RNA synthesis by EB8 protoplasts 

was resistant to EB. 

Fluorescence measurements of protoplasts of the Marburg and 

EB8 strains suspended in high sucrose media containing EB failed to 

reveal any difference in the enhancement of EB fluorescence by the 

two strains which indicates that binding of EB to protoplasts by the 

two strains is probably qualitatively and quantitiatively very similar. 

This result does not rule out an alteration in the cell membrane. 

Disruption of the protoplasts by dilution with distilled water enhanced 

the fluorescence of EB to about the  same extent in both strains which 

would decrease the probability that nucleic acids of strain EB8 have 

been altered in their ability to bind EB.     Binding differences were 

shown by Saffhill et al.   (64) when they compared the enhancement of 

fluorescence of EB with RNA from an EB-resistant variant of QB 

bacteriophage with that of a sensitive variant. 

Three possible explanations for EB resistance are:   a) muta- 

tional alteration of EB-stimulated deoxyribonuclease activity; an 
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enzyme activity reported by Paoletti et al.   (60) in yeast mitochondria, 

b) alteration of DNA and/or RNA polymerase sensitivities as sug- 

gested by Bouanchaud et al.   (8),  and   c) modification of the cell mem- 

brane as has been shown by Nakamura and Suganuma (53) in the case 

of an acriflavine-sensitive mutant of E.  coli Kl2.     The phenotype of 

strain EB8 appears to be most consistent with the latter explanation. 

However,   at the present time,   the mode of EB resistance in 

strain EB8 is not known. 

Possible Modes of Resistance in Strain FST3 

The chromosomal location of the AB    resistance marker in a 

region where a number of markers have been mapped that confer 

resistance to antibiotics known to inhibit  ribosomal functions (25) 

suggested the possibility that protein synthesis might be inhibited by 

AB    in the Marburg strain and relatively unaffected in strain FST3. 

A differential response was found,   but it was small because AB  - 

inhibition of protein synthesis was slight in the Marburg strain. 

The effect of AB    on RNA synthesis was also slight,   but DNA 

synthesis was inhibited moderately (39%) in both strains during a 

45 min incubation period.    During six hr of growth in the presence 

of AB  ,   DNA synthesis in the Marburg strain continued even after 

the culture started to lyse.    This indicates that inhibition of DNA 

synthesis may be a secondary and not a primary effect. 
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After one hr of incubation the Marburg strain lost viability 

at an exponential rate in the presence of AB   .    Strain FST3,   however, 

did not lose viability under the  same conditions.     From this is appears 

that the earliest and most pronounced effect of AB    on the Marburg 

strain is to cause a rapid loss of viability. 

The mode of AB    resistance in strain FST3 could be explained 

by at least three different possibilities.    These are:   a) A cell mem- 

brane mutation altering permeability to AB  ,   or binding and/or 

disruption of the membrane by AB   .    Although the results of this 

study do not provide direct evidence in support of this possibility,   it 

is known that cell membranes from B.   megaterium are capable of 

binding AB    tightly (42).    Also Chan e_t al.   (13) have shown that the 

membrane lipid composition in a thermophilic bacillus is a function of 

growth temperature.     This could explain why the inhibitory effect of 

AB    is greater on Marburg cells grown at 30C than those grown at 

37C.     b)   A cell division mutation rendering a step(s) in cell division 

resistant to AB  .    This possibility is supported by the location of 

the AB    resistance marker in the same chromosomal region as a 

cell division marker (70) and microscopic observation of long 

filamentous forms in Marburg cultures exposed to AB  .     c)   A 

mutation that renders some step(s) in protein synthesis resistant to 

AB    (e. g. ,   a ribosomal mutation).    Evidence for this possibility is 

based on the location of AB    resistance marker in a chromosomal 
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region rich in genes that confer resistance to antibiotics known to 

inhibit ribosomal functions (25),  and on the assumption that the dif- 

ference in the response of protein synthesis to AB  ,   between the 

two strains,   is significant. 

At this time not enough is known to enable a choice to be 

made among the possibilities presented above. 
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SUMMARY 

1. Expression of EB resistance in an EB-resistant mutant 

(EB8) derived from the Marburg strain of B.   subtilis was complete 

only during vegetative growth at incubation temperatures above 30C 

in complex medium, or minimal medium supplemented with casamino 

acids (MG + 1% CA) containing EB (10 (jig/ml).     On the other hand, 

expression of AB    resistance was not conditional in an AB  -resistant 

mutant (FST3) derived from the Marburg strain of B.   subtilis. 

Growth of strain FST3 was resistant to AB    (40 jig/ml) at incubation 

temperatures of 30 or 37C in either complex or MG media.    Growth 

of the Marburg strain was sensitive to AB    (40 |j.g/ml),at incubation 

temperatures of 30 or 37C in either complex or MG media.     Growth 

of the Marburg strain was sensitive to AB    (40 [xg/ml) at an incu- 

bation temperature of 30C in PAB medium,   but was relatively 

resistant to AB    in the same medium at 37C.     Growth in MG or 

MG + 1% CA medium was resistant at either 30 or 37C. 

2. Sporulation was blocked in strain EB8 by EB (10 (jig/ml). 

On the other hand,   sporulation by strain FST3 was nearly seven-fold 

more resistant to AB    (40 |j.g/ml) than sporulation by the Marburg 

strain in the presence of the same concentration of AB  . 

3. Outgrowth of EB8 spores became at least partially resistant 

to EB (10 (jig/ml) at 45 min after the onset of germination.    Outgrowth 
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of both Marburg and FST3 spores was inhibited equally by AB 

(40 iig/ml). 

4. The only drug to which both strains EB8 and FST3 were 

cross-resistant,  was proflavine.    Strain EB8 was not cross- 

resistant to AB  ,   but was cross-resistant to acriflavine.    Strain 

FST3 was not cross-resistant to EB,   acriflavine,   erythromycin,   or 

mitomycin C. 

5. The EB-resistance marker was cotransduced with hisA 

at a frequency of 6% and was located to the right of hisAl on the  B. 

subtilis chromosome.    The AB    resistance marker was linked to 

both the cysA and ade 16 markers by transduction,  and was located 

to the  right of the strA marker. 

6. RNA synthesis by both whole cells and protoplasts of 

strain EB8 was EB-resistant. 

7. Marburg and EB8 protoplasts enhanced the fluorescence 

of EB to the same extent. 

8. AB -inhibition of protein synthesis was greater in Marburg 

strain (19%) than in strain FST3 (5%). 

9. AB   -inhibition of RNA-synthesis was slight and approxi- 

mately equal in both the Marburg and FST3 strains. 

10.      DNA synthesis was inhibited moderately by AB    (39%) and 

to about the same extent in both Marburg and FST3 strains. 
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11. Marburg cells began to lyse in the presence of AB,   (40 

(ig/ml) before DNA synthesis ceased. 

12. After one hr of incubation in the presence of AB    (40 \±g/ 

ml) Marburg cells began to lose viability at an exponential rate 

3 
leading to a 10   -fold loss in viable cells.    FST3 cells did not lose 

viability under the same conditions. 

13. The results of this investigation are inconclusive as to 

the mode:of action of AB    and do not support the hypothesis that EB 

and AB    share the same mode of action. 
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