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ABSTRACT 

Two recombinant strains of Streptomyces griseus have been devel- 
oped to report on the activation of promutagenic t chemicals. This acti- 
vation is monitored by reversion of the bacterial test strains to a kana- 
mycin-resistant phenotype.  Strain H69 detects point mutations and 
was reverted at an increased frequency by acetonitrile, 2-aminoanthra- 
cene, 1,2-benzanthracene, benzidine, benzo(a)pyrene, 9,10-dimethyl- 
1,2-benzanthracene, and glycine. The second strain, FS2, detects 
frame shift mutations and was reverted at an increased frequency by 
1,2-benzanthracene, benzidine, and glycine. Compounds  such as 
butylated hydroxytoluene, catechol, chlorobenzene, hydroquinone,  
potassium chloride, phenol, cis-stilbene, trans-stilbene, and toluene 
did not elicit positive responses in either strain. In addition, these 
strains are capable of detecting direct-acting mutagens such as N- 
methyl-N'-nitrosoguanidine and ICR-191, providing further evidence 

t(pro)mutagenic = promutagenic/mutagenic 
*Author to whom all correspondence and reprint requests should be addressed. 
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of their promise for detecting a wider range of mutagens. To our knowl- 
edge, this is the first report of bacterial strains capable of activating 
promutagenic compounds and detecting their mutagenic metabolites 
without the benefit of an exogenous activation system such as the 
rodent liver homogenate ($9). 

Index Entries: Streptomyces griseus; cytochrome P-450; activation 
of promutagens; detection of mutagens. 

INTRODUCTION 

The prolific action of industrial communities releases vast quantities 
of man-made chemicals into our environment. Some of these chemicals 
are directly toxic, and others are nonhazardous in their original form. 
Metabolism of this latter class by mammalian cells sometimes leads to the 
formation of mutagenic chemicals. Such chemicals are called promutagens, 
and their metabolism to mutagenic metabolites is termed activation. This 
particular capability of mammalian cells has been exploited in current 
short-term genotoxicity assays such as the Salmonella/Ames assay, in 
which the enzymatic system of rodents is harnessed for activation of a 
variety of promutagenic xenobiotics (1). 

Microorganisms have long been recognized for their abilities to ox- 
idize xenobiotic compounds using either their constitutive or inducible 
enzymatic systems. Xenobiotic oxidation by microorganisms can lead to 
detoxification and/or toxification of various chemicals. An example of 
detoxification of xenobiotics was shown by Cerniglia et al. (9) with the 
filamentous fungus Cunninghamella elegans, which oxidizes promutagenic 
polycyclic aromatic hydrocarbons such as benzo(a)pyrene [B(a)P] to non- 
mutagenic metabolites. 

We have shown that the soybean flour-induced cytochrome P-450soy 
of S griseus resembles its mammalian counterparts in oxidizing a variety 
of structurally diverse xenobiotics (25) and also in activating a variety of 
promutagenic chemicals by replacing the rat liver ($9) fractions in the 
conventional salmonella/Ames gene-mutation assay (23). 

Exploiting this capability, we have constructed genetically engineered 
strains of S griseus containing a suitable phenotypic marker that can con- 
comitantly activate (pro)mutagenic chemicals and monitor their muta- 
genic potentials. 

MATERIALS AND METHODS 

Microorganisms, Growth Media, and Buffers 

Streptomyces griseus ATCC 13273 was obtained from the American 
Type Culture Collection (Rockville, MD). Streptomyces lividans JI1326 (13) 
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and Escherichia coli MC1061 (8) have previously been described. Strepto- 
myces strains were typically stored as spores frozen in 20% glycerol at 
- 80~ Escherichia coli MC1061 was stored at - 80~ in 25% glycerol/50% 
growth medium. Escherichia wli strains were grown on LB medium con- 
sisting of tryptone (1%), NaC1 (1%), and yeast extract (0.5%) at 37~ Am- 
picillin or kanamycin (Kan) (25 #g/mL) were added as required. Strepto- 
myces strains were grown at 28~ in soybean-glycerol (SBG) medium 
(22) and one-half Yeme (13) as described before. Alternatively, these orga- 
nisms were grown on M7 agar that contained (per L) glucose (10 g), NZ 
amine type A (casein hydrolysate, 2 g), yeast extract (1 g), COC12 (10 mg), 
and agar (22 g) with thiostrepton (Ts, 10 #g/mL) or Kan (50 #g/mL). P buffer 
was prepared as described before (13). 

Materials 

Soybean flour was purchased from Natural Sales Co. (Pittsburgh, 
PA); yeast extract was from Oxoid (Colombia, MD); and antibiotics and 
TES buffer were from Sigma Chemical Co. (St. Louis, MO). NZ amine 
was obtained from ICN Biomedicals (Cleveland, OH). 

Plasmid Construct ions  

Plasmid plJ702-pBR322 was made by ligating BamHI-digested pBR322 
(6) with BamHI-digested pIJ702 (14). This plasmid was used for subse- 
quent manipulations in E coli of the streptomyces vector pIJ702. A 1.3 kb 
HindIII-Xmal DNA fragment containing the Tn5 Kan resistance gene 
was inserted into the BgIII site of pIJ702-pBR322 using BcII linkers (New 
England Biolabs, Beverly, MA), forming pIJ702-Kanr-pBR322. Next, pIJ702- 
Kanr-pBR322 or its derivatives was cut with BamHI, separating the pBR322 
DNA from the pIJ702-Kan r DNA, and recircularized under dilute condi- 
tions (< 3.0/~g/mL) to favor intramolecular ligation before transformation 
into S lividans. 

Plasmid pFS, a Kan-sensitive plasmid similar to pIJ702-Kan r, was 
constructed by inserting, via site-directed mutagenesis (7,21), a guanine 
nucleotide between bases four and five of the open reading frame of the 
Kan resistance gene. Kan-sensitive derivatives of pIJ702-Kan r (pH 60-71) 
were made by hydroxylamine mutagenesis of this plasmid as described 
before (18), followed by transformation and selection of S griseus for Ts 
resistance and Kan sensitivity. The nature of these mutations is unknown. 

Genetic Transformations 

Streptomyces lividans was transformed as described by Hopwood and 
colleagues (13); S griseus protoplasts were obtained using 0.7% glycine 
and were incubated with shaking (250 rpm) at 28~ for an additional 24 h. 
Protoplasts were resuspended in 200 #L of modified P buffer and were 
either used immediately for transformation or stored at -80~ 
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Mutation Frequencies 
Mutation (revertant) frequencies for Kan resistance of S griseus strains 

containing Tsr-Kan s (FS2, H60-H71) plasmids were determined as follows. 
Cultures were streaked onto M7 agar plates containing Ts and incubated 
aerobically for 5 d at 28~ Spores were harvested as described previously 
(13), titered by dilution in sterile distilled water, and plated on M7 plates 
containing either Ts or Kan. Plates were then incubated aerobically for 4 d 
at 28~ and the number of colonies on each plate was counted. Mutation 
frequencies were calculated as the number of colonies growing on plates 
containing Kan divided by the number of colonies growing on plates con- 
taining Ts multiplied by the dilution factor. 

Mutagenicity Assessment 
Two S griseus strains, FS2 and H69, were used in all assays. One con- 

trol flask and one test chemical flask of each strain were used per assay. 
Approximately 10s-106 spores were inoculated into 125mL DeLong flasks 
containing 25 mL of SBG medium and Ts (10 ag/mL). Organisms were first 
grown in this medium at 28~ for 72 h (stage I). A 10% inoculum was then 
made in another flask containing fresh SBG medium and Ts (stage II). 
Various concentrations of the test chemicals [in 1500 aL of dimethylsulf- 
oxide (DMSO) or in a minimal vol of a suitable solvent plus 1500 aL of 
DMSO] were added to 24-h-old stage II cultures. An equal aliquot of sol- 
vent, without the test chemical, was added to the control flask. The cul- 
tures were then incubated with shaking at 28~ for 24 h. Aliquots were 
then removed from each flask, washed three times with sterile 100 mM 
potassium phosphate buffer (pH 6.7), resuspended in a small quantity of 
the same buffer, and spread (in triplicates) onto M7 agar plates containing 
either Ts or Kan. 

Data Evaluation 

Data (control mutation frequencies) were analyzed by One-Way Anal- 
ysis of Variance (ANOVA) using standardized computerized software (4). 
The mean square error estimate from the ANOVA of all control data was 
used in calculating the Dunnet 's  t statistic (24). Statistical significance 
(probability of response greater than one-tailed) was judged at the 95% 
level of confidence (p < 0.05). This analysis provides for comparing each 
treatment individually with the control. A response was judged positive 
when the mean mutation frequency of the individual treatment exceeded 
the calculated Dunnet 's  t statistic. 
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RESULTS AND DISCUSSION 

Genetically manipulated strains of S griseus were used to activate 
promutagenic chemicals and report on the formation of their mutagenic 
metabolites. The Tn5 Kan resistance gene was chosen to provide the 
phenotypic marker in a reversion assay, since the wild-type S griseus cells 
are highly sensitive to this antibiotic (5). Two high-copy number plasmids, 
pIJ702-Kan r (Fig. 1) and pFS, each containing a Kan resistance gene were 
transformed into S griseus. Plasmid pIJ702-Kan r confers resistance to both 
Kan and Ts, whereas the analogous pFS plasmid contains a frameshift 
mutation within the Kan resistance gene. 

A number of other plasmids with mutations in pIJ702-Kan r were 
made by in vitro hydroxylamine treatment (18). Streptomyces griseus trans- 
formants containing pH69 and pFS were then chosen on the basis of spon- 
taneous reversion frequencies (8 x 10-7 and 0.9 x 10 -7, respectively) (Table 
1), uniformity of colonies of spontaneous mutants, and ability to be re- 
verted to Kanr by known (pro)mutagens. Mutagenesis in both strains was 
monitored by reversion of the mutated Kan resistance gene. For ease of 
nomenclature, these strains are referred to as strains H69 and FS2 in this 
communication. 

Many (pro)mutagenic chemicals are hydrophobic in nature and must 
be dissolved in a solvent to ensure their homogeneous distribution in the 
aqueous growth medium. B(a)P was chosen as a model substrate, and the 
effect of a variety of commonly used organic solvents and their concentra- 
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Table 1 
Spontaneous Mutation Frequencies a of S griseus Strains H69 and FS2 

Parameter 

Strain N b Ave. (x 10- 7) SD (x 10- 7) SEM ( x 10- 7) 

H69 35 8.0 10.63 1.80 
FS2 35 0.9 1.40 0.24 

Note: Ave. = average mutation frequency; SD= standard deviation; and SEM= standard 
error of mean. 

aMutation frequency in the presence of 6% DMSO. 
bNumber of independent experiments from which data were taken. 

Table 2 
Effect of Solvents on Mutagenicity 

of Benzo(a)pyrene [B(a)P] a on S griseus Strain H69 

Kan titer Ts titer Mut. freq. 
Solvent Mutagen (1 x 102) (1 x 108) (1 x 10 -7) 

1.2% Acetone none 1.40 7.23 1.94 
B(a)P 1.63 4.40 3.70 

4.0% Acetone none 3.70 12.30 3.01 
B(a)P 3.07 25.00 1.23 

4.0% DMF none 11.30 38.0 2.97 
B(a)P 4.70 15.7 2.99 

4.0% Hexane none 5.73 16.3 3.51 
B(a)P 3.27 27.0 1.21 

4.0% CH2C12 none 4.07 26.3 1.56 
B(a)P 3.87 49.7 0.78 

4.0% Toluene none 2.67 21.3 1.25 
B(a)P 6.30 27.0 2.33 

0.8%DM SO + none 0.73 4.20 1.75 
0.4% Acetone B(a)P 1.30 6.90 1.88 

3.0% DMSO none 1.40 6.43 2.17 
B(a)P 5.47 5.53 9.88 

6.0%DMSO none 1.57 4.97 3.15 
B(a)P 15.1 4.27 35.5 b 

aB(a)P (5.0 rag) was dissolved in the solvent indicated prior to its addition to 24-h-old 
stage II cultures. 

bp< 0.05; > 3x over control. 
Note: Kan=kanamycin; Ts=thiostrepton; DMF--dimethylformamide; DMSO=Di- 

methylsulfoxide; and Mut. Freq. = mutation frequency. 

t ion on  its mu tagen ic i t y  on strain H69 was  t es ted  (Table 2). The da ta  ob- 
t a ined  ind ica ted  tha t  B(a)P dissolved in 6% D M S O  p r o d u c e d  the  h i g h e s t  
m u t a t i o n  f r equency  in H69, p r e s u m a b l y  the  resul t  of an  increase in cellu- 
lar permeabi l i ty .  Since a DMSO requ i r emen t  was  observed  wi th  a n u m b e r  
of o the r  p r o m u t a g e n s  (Buchholz a n d  Sariaslani,  u n p u b l i s h e d  observa-  
t ions),  it was  selected as the solvent  of choice for fu r ther  s tudies .  In cases  
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where a particular chemical was not soluble in DMSO, the chemical dis- 
solved in a minimal vol of another suitable solvent was added to the cul- 
tures with 6% DMSO. 

It was previously observed that the highest rate of xenobiotic oxida- 
tion is usually obtained with 24-h-old stage II organisms, which contain 
the highest level of cytochrome P-450soy (22). Strict adherence to the two- 
stage fermentation protocol used in previous studies was a prerequisite 
for obtaining the highest mutagenic activity with various chemicals (23). 
Reduction of the duration of stage I from 72 to 48 h or addition of the 
chemicals at the beginning of stage II instead of after 24 h of growth con- 
sistently reduced the mutagenic activity. Therefore, the established two- 
stage fermentation protocol was used prior to substrate addition through- 
out this study. 

To obtain an accurate estimate of the number of mutated cells, a sporu- 
lation step was included in this assay. Streptomyces are mycelial organisms 
and as such, direct plating on a selective medium can result in colonies 
formed from multicellular aggregates rather than from single cells. (Pro)- 
mutagen-treated cultures were therefore plated on a nonselective 
medium to allow for spore formation. Single colonies obtained from these 
spores were then plated onto a selective medium for an accurate estima- 
tion of the number of mutated cells. 

In order to determine an optimum concentration for chemicals in 
each assay, B(a)P was chosen as a model, and a study was performed in 
which B(a)P was tested for its mutagenicity at various concentrations. 
Results obtained indicated that a 200 #g/mL concentration was adequate 
for B(a)P since these experiments were designed to determine the overall 
response rather than to define a clear dose-response relationship. Dose- 
response analysis (linear trend) was not conducted because of the perme- 
ability problems associated with the hydrophobic substrates used. This 
permeability problem was overcome by Ames and co-workers in the Sal- 
monella tester strains by selecting for the deep-rough (rfa) genotype, 
which also confers sensitivity to crystal violet (1,16). 

Table 3 summarizes the positive and negative responses obtained for 
chemicals evaluated thus far with H69 and FS2. The known rodent muta- 
gens/carcinogens; 2-aminoanthracene, benzidine, benzo(a)pyrene, 9,10- 
dimethyl-l,2-benzanthracene, and N-methyl-N'-nitrosoguanidine (2,11 ), 
produced positive results in the S griseus test system. 

Acetonitrile, 1,2-benzanthracene, hydroquinone, and ICR-191, which 
have exhibited mutagenicity in mammalian in vitro gene-mutation assays  
(2), have unknown carcinogenicity. All of these chemicals, except hydro- 
quinone, were identified as positive by the S griseus test system. Available 
data indicate that hydroquinone is not active in the Salmonella/Ames 
mutagenicity assay (20). Nonmutagenic chemicals such as butylated 
hydroxytoluene, toluene, and trans- and cis-stilbene, which are inactive in 
the Salmonella/Ames assay, did not give rise to increased mutation fre- 
quencies in this system either. However, the nonmutagenic compound 
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Table 3 
Summary of Mutagenic Responses for S griseus Strains H69 and FS2 

for Chemicals Tested at 200 #g/mL Concentration 

Chemical Source H69 FS2 

Acetonitrile Fisher + + + - 
2-Aminoanthracene Sigma + + - 
1,2-Benzanthracene Aldrich + + + + 
Benzidine Sigma + + + 
Benzo(a)pyrene Sigma + + + - 
Butylated hydroxytoluene Sigma - - 
Catechol Sigma - - 
Chlorobenzene Aldrich - - 
9,10-Dimethyl-l,2-benzanthracene Sigma + + - 
Glycine Fisher + + + 
Hydroquinone Sigma - - 
N-Methyl-N'-nitro- 

N-nitrosoguanidine Sigma + - 
Mutagen ICR-191 Polysciences + + + + + + 
Phenol Sigma - - 
Potassium chloride EM Sciences - - 
cis-Stilbene Aldrich - - 
trans-Stilbene Aldrich - - 
Toluene Aldrich - - 

Note: + = < 2xcontrol, and p< 0.05; + + = > 2x control, and p< 0.05; and + + + = >3x  
control, and p< 0.05. 

g lycine  was  ident i f ied  as a m u t a g e n  by S griseus. The response  el ici ted b y  
glycine  is caused  by  its effect on  s t r ep tomyces  cell walls (13). It s h o u l d  be 
n o t e d  tha t  H69 a n d  FS2 s h o w  di f ferent  r e sponses  to the  same  c o m p o u n d ,  
e .g. ,  N-me thy l -N ' -n i t r o soguan id ine .  This is expected,  since FS2 de tec t s  
f rame-sh i f t  m u t a g e n s  and  H69 strain detects  point  muta t ions .  

C O N C L O S I O N S  

Since the  d e v e l o p m e n t  of the  Salmonella typhimurium pla te - incorpora-  
t ion assay  by  A m e s  a n d  co-workers  (1), n u m e r o u s  inves t iga tors  h a v e  
s o u g h t  to exploit  the  use  of bacteria in shor t - te rm genetic toxicity assess-  
m e n t s  (3,17,19). Of  part icular  no te  is the  recent  effort  to deve lop  bacter ia l  
test  sy s t ems  tha t  are sensi t ive to a w ide r  range  of genotoxins ,  e .g. ,  chlori-  
na t ed  hydroca rbons  and  metals,  t han  the  S typhimurium strains u s e d  in the  
A m e s  tes t  (16). Addi t ional ly ,  efforts  have  been  m a d e  to deve lop  tes t  sys-  
t ems  tha t  require  a single o rgan i sm ra ther  t h a n  the four  or five s t ra ins  of  
bacteria c o m m o n l y  used  in the Sa lmonel la /Ames  gene-muta t ion  as say  (15). 
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Although progress has been made in the above areas, one important 
area of development remains to be rigorously pursued. Currently, a 
mammalian-derived enzymatic system (rodent liver S-9 preparation), 
induced by a polychlorinated biphenyl (Aroclor ~ 1254), is employed for 
activation of promutagens in all of these test systems (10). Considering 
today's concern about the use of animals in routine toxicology assess- 
ments and the safety issues on handling hazardous chemicals such as 
Aroclor, an alternative activation system, probably from a bacterial source, 
would be highly desirable. Furthermore, it would be most convenient if 
both the promutagen activation and mutagen detection systems were 
harbored within a common biological system. This could be achieved by 
constructing an appropriately modified bacterium that could simulta- 
neously activate promutagens while providing a reporter function. 

In an earlier publication (23), we reported that S griseus cells grown in 
a soybean flour-enriched medium could replace the ($9) fraction for activa- 
ing promutagenic chemicals in a modified Salmonella/Ames assay. In this 
communication, we have exploited the enzymatic capabilities of S griseus 
for activation of (pro)mutagenic chemicals and have developed two unique 
recombinant strains of S griseus that can activate (pro)mutagens and assay 
for the presence of potentially mutagenic chemicals. The data obtained in 
this study, in terms of the overall response, underline the potential of 
these recombinant strains for further development and use in genetic 
toxicology studies. Further studies are in progress to simplify the induc- 
tion and growth requirements of these strains. 
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