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ABSTRACT 

We have developed a s imple,  r e l a t i v e l y  comprehensive method f o r  

the  recovery  o f  n o n v o l a t i l e  mutagenic compounds f rom su r face  waters .  

The method recovers con~pounds by sequent ia l  passage of the  water  sarnple 

through a s i  1 i c a  ge l  bed ( t o  mechanical l y  f i  1 t e r  t he  sample and t o  

adsorb wa te r - i nso lub le  compounds such as po l ynuc lea r  a romat ic  hydrocar-  

bons), then a cation-exchange bed ( t o  adsorb c a t i o n i c  and amphoter ic 

compounds), and then an anion-exchange bed-a1 1 c o n t a i  r~ed  i n  a s i n g l e  

mu1 t i - b e d  column o f  g lass  and t e f l o n ,  t h e  p a r f a i t  column. N o n v o l a t i l e  

compounds n o t  adsorbed t o  any o f  these beds ( i  .e., n e u t r a l ,  water -  

s o l  ub l  e compounds) were recovered f o l  1 owing concen t ra t i on  o f  t h e  c o l  umn 

e f f l u e n t  by vacuum d i  s t i  11 a t i o n  a t  < 30". 

The beds o f  t he  p a r f a i t  column were separated and e l u t e d  indepen- 

d e n t l y .  Water-so lub le  i o n i c  compounds were e l u t e d  w i t h  2 M t r i e t h y l -  

am~nonium carbonate, and hydrophobic compounds were e l u t e d  w i t h  acetone. 

Under vacuum, t he  acetone o r  t he  components o f  t h e  tr iethylammonium 

carbonate b u f f e r  ( t r i e t h y l  amine and C02) were removed, l e a v i n g  t he  non- 

v o l a t i l e  components o f  t he  water  sample i n  t he  res idue .  Acetone 

res idues  were taken up i n  d ime thy l su l f ox i de ;  t h e  o the rs  were taken up 

S n water .  

Using t he  Ames SaZmoneZZa/microsome r e v e r s i o n  assay, each res idue  

was assayed f o r  mutagenic a c t i v i t y .  

The method was eva lua ted  by recovery  o f  f i v e  known mutagens, 

benzo(a)pyrene, 4 -n i  t r o q u i n o l  ine -1  -ox ide,  e t h i d i  um bromide, n i  t r o f u r y l -  

furamide, and sodium az ide,  each i n i t i a l l y  sp i ked  i n t o  a sample o f  

l a b o r a t o r y  de ion ized  wate r  and an environmental  wa te r  sample t o  a f i n a l  

concen t ra t i on  o f  l e s s  than 3 ppb. Recover ies were c a l c u l a t e d  f rom the  

mutagenic a c t i v i t y  observed i n  t he  e x t r a c t s ,  i n  comparison t o  t he  

a c t i v i t y  i n  p a r a l l e l  e x t r a c t s  o f  an unspi  ked wate r  sample. Under these 

cond i t i ons ,  t he  p a r f a i t / d i s t i l l a t i o n  method was ab le  t o  recover  de tec t -  

ab le  mutagenic a c t i v i t y  w i t h  t h r e e  o f  t he  f i v e  mutagens t es ted .  



The method has been used t o  survey t e n  I l l i n o i s  su r f ace  waters 

f o r  n a t u r a l l y  o c c u r r i n g  mutagenic a c t i v i t y .  Samples from two s i t e s ,  

t h e  Fox R i v e r  a t  Aurora, I l l i n o i s ,  and t h e  S a l t  Fork Creek a t  Urbana, 

I l l i n o i s ,  showed s i g n i f i c a n t  mutagenic a c t i v i t y .  

The p a r f a i  t l d i s t i  11 a t i o n  method d i f f e r s  f rom o t h e r  techniques 

f o r  t h e  recovery  o f  waterborne mutagens i n  i t s  emphasis on t he  recovery 

o f  nonvol a t i  1  e  compounds and n e u t r a l  wa te r -so l  u b l e  compounds. Th is  

rnethod has a1 so de tec ted  s i g n i f i c a n t  mutagenic a c t i v i t y  i n  samples as 

smal l  as 2 g a l l o n s  o f  water,  a  volume consumed by a  normal person every 

few days. 

Th i s  s tudy  represen ts  t he  f i r s t  s t ep  i n  t h e  development o f  a  

r o u t i n e  method f o r  t h e  assay o f  mutagens i n  d r i n k i n g  wate r  and d r i n k i n g -  

water  supp l i es .  The r e s u l t s  o f  t h i s  s tudy  and t he  s t r o n g  c o r r e l a t i o n  

o f  mutagenic a c t i v i t y  t o  carc i r logenic  p o t e n t i a l  r a i s e s  t h e  p o s s i b i  1  i ty 

t h a t  corrlpounds p resen t  i n  su r face  waters may pose a  ch ron i c  t h r e a t  t o  

the p u b l i c ' s  hea l t h .  
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S E C T I O N  I 

INTRODUCTION 

The m a j o r i t y  o f  human cancer i s  b e l i e v e d  t o  be induced by chemical 

and phys i ca l  agents p resen t  i n  the  environment (Higg inson and Muire,  

1976). Whi le research e f f o r t s  con t inue  t o  e x p l o r e  t he  na tu re  o f  cancer 

i n  hopes o f  f i n d i n g  a cure, t h e  presumed env i ronmenta l  e t i o l o g y  o f  can- 

c e r  has suggested a means o f  p reven t ion :  reduce human exposure t o  ca r -  

c inogen ic  substances i n  t he  environment.  To implement t h i s  s t r a t e g y  

r e q u i r e s  t he  d e t e c t i o n  o f  ca rc inogen ic  substances i n  t h e  environment so 

t h a t  t h e i r  sources can be i d e n t i f i e d  and t he  substances removed o r  expo- 

sure t o  them 1 i m i  ted.  

The i d e n t i f i c a t i o n  o f  carcinogens i n  t he  environment can be 

achieved i n  e i t h e r  o f  two fundamental ways. F i r s t ,  env i ronmenta l  samples 

can be assayed f o r  i n d i v i d u a l  chemicals o r  c lasses  o f  cherr~icals which 

have p r e v i o u s l y  been found t o  be ca rc i nogen i c  i n  animal cancer bioassays. 

Thi s i s t h e  chemical approach. Second, t he  b i o l  og i  c a l  approach assays 

env i ronmenta l  samples f o r  t h e  a b i  1 i ty  t o  induce b i o l o g i c a l  a c t i v i t i e s  

t h a t  a r e  c o r r e l  a ted  wi t h  c a r c i  nogeni c p o t e n t i  a1 . Appropr ia te  b i o l o g i c a l  

a c t i v i t i e s  i n c l u d e  damage t o  DNA, mutagenesi s,  and recombinogenic 

a c t i v i t y .  The d e t e c t i o n  o f  these a c t i v i t i e s  s i g n a l s  t h e  presence of a 

p o t e n t i a l  carc inogen i n  t he  sample. 

The chemical approach t o  t he  d e t e c t i o n  o f  env i ronmenta l  ca rc i no -  

gens i s  ve ry  power fu l  . Modern a n a l y t i c a l  chemis t ry  p rov ides  s e n s i t i v e  

methods f o r  t h e  e x t r a c t i o n ,  sepa ra t i on  and q u a n t i t a t i v e  d e t e c t i o n  o f  

s p e c i f i c  chemicals from env i ronmenta l  ma t r i ces .  Because t he  chemical 

be ing  s t u d i e d  i s  known, each s tep  i n  t h e  procedure f o r  recovery and 

a n a l y s i s  of t he  compound can be eva lua ted  by r e c o n s t r u c t i o n  exper iments.  

However, t he  chemical approach requ i  r e s  t h a t  t he  ca rc i nogen i c  p o t e n t i a l  

o f  each cornpound sought i n  t h e  environment must have p r e v i o u s l y  been 

eva lua ted  i n  animal bioassay. Only approx imate ly  6000 chemicals have 

ever  been t e s t e d  f o r  ca rc inogen ic  a c t i v i t y ,  o f  which o n l y  20 percen t  

were found t o  be carc inogen ic  (Na t i ona l  Cancer I n s t i t u t e ,  1970-71 ) . 
Since t he  t o t a l  number of chemicals i n  common use i n  t h e  U.S. approaches 



63,000, a  number t h a t  grows by about 1,000 p e r  yea r  (Maugh, 1978), 

t he  chemical approach cannot p o s s i b l y  be used f o r  most environmental  

carcinogens-we s imp ly  do n o t  have t h e  resources t o  determine t h e  

carc inogen ic  p o t e n t i a l  of  t h e  57,000 un tes ted  chemicals.  

I n  c o n t r a s t  t o  t h e  chemical approach, t he  b i o l o g i c a l  approach i s  

n o t  t i e d  t o  p rev ious  knowledge o f  a  chemical ' s  ca rc inogen ic  a c t i v i t y .  

A b i o l o g i c a l  a c t i v i t y  known t o  be c o r r e l a t e d  w i t h  ca rc i nogen i c  p o t e n t i a l  

i s  de tec ted  i n  t he  environmental  sample, i n d i c a t i n g  t h e  presence o f  one 

o r  rnore p o t e n t i a l  carcinogens i n  t he  sample. S ince most chemicals have 

never been t e s t e d  f o r  ca rc inogen ic  a c t i v i t y ,  t h e  b i o l o g i c a l  approach 

should have a cons iderab le  advantage over  t h e  chemical approach f o r  t he  

d e t e c t i o n  o f  environmental  carcinogens. 

The comprehensive na tu re  o f  t h e  b i o l o g i c a l  approach i s  a l s o  t h e  

source o f  i t s  p r i n c i p a l  weakness. I f  carc inogenesis  i s  n o t  d i r e c t l y  

assayed, how p r e d i c t i v e  o f  ca rc inogen ic  p o t e n t i a l  i s  t h e  b i o l o g i c a l  

a c t i v i t y  t h a t  i s  assayed? 

Among t h e  t h r e e  k i nds  o f  b i o l o g i c a l  a c t i  v i  t y  ment ioned p r e v i o u s l y ,  

o n l y  one-mutagenesi s-has been e x t e n s i v e l y  compared t o  carc inogen ic  

p o t e n t i a l .  Assays o f  recombinogenic a c t i v i t y  ( i n  t h e  form o f  t he  s i s t e r  

chromat id  exchange assay i n  mammal i a n  c e l l  s )  a re  re1  a t i  v e l y  new, a1 though 

they  show a s t r i k i n g l y  h i g h  c o r r e l a t i o n  w i t h  carc inogen ic  p o t e n t i a l  i n  

the  l i m i t e d  comparisons t h a t  have been made (S te t ka  and W o l f f ,  1976). 

Assay f o r  DNA damage by t h e  DNA r e p a i r  t e s t  has been w i d e l y  used i n  

bas i c  research on mutagenesis. DNA damage would p robab ly  c o r r e l a t e  

w i t h  ca rc i nogen i c  p o t e n t i a l  about as we1 1 as mutagenesis, s i nce  DNA 

damage i s  cons idered t o  be a p r e l i m i n a r y  s tep  i n  most pathways l e a d i n g  

t o  muta t ion .  

The comparison o f  mutagenic and carc inogen ic  p o t e n t i a l  c a r r i e d  

o u t  us i ng  t he  Ames SaZmoneZZa/microsome b a c t e r i a l  r e v e r s i o n  assay has 

revea l  ed an excel  1  e n t  qua1 i t a t i  ve c o r r e l  a t i o n  between mutagenesi s  and 

c a r c i  nogenesi s  (McCann e t  aZ. , 1975; McCann and Ames , 1977 ; Ames , 1977). 



In a study of 175 carcinogens, Ames found that over 90 percent 

of them were detected in the mutagenesis assay. Conversely, less  than 

10 percent of 100 noncarcinogens tested were found to be mutagenic.* 

Indeed, the strong correlation of mutagenesis with carcinogenesis 

has led to  the formulation of a hypothesis that s ta tes  that  the f i r s t  

essential event in malignant transformation i s  a mutational event. This 

theory i s  known as the somatic mutation hypothesis. The theory predicts 

that  mutagens are carcinogens. 

Therefore, the use of an assay of mutagenesis in the biological 

approach to the detection of environmental carcinogens can be expected 

to work we1 1 .  Any mutagenic act ivi ty detected can reasonably be expected 

to represent carcinogenic potential. In addition, the use of a t e s t  for  
mutagenic ac t iv i ty  will probably detect f a r  more carcinoger~ic chemicals 

than have as yet been identified as carcinogens by animal bioassay or 

epidemiological study. Finally, however, no single mutagenesis assay 

can be expected to detect a l l  carcinogens-a small number of fa lse  

negatives can be expected to occur. 

Objectives 

The work to be described in th is  report undertook to adapt a 

widely used t e s t  for  mutagenicity, the Ames SaZmoneZZa/microsome rever- 

sion assay, for  use with surface-water samples. The objective was to 

develop a t e s t  which could be applied to  the routine monitoring of sur- 

face waters for mutagens. 

*Ames c lass i f ies  as a mutagen any compound that  acts directly to  induce 
mutation or that  i s  converted into an active mutagen through metabolism 
by an extract of l iver  enzymes added to  the t e s t  plate. Properly speak- 
ing, compounds that require metabolism to  be converted to the genetically 
active form are termed promutagens. From the perspective of mutagenic 
insul t  to  hunans, however, the distinction i s  essent ial ly  irrelevant 
since any promutagen entering the body would be acted upon by enzymes 
similar to  those used in the Ames assay. 



The s p e c i f i c  o b j e c t i v e s  o f  t h e  research i nc l uded  cons ide ra t i on  

o f  methods f o r  t h e  s t e r i l i z a t i o n  o f  t h e  wate r  samples ( a  p r e r e q u i s i t e  

o f  t h e  Ames assay),  f o r  t h e  concen t ra t i on  o f  t h e  o rgan i c  m a t e r i a l s  

p resen t  i n  t he  water  ( t o  p rov ide  s u f f i c i e n t  mutagen t o  d e t e c t  i n  t h e  

t e s t ) ,  and f o r  t h e  e v a l u a t i o n  o f  t h e  q u a n t i t a t i v e  l i r n i t a t i o n s  o f  t h e  

t e s t .  I n  t h i s  endeavor we proposed t o  use t h e  i n f o r m a t i o n  ob ta ined  

f rom t h e  USEPA study,  "Mon i t o r i ng  t o  Detec t  - Prev ious l y  - Unrecognized 

P o l l u t a n t s H - t h e  PUP p r o j e c t  (Ewing e t  aZ., 1977, p. 32).  The PUP study - 
at tempted t o  i d e n t i f y  and q u a n t i t a t e  a l l  o f  t h e  o rgan i c  c o n s t i t u e n t s  

o f  sur face-water  samples c o l l e c t e d  f rom 200 s i t e s  na t ionwide .  Our i n -  

t e n t i o n  was t o  assay t h e  PUP samples f o r  mu tagen i c i t y  w i t h  t h e  Ames 

assay and t o  c o r r e l a t e  t he  spectrum o f  chemicals p r e v i o u s l y  i d e n t i f i e d  

i n  each PUP sample w i t h  t he  mutagenic a c t i v i t y  observed. I n  t h i s  way 

we hoped t o  v a l i d a t e  t he  d e t e c t i o n  o f  i n d i v i d u a l  mutagens, t o  d e t e r -  

mine t h e  q u a n t i t a t i v e  l i m i t a t i o n s  o f  t h e  assay when a p p l i e d  t o  complex 

m i x t u r e s  o f  o rgan ic  chemicals,  and t o  i d e n t i f y  s y n e r g i s t i c  i n t e r a c t i o n s  

and i n t e r f e r e n c e s  arrlong ch'emical s. 

L i t e r a t u r e  Search f o r  C i t a t i o n s  o f  Mutagenic, Tumorigenic,  and 

Tera togen ic  A c t i v i t y  o f  Compounds I d e n t i f i e d  i n  t he  PUP Study 

Our s tudy  began w i t h  a  search o f  t h e  l i t e r a t u r e  f o r  c i t a t i o n s  o f  

mutagenic a c t i v i t y  i n  t he  Arnes assay by t h e  cornpounds i d e n t i f i e d  i n  t h e  

PUP study.  I n  a d d i t i o n  we looked up those compounds i n  t h e  Na t i ona l  

I n s t i t u t e  f o r  Occupat ional  Sa fe ty  and Hea l t h  (NIOSH) R e g i s t r y  of Tox i c  

Substances (1977),  a  compendium o f  t he  w o r l d ' s  p r imary  t o x i c o l o g i c a l  

l i t e r a t u r e .  C i t a t i o n s  o f  tumor igen ic ,  mutagenic, and t e r a t o g e n i c  ac- 

ti v i  ty f ror r~ t h e  R e g i s t r y  were recorded i n  Tab1 e  I. O f  143 compounds 

s p e c i f i c a l l y  i d e n t i f i e d  i n  t h e  PUP study, 33 (23 pe rcen t )  were repo r ted  

i n  t h e  NIOSH R e g i s t r y  t o  e x h i b i t  a t  l e a s t  one o f  these a c t i v i t i e s .  Such 

a  h i g h  percentage o f  compounds showing b i o l o g i c a l  a c t i v i t y  was f r i g h t e n -  

i n g  a t  f i r s t  g lance, b u t  a  more d e t a i l e d  e v a l u a t i o n  o f  these c i t a t i o n s  

a l lowed severa l  d i s t i n c t i o n s  t o  be made. 

One t h i r d  o f  t h e  compounds i n  Table I were c i t e d  o n l y  f o r  t e r a t o -  

genic  a c t i v i t y .  Tera togen ic  agents a c t  d u r i n g  pregnancy t o  produce 



Table I. C i t a t i o n s  of Mutagenic, T m o r i g e n i  c, o r  Teratogenic  A c t i v i t y  
o f  Compounds I d e n t i f i e d  i n  the PUP Study 

Chemical I A R C  Designation Refea Mutagen Tumori gen Teratogen 

Anthracene 
Atrazine 
Benzene 
2-benzothiazolethiol 

b 
c - ra t  

1 p lan t  
suspected human carcinogen c-hmn ,t-mus 

t-mus 
Biphenyl t-mus 
Bronrodi chloromethane 2 sal 
Caffeine 
Carbon te t rach lor ide  
Chloroform 

pos i t i ve  animal carcinogen 
suspected animal carcinogen 

r a t  ,mus ,rbt 
t - r a t  ,c-mus r a t  
t - r a t  ,c-mus r a t  

Chl oroprene r a t  
1,2- d i b r o m t h a n e  3 sal c - ra t  .c-mus 
Dibutyl  phthalate 
Di chl oromethane 
2.4-dichlomhenol 

sal 
r a t  

c-mus 
~~chlorophenoxyacet i  c ac id  r a t  
Di(ethy1 hexyl ) phthalate r a t  
Diethy1 phthalate r a t  
Di isobuty l  phthalate r a t  
Diocty l  phthalate r a t  
P-di oxane pos i t i ve  animal carcinogen c- ra t  ,t-mus ,t-gpg 
Ethylmethyl ketone r a t  
Hexachl orobenzene mus 
Indol e t-mus 
Hethybnethacryl ate c - ra t  
Phenanthrene t -mus 
Pyrene t-mus 
~ e t r a c h l o r o  phenol (mixed isomers) t-mus 
T r i  bromome thane 2 sal c-mus 
Trichloroethylene pos i t i ve  animal carcinogen 2 sal c-mus 
2,4,6-trichlorophenol c-mus 
2,4,5-trichlorophenoxyacetic ac id  t -mus r a t  ,mus 
Vinyl idene chlor ide 2 sal 

a~eference t o  mutagenicity i n  the SaZmmZZa/microsane assay: (1) Plewa and Gentile, 1976, (2) Simnon, Kauhanen, 
and Ta rd i f f ,  1977, and (3) McCann e t  aZ. , 1975. A l l  other c i t a t i ons  were f ran  the National I n s t i t u t e  of Occupa- 
t i ona l  Safety and Health R e g i s m  of Toxic Substances (1977). 

bmus = muse, r b t  = rabb i t ,  sal = SaZmaeZZa iq~hhZLTYiun, gpg = guinea pig, hmn = human; t = tumor (whether 
malignant o r  benign i s  undefined), and c = cancer (a malignant tumor). 



physical or  functional defects in the  fe tus  o r  offspring.  Death i n  

utero i s  a common measure of experimental teratogenesis.  Because the 

development of the mammalian fe tus  during pregnancy i s  acutely sens i t ive  

t o  the surrounding chemical environment, many otherwise innocuous chem- 

ical  s may exhibi t  teratogenic a c t i v i t y ,  pa r t i cu la r ly  i f  administered 

under acute experimental laboratory regimes. Table s a l t  (NaC1) and cane 

sugar (sucrose) a re  among the compounds t h a t  exhibi t  teratogenic ac t i v i t y  

under such condit ions,  and they are  l i s t e d  as experimental teratogens in 

the MIOSH reg is t ry .  Teratogenesis i s  strongly dependent upon the dose 

of agent given, the route of administration and the stage of development 

of the fe tus  during administration. I t  was of concern therefore t o  note 

whether the experimental route of admi ni s t r a t i  on fo r  the PUP compounds 

c i t ed  in the l i t e r a t u r e  ref lected l ike ly  routes of entry  of environ- 

mental compounds and whether the experimental doses administered in 

s tudies  c i t ed  were comparable t o  environmental concentrations found fo r  
the PUP compounds. 

Among the teratogens in Table I ,  a l l  of the  phthalate e s t e r s  

c i ted  were administered by in t raper i  toneal in jec t ion ,  a route normal ly  

unavailable t o  environmental compounds. The other teratogens l i s t e d  

were administered e i t h e r  in the  d i e t  or  by inhalation.  For those not 

in jected,  the dosages were between 1 percent and 30 percent of a le thal  

dose, apparently excessive in comparison t o  the l eve l s  found in surface 
waters. I t  i s  well established t h a t  there a r e  threshold dosages fo r  

experirr~ental teratogens; i . e .  , there a re  doses below which no tera to-  

genic e f f ec t s  occur. The compounds found in  the PUP study were present 

a t  concentrations subs tan t ia l ly  below those needed t o  induce experimental 

animal teratogenesi s .  Based on th i  s know1 edge, therefore ,  i t  seems 

unlikely t h a t  any of the compounds found in the  PUP study pose a large  

teratogeni c r i sk  t o  the human population .* 

*We recognize, however, t ha t  t h i s  concl usion extrapolates experimental 
r e su l t s  from rodent t o  man and t ha t  there  are substant ia l  qua l i t a t i ve  
and quan t i t a t ive  differences in the teratogenic responses of primates 
compared t o  nonprimates. I t  should be noted t h a t  the majority of com- 
pounds found in the PUP study have never been tes ted fo r  tera togenici ty  
in primates, a t  any dose. 
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sepa ra t i on  and i d e n t i f i c a t i o n  o f  o rgan ics  e x t r a c t e d  f rom the  wate r  

samples. Th is  ins t rument  b e s t  i d e n t i f i e s  v o l a t i  l e y  o rgan i c -ex t rac tab le  

compounds, so i t  i s  n o t  s u r p r i s i n g  t o  f i n d  mos t l y  v o l a t i l e  spec ies on 

t he  PUP l i s t  o f  compounds i d e n t i f i e d .  However, v o l a t i l e  o rgan ic -  

e x t r a c t a b l e  compounds do n o t  comprise a1 1  o f  t h e  cherrlicals i n  sur face  

waters.  It was es t imated  by one a n a l y t i c a l  chemist  i n v o l v e d  w i t h  t he  

PUP study*  t h a t  no more than 30 pe rcen t  o f  a l l  compounds a c t u a l l y  p resen t  

i n  t h e  wate r  samples were de tec ted .  More recen t  es t imates  f rom s i m i l a r  

EPA-sponsored s tud ies  pu ts  t he  number o f  o rgan ics  p resen t  t h a t  have been 

i d e n t i f i e d  a t  about 10 percent .  Amino ac ids  a re  t r i v i a l  examples o f  

compounds norma l l y  p resen t  i n  su r f ace  waters a t  ppb concent ra t ions  t h a t  

were n o t  de tec ted  by t h e  PUP s tudy.  These compounds a r e  amphoter ic and 

p o o r l y  v o l a t i l e  un less s p e c i f i c a l l y  d e r i v a t i z e d .  

Revised Research P l  an 

The PUP r e s u l t s  obv ious l y  d i d  n o t  p rov ide  a  s u f f i c i e n t  cata logue 

of t he  compounds i n  t h e  wate r  samples t o  r e a l  i s t i  c a l  l y  p r e d i c t  t h e  muta- 

gen ic  response and/or synergisms and i n t e r f e r e n c e s  i n  t h e  Ames assay, 

as proposed i n  t h e  o r i g i n a l  research p lan .  I n  a d d i t i o n ,  most o f  t he  

compounds i d e n t i f i e d  by t h e  PUP s tudy  were v o l a t i l e  and thus would 

very  l i k e l y  have been w h o l l y  o r  p a r t i a l l y  l o s t  d u r i n g  s to rage  o f  t he  

PUP water  samples. Therefore we abandoned t h e  use o f  t h e  PUP samples 

and research r e s u l t s  t h a t  was o r i g i n a l l y  planned. The PUP da ta  were 

r e t a i n e d  o n l y  as an i n d i c a t o r  o f  t y p i c a l  concen t ra t ions  o f  t r a c e  organics 

expected i n  su r f ace  waters.  

To meet t he  p roposa l ' s  o b j e c t i v e s ,  we decided f i r s t  t o  undertake 

a  s tudy  o f  t he  causes o f  sys temat ic  f l u c t u a t i o n s  i n  t he  Ames assay. 

I t was a n t i c i p a t e d  t h a t  any r o u t i n e  mon i t o r i ng  procedure would p rov ide  

o n l y  smal l  amounts o f  o rgan i c  m a t e r i a l s  f rom t h e  wate r  sample, l ead ing  

t o  o n l y  smal l  responses i n  the  Ames assay. Under these cond i t i ons ,  t h e  

s i z e  o f  t h e  sys temat ic  f l u c t u a t i o n s  i n  the  assay would be t h e  f a c t o r  

*J. C. Means, 1977; personal communication. 



dete rmin ing  t he  d e t e c t i o n  1  i m i  t ( s e n s i t i v i t y )  o f  t he  t e s t .  Sec t ion  I 1  

i s  a  copy o f  a  manuscr ip t  i n  p repa ra t i on  f o r  Mutation Research, d e s c r i  b- 

i n g  t h i s  work. 

An a d d i t i o n a l  r e v i s i o n  o f  t h e  research p l a n  was made t o  meet t h e  

need f o r  a  comprehensive system f o r  recovery and concen t ra t i on  o f  o rgan i c  

compounds f rom water.  Several  recovery methods have been used i n  o t h e r  

l a b o r a t o r i e s ,  i n c l u d i n g  vacuum d i s t i  1  l a t i o n ,  adso rp t i on  on r r ~ a c r o r e t i c u l a r  

r es i ns ,  i o n  exchange, reverse  osmosis, s o l v e n t  e x t r a c t i o n s ,  and adso rp t i on  

on to  a c t i v a t e d  charcoal .  Each o f  these methods has p a r t i c u l a r  advantages 

and drawbacks-none i s  i d e a l  and comprehensive by i t s e l f .  Vacuum d i s -  

t i l l a t i o n  recovers a l l  n o n v o l a t i l e  m a t e r i a l s  b u t  concen t ra tes  a l l  o f  t h e  

s a l t s  i n  water;  t he  s a l t s  o f t e n  i n t e r f e r e  w i t h  subsequent bioassay o r  

chemical ana l ys i s .  The d i s t i l l a t i o n  process i s  slow; and t h e  concentra- 

t i o n  occurs i n  t h e  l i q u i d  phase so t h a t  hydrogen i o n s  o r  t r a c e  meta ls  

and o rgan ic  spec ies a re  concentrated t oge the r  severa l  hundredfo ld ,  poten- 

t i a l l y  a c c e l e r a t i n g  chemical r e a c t i o n s  among the  compounds i n  t h e  e x t r a c t .  

M a c r o r e t i c u l a r  r e s i n s  a re  o f  g r e a t  u t i l i t y  b u t  a r e  somewhat s e l e c t i v e  

and r e q u i r e  r e l a t i v e l y  l ong  c o n t a c t  t imes (on t h e  o r d e r  o f  minutes)  f o r  

e f f e c t i v e  adso rp t i on  o f  some m a t e r i a l s .  I o n  exchange i s  obv ious l y  se lec-  

t i v e ,  b u t  i t  i s  r a p i d  and has h i g h  capac i t y .  ~ e v e r s e  osmosis has a  lower  

e f f i c i e n c y  o f  recovery than t h e  o t h e r  methods ment ioned here and r e q u i r e s  

very  l a r g e  volumes o f  sample, b u t  i t  i s  o therw ise  r e l a t i v e l y  comprehensive 

and acceptable.  So lven t  e x t r a c t i o n  has been w i d e l y  a p p l i e d  t o  water  

samples, as i n  t h e  PUP p r o j e c t .  It w i l l  n o t  no rma l l y  recover  amphoter ic 
\ 

and n e u t r a l ,  wa te r - so lub le  compounds. The compounds t h a t  i t  does recover  

w e l l  a re  u s u a l l y  those most amenable t o  GC/MS and a r e  t h e r e f o r e  t h e  ones 

c u r r e n t l y  bes t  charac te r i zed .  A  s i m i l a r  s ta tement  can be rnade about 

h i g h l y  v o l  a t i  1  e  compounds t h a t  a re  recoverab le  by g a s - s t r i  pp ing techniques.  

Charcoal adso rp t i on  shows some s e l e c t i v i t y  t h a t  i s  sometimes d i f f i c u l t  

t o  p r e d i c t ,  and i t  i s  o f t e n  d i f f i c u l t  t o  recover  t h e  compounds f rom the  

charcoal .  

From c o n s i d e r a t i o n  o f  these methods, t h e  PUP study,  and t h e  p r o j -  

e c t ' s  resources and o v e r a l l  o b j e c t i v e s ,  t h e  f o l l o w i n g  goa ls  were se t :  
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a s i l i c a  ge l  bed was added t o  t h e  proposed t r a i n ;  t h i s  bed would add 

t he  a d d i t i o n a l  p rope r t y  o f  adsorb ing h i g h l y  wa te r - i nso l  u b l e  m a t e r i a l s  

such as po l ynuc lea r  a romat ic  hydrocarbons be fo re  t hey  cou ld  adsorb on- 

t o  t h e  po l ys t y rene  m a t r i x  o f  t he  i o n  exchangers. 

Design o f  t h e  P a r f a i t  Column 

To implement t h e  proposed t r a i n  o f  recovery  s teps,  we f i r s t  

a t tempted sequent ia l  passage o f  wa te r  samples through i n d i v i d u a l  g l ass  

columns o f  s i l i c a  ge l ,  Amber l i t e  I R  120 cat ion-exchange r e s i n ,  and 

Amber l i te  IRA 400 anion-exchange r e s i n .  Flow r a t e s  th rough t y p i c a l  1 -  

cm-diameter c y l i n d r i c a l  columns hav ing 50-1111 bed volumes were very  slow. 

To process a one-ga l lon  sample of de ion i zed  l a b o r a t o r y  water  r e q u i r e d  

more than 8 hours, which was u n s a t i s f a c t o r y  f o r  ou r  purpose. To enhance 

f low r a t e s  and expose t he  sample t o  each adsorbent i n  sequence, severa l  

phys i ca l  arrangerner~ts o f  t h e  beds were cons idered.  The s tack ing  o f  beds 

i n  a  s i n g l e  column was considered, b u t  t h i s  arrangement posed t h e  prob- 

lem o f  r ecove r i ng  each bed independent ly  o f  t h e  o the rs  f o r  subsequent 

e l u t i o n .  We cons idered columns t h a t  would open i n t o  two ha1 ves , expos- 

i n g  t h e  s tacked beds. We cons idered r e c t a n g u l a r  columns w i t h  2  remov- 

a b l e  opposing s i des  a t  r i g h t  angles t o  t h e  d i r e c t i o n  o f  f l o w .  We con- 

s i de red  modular beds t h a t  c o u l d  a t t a c h  i n  a  l i n e a r  sequence, w i t h  l a r g e  

area f o r  f l o w  through t h e  e n t r y  and e x i t  o r i f i c e s .  F i n a l l y  we cons idered 

beds s tacked between spacers t h a t  were connected i n  t u r n  t o  a  c e n t r a l  

pos t  t h a t  cou ld  be used t o  p u l l  t h e  e n t i r e  assembly o f  beds o u t  so t h a t  

each bed cou ld  be recovered sepa ra te l y  as i t  e x i t e d .  Only t h e  modular 

concept was as a t t r a c t i v e  as t he  stacked p a r t i t i o n e d  bed, o r  " p a r f a i t "  

column; b u t  because o f  i t s  s i m p l i c i t y  t h e  p a r f a i t  column was t h e  f i r s t  

t o  be at tempted (F igs .  1A and 1B). 

Cons idera t ion  was g iven  t o  t h e  c o n t a c t  t ime  necessary f o r  e f f e c -  

t i v e  adso rp t i on  o f  cornpounds on to  each bed. Adsorp t ion  o f  po l ynuc lea r  

aromat ics  on to  g l ass  surfaces occurs r a p i d l y  (McGinnes and Snoeyink, 

1974), a l t hough  we have n o t  found pub l i shed  r e p o r t s  o f  q u a n t i t a t i v e  

measurements o f  t h e  minimum t ime requ i red .  Technica l  l i t e r a t u r e  frorn 
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Chemical Species Recovered In : 

Triethylammonium Acetone Eluate 
Recovery step fraction Carbonotc Eluate - 
Water Sample (2 gal.) 

FRACTION B 
q-.) 

7 0 - 2 3 0  mesh ASTM 
silica gel 

FRACTION A 

5 0  ml 

I aromatic hydro- 
carbons, water- 
insoluble species 

Amberlite IF? 120 
cation exchange 

50ml  

I FRACTION C 

species 
Amberlite IRA 400 
onion exchange 

7 0 m l  

I FRACTION G 
vacuum neutral water- 

triethylamrnoniurn 
I 

carbonate 

distillation -+ 
of eluate 

F igure  1 ~ .  Recovery o f  Mutagens by the  P a r f a i t  Colulnn Method 

soluble species. 
note; residue 
recovered directly 
in water, not in  





I R  120: 1.75 meq/ml x  50 m l  bed vo l  = 87.5 meq minimum 

I R A  400: 1 .2 meq/ml x  70 m l  bed vol  = 84 meq minimum 

The volumes o f  samples w i t h  c o n d u c t i v i t i e s  g rea te r  than 10 mM 

NaCl (equ i va len t )  were reduced t o  accommodate the  c o l  umn i o n  capac i ty  . 

MATERIALS AND METHODS 

Chemicals , Mater i  a1 s  and Reagents 

Benzo(a)pyrene [B(a)P] and e t h i  dium bromide (EB) (2,7-di ami no-10- 

e t h y l  -9-phenyl phenanthr i  d i  n i  um bromide) were ob ta ined from the  Sigma 

Chemical Co., 4 -n i  t r o q u i n o l  ine-1 -ox ide (4-NQO) f rom I C N ,  and sodium . 

az ide  (NaN3, techn ica l  ) f rom Eastman; 2 - (2 - fu ry1) -3 - (5 -n i  tro-2-furyl ) 

acry lamide (AF-2) was a g i f t  f rom 8. N. Ames. S i l i c a  gel  70-230 Mesh 

ASTM was obta ined from EM Labora tor ies ,  Amber l i te  I R  120 and I R A  400 

r e s i n s  from Ma1 1 i nck rod t .  D imethy lsu l fox ide  (DMSO) was obta ined from 

M a l l i n c k r o d t  and s t e r i l i z e d  i n  t he  autoc lave be fore  use. 

Tr ie thy lamine  (TEA) was d i s t i l l e d  from the  techn i ca l  m a t e r i a l  ; 

the  f r a c t i o n  b o i l i n g  a t  88-90" was used. To prepare 2 M t r i e t h y l -  

ammonium carbonate (TEAC03), a  water suspension o f  TEA (2  e q / l )  was 

v igo rous l y  s t i r r e d  w i t h  a magnetic s t i r r i n g  bar  w h i l e  C02 gas was bub- 

b led  through u n t i  1  pH 7.5 - 8.0 was reached. The C02 was generated 

from commercial d r y  i c e  i n  a stoppered f l a s k  and p iped i n t o  t h e  TEA 

suspension. Concentrated stock s o l u t i o n s  o f  AF-2, 4-NQO and B(a)P 

were prepared by weighing c r y s t a l s  o f  t h e  s o l  i d  i n t o  a s t e r i l e  tube 

and making up the  s o l u t i o n  w i t h  s t e r i l e  DMSO. NaN3 and EB were pre-  

pared s i m i l a r l y  i n  s t e r i l e  water. 

Stocks o f  mutagens were s to red  i n  screw-capped tubes a t  4" i n  

the dark. F i  berg1 ass p r e f i  1  t e r s  (Nuclepore type  080, 4.7 cm diameter) 

were used t o  suppor t  t he  adsorp t ion  beds on the  t e f l o n  spacers i n  t h e  

p a r f a i t  column. A l l  o the r  chemicals used were commercial reagent  grade. 



Mic rob io log i ca l  Methods 

The r a t i o n a l e  f o r  t he  mod i f i ca t i ons  o f  Ames' assay w i l l  be found 

i n  Sect ion 11. The methods used f o r  t h e  assay o f  mutagens f rom the  

p a r f a i t  column are repeated here i n  d e t a i  1  . 

Salmonella typhimuriwn, s t r a i n s  TA100, TA98, TA1535 and TA1538, 

were obta ined from Professor B. N. Ames and tes ted  f o r  h i s t i d i n e  requ i re -  

ment, a m p i c i l l i n  res is tance,  s e n s i t i v i t y  t o  u l t r a v i o l e t  l i g h t ,  and deep 

rough character ,  as recommended by Ames (Ames, McCann, and Yamasaki, 

1975). Frozen permanents were prepared from ove rn igh t  L -bro th  (Lb) 

(Lennox, 1955) c u l t u r e s  and s to red  i n  6  percent  ('/v) DMSO a t  -70". 

Scrapings from the  f rozen permanent were t r a n s f e r r e d  t o  5  m l  o f  medium 

con ta in ing  Vogel Bonner E  s a l t s  (Vb) (Vogel and Bonner, 1956) supplemented 

w i t h  0.4 percent  glucose, 0.3 mM L - h i s t i d i n e ,  5  yM D-b io t in ,  and 2  per-  

cen t  ('/v) Lb ( h e r e a f t e r  c a l l e d  enr iched Vb) and c u l t u r e d  16 t o  20 h  

shaking a t  37". To prepare the  inoculum f o r  revers ion  assay, these 

c u l t u r e s  were harvested by c e n t r i f u g a t i o n  (5,000 x  g  f o r  5  min) and 

resuspended by v igorous vor tex  a g i t a t i o n  i n  2.2 m l  0.9 percent  NaC1. 

The c u l t u r e  d e n s i t y  was ca l cu la ted  f rom the  A660 o f  a  1/25 d i l u t i o n  o f  

t h i s  s tock  i n  a  Bausch and Lomb Spectronic  20 c o l o r i m e t e r  w i t h  an 

18-mm c o l o r i m e t e r  tube. I n  t h i s  inst rument  1  x  l o 9  b a c t e r i a l m l  have 

an A S S 0  o f  about 1.5. The s tock  was d i l u t e d  t o  a  c a l c u l a t e d  dens i t y  

o f  1  x l o 9  b a c t e r i a l m l  and p u t  on i c e ;  0.10 m l  o f  t h i s  suspension was 

app l i ed  t o  each assay p l a t e .  Top agars were prepared as descr ibed by 

Ames except t h a t  t he  f i n a l  2  m l  o f  t op  agar conta ined a  t o t a l  o f  50 

nmoles L - h i s t i d i n e  f o r  TAlOO and 100 nmoles L - h i s t i d i n e  f o r  a l l  o the r  

s t r a i n s .  Vb basal agars (VbA), t he  S-9, and the  S-9 mix were prepared 

e x a c t l y  as recom~~~ended (Ames, McCann, and Yamasaki , 1975). 

Pipetman o r  Eppendorf automatic p i p e t s  w i t h  s t e r i l e  t i p s  o r  

g lass  p i p e t s  coupled t o  p r o p i p e t t e r  bu lbs were used t o  dispense a1 1  

rnutager~s and environmental  sarnpl es-no rr~outh p i  p e t t i n g  o f  these ma te r i a l s  

was permi t ted .  Add i t i ons  t o  t he  46" mol ten top  agar were made i n  o rder  

of i nc reas ing  heat  l a b i l i t y :  mutagen o r  sample, then inoculum, then 

S-9 mix. Top agars were q u i c k l y  mixed on a  vo r tex  mixer  and p l a t e d  on 



VbA. Rever tan t  co lon ies  were scored a f t e r  72 h i n c u b a t i o n  a t  37". 

Cont ro ls  f o r  t he  induced and spontaneous mu ta t i on  frequency o f  each 

s t r a i n ,  f o r  s t e r i l i t y  o f  samples and s tock  s o l u t i o n s ,  and f o r  t h e  

a c t i v i t y  o f  t h e  S-9 mix  were r o u t i n e l y  i nc l uded  i n  every  exper iment.  

The s tock  inoculum was t i t e r e d  a t  t he  end o f  each exper iment  by p l a t i n g  

app rop r i a te  d i l u t i o n s  on to  L-agar and on to  VbA supplemented w i t h  0.3 mM 

L - h i s t i d i n e  and 5 mM D-b io t i n .  

Bioassay f o r  h i s t i d i n e  i n  env i ronmenta l  samples was c a r r i e d  o u t  

as descr ibed  i n  Sec t ion  11, except  t h a t  TA1538 was u s u a l l y  s u b s t i t u t e d  

f o r  TA100. T y p i c a l l y  0.50 and 0.050 ml o f  unknown were assayed s imu l -  

taneously .  

P repa ra t i on  o f  t h e  P a r f a i t  Column 

A1 1 glassware was cleaned w i t h  chromic-ac id  s o l u t i o n .  S i l  i c a t e  

accwmul a t i o n s  remain ing a f t e r  chrorni c -ac i  d  c l  eani  ng were removed by 

b a t h i n g  t h e  accumulat ion i n  7  N NaOH f o r  severa l  hours,  r i n s i n g ,  neu- 

t r a l i z i n g  w i t h  6 N HCL, and r i n s i n g  i n  water .  A l l  g lassware was 

f i n a l l y  r i n s e d  thorough ly  w i t h  t a p  water  f o l l owed  by t h r e e  o r  more 

r i n s e s  w i t h  water  p u r i f i e d  w i t h  Barnstead D8901 h i g h  c a p a c i t y  and 

DO809 u l t r a p u r e  ion-exchange c a r t r i d g e s .  T h i s  water ,  h e r e a f t e r  

c a l l e d  D I  water ,  had a r e s i s t a n c e  i n  excess o f  0.5 megohm. 

Ion-exchange r e s i n s  f o r  t he  p a r f a i t  column were washed be fo re  use 

w i t h  10 changes o f  reagent  grade methanol and s to red  a t  room temperature 

i n  t h i s  so l ven t .  S i l i c a  ge l  was dusted i n t o  de ion ized  wate r  j u s t  p r i o r  

t o  pou r i ng  t he  p a r f a i t  column. 

To prepare a column, t h e  bot tom t e f l o n  spacer was threaded on to  

t h e  c e n t r a l  rod, f o l l owed  by a Nuclepore f i b e r g l a s s  p r e f i l t e r ,  t o  a c t  

as a suppor t  f o r  t he  ion-exchange r e s i n .  The assembly was seated i n  

t he  bot tom o f  t h e  column, which was about ha1 f f u l l  w i t h  de ion ized  water .  

The 70-ml IRA 400 bed was then washed i n t o  t h e  column w i t h  a  stream o f  DI  

wa te r  f rom a wash b o t t l e  and r i n s e d  down t h e  s i des  of  t h e  column i n t o  p lace.  

Another p r e f  il t e r  was threaded down t h e  r o d  on to  t h e  bed, f o l l owed  i n  



t u r n  by a  t e f l o n  spacer and another p r e f i l t e r .  I n  a  s i m i l a r  fash ion  the  

50-ml I R  120 bed was added, then the  50-ml s i l i c a  bed. The s i l i c a  bed 

was topped w i t h  a  p r e f i l t e r  only .  Two bed volumes o f  D I  water were then 

passed through the  column before a p p l i c a t i o n  o f  t he  sample. 

Sampling and Recovery o f  Ex t rac ts  f o r  Mutagenic i ty  Assay 

Water samples were c o l l e c t e d  i n  g lass g a l l o n  b o t t l e s .  Old b o t t l e s  

were cleaned w i t h  chromic a c i d  before reuse; new b o t t l e s  were used w i th -  

ou t  c leaning.  It had been determined i n  t h e  PUP p r o j e c t  t h a t  new bot-  

t l e s  were f ree o f  contaminat ing organic ma te r i a l s  (Ewing e t  aZ., 1977, 

p.32). The b o t t l e s  were uncapped a t  the  sampling s i t e  and f i l l e d  t o  

t h e  neck w i t h  t h e  sample, then recapped and re turned t o  the  lab .  I f  

t r a n s p o r t a t i o n  requ i red  more than 2  hours, t h e  b o t t l e s  were bu r ied  i n  

crushed i c e  i n  a  styrofoam coo le r  f o r  t ranspor ta t i on .  

I n  the  l a b  the  r e s e r v o i r  was attached t o  the  p a r f a i t  column, and 

samples were poured i n t o  the  column t o  near t he  b r i m  o f  the  rese rvo i r .  

Samples t o  be spiked w i t h  mutagen were opened i n  t h e  lab ;  t h e  mutagen 

was added and mixed w i t h  a  te f lon-coated magnetic s t i r r i n g  bar  j u s t  

p r i o r  t o  a p p l i c a t i o n  t o  the  colurnn. Conduct iv i ty  o f  each sample was 

determined w i t h  the  Beckman mho-gun newly s tandardized w i t h  5  and 10 mM 

so lu t i ons  o f  NaC1. The e f f e c t  o f  temperature on the  c o n d u c t i v i t y  o f  

NaCL standard was n o t  found t o  be s i g n i f i c a n t  between 0-23" and between 

0-10 mM NaCL; the re fo re  co r rec t i ons  f o r  d i f f e rences  i n  t he  temperature 

o f  standard and sample were no t  made. I f  any sample showed a  conduct iv-  

i t y  equ iva len t  t o  8 mM NaCL o r  g rea ter ,  i t s  volume was reduced from the  

norr~inal 2-gal sample s i z e  t o  avoid t i t r a t i o n  o f  t he  ion-exchange beds. 

Samples t h a t  had appreciable sediment o r  suspended s o l i d s  o f t e n  

clogged the  top  o f  the  s i l i c a  bed, reducing the  r a t e  o f  f l o w  through 

t h e  column. When t h i s  occurred, a  long 1-cm-diameter t e f l o n  rod  was 

used t o  d is lodge t h e  sediment and r e d i s t r i b u t e  i t  i n t o  a  r i n g  around 

t h e  circumference o f  the top  o f  t h e  s i l i c a  bed. Even so, some samples 

requ i red  as much as seven hours t o  pass through t h e  column. 



The e f f l u e n t  from t h e  column was c o l l e c t e d  i n  g a l l o n  b o t t l e s  

t h a t  were cleaned i n  t h e  same manner as those used t o  c o l l e c t  samples. 

The e f f l u e n t  was then t r a n s f e r r e d  t o  two 2 - l i t e r  round-bottom f l a s k s  

( f i l l e d  about 314 f u l l ) ,  and these f l a s k s  were a t tached t o  a Labconco 

Freeze Dry 5 l y o p h i  1 i z e r  by a g lass  adaptor  through a 24/40 standard 

t ape r  j o i n t  sealed w i t h  a tapered t e f l o n  sleeve. No vacuum grease was 

used. The sarr~ple was degassed and then coo led  by vacuum d i s t i l l a t i o n .  

When bumping had ceased, t h e  f l a s k s  were immersed i n  a 30" water  ba th  

which heated the  sample t o  pe rm i t  d i s t i l l a t i o n  and prevented t h e  forma- 

t i o n  o f  i c e  i n  t h e  f l a s k .  Using these methods i n  a d d i t i o n  t o  c l ean ing  

t h e  i c e  o u t  o f  t he  l y o p h i l l z e r  c o l d  t r a p  every 12 hours and changing 

pump o i l  weekly, i t  i s  poss ib le  t o  d i s t i l l  1 g a l l o n  o f  water  t o  dryness 

every 24 hours. Samples a w a i t i n g  d i s t i l l a t i o n  were s to red  I n  t h e  dark 

a t  2" i n  t h e  capped g a l l o n  b o t t l e s .  

Complete p a r f a i t  columns were u s u a l l y  s to red  o v e r n i g h t  a t  2" 

be fo re  e l u t i o n ;  some columns were s to red  f o r  t h r e e  days a t  2". 

Recovery o f  t h e  column beds was accomplished by p u l l  i n g  t h e  cen- 

t r a l  r o d  u n t i l  each bed was exposed i n  t u r n  a t  t h e  t o p  o f  t h e  column. 

I t  was necessary t o  open the  stopcock a t  t he  bottom o f  t h e  column t o  

adrni t a i r  be fo re  p u l l  i n g  o u t  t h e  beds. Occas iona l l y  t h e  bed assembly 

would n o t  move e a s i l y  when p u l l e d .  I t  was found t h a t  2 t o  5 m i r ~  c h i l l i n g  

o f  t he  whole column i n  a -20" f r e e z e r  always loosened the  assembly and 

eased bed s l i d i n g .  As each bed appeared near t h e  t o p  o f  t h e  column, i t  

was p u l l e d  about ha l fway ou t ,  l e a v i n g  t h e  spacer a t  t h e  bot tom o f  t h e  

bed f i r m l y  i n  con tac t  w i t h  t h e  column w a l l .  Using a strearr~ o f  D I  water  

f rom a wash b o t t l e ,  t h e  t o p  bed was s l u i c e d  i n t o  a Buchner funnel  w i t h  

a coarse ground-glass fri t t h a t  s tood above a 500-ml round-bottom f l a s k .  

The s i  1 i c a  bed was recovered w i t h  i t s  f i b e r g l a s s  p r e f i l  t e r s ;  t he  pre-  

f i l t e r s  f rom t h e  ion-exchange beds were n o t  i nc luded  i n  t h e  m a t e r i a l  t o  

be e lu ted .  

Having been recovered separa te ly ,  each bed was f i r s t  e l u t e d  w i t h  

f o u r  50-ml volumes o f  2 M TEAC03 b u f f e r .  To e l u t e ,  t h e  buf fer  was poured 



through the  ion-exchange o r  s i l i c a  adsorbent i n  the  Buchner funnel,  

and t h i s  e l  uate was combined w i t h  the  o r i g i n a l  water washings from the  

t r a n s f e r  o f  the  bed t o  the  funnel .  When the  ma te r ia l  i n  t he  Buchner 

funnel had run d r y  by g r a v i t y ,  the  round-bottom f l a s k  conta in ing  the  

e l u a t e  was removed and s tored a t  -20" u n t i l  i t  cou ld  be l y o p h i l i z e d /  

vacuum d i s t i l l e d  t o  dryness. 

A new, clean 250-ml round-bottom f l a s k  was then p u t  i n t o  pos i -  

t i o n ,  and the  adsorbent was e l u t e d  w i t h  f o u r  50-ml volumes o f  reagent 

acetone. I n  add i t i on ,  acetone washings o f  the  empty p a r f a i t  column, 

the r e s e r v o i r ,  and the  b o t t l e s  t h a t  lconta i  ned the  o r i g i n a l  water 

sample were added t o  the  s i l i c a  acetone e lua te .  H igh l y  water - inso lub le  

compounds such as the  polynuclear  aromatic hydrocarbons may adsorb 

on g lass surfaces, so acetone washings were used t o  recover  these 

ma te r ia l s  t h a t  were adsorbed from the  sample before i t  reached the  

s i l i c a  bed. 

The acetone e lua tes  were f i r s t  reduced i n  volume i n  a r o t a r y  

evaporator  w i t h  a 30" water bath and i c e  t r a p  and then taken t o  dry-  

ness on the  Labconco f reeze-dryer .  This res idue was t r a n s f e r r e d  by 

several acetone washings t o  a 20 x 125-mm screw-cap tube. The tube 

was at tached t o  the  l y o p h i l i z e r ,  and the  vacuum was very  g e n t l y  b led  

open t o  d i s t i l l  o f f  t he  acetone. When dry, t he  res idue was d isso lved 

i n  0.80 m l  s t e r i l e  DMSO and s to red  a t  -20" u n t i l  assay. 

The TEACO, e lua tes  were d i s t i l l e d  t o  dryness on t h e  l y o p h i l i z e r  

a f t e r  the  aqueous column e f f l u e n t  had been completed. I n  t h i s  way 

a1 1 o f  the  TEACO, b u f f e r  was removed. These residues were taken up 

i n  several water washings o f  4 m l  each and t r a n s f e r r e d  t o  l a rge  t e s t  

tubes i n  a f i n a l  volume o f  no more than 16 m l .  These s o l u t i o n s  were 

then cen t r i f uged  a t  5,000 x g f o r  5 min i f  they contained i r ~ s o l u b l e  

ma te r i a l  ; and the  supernatant was s t e r i l i z e d  by d r i v i n g  i t  through 

Nuclepore 0.2-mm f i l t e r s  w i t h  a hand-held p l a s t i c  sy r inge.  The weight 

o f  the  s t e r i l e  f i l t r a t e  was determined by d i f f e r e n c e  and then made up t o  

8, 12 o r  16 g by a d d i t i o n  o f  s t e r i l e  water. The e x t r a c t s  were s to red 

i n  s t e r i l e  20 x 125-mm screw-cap tubes a t  -20" u n t i l  assay. 



Data, Standards, and S ign i f i cance 

To determine the  recovery o f  a spiked mutagen, a standard dose- 

response curve o f  t h a t  mutagen was inc luded i n  the  experiment. Posi- 

t i v e  c o n t r o l s  i n  a l l  o the r  experiments were 2 pg B(a)P w i t h  S-9 mix 

(TA98) and 10 ng 4-NQO w i thou t  S-9 mix (TA100). 

According t o  Ames, a s i g n i f i c a n t  r e s u l t  i s  one i n  which the  

reve rs ion  frequency on an experimental  p l a t e  i s  g rea ter  than two times 

the  frequency on the  appropr ia te  con t ro l .  

I n  our  work, t he  v a r i a t i o n  i r~ spontaneous background frequency 

was reduced when h i s t i d i n e  a d d i t i o n  was c l o s e l y  c o n t r o l l e d  and a stan- 

dard inoculum was used (Sect ion  11). Nevertheless, we a l s o  used Ames' 

c r i t e r i o n  (above) f o r  the  minimum s i g n i f i c a n t  response. 

When scor ing  p la tes  which showed contaminat ing bac ter ia ,  the  

f o l l o w i n g  system was used. No specia l  des ignat ion  was made i f  on l y  

a very few contaminat ing colonies were present,  i f  t h e i r  morphology 

was e a s i l y  d i s t i ngu i shed  from the  SaZmoneZZa morphology, and i f  the  

color l ies were we1 1 separated from the  SaZmoneZZa. I f  the  contaminants 

overlapped any SaZmoneZZa co lon ies  o r  were numerous, the score was 

repor ted  as reve r tan ts  "p lus  C."  This  designat ion was intended t o  

mean t h a t  a1 though the  scorer  f e l t  t h a t  a1 1 o f  the  SaZmoneZZa were 

scored, i t  was poss ib le  t h a t  the  contaminant obscured o r  i n t e r f e r e d  

w i t h  the  count o f  SalmoneZZa; and the re fo re  the  r e s u l t  must be i n t e r -  

p re ted  w i t h  caut ion. F i n a l l y ,  if the contaminant c l e a r l y  prevented the 

accurate count ing o f  the  SaZmoneZZa, the  r e p o r t  s ta ted  "Contarn. "-or 

i f  conf luent ,  "Conf. contarn. " 

RESULTS 

Three se ts  o f  experiments were performed t o  e s t a b l i s h  the  

f e a s i b i l i t y  o f  recovery o f  mutagens by the  p a r f a i t  column. F i r s t ,  



recovery of mutagens added t o  l a b o r a t o r y  deionized water was 

attempted t o  demonstrate the  method's l i m i t a t i o n s  under i d e a l  

cond i t ions .  Recovery of mutagen was then attempted f rom an 

environmental sur face  water w i t h  two p a r f a i t  columns i n  p a r a l l e l :  

one spiked w i t h  mutagen and one as c o n t r o l  f o r  mutagens occu r r i ng  

n a t u r a l l y  i n  t he  water.  F i n a l l y ,  a  v a r i e t y  o f  e s s e n t i a l  c o n t r o l  

experiments was performed s p e c i f i c a l  l y  t o  deterrr~ine i f  h i s t i d i  ne 

were c o n t r i b u t i n g  t o  t he  responses observed and whether i o n i c  

s t reng th  o r  chromate car ry -over  from t h e  c lean ing  s o l u t i o n  cou ld  

have i n f l uenced  the r e s u l t .  

I n  t he  f o l l o w i n g  tab les ,  t he  average r e v e r t a n t s  per  p l a t e  

a re  repo r ted  f o r  each o f  t he  seven f r a c t i o n s  obta ined from the  

p a r f a i t  column (F ig .  1A). D e t a i l s  o f  t he  sample o r i g i n  and 

amount o f  mutagen spiked are repor ted  a t  t he  top  o f  each t a b l e .  

Each t a b l e  i s  f o l l owed  by the  standard curve f o r  t h e  mutagen 

spiked i n t o  t h a t  sample. Table 7 shows percent  recovery o f  t h e  

mutagen f rom each f r a c t i o n ,  based on the  data i n  t he  preceding 

tab les  and standard curves. 

I n  a1 1  t ab les ,  F rac t i ons  A and H a re  t he  TEACO, e l u a t e  o f  

the s i l i c a  bed, B and I the  TEACO, e l u a t e  o f  t he  I R  120 bed, C 

and J the  TEAC03 e l u a t e  of the  I R A  400 bed, D and K t he  acetone 

e lua te  o f  the  s i l i c a  bed, E and L t h e  acetone e l u a t e  o f  the  I R  120 

bed, F  and M t he  acetone e l u a t e  o f  the  I R A  400 bed, and G and N 

t he  vacuum d i s t i l l a t e  o f  t h e  par fa i t -co lumn e lua te .  For each 

f r a c t i o n ,  118, 1/80, and sometimes 11800 o f  t he  t o t a l  volume o f  

t he  f r a c t i o n  was assayed i n  dup l i ca te .  The average o f  t he  d u p l i -  

ca te  assays i s  repor ted.  Also, s i n g l e  p l a t e s  w i thou t  3. typhimuriwn 

b u t  c a r r y i n g  1/80 vo l  of each f r a c t i o n  were p l a t e d  as s t e r i l i t y  

con t ro l s ;  s t e r i l i t y  r e s u l t s  a re  repo r ted  o n l y  i f  n o t  zero. Spon- 

taneous reve rs ion  f requencies f o r  each s t r a i n  a re  g iven i n  t he  

column headed 0  volume; p o s i t i v e  c o n t r o l s  f o r  each s t r a i n  and f o r  

S-9 mix a c t i v i t y  a re  repo r ted  a t  the  bottom o f  each t a b l e .  



E l u t i o n  o f  Control  (No Mutagen) Column 

The f i r s t  t a b l e  describes an experiment t o  determine whether 

components o f  t he  deionized water, p a r f a i t  column beds, e l u t i o n  

bu f fe rs ,  glassware, e tc .  could produce e i t h e r  mutagenic o r  t o x i c  

responses i n  t he  Ames assay. A  whi te,  ac id -s tab le ,  water-soluble 

ma te r i a l  was found i n  the  I R A  400 TEAC03 e l u a t e  (C), and a  smal le r  

amount was found i n  the  column-ef f luent  f r a c t i o n  ( G ) .  This  ma te r i a l  

made F rac t i on  C so viscous t h a t  f i l t e r  s t e r i l i z a t i o n  was no t  poss i -  

b le .  No mutagenic a c t i v i t y  was detected i n  these o r  any o the r  

f r a c t i o n  from the  column, al though the  ma te r ia l  i n  F rac t i on  C de- 

pressed the  spontaneous revers ion  frequency o f  TAlOO (Table 1 ) .  The 

ma te r ia l  i n  F rac t i on  C was decomposed by h y d r o f l u o r i c  a c i d  and was 

the re fo re  t e n t a t i v e l y  i d e n t i f i e d  as s i l i  c i c  ac id.  This  a c i d  could 

have e l u t e d  from the  s i l i c a  gel  bed and adsorbed by i o n  exchange 

onto the anion-exchange bed. I n  a l l  p a r f a i t  columns used t o  date, 

t h i s  ma te r i a l  has been present i n  the  I R A  400 TEAC03 e lua te .  Pre- 

1  iminary experiments w i t h  t h i s  ma te r i a l  dernor~strated s l i g h t  depres- 

s i  ons o f  spontaneous and induced revers ion  f requencies (data n o t  

shown). I n  environmental samples (Tables 8-12) the  ma te r ia l  probably 

con t r i bu ted  t o  the  f requent  f i n d i n g  o f  t o x i c i t y  i n  F rac t i on  C, 

perhaps by s y n e r g i s t i c  ac t i on  o f  the  s i l i c a t e  w i t h  n a t u r a l  an ion i c  

t ox i can ts .  Even though u n s t e r i l i z e d ,  the  C f r a c t i o n s  i n  these exper i -  

ments u s u a l l y  d i d  n o t  show unacceptable numbers o f  contaminants i n  

the  s t e r i  1  i ty  con t ro l s .  

Recovery o f  Mutagens Spiked i n t o  Deionized Water 

The mutagens tes ted  f o r  recovery frorn deionized water were 

B(a)P, EB, and NaN3 a t  2.6 ppb (20 vg/2 g a l )  and AF-2 and 4-NQO 

a t  1.3 ppb (10 pg/2 ga l ) .  From cons idera t ion  o f  s t r u c t u r e  and 

so lub i  1  i ty, B(a)P was expected t o  adsorb onto the  s i  1  i c a  bed and 
L e l u t e  i n t o  acetone, EB t o  adsorb onto I R  120 and e l u t e  i n t o  TEAC03, 

4-NQO and AF-2 t o  be found i n  the  column e f f l u e n t ,  and NaN3 t o  adsorb 

onto the  I R A  400 bed and e l u t e  i n t o  TEAC03. 



Table 1. Mutagen ic i ty  o f  Contro l  P a r f a i t  Column 

No mutagen added t o  2 g a l  de ionized water 

Rever tants o f :  TA98 w i t h  S-9 mix TA100 w i t h  S-9 mix 
F rac t i on  Vol e x t r a c t :  0 118 1/80 0 118 1/80 

A 42 52 3 3 120 106 1 01 
B 33 34 133 1 05 
C 34 5 3 5 7 
D 

106 
33 38 126 1 04 

E 30 36 9 0 111 
F 45 4 5 106 124 
G 3 9 3 7 9 0 114 

P o s i t i v e  c o n t r o l s :  TA98 w i t h  S-9 mix and 2.0 pg B(a)P=368 
TAlOO w i t h  10 ng 4-NQO, w i t h o u t  S-9 mix=420 

B(a)P p a r t i t i o n e d  as expected, and 68% o f  t h e  app l i ed  muta- 

genic  a c t i v i t y  was recovered (Tables 2 and 7). Note t h a t  one 

composite standard curve (F ig .  2) was used t o  c a l c u l a t e  recover ies  

f o r  a l l  B(a)P experiments (Tables 2 and 8). 

EB was found r r~a in ly  i n  t h e  TEAC03 e l u a t e  o f  t h e  s i l i c a  bed 

and t o  a sma l l e r  e x t e n t  i n  t h e  TEAC03 e l u a t e  o f  t h e  I R  120 bed (Table 3). 

Considering the  s t r u c t u r e  o f  EB, t h i s  behavior  can be r a t i o n a l i z e d  

even though the  compound d i d  n o t  behave as expected. The adsorp- 

t i o n  o f  EB on to  s i  1 i c a  probably  occurred as a r e s u l t  o f  weak i o n i c  

and hydrophobic i n t e r a c t i o n s  o f  t he  EB w i t h  t he  s i l i c a .  I t should 

be emphasized t h a t  even though the  EB d i d  n o t  adsorb where a n t i c i -  

pated, i t  d i d  p a r t i t i o n  s t r o n g l y  i n t o  one o f  the  7 f r a c t i o n s  o f  t h e  

p a r f a i t  column. It i s  abso lu te l y  necessary t h a t  compounds p a r t i  - 
t i o n  s t r o n g l y  f o r  t he  method t o  work. The aqueous f r a c t i o n  (G) f rom 

the  EB t r i a l  was n o t  co l l ec ted ,  so any unadsorbed m a t e r i a l  t h a t  

reached t h a t  f r a c t i o n  would n o t  have been detected.  



Table 2. Recovery o f  Benzo(a)pyrene frorn Deionized Water 

20 vg B(a)P added t o  2 ga l  water  

Revertants o f  TA98 w i t h  S-9 mix 

F r a c t i o n  Vol e x t r a c t :  0  1/ 8 1/ 40 

A 3 8 40 38 
B 42 40 
C 47 28 
D 246 5 9 
E 49 32 
F 44 48 
G ND ND 

.- 

P o s i t i v e  con t ro l  : see standard curve, F igure 2 

S t e r i l i t y  c o n t r o l :  1/40 vo l  o f  B=1, C=l,  D=l  

F igure  2. Response o f  TA98 t o  B(a)P and S-9 Mix 
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4-NQO and AF-2 p a r t i t i o n e d  as expected i n t o  the  aqueous f rac t i on ,  

w i t h  minor amounts found r e s p e c t i v e l y  i n  the I R  120 TEAC03 and 

s i l i c a  TEAC03 f rac t i ons  (Tables 4 and 5).  

As shown i n  Table 6, NaN3 was n o t  de tec tab ly  recovered from 

the  p a r f a i t  column; the  data i n  t h i s  t a b l e  a l s o  e x h i b i t  uncharac- 

t e r i s t i  ca l  l y  1 arge va r ia t i ons .  Consider the  apparent ly  s i g n i f i c a n t  

response o f  F rac t i on  C, 1/80 v01: from the  standard curve one i s  

tempted t o  conclude t h a t  t h i s  assay p l a t e  contained the  minimum 

detec tab le  amount o f  NaN3. The 118-vol assay could then be i n t e r -  

p re ted  t o  conta in  a t o x i c  amount o f  NaN3. The standard curve shown 

i n  F igure 6 does n o t  show whether t he  revers ion  frequency induced 

by azide becomes depressed i n  the  range 100-300 ng NaN3 on the  

p la te .  Independently constructed standard curves i n d i c a t e  t h a t  

i t  does not ;  i .e., the  frequency cont inues t o  r i s e  i n  t h i s  range, 

al though n o t  l i n e a r l y .  Therefore we conclude t h a t  t h e  value fo r  

1/80 vol  o f  F rac t i on  C a c t u a l l y  represents an extreme f l u c t u a t i o n  

r a t h e r  than recovered azide. 

Considering the  l i k e l y  path o f  NaN3 through the  column, i t  

would f i r s t  be expected t h a t  the  ~ a '  i o n  would exchange w i t h  a pro ton  

on e i t h e r  the  s i l i c a  o r  I R  120 bed. It i s  poss ib le  t h a t  t he  r e s u l t -  

i n g  decrease i n  pH might  have a c t i v a t e d  t h e  az ide i on ,  p e r m i t t i n g  the  

r e a c t i o n  o f  HN3 w i t h  the  column bed o r  o the r  organic m a t e r i a l s  i n  t he  

sample. Therefore the  az ide may have g iven r i s e  t o  nonmutagenic, non- 

i o n i c  species unable t o  exchange w i t h  OH'. An a1 t e r n a t i v e  explanat ion 

might  be t h a t  dur ing  sample work-up the  v o l a t i l i t y  o f  HN3, found even 

i n  small amounts i n  the  TEAC03 e lua te ,  would r e s u l t  i n  the  d i s t i l l a t i o n  

o f  the  azide ou t  o f  the  sample. To examine t h e  p o s s i b i l i t i e s  i n  the 

fu tu re ,  i t  would be i n t e r e s t i n g  t o  s u b s t i t u t e  the  TEAH" form o f  the  

cation-exchange bed f o r  t he  tif forrn t o  prevent t h e  t r a n s i e n t  drop i n  

pH t h a t  occurs dur ing  passage o f  compounds from ca t i on -  t o  anion- 

exchange beds. 



Table 4. Recovery o f  4 -n i t roqu ino l ine-1-ox ide from Deionized Water 

10 ug 4-NQO added t o  2 ga l  water  

Rever tants o f  TAlOO w l t h o u t  S-9 mix 

F r a c t i o n  Vol e x t r a c t :  0 1/8 1/ 80 1/800 

Posi ti ve c o n t r o l  : see F igure  4 

F igure  4. Response o f  TAlOO t o  4-NQO 



Table 5. Recovery of 2- (2- fury1 ) -3 - (5 -n i  tro-2-furyl ) a c r y l  amide 
froni Bei  o n i  zed Water 

10 ug AF-2 added t o  2  g a l  water  

Rever tants  of TAl00 w i t h o u t  5-9 mix  

F r a c t i o n  Vol e x t r a c t :  0  I/ 8 l/ $0 1 / 800 

P o s i t i v e  c o n t r o l  : see F igure  5 

S t e r i l i t y  c o n t r o l  : 1/80 vo l  o f  B= l ,  G=1 

F igu re  5. Response o f  TA100 t o  AF-2 
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I n  summary, 4 o f  the  5 mutagens tes ted  w i t h  deionized water 

were recovered and detected by mutagen ic i ty  assay. The recover ies  

ranged from 62% f o r  B(a)P t o  3.2% f o r  AF-2 (Table 7 ) .  The f i f t h  

rrlutagen, NaN3, was n o t  de tec tab ly  recovered. Retrospect ive consid- 

e r a t i o n  of the  recovery cond i t i ons  suggested t h a t  the  az ide was l o s t  

e i t h e r  by r e a c t i o n  w i t h  components o f  t he  column a t  a c i d i c  pH o r  by 

v o l a t i l i z a t i o n  dur ing  work-up. 

Recovery o f  Mutagens from Environmental Waters 

Having es tab l ished t h a t  some o f  the  mutagens tes ted  could be 

recovered from p u r i f i e d  water, recovery of the  mutagens was attempted 

from environmental water. To c o n t r o l  f o r  n a t u r a l l y  occur r ing  mutagens 

i n  t h e  water, two columns were run  i n  para l le l -one spiked w i t h  muta- 

gen and the  o the r  n o t  (Tables 8-12). I n t e r e s t i n g  v a r i a t i o n s  i n  the  

recover ies  o f  a l l  t he  mutagens occurred, compared t o  the  recover ies  

from deionized water. 

The recovery o f  B(a)P (Table 8)  c l o s e l y  resembled the  r e s u l t  from 

deionized water (Table 2) .  Note, however, t h a t  t he  sp ike  o f  B(a)P appar- 

e n t l y  produced a t o x i c  product i n  F rac t i on  B (Table 8 )  compared t o  Frac- 

t i o n  I. It i s  poss ib le  t h a t  dur ing  sampling and/or work-up, some o f  the 

B(a)P was chemical ly  o r  b i o l o g i c a l l y  a1 te red  t o  a t o x i c  form which bound 

t o  the  cation-exchange bed. The p o s s i b i l i t y  o f  a l t e r a t i o n  o f  spiked 

mutagen du r ing  sampling/work-up w i l l  be mentioned again f o r  a l l  o f  the  

o the r  mutagens tested.  

I t  does n o t  seem unreasonable t o  expect t h a t  these b i o l o g i c a l l y  

a c t i v e  molecules could be transformed by enzymes from m i  crobes o r  o ther  

organisms ( i n s e c t  l a rvae  e tc . )  i n  the  water sarrlples du r ing  the  4-6 hours 

requ i red  t o  apply the  sample t o  the  p a r f a i t  column. Future work w i t h  

rad io labe l  l e d  mutagens w i  11 examine t h i s  possi b i  1  i ty. For now, note 

t h a t  a s i g n i f i c a n t  amount (72%) o f  t he  mutagenic a c t i v i t y  app l ied  as 

B(a)P was recovered. The a c t i v i t y  was found i n  F rac t i on  D, the' same 

f r a c t i o n  i n  which i t  was found when recovered from deionized water 

(Table 2) .  , 



Table 7. Summary: Percent  Recovery of  Mutagens f rom Deion ized Water 

% Recovery o f  Added Mutagen 

F r a c t i o n  B(a)P E B 4-IJQO AF- 2 NaN, 

T o t a l  68  22 52 3.2 Not  de tec ted  

a The number f o l l o w i n g  t h e  < symbol i s  t h e  d e t e c t i o n  1 i m i  t o f  t he  assay, 
expressed as a percentage o f  t h e  mutagen added t o  t h e  water  sample. 

The recovery  of  EB f rom Boneyard Creek Water (Tab le  9 )  showed 

severa l  i n t e r e s t i n g  fea tu res .  F i r s t ,  t he  c o n t r o l  c o l  umn e x t r a c t ,  

assayed w i t h  TA100, showed unusua l l y  h i g h  background ( c o n t r o l )  r eve r -  

s i o n  f requenc ies  t h a t  e s s e n t i a l l y  obscured t h e  r e s u l t s  o f  t h e  TAlOO 

assay. Second, t h e  c o n t r o l  e x t r a c t  assayed w i t h  TA98 (F rac t i ons  H-N) 

showed one f r a c t i o n ,  N, which e x h i b i t e d  s i g n i f i c a n t  spontaneously 

o c c u r r i n g  mutagenic a c t i v i t y .  Next, t h e  e t h i  d i  um bromide recovered 

f rom t h e  sp iked  sarnple (F rac t i ons  A-G) was found p redominan t l y  i n  

t he  cat ion-exchange acetone e lua te ,  F r a c t i o n  E, and t h e  n e u t r a l  , 
water-so l  u b l e  f r a c t i o n ,  G. Recovery i n  these f r a c t i o n s  d i f f e r s  

f rom recovery  f rom de ion i zed  wate r  (Table 3 ) .  F i n a l l y ,  t he  t o t a l  

mutagenic a c t i v i t y  recovered was over  e i g h t  tirnes t h a t  a p p l i e d  t o  

t h e  column. 



Table 8. Recovery of  Benzo(a)pyrene f rom Boneyard Creek Water 

20 ug B(a)P added t o  2  g a l  water  ( F r a c t i o n s  A-G) 

Rever tants  o f :  TA98 w i t h  S-9 rrlix TAlOO w i t h  S-9 mix 

Vol 
F r a c t i o n  e x t r a c t :  0  1 /8  1/80 0  1/ 8  1/ 80 

P o s i t i v e  c o n t r o l s :  TA98, see F igu re  2  
TAlOO w i t h  20 ng AF-2, w i t h o u t  S-9 mix=1075 

S t e r i l i t y  c o n t r o l s :  1/80 v o l  o f  A=?, C=4, J=1, K=2, N=l 

Very h i g h  l e v e l s  o f  spontaneous reve rs i on  o f  TAlOO (and o t h e r  

s t r a i n s )  have very  o c c a s i o n a l l y  been observed i n  ou r  l a b o r a t o r y .  

Usua l l y ,  i t  has been p o s s i b l e  t o  t r a c e  t h e  cause t o  a  p rocedura l  e r r o r  

i n  t h e  exper iment  o r  t o  t h e  presence o f  a  con tamina t ing  s t r a i n  morpho- 

l o g i c a l l y  i r l d i s t i r l g u i s h a b l e  from S. typhimuriwn. The r e s u l t  recorded 

i n  Table 9  was i nc l uded  t o  i l l u s t r a t e  t h e  c r i t i c a l  va lue  o f  t h e  s t e r i l -  

i ty  and spontaneous reve rs i on  c o n t r o l s .  

EB was recovered f rom t h e  env i ronmenta l  wa te r  sample i n  t h e  

acetone e lua tes  o f  t he  s i l i c a  ( F r a c t i o n  D) and t h e  I R  120 ( F r a c t i o n  E) 

r e s i n .  When recovered f r om de ion ized  water ,  t h e  EB was found i n  t h e  



Table 9. Recovery o f  Eth id ium Bromide from S a l t  Fork Creek Water 

20 pg EB added t o  2 gal water  (Frac t ions  A-G) 

Revertants o f :  TA98 w i t h  S-9 mix  TAl 00 w i t h  S-9 mix  

Vol 
F rac t i on  e x t r a c t :  0  1/8 1/80 0  1/8 1/80 

P o s i t i v e  con t ro l s :  TA98, see F igure  7  
TAlOO w i t h  20 ng AF-2, w i t h o u t  S-9 mix=750 

S t e r i  1  i ty c o n t r o l s :  1/80 v o l  o f  C=l 

E 0 ( lJg) 

F igu re  7. Response of TA98 t o  EB and S-9 Mix 



TEAC03 e lua tes  of t he  s i l i c a  ( F r a c t i o n  A) and t h e  I R  120 ( F r a c t i o n  B) 

r e s i n .  It seems l i k e l y  t h a t  i n c r e a s i n g  compe t i t i on  f o r  i o n i c  s i t e s  

on t h e  s i l i c a  and I R  120 r e s i n s  was respons ib l e  f o r  t h i s  s h i f t .  A lso,  

i t  i s  n o t  c l e a r  whether t h e  EB remained i n  t h e  i o n i z e d  form i n  t h e  

environmental  water  sample; a  l a r g e  f r a c t i o n  o f  t h e  mu tagen i c i t y  i n  

t h i s  exper iment was recovered i n  t h e  n e u t r a l  wa te r -so lub le  f r a c t i o n .  

C lea r l y ,  these observat ions r e q u i r e  f u r t h e r  s tudy  b e f o r e  they can be 

understood. 

More i n t r i g u i n g  i s  t h e  tremendous inc rease  i n  t o t a l  mutagenic 

a c t i  v i  ty  recovered. Two p o s s i b l e  exp lana t i ons  are irnlnedi a t e l y  appar- 

en t .  Ethidiurrr bromide by i t s e l f  i s  i n a c t i v e  as a  mutagen b u t  g i ves  

r i s e  t o  mutagenic a c t i v i t y  i f  a c t i v a t e d  by a  microsomal enzyme prep- 

a r a t i o n  (MacGregor and Johnson, 1977). B i o l o g i c a l  o r  chemical 

t r ans fo rma t i on  o f  t h e  compound d u r i n g  sampling and work-up cou ld  

p o s s i b l y  have produced a  d e r i v a t i v e  o f  EB t h a t  was i n t r i n s i c a l l y  

more mutagenic than t h e  microsomal products ,  t h a t  was t h e  p recu rso r  

of such a  d e r i v a t i v e ,  o r  t h a t  inc reased  t h e  f i n a l  amount o f  micro-  

soma1 mutagenic p roduc t .  A1 t e r n a t i  v e l y  , an e r r o r  i n  s p i k i n g  cou ld  

have p u t  rrluch more EB i n t o  t h e  sample than  planned. Both explana- 

t i o n s  can be t e s t e d  i n  t h e  f u t u r e  by r e p e a t i n g  t h e  exper iment .  

The a t tempt  t o  recover  4-NQO f rom S a l t  Fork Creek wate r  f a i l e d  

t o  d e t e c t  mutagen ic i t y .  However, t b x i  c  a c t i v i t y  was found i n  Frac- 

t i o n  G, where t h e  4-NQO was expected. 4-NQO i s  known t o  be r a p i d l y  

taken up by S. typhimuriwn *, and i t  may t h e r e f o r e  be expected t o  

i n t e r a c t  as w e l l  w i t h  t h e  microbes p resen t  i n  t h e  env i ronmenta l  water.  

T e n t a t i v e l y ,  we conclude t h a t  t h e  r e s u l t  i n  Table 10 represen ts  metabo- 

l i s m  of 4-NQO t o  a  m i l d l y  t o x i c ,  nonmutagenic d e r i v a t i v e .  

I n  t h e  f i r s t  t r i a l  recovery  o f  AF-2, one each o f  t h e  two sp iked  

g a l l o n  b o t t l e s  o f  water  were m is taken l y  a p p l i e d  t o  each column (Table 11) .  

Thus 5 pg o f  compound was a p p l i e d  t o  each column r a t h e r  than  10 pg t o  one 

*B.W. Penman, 1979; personal communication. 



Table 10. Recovery of 4-ni t roquinol ine-1-oxide f rom S a l t  Fork  Creek Water 

10 ug 4-NQO added t o  2 ga l  wa te r  ( F r a c t i o n s  A-G) 

Rever tan ts  of TA100 w i t h o u t  S-9 m i x  

F r a c t i o n  Vol e x t r a c t :  0  1/ 8  11 80 

P o s i t i v e  c o n t r o l s :  see F i g u r e  8 

S t e r i l i t y  c o n t r o l s :  1/80 v o l  o f  E=l , G=1, K=l , N=l 

0 10 20  30 40 5 0  

4-NQO (ng)  

F igu re  8 .  Response o f  TAlOO t o  4-NQO 



Tab1 e  11. Recovery of 2- (2- fury1 )-3- ( 5 -n i  tro-2-furyl ) acry lamide  f rom 
Sangamon R i ve r  Water 

5  pg AF-2 added t o  2  ga l  water  (F rac t i ons  A-G) and 
(F rac t i ons  H-N); see t e x t  

Rever tants  o f  TAlOO w i t h o u t  S-9 mix  

F r a c t i o n  Vol e x t r a c t :  0  1/ 8  1/ 80 

P o s i t i v e  c o n t r o l s :  see F igu re  9  

S t e r i l i t y  c o n t r o l s :  1/80 v o l  o f  B=1, C=2, J=4, K=6 

AF-2 (ng) 

F igu re  9. Response o f  TAlOO t o  AF-2 



and none t o  t h e  o the r .  The columns were processed, and mutagenic a c t i v i t y  

was de tec ted  i n  t h e  expected f r a c t i o n s .  The average recovery  o f  AF-2 

f rom these two columns, 2.8% (Table 13), i s  i n  agreement w i t h  AF-2 recovery  

f rom de ion ized  water,  3.2% (Table 7 ) .  Th i s  r e s u l t  r e s t s  on t h e  assumption 

t h a t  no n a t u r a l l y  o c c u r r i n g  mutagen was p resen t  i n  t h e  n e u t r a l  water -  

s o l u b l e  f r a c t i o n  o f  t h e  Sangamon R i ve r  sample. 

I n  a  second exper iment i n v o l v i n g  AF-2, 134 ~g was a p p l i e d  t o  one 

o f  two columns i n  Boneyard Creek water  (Tab le  12). The r r ~ a j o r i t y  o f  t h e  

m a t e r i a l  was recovered i n  t he  n e u t r a l  wa te r - so lub le  f r a c t i o n ,  as before.  

However, some a c t i v i t y  was de tec ted  i n  a l l  f r a c t i o n s ,  w i t h  apprec iab le  

amounts found i n  t h e  acetone e l u a t e  o f  t he  I R  120 and IRA 400 f r a c t i o n s .  

The o v e r a l l  recovery  was a l s o  iniproved t o  9.9%. 

The s i m i l a r i t y  o f  pe rcen t  recovery  o f  AF-2 f rom Sangamon R i ve r  

wate r  and de ion ized  water  suggests t h a t  b iochemica l  t r ans fo rma t i ons  

a re  n o t  so impo r tan t  a  cause o f  l o s s  o f  AF-2 as they  appear t o  be f o r  

, the  o t h e r  mutagens. 

Ove ra l l  t h i s  s e r i e s  o f  exper iments suggests t h a t  i t  i s  p o s s i b l e  

t o  recover  mutagenic a c t i v i t y  from sur face  waters u s i n g  t h e  p a r f a i t /  

d i s t i l l a t i o n  method, even i f  the  mutagen i s  i n i t i a l l y  p resen t  a t  ppb 

concent ra t ions .  However, i t  appears t h a t  t h e  recove r i es  a re  s t r o n g l y  

i n f l uenced  by t h e  s t a b i l i t y  o f  t h e  compounds under t h e  recovery  and 

work-up cond i t i ons .  The c o r o l l a r y  o f  t h i s  conc lus ion  i s  t h a t  o r ~ l y  

those n a t u r a l l y  o c c u r r i n g  mutagens s t a b l e  under env i ronmenta l  

c o n d i t i o n s  w i l l  be found by t h e  method. 

Na tu ra l  l y  Occur r ing  Mutagens i n  I 1  1  i n o i s  Sur face Waters 

The c o n t r o l s  f o r  t h e  t r i a l  r ecove r i es  of mutagens f rom surface 

waters were assays o f  t he  sarne, b u t  unspiked, su r f ace  water .  Mutagenic 

a c t i v i t y  was de tec ted  i n  two of  these samples, t h e  S a l t  Fork Creek and 

t h e  Boneyard Creek which f l ows  i n t o  t h e  S a l t  Fork (Tab le  14). A f t e r  

t h i s  s tudy  was completed , t h e  I 1  1  i n o i  s  Envi  ronmental P r o t e c t i o n  Agency 

supported work t o  assay severa l  sur face-water  samples by t h e  p a r f a i t /  

d i s t i l l a t i o n  method; these assays a re  repo r ted  i n  Sec t ion  111, Tables 



Table 12. Recovery of 2- (2- fury1 ) -3-(5-n i  tro-2-furyl ) acrylamide from 
Boneyard Creek Water 

134 pg AF-2 added t o  2  gal  water (F rac t i ons  A-G) 

.- 
Revertants of: TAl 00 w i t h  S-9 mix TA98 w i t h  S-9 mix 

Vo 1  
F rac t i on  e x t r a c t :  0  118 1/80 0  l / f i  1/80 

P o s i t i v e  con t ro l s :  TA98 w i  t h  S-9 r r~ ix  and 2  pg B(a)P=400 
TAl 00 w i  t h  10 ng 4-NQO, w i  t hou t  S-9 mi x=586 (see F igure  10) 

Repeat assays ( f r a c t i o n  - v o l ) :  

B  - 1/80 = 575, 11150 = 473 
F  - 1/80 = 1385, 11160 = 902 
G - 1/80 = 1464, 11800 = 617 
No mutagen c o n t r o l  = 31 2  

A-J. I n  t h i s  s e r i e s  o f  assays, t h e  S a l t  Fork Creek was again found 

t o  con ta in  de tec tab le  rnutagenici t y .  Mutagen ic i ty  was a l s o  found i n  

the  Fox R ive r  a t  Aurora, I l l i n o i s .  I n  a l l ,  the  S a l t  Fork Creek was 

sampled th ree  times; i t  d isp layed mutagen ic i ty  twice,  as repo r ted  i n  

Tables 9  and G.2; i t  d i d  n o t  show mutagen ic i ty  once, as repo r ted  i n  

Table 10. The two samples from Boneyard Creek have e i t h e r  d isp layed 

mutagen ic i ty  (Table 12) o r  no t  (Table 8 ) .  



I n f l uence  o f  I o n i c  S t reng th  on Induced Mu tagen i c i t y  

Tables 14 and J summarize t h e  t o x i c  and mutagenic a c t i v i t i e s  

recovered i n  t h e  work performed r e s p e c t i v e l y  under sponsorsh ip  of  t h e  

Water Resources Center and I 1  1 i n o i s  Envi ronmental P r o t e c t i o n  Agency. 

The frequency w i t h  which t o x i c i t y  was assoc ia ted  w i t h  t h e  TEAC03 e l u a t e  

o f  t h e  IRA 400 f r a c t i o n  (C o r  J)  stands o u t  i n  bo th  t ab les .  Reca l l  

t h a t  t h i s  f r a c t i o n  con ta ins  s u f f i c i e n t  s i l  i c i c  a c i d  t o  i n t e r f e r e  w i t h  

f i l t e r  s t e r i  1 i z a t i o n  o f  t h e  e x t r a c t .  

F i gu re  10. Response o f  TAlOO t o  AF-2 and S-9 Mix 



Table 13. Summary: Percent Recoveries o f  Mutagens from Environmental 
Water Samples 

% Recovery o f  Added Mutagen 

B(a)f' E B 4-NQO AF- za AF- 2 
b 

F rac t i on  

G < 27 436 < 0.4 2.8 6.1 

TOTAL 7 2 81 3 n o t  detected 2.8 9.9 

a Table 11. Assayed w i thou t  S-9 mix; average o f  the  recover ies  from 
Frac t ions  G and N. 

Table 12. ~ s s a y e d  w i t h  S-9 mix; recover ies  based on repeat  assays. 

The number f o l l o w i n g  the  < symbol i s  the  de tec t i on  l i m i t  of the  assay, 
expressed as a percentage o f  the mutagen added t o  the  water sample. 

Table 14. Environmental Samples Showing T o x i c i t y  o r  Mutagenic A c t i v i  ty 

S amp1 e Toxic  Fract ions Mutagenic Fract ions 

S a l t  Fork Creek (Table 9) I ,J N 
. 

(Table 10) J 

Sangamon R ive r  (Table 11) J 

Boneyard Creek (Table 8) None J 



The second most f requent  examples o f  t o x i c i t y  were associated 

w i t h  TEAC03 e lua tes  o f  the  I R  120 bed (F rac t i ons  B o r  I ) .  Both o f  

these e x t r a c t s  would be expected t o  con ta in  s a l t s  which cou ld  s i g n i f i -  

c a n t l y  r a i s e  the  i o n i c  s t reng th  o f  t h e  Ames assay top  agars. Indeed, 

s ince  each assay p l a t e  a t  1/8 volume would conta in  t he  m a t e r i a l  

recovered from 1  1  i t e r  o f  water, a  t y p i c a l  sur face  water having a  

c o n d u c t i v i t y  equ i va len t  t o  5  mM NaCl cou ld  conta in  up t o  5  mmoles 

o f  s a l t  which would be added t o  t he  2  m l  o f  t o p  agar. This  cou ld  

expose the  b a c t e r i a  and S-9 enzymes t o  equ i va len t  m o l a r i t i e s  of 

To f i n d  ou t  whether i o n i c  s t reng th  alone could account f o r  

the  observed i n h i b i t i o n s  o f  reve rs ion  frequency, the  experiment 

descr ibed i n  Table 15 was performed. The t a b l e  shows t h a t  NaCl i n  

amounts up t o  2  mmoles d i d  n o t  adversely  a f f e c t  e i t h e r  t he  sponta- 

neous reve rs ion  frequency o f  t he  b a c t e r i a  o r  t he  a b i l i t y  o f  S-9 

enzymes t o  a c t i v a t e  B(a)P. Therefore i t  was concl'uded t h a t  t he  

i n h i b i t i o n s  observed i n  Frac t ions  C and B o f  t he  surface-water 

e x t r a c t s  must i n v o l v e  some o the r  de le te r i ous  a t t r i b u t e  o f  t he  

s i l i c a .  The i o n i c  s t reng th  o r  s a l t  e f f e c t s  c o n t r i b u t e d  by t h e  

s i l i c a  migh t  have a  s y n e r g i s t i c  i n h i b i t o r y  e f f e c t  on t h e  assay. 

Poss ib le  A r t i f a c t  from Chromium Mutagenesi s  

The p r a c t i c e  o f  removing s i l i c a t e  encrus ta t ions  from the  

f l a s k s  used t o  vacuum d i s t i l l  F rac t ions  G and N began o n l y  i n  t he  

l a s t  p a r t  o f  the  mutagen-spi k i n g  experiments. I t  became a  r o u t i n e  

p r a c t i c e  when i t  was n o t i c e d  t h a t  a  f a i n t  green t i n t  cou ld  be seen 

leach ing  from the  enc rus ta t i on  i n t o  t he  sample du r i ng  vacuum d i s -  

t i l l a t i o n .  Suspect ing t h a t  t he  c o l o r  migh t  be due t o  cr3' frorn 

h e  chromic-acid bath, adsorbed onto the  s i l i c a t e ,  t he  p o t e n t i a l  

mutagen ic i ty  o f  cr3' was i nves t i ga ted .  V e n i t t  and Levy (1974) have 

repo r ted  t h a t  cr6', bu t  n o t  cr3', i s  a  po ten t  b a c t e r i a l  mutagen. It 

thus became impera t ive  t o  determine bo th  t h e  a c t i v i t y  o f  chromium 

under our  assay cond i t i ons  and t h e  chromium conten t  o f  our  appar- 

e n t l y  mutagenic e x t r a c t s  o f  sur face waters (F igu re  11 and Table 16) .  

Under our  assay cond i t i ons ,  no mutagen ic i ty  was shown by cr3' i n  



Table 15. I n f l uence  o f  NaC1,on Spontaneous and Induced Reversion o f  
TA98 and TA100 

Average Revertants Per P l a t e  

I 

TAl 00 

S t ra in ,  mutagen 

TAlOO w i t h  S-9 mix and 
3 l4 B(a)P 

TA 98 e 

mlnoles NaCl i n  top agar 

0 0.5 1 . O  2.0 

amounts up t o  5 prnoles; Na2Cr207 by c o n t r a s t  was a po ten t  mutagen i n  

TA 98 w i t h  S-9 mix and 
3 1.19 B(a)P 

t h e  range 20-300 nmoles bu t  showed a very narrow range o f  a c t i v i t y .  

3 84 468 43 0 384 

- 
I f  present  i n  excess o f  500 nmoles, Cr207- I n h i b i t e d  even spontaneous 

reve rs ion  (F igure  11 ) . 

Rea l i z i ng  t h a t  the  p r a c t i c e  o f  washing a l l  glassware i n  chromic 

a c i d  created the  p o t e n t i a l  f o r  a r t i f a c t u a l  mutagenic response, we 

assayed a v a i l a b l e  rrlutagenic water e x t r a c t s  f o r  t o t a l  chromlum by 

neu t ron -ac t i va t i on  ana lys is  (Table 16). The r e s u l t s  i n  t he  t a b l e  
are expressed i n  terms of the  amount o f  chromium t h a t  would have been 

present  i n  the  h ighes t  volume o f  the  e x t r a c t  t es ted  f o r  mutagen ic i ty  - - - - 
i f  a l l  the  C r  were Cr207 . Comparing the  r e s u l t  t o  t he  Cr207 muta- 
g e n i c i t y  dose response (F igure  11) , i t  i s  ev iden t  t h a t  t he  mutagen ic i ty  

found i n  the  e x t r a c t s  of the  Fox and I l l i n o i s  R ivers  and the  S a l t  Fork 

Creek cou ld  n o t  be accounted fo r  by dichromate because too  l i t t l e  chro- 

mium was present.  The response of the  S a l t  Fork sample (Table 9),  how- 

ever, could poss ib l y  be due t o  chromium. If a l l  t he  C r  present  were 
dichromate, the  a n t i c i p a t e d  response of the  sarnple would be t o x i c i t y .  

An appropr ia te  m ix tu re  of cr6+ and cr3+ could have produced the  response 

observed i n  Table 9 (dichromate i s  a1 so mutagenic t o  TA98). S i m i  l l a r l y ,  

chromiun~ cou ld  be responsib le f o r  the  r e s u l t s  i n  Table 11. 
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Table  16. Chromium Content  o f  E x t r a c t s  Showing M u t a g e n i c i t y  

Sampl e  
Chromium, expressed as nmoles 

Na2Cr207 per  2  m l  e x t r a c t  

Lab de ion ized  wate r  12 

500 y M Na2Cr207, s t e r i l e  s o l u t i o n  11 81 
(used t o  c o n s t r u c t  F i gu re  11) 

F r a c t i o n  N  Tab le  9 

F r a c t i o n  N  Table 11 

F r a c t i o n  B Tab1 e  A 

F r a c t i o n  G Table  6.2 

F r a c t i o n  G Tab le  1.2 

cr20; (n moles) 

F i g u r e  11. Response of  TAlOO t o  Dichromate 



However, based on the  responses seen i n  Tables 12 and 6.2, the  

p o s s i b i l i t y  t h a t  chromium induced some o r  a1 1 o f  the  responses seen 

i n  Tables 9 and 11 does no t  a1 t e r  t he  conclusions t h a t  na tu ra l  mutagens 

occur i n  the  S a l t  Fork (Table 9 compared t o  6.2) o r  t h a t  AF-2 can be 

recovered from environmental waters (Table 11 compared t o  12). I t  i s  

our op in ion  t h a t  t he  chromium detected i n  these samples i s  no t  con- 

tri bu t i ng  t o  the  rnutageni c  response. 

F i n a l l y ,  i t  can be seen i n  Sect ion I 1  t h a t  h i s t i d i n e  i n  a sample 

can increase the  spontaneous revers ion  frequency t o  l e v e l s  t h a t  could 

be mistaken f o r  a rr~utagenic response. H i s t i d i n e  would on l y  be present  

i n  the  TEAC03 f r a c t i o n  frorn the  I R  120 r e s i n  (F rac t i on  B).  Therefore, 

F rac t i on  B from the  e x t r a c t  o f  the  I l l i n o i s  R ive r  ( t h e  o n l y  mutagenic 

example o f  a B f r a c t i o n ,  see Table A) was assayed f o r  a v a i l a b l e  h i s t i -  

d ine as described i n  Sect ion 11. The r e s u l t s  o f  t h i s  assay revealed 

0.23 pmole/ml avai l a b l e  h i  s t i d i n e  i n  t h i s  e x t r a c t .  The n e u t r a l  water- 

so lub le  f r a c t i o n  from the  Fox River ,  by cont ras t ,  showed no detectable 

h i s t i d i n e  i n  the  same assay. Comparing the  h i s t i d i n e  l e v e l s  i n  t he  

I l l i n o i s  R iver  sample t o  the  h i s t i d ine - induced  reve rs ion  o f  the  Ames 

s t r a i n s  (Sect ion 11, F igure 12), i t  was concluded t h a t  a l l  o f  t he  apparent 

mutagenic i ty  o f  F rac t i on  B from the  I l l i n o i s  R iver  could be accounted 

f o r  by the  a v a i l a b l e  h i s t i d i n e  present i n  t he  ex t rac t - t ha t  i s ,  no 

de tec tab le  mutagen was present.  

CONCLUSIONS 

The p a r f a i t / d i s t i l l a t i o n  method i s  ab le  t o  recover  some model 

mutagens from environmental sur face waters, even from i n i t i a l  concen- 

t r a t i o n s  as low as 1 ppb. The ex ten t  o f  recovery i s  s t r o n g l y  in f luenced 

by the  chemical and b i o l o g i c a l  s t a b i l i t y  o f  the  mutagen i n  the  surface 

water, under the  cond i t ions  o f  t he  recovery and work-up. Several of 

t he  model mutagens were apparent ly  transformed dur ing  the  work-up, 

some t o  t o x i c ,  nonmutagenic forms and one poss ib l y  t o  a more mutagenic 

form. 



Analyses o f  I l l i n o i s  sur face  waters,  c a r r i e d  o u t  d u r i n g  t h e  

v a l i d a t i o n  s t u d i e s  and subsequent ly under c o n t r a c t  t o  t h e  I l l i n o i s  

Environmental  P r o t e c t i o n  Agency, revea led  s i g n i f i c a n t  mutagenic 

a c t i v i t y  a t  2 s i t e s .  I n  t h e  Fox R i ve r  a t  Aurora and t h e  S a l t  Fork 

Creek a t  Urbana, t h e  a c t i v i t y  was found i n  t h e  n e u t r a l  , water -so lub le  

f r a c t i o n .  Weak, p o t e n t i  a1 l y  mutagenic responses were de tec ted  i n  
t h e  I 1  1  i n o i s  R i v e r  a t  Peor ia ,  i n  Lake Bloomington, and i n  t he  Embarras 

R iver  near  Lawrencevi 1  l e .  

The p a r f a i  t / d i  s t i  1  l a t i o n  method recovers n e u t r a l  wa te r -so l  ub le  

mutagens, one o f  ou r  p r imary  research goals .  It a l s o  recovers amphoter ic 

compounds such as h i s t i d i n e .  The recovery  o f  a n i o n i c  mutagens has n o t  

y e t  been demonstrated, and t h e r e  i s  an i n t e r f e r e n c e  w i t h  t he  assay o f  

wa te r -so lub le ,  a n i o n i c  compounds f rom the  column. The i n t e r f e r e n c e  

i s  apparen t l y  due i n  p a r t  t o  t h e  accumulat ion o f  s i l i c i c  a c i d  du r i ng  

f r a c t i o n a t i o n .  

3 

The p o t e n t i a l  f o r  a r t i f a c t u a l  r e s u l t s  f rom h i s t i d i n e  has been 

charac te r i zed ,  and a  method t o  c o r r e c t  f o r  t h i s  problem has been 

developed. The a n t i c i p a t e d  i n te r f e rences  i n  t h e  Ames bioassay from t h e  

c o n t r i b u t i o n  o f  h i g h  i o n i c  s t r eng ths  (up t o  1  M)  by t h e  e x t r a c t s  have 

been shown n o t  t o  be s i g n i f i c a n t .  

Ove ra l l  , t h e  method represents  s i g n i f i c a n t  progress toward a  

r o u t i n e  t e s t  f o r  waterborne mutagens, b u t  i t  r e q u i r e s  f u r t h e r  r e f i n e -  

ment be fo re  i t  can be implemented on a  r o u t i n e  bas is .  

S i g n i f i c a n c e  and Re la t i on  t o  Water Resources Problems 

Recent s t u d i e s  of  d r i n k i n g  waters,  d r i nk i ng -wa te r  suppl  i e s ,  and 

c h l  o r i r ~ a t e d  secondary e f f l u e n t s  have revea led  t h e  presence o f  mutagenic 

compounds i n  these waters  (Loper,  Lang and Smith, 1978; G la t z  af ei. , 
1978; Cumming, 1978). One s tudy  (G la t z  a t  aZ., 1978) showed t h a t  t h e  

process o f  t r e a t i n g  wate r  t o  prepare i t  f o r  d r i n k i n g  apparen t l y  c rea ted  

mutagens, s i nce  e x t r a c t s  o f  t h e  d r i n k i n g  water  were mutagenic b u t  

e x t r a c t s  o f  t h e  p recursor  d r i nk i ng -wa te r  supply  were no t .  



These f i n d i n g s  p o i n t  o u t  t he  need f o r  a r ap id ,  s imp le  t e s t  f o r  

mutagens i n  d r i n k i n g  waters and sur face  waters.  Development o f  such 

a r o u t i n e  mutagen t e s t  was t h e  o b j e c t i v e  o f  t h i s  research. 

The procedure which has been developed d i f f e r s  frorn p rev ious  

work i n  i t s  emphasis on n e u t r a l  wa te r -so lub le  compounds and i t s  use 

o f  a sample volume t h a t  i s  r e a d i  l y  comparable t o  t h e  volume consumed 

every few days by a normal person. 
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ABSTRACT 

The presence o f  h i s t i d i n e  i n  complex, chem ica l l y  undef ined samples 

can l ead  t o  s i g n i f i c a n t  increases o f  spontaneous r e v e r s i o n  frequency 

i n  t he  SaZmoneZZa r e v e r s i o n  assay. The h i s t i d i n e  p resen t  on an assay 

p l a t e  d i r e c t l y  c o n t r o l s  t h e  number o f  d i v i s i o n s  on t h e  p l a t e  and 

t h e r e f o r e  t he  f i n a l  popu la t i on  o f  b a c t e r i a  on t h e  p l a t e .  Most spon- 

taneous r e v e r t a n t s  a r i s e  d u r i n g  d i v i s i o n s  on t h e  p l a t e .  The f r e -  

quency o f  spontaneous r e v e r t a n t s  o f  TA1535 and TA1538 i s  p r o p o r t i o n a l  

t o  t he  f i n a l  number o f  c e l l s ;  t he  frequency o f  spontaneous r e v e r t a n t s  

o f  TAlOO and TA98 shows a  b i phas i c  response t o  added h i s t i d i n e .  A  

s imple assay f o r  t he  de te rm ina t i on  o f  a v a i l a b l e  h i s t i d i n e  i n  complex 

samples i s  proposed, and cond i t i ons  t h a t  enhance t he  s u r v i v a l  of 

SaZmoneZZa i n o c u l a t e d  on assay p l a t e s  a re  descr ibed.  



INTRODUCTION 

Bac te r ia l  revers ion  assays are f i n d i n g  broad use i n  the  screening 

o f  chemicals fo r  p o t e n t i a l  carcinogeni c a c t i v i t y .  Recently such assays 

have been app l ied  t o  complex, chemical l y  undefined samples such as 

r i v e r  water (Pelon, Whitman and Beasley, 1977), e x t r a c t s  o f  potable 

water (Glatz e t  aZ., 1978; Loper, Lang and Smith, 1978), e x t r a c t s  o f  

u r i n e  (Legator, Connor and Stoeckel, 1975; Yahagi c t  at., 1977), and 

feces (Bruce e t  aZ., 1977). Our l abo ra to ry  has been concerned w i t h  

the adaptat ion o f  the  Ames SaZmoneZZa revers ion  assay t o  e x t r a c t s  o f  

organic ma te r ia l s  frorn surface waters. 

We have s tud ied the t e s t  w i t h  i n t e r e s t  i n  those fac to rs  which 

cause systematic f l u c t u a t i o n s  t h a t  might  be fa1 s e l y  i n t e r p r e t e d  as 

low- level  , induced increases i n  revers ion  frequency. I h  t h i s  repo r t ,  

we have examined i n  p a r t i c u l a r  t he  i n f l uence  o f  h i s t i d i n e  on the  

spontaneous revers ion  frequency o f  t he  SaZmoneZZa t e s t e r  s t r a i n s .  

MATERIALS AND METHODS 

S t ra ins  and Mater i  a1 s 

SaZmoneZZa typhimuriwn TA100, TA98, TA1535, TA1538 and the  mutagen 
2-(2-fury1)-3-(5-ni t ro-2-fury l )  acrylamide (AF-2) were supp l ied  by D r .  

B.N. Ames. S t ra ins  were checked f o r  h i s t i d i n e  requirement, deep rough 

character,  res is tance t o  ampici 11 i n  and response t o  d iagnost ic  mutagens, 

as recommended by Ames (Ames, McCann and Yamasaki, 1975). Frozen 

permanent stocks were prepared from 18 h L-broth (Lennox, 1955) c u l -  

tu res  by adding s t e r i l e  d imethylsul  fox ide  t o  a f i n a l  concer~ t ra t i on  

o f  6% ("/v),  f reezing i n  d r y  i c e  p lus  acetone, and s t o r i n g  a t  -70". 

Assay o f  Spontaneous and Mutagen- Induced Reversion Frequencies 

Inocu la  f o r  assay o f  revers ion frequency were grown 14 t o  20 

hours, shaking a t  37" e i t h e r  i n  D i f c o  Bacto n u t r i e n t  b r o t h  supplemented 



w i t h  5 g / l  NaCl o r  i n  Vogel Bonner medium E (Vogel and Bonner, 1956) 

supplemented w i t h  0.4% glucose, 0.3 mM L - h i s t i d i n e ,  5  mM D-b io t i n  and 

2% ( ' 1 ~ )  L -bro th  (enr iched Vb). The c u l t u r e  was harvested by c e n t r i f -  

ugat ion (3,500 x g f o r  5  min) and resuspended by vigorous vor tex  ag i  t a -  

t i o n  i n  one-ha l f  volume 0.9% NaC1. The dens i t y  o f  t h i s  suspension was 

est imated f rom the  A660 of a  d i l u t e d  sarnple measured i n  a Bausch and 

Lomb Spectronic  20 co lo r ime te r  us ing  an 18-mm co lo r i rne ter  tube. Based 

on p rev ious l y  constructed curves o f  L-agar-v iab le c e l l s  versus an 

A660 o f  1.5 was assumed t o  be equ i va len t  t o  1 x  l o 9  c e l l s ;  t h e  exper i -  

mental l y  observed o f  t h e  d i  1  u ted  suspension was a1 ways between 

0.10 and 0.50. ( I t  i s  necessary t o  determine exper imenta l l y  the  equiv- 

alence between apparent absorbance and L-agar-v iab le count f o r  each 

co lo r i rne ter  used; t he  conversion used above app l ies  o n l y  t o  our  

inst rument .  ) 

Based on t h i s  in fo rmat ion ,  the  suspension was d i l u t e d  w i t h  0.9% 

NaCl t o  a f i n a l  c a l c u l a t e d  dens i t y  o f  1  x  109 b a c t e r i a l m l  and h e l d  

on i ce .  For experiments i n  which t h e  inoculum was var ied ,  b a c t e r i a  

were resuspended i n  25% o f  t he  o r i g i n a l  volume; and suspensions o f  

approximately 1 x  101°, 1  x  l o 9 ,  and 1 x  l o 8  b a c t e r i a l m l  were pre-  

pared by d i l u t i o n ,  w i t h  re fe rence t o  t he  A,,, as descr ibed. TO '  

es t imate  reve rs ion  frequency, 0.10 m l  o f  the  1 x  l o 9  b a c t e r i a l m l  

s tock  ( h e r e a f t e r  c a l l e d  the  bas ic  s tock)  was d e l i v e r e d  from an auto- 

mat ic  p i p e t  i n t o  2 m l  o f  top  agar supplemented w i t h  h i s t i d i n e  and 

b i o t i n  as descr ibed i n  t h i s  sec t ion .  I t  i s  necessary t o  a g i t a t e  the  tube 

o f  bas ic  s tock  be fore  each removal o f  bac te r i a ;  i f  n o t  ag i t a ted ,  

t he  c e l l s  s e t t l e  p e r c e p t i b l y  over the  course o f  hours. The top  

agar was q u i c k l y  mixed by vor tex  a g i t a t i o n  and p l a t e d  on a Vb basal 

agar con ta in ing ,2% glucose. Fo l low ing  i ncuba t i on  a t  37" f o r  72 
t 

hours, t h e  H i s  r e v e r t a n t  c lones were counted. 

V i a b i l i t y  on L-Agar Versus Vb Agar 

For each experiment, t he  v i a b i l f t y  o f  t he  bas i c  s tock  was 



determined on L-agar (LA) and on Vb agar supplemented w i t h  2% g lu -  

cose, 80 nmoles D-b io t in ,  and 5 umoles L - h i s t i d i n e  (VbA). The bas ic  

s tock was d i l u t e d  s e r i a l l y  l o m 6  i n  0.9% NaC1, and dup l i ca te  0.20 m l  

a1 i quo ts  were p l a t e d  e i t h e r  i n  a top  agar o r  by s t e r i l e  spreader. 

Hi s t i  dine-Limi t ed  Growth Y i e l d  o f  Unknowns 

H i s t i d i n e - l i m i t e d  growth y i e l d  was est imated from increases i n  

o f  l i q u i d  c u l t u r e s  having h i s t i d i n e  i n  concentrat ions from 0 t o  

50 nmoles/ml and excess b i o t i n .  A s i n g l e  l a r g e  c u l t u r e  o f  t i e  h i s -  

t i d i n e  auxotroph was prepared by d i l u t i o n  o f  bas ic  s tock  i n t o  Vb 

l i q u i d  medium con ta in ing  0.4% glucose and 5 mM b i o t i n  t o  an i n i t i a l  

o f  approximately 0.01. Repl icate 5 m l  a l i q u o t s  o f  t h i s  c u l -  

t u r e  were d i s t r i b u t e d  i n t o  a se r ies  o f  s t e r i l e  18-mm co lo r ime te r  

tubes. Each tube was then supplemented w i t h  h i s t i d i n e  and 0.9% 

NaCl t o  b r i n g  t h e  f i n a l  volume t o  5.5 m l  and the  f i n a l  concentrat ion 

o f  h i s t i d i n e  t o  0, 10, 20, 30, 40, and 50 nmoles/ml . S t e r i l e  e x t r a c t s  

o f  sur face waters were added t o  the  remaining tubes, i n  amounts of  

0.50 m l  and 0.05 m l  p lus  0.45 m l  NaC1. The cu l tu res  were incubated 

shaking a t  37". The s t a t i o n a r y  phase o f  t h e  standards was 

p l o t t e d  versus concentrat ion o f  h i s t i d i n e  t o  make the  standard curve. 

The amount of a v a i l a b l e  h i s t i d i n e  i n  unknowns was determined from the 

s t a t i o n a r y  phase w i t h  reference t o  the  standard curve. 

RESULTS AND DISCUSSION 

In f l uence  of H i s t i d i  ne and Inocul  u~ii S ize on Spontaneous Reversion 

Frequency 

F igure  12 shows the  response o f  spontaneous revers ion  frequency 

t o  added h i s t i d i n e .  S t ra ins  TA1535 and TA1538 show p ropo r t i ona l  

increases over t he  e n t i r e  range o f  h i s t i d i n e ,  whereas the  s t r a i n s  

c a r r y i n g  plasmid pKMlOl e x h i b i t  a b iphas ic  increase. I n  these 
+ 

R-factor-bear ing s t r a i n s ,  the  increase o f  H is  reve r tan ts  r i s e s  



F igu re  12. The E f f e c t  o f  Added H i s t i d i n e  on Spontaneous 
Reversion Frequency 

S t r a i n s  grown 18 h i n  Vb l i q u i d  supplemented as descr ibed i n  Table 17 were 

tw i ce  washed by resuspension i n  0.9% NaC1, and 1 x l o 8  c e l l s  were p l a t e d  

as descr ibed by Ames, McCann, and Yamasaki (1975) except t he  top  agars con- 

t a ined  the  i n d i c a t e d  amount o f  h i s t i d i n e .  Each p o i n t  i s  the  average o f  

t h ree  p l a t e s  . 



s teep l y  i n  t he  range 0-50 nmoles h i s t i d i n e  and then approx imate ly  

para1 l e l s  t he  curve f o r  the  corresponding s t r a i n s  w i t h o u t  R- factor .  

F igure  13 shows t h a t  r e l a t i v e l y  l a r g e  v a r i a t i o n s  i n  the  number 

o f  b a c t e r i a  inocu la ted  on a  p l a t e  were requ i red  t o  a f f ec t  t h e  spon- 

taneous reve rs ion  frequency. The dominant i n f l u e n c e  was n o t  t he  

inoculum s i z e  b u t  t he  amount o f  h i s t i d i n e  added. Add i t i on  o f  0, 10, 

o r  100 nmoles h i s t i d i n e  produced roughly  p r o p o r t i o n a l  increases i n  

spontaneous reve rs ion  frequency a t  each l e v e l  o f  i n o c u l a t i o n .  I n -  

crease i n  revers ion  frequency induced by 2  ~g  sodium az ide  was a l s o  

more s t r o n g l y  dependent upon the  amount o f  h i s t i d i n e  added than on 

v a r i a t i o n s  i n  t he  inoculum s i ze .  

Mortelmans and Stocker  (1976) have performed s im i  l a r  exper i -  

ments comparing glycerol-grown SaZmoneZZa t y p h i m i w n  h i s  G 46 w i t h  

o r  w i t h o u t  p lasmid R46. R46 i s  t he  p r o g e n i t o r  o f  pKM101, t h e  plasrnid 

found i n  TAlOO and TA98. They found t h a t  t he  spontaneous reve rs ion  

frequency was p ropo r t i ona l  t o  added h i s t i d i n e  and t h a t  inoculum 

s i z e  had l i t t l e  e f f e c t  on reve rs ion  frequency i n  t he  presence o f  

60 nmoles h i s t i d i n e .  They d i d  n o t  observe the  b iphas i c  response 

seen i n  F igure  12. 

Under the  cond i t i ons  o f  the reve rs ion  assay, growth on t h e  p l a t e  

becomes l i m i t e d  by a  l a c k  o f  h i s t i d i n e  f o r  a l l  s t r a i n s  b u t  s t a b l e  

reve r tan ts  which have both ad jus ted  t o  t he  c u l t u r e  cond i t i ons  and 

regained the a b i l i t y  t o  synthesize h i s t i d i n e  from glucose. I t  seems 

reasonable t he re fo re  t o  i n t e r p r e t  the  systemat ic  v a r i a t i o n  o f  spon- 

taneous reve rs ion  frequency w i t h  added h i s t i d i n e  i n  terms of the  

nurnber o f  new c e l l s  a r i s i n g  on the  p l a t e .  I f  the  number o f  new c e l l s  

i s  a  l i n e a r  f u n c t i o n  o f  the  amount o f  h i s t i d i n e  added, and if each 

newly a r i s i n g  c e l l  has a  f i x e d  p r o b a b i l i t y  o f  be ing  r e v e r t a n t ,  then 

the  frequency o f  spontaneous revers ion  should be a  1-inear f u n c t i o n  

o f  added h i s t i d i n e .  S i m i l a r l y ,  f o r  any g iven l e v e l  o f  i n o c u l a t i o n ,  
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Figure  13. The E f f e c t  o f  Inoculum S ize  on Spontaneous and 
Azide-Induced Reversion Frequencies 

S t r a i n  TA1535 was grown 18 h i n  Vb l i q u i d  supplerr~ented as descr ibed i n  

Table 17, cen t r i fuged,  resuspended i n  0.9% NaC1, and p l a t e d  I n  t op  agars 

con ta in ing  excess b i o t i n  and 0 (a), 10 ( x ) ,  o r  100 (0) nmoles h i s t i d i n e .  

Sarr~ples con ta in ing  2 pg NaN3 were p l a t e d  w i t h  0 (H) o r  100 (a) nmoles 

h i s t i d i n e .  A t  t he  t ime of p l a t i n g ,  inoculurr~ s i z e  was est imated from t u r -  

b i d i  t y ,  w i t h  re fe rence t o  a standard curve. The ac tua l  v i a b l e  count  was 

determined a f t e r  d i l u t i n g  i n  0.9% NaCl and p l a t i n g  on L-agar. Each p o i n t  

i s  the  average o f  t h ree  p la tes .  



t h e  spontaneous revers ion  frequency should be t h e  sum o f  p r e - e x i s t i n g  

reve r tan ts  i n  t he  inoculum p lus  the  reve r tan ts  a r i s i n g  du r i ng  d i v i -  

s i on  on the  p l a t e .  The r e s u l t s  shown f o r  TA1535 and TA1538 i n  Figures 

12 and 13 are cons is ten t  w i t h  t h i s  i n t e r p r e t a t i o n .  

H i s t i d i n e - L i m i t e d  Growth Y i e l d  

To t e s t  whether the  amount o f  added h i s t i d i n e  produced p ropo r t i ona l  

increases o f  v i a b l e  c e l l s ,  we attempted t o  recover  b a c t e r i a  from the  

top  agar. This  approach was abandoned when we found t h a t  t he  reproduc- 

i b i l i t y  o f  t he  recovery was poor i n  r e c o n s t r u c t i o r ~  experiments, ever1 

recover ies  from f r e s h l y  poured top  agars. Experiments i n  l i q u i d  c u l -  

t u r e  were undertaken then t o  s imulate cond i t i ons  i n  t he  top  agar 

(F igure  14). F i r s t  t he  r e l a t i o n s h i p  o f  t o  LA-v iable c e l l s  was 

es tab l i shed.  

The r a t i o  o f  A,,, t o  LA-v iable c e l l s  was found t o  be constant  

+20% f o r  a l l  s t r a i n s  i n  both h i s t i d i n e - l i m i t e d  and c o n t r o l  (excess - 
h i  s t i d i n e )  c u l t u r e s  dur ing  bo th  exponent ia l  and s t a t i o n a r y  phases. 

The LA-v iable t i t e r  and o f  t h e  s tat ionary-phase c u l t u r e s  remained 

constant  f o r  over  20 hours (F igure  14, panel A). A f t e r  more than 
+ 

20 hours, t h e  and t i t e r  increased as H is  reve r tan ts  took over  

t he  c u l t u r e .  

Knowing t h a t  t he  increases o f  shown i n  t h e  f i g u r e  r e f l e c t e d  

p ropo r t i ona l  increases i n  t i t e r ,  i t  was poss ib le  t o  c a l c u l a t e  the  

growth y i e l d  f o r  h i s t i d i n e  by r e p l o t t i n g  the  maximum versus 

nmoles o f  h i s t i d i n e  added (F igure  14, Panel B ) .  1  x  102 nnmles h i s t i -  

d ine  were found t o  produce 1  x  109 c e l l s ,  i n  reasonable agreement w i t h  

t he  va lue o f  5  x  l o 9  nmoles h i s t i d i n e  found w i t h  SaZmoneZZa typhimuriwn 

h i s  G 46 grown i n  g l y c e r o l  (Mortelmans and Stocker,  1976). 
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Reversion Rate o f  R-Factor-Bearing S t r a i n s  

Wi th in  experimental  e r r o r ,  the  h i s t i d i n e  growth y i e l d  was the  

same f o r  a1 1  s t r a i n s .  Therefore the  d i f f e rences  i n  reve rs ion  f r e -  

quency seen when comparing TAlOO t o  TA1535 and TA98 t o  TA1538 i n  the 

range 0-50 nrnoles h i s t i d i n e  must r e f l e c t  d i f f e r e n t  r a t e s  o f  revers ion ,  

i .e. , reve r tan ts  per  d i v i s i o n ,  i n  t he  R- factor-bear ing s t r a i n  compared 

t o  the corresponding s t r a i n s  w i t h o u t  R- factor .  M i  t h  t h e  a d d i t i o n  

o f  more than 50 nmoles h i s t i d i n e ,  the  curves f o r  the  R- factor-bear ing 

s t r a i n s  became approximately p a r a l l e l  t o  those o f  t h e i r  p lasmid less 

parents.  We the re fo re  conclude t h a t  t he  R- fac to r  e f f e c t  on revers ion  

r a t e  i s  t r a n s i e n t ,  opera t ing  on l y  du r i ng  the  i n i t i a l  d i v i s i o n ( s )  on 

the  p la te .  

The i n f l u e n c e  o f  h i s t i d i n e  on R- fac to r  enhancement o f  spontane- 

ous reve rs ion  r a t e  might  operate through any o f  severa l  mechanisms. 

It i s  known, f o r  example, t h a t  the  r a t e  o f  UV-induced reve rs ion  o f  

 is- ochre and f r a m e s h i f t  mutat ions i s  e leva ted  by i nc reas ing  the  

r a t e  o f  t r a n s c r i p t i o n  o f  t he  h i s t i d i n e  operon (Savic  and Kanazir ,  

1972). Since the  inoculum used i n  t he  experiment descr ibed i n  

F igure  12 was washed and resuspended i n  h i s t i d i n e - f r e e  medium, i t  

i s  l i k e l y  t h a t  the  h i s t i d i n e  operon o f  these c e l l s  was derepressed 

p r i o r  t o  p l a t i n g ,  thus e l e v a t i n g  the  r a t e  o f  t r a n s c r i p t i o n  o f  the  
h i s t i d i n e  operon. But t h i s  e l e v a t i o n  a lone would n o t  account f o r  the  

observed behavior o f  t he  spontaneous reve rs ion  frequency s ince  the  

p l a t e s  r e c e i v i n g  no h i s t i d i n e  would have been the  most s t r o n g l y  dere- 

pressed, y e t  they  d isp layed t h e  lowest  spontaneous reve rs ion  frequency. 

H i s t i d i n e  1 - im i ta t i on  would have the  a d d i t i o n a l  e f f e c t  o f  l i m -  

i t i n g  n e t  p r o t e i n  synthesis .  Walker (1977) has s tud ied  the  pKMlOl 

enhancement o f  spontaneous reve rs ion  frequency i n  E. co l i ;  he has 

concluded on the  bas is  o f  s tud ies  w i t h  a  tif mutant t h a t  t h e  plasmid 

e f f e c t  i n t e r a c t s  s y n e r g i s t i c a l l y  w i t h  a  t i f - c o n t r o l  l e d  mutator  

a c t i v i t y .  The t i f - c o n t r o l  l e d  a c t i v i t y  i s  i n d u c i b l e  and requ i res  



p r o t e i n  synthesis f o r  expression (Wi t k i n ,  1969). 

The behavior o f  TAlOO and TA98 under severe h i s t i d i n e  l i m i t a t i o n  

could be r a t i o n a l i z e d  i f  s ta rva t i on  f o r  h i s t i d i n e  induced t r a n s c r i p t i o n  

o f  a  gene (encoded on chromosome o r  plasmid) t h a t  was analogous t o  t h e  

t i f - c o n t r o l  l e d  rnutator. I nduc t ion  would occur as a  resu l  t o f  amino-aci d 

s tarva t ion ,  bu t  synthesis o f  t he  p r o t e i n  product  requ i red  t o  e levate  

revers ion r a t e  would be l i m i t e d  by t h e  amount o f  h i s t i d i n e  suppl ied 

i n  the  range 0  t o  50 nmoles h i s t i d i n e .  Above t h i s  l e v e l ,  s u f f i c i e n t  

h i s t i d i n e  would be ava i l ab le  t o  permi t  synthesis o f  t h e  normal amounts 

of t h e  pro te in ,  bu t  t h i s  l e v e l  of h i s t i d i n e  would a lso  r e l i e v e  the  

s t a r v a t i o n  t h a t  l e d  t o  induct ion.  Therefore, on l y  i n  the  i n i t i a l  

d i v i s i o n  would the  enhanced revers ion  r a t e  be observed, as t h e  mes- 

sages synthesized dur ing  amino-acid s t a r v a t i o n  were t rans la ted .  

I n  s t r i n g e n t  bac ter ia ,  amino-acid s t a r v a t i o n  causes synthesis 

o f  h i g h l y  phosphorylated nuc leot ide  s igna ls ,  i n c l  hding ppGpp and 

ppApp (Cashel, 1969; Rhaese and Groscurth, 1976). E. coZ i  bear ing 

the tif mutat ion respond t o  exogeneous adenine a t  permissive tem- 

peratures i n  exac t l y  the  same manner as they do t o  e levated temper- 

a tu re  (Ki rby,  Jacob and Go1 dthwai t, 1967). Exogeneous guanosi ne 

and c y t i d i n e  cqunteract both temperature-induced and adenine-induced 

f i  1  amentation and prophage induc t ion  i n  t h i s  s t r a i n .  Therefore i t  

i s  poss ib le  t h a t  a  nuc leot ide  s igna l  may be invo lved i n  the  postu- 

1  ated induc t ion  o f  mutator a c t i v i t y  by amino-aci d  s ta rva t i on .  

H i s t i d i n e  and Reversion Assays 

The increase o f  spontaneous revers ion  frequency caused by h i s t i -  

d ine  has d i r e c t  consequences f o r  t he  r e p r o d u c i b i l i t y  o f  background r e -  

vers ion  frequency between experiments and f o r  t he  de tec t i on  o f  low l e v e l s  

o f  mutagens i n  chemical ly  undefined samples. I n  the  pro toco l  used by 

Ames, 91 nmoles o f  h i s t i d i n e  were added i n  t h e  top  agar and an unknown 

amount was added i n  t h e  0.10 m l  o f  spent n u t r i e n t  b r o t h  (Nb) t h a t  



accompanied the i nocu lum (Ames , McCann and Yamasaki , 1975). We have 

assayed the  amount o f  h i s t i d i n e  ava i l ab le  i n  a l i q u o t s  o f  spent f i l t e r -  

s t e r i l i z e d  Nb by es t imat ion  o f  t he  amount o f  growth o f  h i s t i d i n e  

auxotrophs t h a t  i t  w i l l  support i n  comparison t o  growth supported by 

known amounts o f  h i s t i d i n e  (Figure 14). Ten t o  t h i r t y  nmoles o f  

h i s t i d i n e  were found i n  var ious batches o f  spent Mb, represent ing a 

poss ib le  v a r i a t i o n  o f  background revers ion frequency o f  about 15%. 

This v a r i a t i o n  i s  no t  unacceptable, b u t  i s  i s  one t h a t  i s  e a s i l y  

c o n t r o l l e d  by harves t ing  the  bac te r ia  and resuspending i n  a h i s t i d i n e -  

f r e e  medi um before i nocul a t i  on o f  the  p la tes .  

H i s t i d i n e  i n  chemical ly undefined samples represents a more 

serious concern, espec ia l l y  i f  one wishes t o  detec t  weak mutagens o r  

small amounts o f  mutagens. Ames has mentioned the  need t o  est imate 

and c o r r e c t  f o r  h i s t i d i n e  i n  ex t rac ts  o f  u r i n e  (Yamasaki and Ames, 1977). 

I n  samples o f  environmental o r i g i n  such as surface waters, ca re fu l  

con t ro l  f o r  h i s t i d i n e  i s  p a r t i c u l a r l y  important  s ince the  content  o f  

mutagens may be expected t o  be low. 

A recent  paper repor t s  small b u t  s t a t i s t i c a l l y  s i g n i f i c a n t  

increases i n  revers ion  frequency induced by M iss i ss ipp i  River  water 

(Pelon, Whi tman and Beasley, 1977). From Figure 12, i t  can be seen 

t h a t  increases o f  more than twofo ld  can e a s i l y  be induced by h i s t i d i n e  

i n  the  absence o f  mutagen. The h ighest  induced increases repor ted  

i n  the M iss i ss ipp i  water study could be accounted f o r  i f  the  water 

contained 20 nmoles per  m l  (20 UM) h i s t i d i n e .  

There i s  too  l i t t l e  q u a n t i t a t i v e  in format ion  i n  the  l i t e r a t u r e  

on the  h i s t i d i n e  content  o f  f resh  water t o  i n d i c a t e  whether the  re-  

su l  t s  o f  t h i s  study represent h i s t i d i n e  o r  mutagen. H i s t i d i n e  has 

been qua1 i t a t i v e l y  detected i n  pond water ( L i  t c h f i e l d  and Prescot t ,  

1970), i n  es tuar ies  s i m i l a r  t o  p a r t  o f  the area sampled i n  the 

M iss i ss ipp i  study, and i n  marine waters. I n  the  estuary o f  V i r g i n i a ' s  



York River,  5 nM f r e e  h i s t i d i n e  has been found (Hobbie, Crawford 

and Webb, 1968). H i s t i d i n e  i s  present  i n  d e t r i t u s  from Spartina 

marsh grass, which i s  t he  c h a r a c t e r i s t i c  vegeta t ion  present  i n  

the  f i n a l  100 m i l es  o f  t he  M i s s i s s i p p i  River,  i n c l u d i n g  severa l  

s i t e s  sampled i n  t h e  s tudy ( H a l l ,  Weimer and Lee, 1970). Concen- 

t r a t i o n s  of h i s t i d i n e  i n  marine waters vary  w ide ly :  f rom t r a c e  t o  

34 nM f ree ;  19 t o  460 nM dissolved,  re leased by a c i d  hyd ro l ys i s ;  

and 18 t o  70 nM p a r t i c u l a t e ,  re leased by h y d r o l y s i s  (Siege1 and 

Dengens, 1966). Low concentrat ions o f  h i s t i d i n e  should be expected 

i n  waters r e c e i v i n g  e f f l u e n t  f rom sewage t reatment .  Randkte et aZ. 

(1978, p.207) r e p o r t  t h e  concent ra t ion  o f  so lub le  h i s t i d i n e  i n  e f f l u -  

e n t  f rom an ac t i va ted-s ludge u n i t  t o  be 80 nM. A normal 70-kg human 

excretes d a i l y  69-460 mg t o t a l  h i s t i d i n e  i n  u r i n e  and 98-147 mg i n  

feces (Hunter, 1971 ) . 

From t h i s  i n fo rma t i on  i t  seems u n l i k e l y  t h a t  h i s t i d i n e  was 

present  i n  the  M i s s i s s i p p i  samples i n  UM concentrat ions.  However, 

we have been unable t o  f i n d  q u a n t i t a t i v e  i n f o r m a t i o n  on the h i s t i d i n e  

content  o f  any r i v e r  water. H i s t i  d i ne  concent ra t ion  becomes impor- 

t a n t  i n  our  s tud ies  o f  sur face  waters because we, l i k e  o thers  (G la tz  

et aZ., 1978; Loper, Lang and Smith, 1978), concentrate t he  organ ic  

m a t e r i a l  obta ined f rom t h e  o r i g i n a l  water  severa l  hundredfold. 

Es t imat ion  o f  H i s t i d i n e  i n  Complex Mixtures 

Any assay used t o  es t imate  the  conten t  o f  h i s t i d i n e  a v a i l a b l e  

t o  t he  SaZmoneZZa t e s t e r  s t r a i n  should mimic as c l o s e l y  as poss ib le  

t he  cond i t i ons  o f  t h e  reve rs ion  assay. For example, s t r a i g h t f o r w a r d  

chemical ana l ys i s  o f  f r e e  h i s t i d i n e  may underest imate a v a i l a b l e  

h i s t i d i n e  i f  the  content  o f  h i s t i d i n e - c o n t a i n i n g  o l i gopep t i des  i n  

the sarnple i s  h igh.  Conversely, a c i d  h y d r o l y s i s  o f  the  sarr~ple may 

l i b e r a t e  h i s t i d i n e  from sources such as p r o t e i n  which migh t  n o t  

p rov ide  a l l  o f  t h i s  h i s t i d i n e  t o  t he  b a c t e r i a  under t he  cond i t i ons  

o f  t he  assay. Es t imat ion  of t h e  amount o f  growth supported by an 



unknown sample i s  a  simple way t o  determine t h e  amount o f  h i s t i d i n e  

a c t u a l l y  a v a i l a b l e  t o  t h e  bac te r i a  i n  t h e  unknown sample under the  

cond i t ions  o f  t h e  revers ion  assay. Environmental samples conta in ing  

p a r t i c u l a t e  mat te r  o r  ma te r i a l  absorbing a t  660 nm can pose problems, 

however. We normal ly  s t e r i l i z e  unknowns by f i l t r a t i o n  through 0.2- 

micron Nuclepore f i l t e r s ,  which solves the  former problem. I f  the  

c o l o r  i n  a  sample i s  n o t  too  in tense t o  mask increases i n  t u r b i d i t y ,  

i t  can be assayed as i l l u s t r a t e d  i n  F igure  14. To i nsu re  t h a t  the  

changes i n  observed i n  co lo red samples a c t u a l l y  correspond t o  i n -  

creases i n  bac te r i a  r a t h e r  than t o  changes i n  c o l o r a t i o n ,  a t  t he  end 

o f  t he  experiment the  Ass0 o f  t he  sample should be read a f t e r  bac te r i a  

have been removed by c e n t r i f u g a t i o n  and f i l t r a t i o n .  

Panel C o f  F igure  14 i l l u s t r a t e s  the  behavior o f  c u l t u r e s  con- 

t a i n i n g  both h i s t i d i n e  and mutagen. Even the  presence o f  mutagen, no 

increase o f  occurred unless h i s t i d i n e  was present .  I n  t he  pres- 

ence o f  h i s t i d i n e  t h e  mutagen induced f i l a m e n t a t i o n  o f  t h e  bac te r i a ,  

which was observed i n  a  phase con t ras t  microscope. F i lamenta t ion  caused 

the  r a t e  o f  increase o f  t o  be lower than the  r a t e  o f  increase seen 

i n  the standards, and the  f i n a l  A660  was s l i g h t l y  lower than t h a t  o f  t he  

standard having the  same amount o f  h i s t i d i n e .  A n e t  increase o f  A 6 6 0 ,  

there fore ,  i nd i ca tes  the  presence o f  h i s t i d i n e  i n  t h e  sample; t he  devia- 

t i o n  o f  the  increase from the  exponential  p a r t  o f  the  c o n t r o l  

curves i nd i ca tes  the  presence o f  a  t o x i c ,  p o t e n t i a l l y  mutagenic agent 

i n  t he  sample. The s i g n i f i c a n c e  o f  such a  r e s u l t  depends upon the  

revers ion  frequency induced by t h a t  sample. I n  general we have found 

t h a t  h i s t i d i n e  alone can induce a  maximum increase o f  o n l y  f o u r f o l d  

over t h e  revers ion  frequencies normal ly  found f o r  t h e  ~ m e s  s t r a i n s .  Un- 

knowns t h a t  induce greater  revers ion  frequencies rr~ust conta in  mutagen. 

I n  decid ing whether an environmental sample conta ins mutagen, 

we assay on l y  f o r  h i s t i d i n e  and c o r r e c t  f o r  h i s t i d ine - induced  increases 
I 



-i 

o f  spontaneous revers ion  frequency i n  t he  samples t h a t  show a  one- 

t o  f o u r f o l d  increase over t h e  c o n t r o l  frequency. To c a l c u l a t e  the  
* 

h i  s t i d i  ne-induced increase, we add t o  the  experimental revers ion  

frequency o f  the  c o n t r o l  (no mutagen) the  product  o f  t he  concentra- . 
t i o n  o f  h i s t i d i n e - l i k e  a c t i v i t y  i n  t he  sample and the  slope o f  the  

appropr ia te  curve o f  reve r tan ts  versus nmoles h i  s t i d i n e  shown i n  

F igure  12, us ing  the  slope i n  t he  range 50-250 nmoles h i s t i d i n e .  

The difference between t h i s  sum and the  exper imenta l l y  induced rever -  

s ion  frequency i s  taken as the  increase due t o  mutagen i n  the  sample. 

Our experience so f a r  w i t h  e x t r a c t s  o f  sur face waters has been t h a t  

unknowns e i t h e r  con ta in  s u f f i c i e n t  h i s t i d i n e  t o  account f u l l y  f o r  the  

observed increases o f  revers ion  frequency o r  they con ta in  no growth- 

support ing a c t i v i t y  ( h i s t i d i  ne) a t  a1 1. 

V i  ab i  1  i t y  o f  S t ra ins  under Assay Condit ions 

We found two f a c t o r s  unre la ted  t o  h i s t i d i n e  t h a t  may a f f e c t  t he  

q u a n t i t a t i v e  response o f  t he  Ames revers ion  assay. Dur ing study o f  

the r a t i o  o f  t o  v i a b l e  count, i t  was found t h a t  t he  v i a b i l i t y  

o f  the  s t r a i n s  grown on VbA was l ess  than t h a t  on LA. Furthermore, 

the  r a t i o  o f  v i a b i l i t y  on VbA compared t o  LA was lower i f  the  s t r a i n s  

were grown i n  l i q u i d  Nb w i t h  NaC1, as recommended by Ames, than i f  

they were grown i n  supplemented Vb l i q u i d  medium (see Table 17). 

I n  t he  experiment described i n  the  tab le ,  the  Nb o r  Vb l i q u i d  c u l -  

tu res  o f  each s t r a i n  were d i l u t e d  i n  0.9% NaCl a t  room temperature, 

and d u p l i c a t e  p l a t i n g s  o f  about 4 x  l o 2  b a c t e r i a  were made from the  

same f i n a l  d i l u t i o n  tube onto VbA and LA. The r a t i o  o f  Asso t o  

LA-viable c e l l s  was always constant w i t h i n  experimental  e r r o r ;  VbA 

v i a b i l i t y  was more va r iab le  b u t  was always lower than the  LA v i a b i l i t y -  

t y p i c a l  values are shown i n  the tab le .  No s i g n i f i c a n t  d i f f e rences  

were seen when comparing p l a t i n g  by s t e r i l e  spreader t o  p l a t i n g  i n  

top  agars. 



Table 17. Re la t i ve  V i a b i l i t y  o f  S t ra ins  Grown i n  Enriched Vb 
o r  Nb L i q u i d  Medium when P la ted on Vb Agar Versus 
L-Agar ( P l a t i n g  Shock) 

Nb p lus  NaCl I 0.01 0.97 0.006 0.006 

L i q u i d  growth 

medi um a 

Enriched Vb 1 0.93 0.98 0.22 0.23 

Viabi  1 i ty on Vb agar/L-agar b 

TAl 00 TA1535 TA98 TA1538 

a Inocula were grown 18 h i n  Nh conta in ing  0.5% NaCl (Ames, McCann and 
Yamasaki, 1975) o r  i n  Vb l i q u i d  supplemented w i t h  0.4% glucose, 0.3 mM 
L -h i s t i d ine ,  5 pM D-b io t in ,  and 2% ("/v) L-broth. 

Fol lowing d i  1 u t i o n  i n  0.9% NaC1, bac te r ia  were p l a t e d  on Vb agar supple- 
mented w i t h  5 pmoles L - h i s t i d i n e  and 80 nmoles D-b io t i n  and on L-agar 
(see t e x t ) .  

We r e f e r  t o  t h i s  decrease i n  v i a b i l i t y  on minimal p l a t e s  as a 

" p l a t i n g  shock." I n  the  presence o f  h i s t i d i n e  on the  p la te ,  such a 

decrease i n  v j a b i l i t y  o f  the  inoculum would have l i t t l e  e f f e c t  on 

spontaneous revers ion  frequency o r  on the  f i n a l  amount o f  b a c t e r i a  

a r i s i n g  on t h e  p l a t e  (F igure 13). However, s ince the growth o f  

bac te r ia  on the  p l a t e  requ i res  tirne, i t  i s  poss ib le  t o  p r e d i c t  t h a t  

very s h o r t - l i v e d  mutagens w i l l  show a lower induced revers ion  f r e -  

quency i f  the  i n i t i a l  inoculum has a low r a t i o  o f  VbA t o  LA v i a b i l i t y  

compared t o  assay cond i t ions  w i t h  a h igher  VbA/LA-vi abi  1 i ty r a t i o .  

The e f f e c t i v e  t a r g e t  f o r  such a rqutagen would be on ly  t h e  i n i t i a l  

v i a b l e  c e l l s  i n  the  inoculum, n o t  the  c e l l s  a r i s i n g  on the  p l a t e  

a t  l a t e r  times. Wi t k in  (1956) has described a decrease o f  reve r tan t  

y i e l d  i n  untreated E. co l i ,  associated w i t h  the  s h i f t  from Nb t o  a 

minimal reversion-assay rr~ediurn. I n  her  work, growth o f  the inoculum 



i n  t he  same medium (supplemented w i t h  the  requ i red  amino ac id )  t h a t  

i s  used t o  measure the  revers ion  frequency s i g n i f i c a n t l y  enhanced 

the y i e l d  o f  rever tan ts .  For these reasons we r o u t i n e l y  c u l t u r e  

bac te r i a  t o  be used f o r  revers ion  assay i n  t h e  supplemented Vb 

l i q u i d  medium described i n  t he  tab le .  

F i n a l l y ,  we have found t h a t  the  use o f  DMSO i n  amounts greater  

than 50 u1 can s t r o n g l y  a f f e c t  the  induced r e v e r t a n t  y i e l d ,  even 

though the spontaneous revers ion  frequency i s  n o t  s t r o n g l y  in f luenced 

by DEISO up t o  0.5 m l  per  p l a t e .  We have observed both  increases and 

decreases, occas iona l ly  up t o  70%, o f  induced revers ion  frequency 

caused by excess DMSO. Yahagi e t  aZ. (1977) have repor ted a  s i m i l a r  

f i n d i n g  dur ing  exposure o f  bac te r i a  t o  N,N-dimethylnitrosamine i n  

[IMSO. 
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Only t he  very f i r s t  s tud ies  a t tempt ing  t o  de tec t  mutagens i n  water  a re  

completed. These s tud ies  have found s i g n i f i c a n t  l e v e l s  of mutagenic a c t i v -  

i t y  i n  approximately 20% of t he  surface waters surveyed, ma in ly  i n  Iowa and 

I l l i n o i s  (G la tz  e t  aZ. 1978; and t h i s  r e p o r t ) .  O f  g rea te r  concern i s  t he  

f i nd ing  f n  Iowa t h a t  about 70% of t h e  f i n i s h e d  d r i n k i n g  waters assayed con- 

t a ined  mutagens even though t h e  un t rea ted  source water  was f r e e  o f  de tec t -  

ab le  mutagenic a c t i v i t y .  

C lea r l y ,  i t  would be des i rab le  f o r  r e g u l a t o r y  agencies t o  have a v a i l -  

ab le  a s imple t e s t  f o r  the  presence o f  mutagens i n  water, bo th  surface 

waters and f i n i s h e d  d r i n k i n g  water.  The development of such a t e s t  was begun 

two years ago i n  t he  l a b o r a t o r i e s  o f  t h e  I n s t i t u t e  f o r  Environmental Studies, 

U n i v e r s i t y  o f  I l l i n o i s  a t  Urbana-Champa,ign. Based upon the  r e s u l t s  o f  a  

major USEPA study, "Mon i to r ing  t o  Detect  Prev ious ly  Unrecognized P o l l u t a n t s "  

(Ewing e t  aZ, 1977, p. 32), t h e  test-development e f f o r t  focused upon the  re -  

covery and de tec t i on  o f  n o n v o l a t i l e  mutagens, assaying f o r  mutagen ic i ty  

w i t h  t he  w ide l y  used Ames SaZmoneZZa/microsome assay. The recovery of o r -  

ganic cowpounds was accomplished by t h e  passage o f  the  water  sample through 

a se r i es  of adsorbent beds ( s i l i c a  ge l ,  cation-exchange and anion-exchange 

r e s i n s )  fo l lowed by concent ra t ion  o f  t h e  m a t e r i a l  i n  t he  e f f l u e n t  under vac- 
' uum. A l l ,  o f  t h e  beds were conta ined i n  a g lass  and t e f l o n  column, c a l l e d  

the  p a r f a i t  column. Recovery o f  compounds f rom each bed o f  t h e  p a r f a i t  c o l -  

umn was accomplished w i t h  bo th  an i o n i c  e luant ,  2 M tr iethylarrmoniurr~ carbon- 

a t e  (TEAC03), and an organic  e luant ,  acetone. These e luants  were removed 

from the  sample under vacuum, and the  res idue was a p p l i e d  t o  the Ames assay 

fo l  low ing  f i  1 t e r  s t e r i l  i z a t i o n .  Th is  procedure has been descr ibed i n  d e t a i l  

i n  Sec t ion  I. 

The p a r f a i t / d i s t i l l a t i o n  recovery method has been subjected t o  a l i m i t -  

ed number o f  experiments t o  v a l i d a t e  i t s  a b i l i t y  t o  recover  known mutagens 

spiked i n t o  environmental waters. As a p a r t  o f  a  major  I 1  1 i n o i s  EPA study 

o f  organics i n  waters and e f f luen ts ,  t he  IEPA supported the  assay of severa l  

I 1  1 i n o i s  sur face  waters by the pa r fa i  t / d i s t i l  l a t i o n  rnethod. Ten mutagen ic i ty  

assays were completed. Th is  r e p o r t  presents the  r e s u l t s  of t h a t  study. 



METHODS 

A l l  o f  t he  methods employed are  described i n  Sect ion I. Sect ion I 

a l s o  describes the  format f o r  r e p o r t i n g  data and g ives  a b r i e f  d iscussion 

of t he  c r i t e r i a  f o r  determin ing s i g n i f i c a n c e  of  the  r e s u l t s  . 

SELECTION OF SITES 

I n  general,  waters were chosen f o r  s tudy because they  were d r i n k i n g  

water suppl i es o r  because they received s i g n i f i c a n t  e f f l u e n t  discharges. 

Table 18 l i s t s  t h e  s i t e s  sampled, 

RESULTS AND DISCUSSION 

The data from the  mutagen ic i ty  assays o f  t h e  I l l i n o i s  surface waters 

are  presented i n  Tables A through I; the  t o x i c  and mutagenic responses ob- 

t a ined  are  summarized i n . T a b l e  J. 

To be c i t e d  as a s i g n i f i c a n t  t o x i c  response i n  Table J, the  sample 

tes ted  had t o  induce a response l e s s  than one h a l f  t he  corresponding con- 

t r o l  ; samples induc ing  a number of reve r tan ts  g rea te r  than 2 t imes t h e  cor-  

responding c o n t r o l  were c i t e d  i n  t h e  t a b l e  as s i g n i f i c a n t l y  mutagenic. A 

t h i r d  category o f  marginal l y  p o s i t i v e  mutagenic responses has a1 so been i n -  

cluded i n  the  tab le .  It inc ludes  samples t h a t  induced reve rs ion  frequencies 

greater  than 1.8 t imes c o n t r o l  b u t  l e s s  than o r  equal t o  2 t imes c o n t r o l .  By 

Ames' c r i t e r i a  they  cannot be considered s i g n i f i c a n t l y  p o s i t i v e  r e s u l t s .  

However, because o f  t h e  r e l a t i v e l y  small random v a r i a b i l  i t y  i n  our  modifica- 

t i o n  o f  t he  assay and t h e  small volume o f  sample represented by each assay 

p l a t e  a t  h ighes t  dose, i .e., approximately 1 l i t e r  o f  sample, these marginal 

r e s u l t s  a re  repor ted  separately.  

The t o x i c  responses summarized i n  Table J occur predominant ly i n  F rac t i on  

C, the  TEAC03 e l u a t e  o f  t he  IRA 400 res in .  A d iscussion of t h i s  f i nd ing  i s  

found i n  Sect ion I. A1 so inc luded i n  Sect ion I i s  a d iscuss ion  of p o t e n t i a l  

a r t i f a c t u a l  r e s u l t s  from contaminat ior~ o f  the  sarnple by dichromate i o n  car- 

r i e d  over from t h e  chromic-acid bath used t o  clean the  glassware. 



The r e s u l t s  o f  t he  mutagenic i ty  assay o f  the  s i t e s  sampled inc luded two 

p a r a l l e l  se ts  o f  assays o f  the  same water, one from Lake Decatur (Table D) 

and the  o t h e r  from secondary e f f l u e n t  from the  Peoria sewage-treatment 

p l a n t  (Tables B and C). These p a r a l l e l  se ts  o f  assays were attempts t o  

t e s t  the  r e p r o d u c i b i l i t y  of the  p a r f a i  t / d i s t i l l  a t i o n  method. I n  the  De- 

c a t u r  ser ies ,  dup l i ca te  samples were taken and the  p a r a l l e l  samples were 

f rac t ionated and worked up simultaneously. One f r a c t i o n ,  G, was l o s t .  

The mutagenic responses o f  the  remaining para1 l e l  f r a c t i o n s  (Table D) 

were very s i m i l a r ,  except f o r  F rac t i on  C compared t o  F rac t i on  3 .  I n  no 

case d i d  a  s i g n i f i c a n t  mutagenic response appear i n  e i t h e r  s e t  of f rac t ions .  

Two sarnples were c o l l e c t e d  i n  the  Peor ia t rea tment -p lan t  e f f l u e n t  

ser ies,  b u t  on l y  one was f r a c t i o n a t e d  immediately (Table B). The second was 

s tored f o r  29 days a t  4' before f r a c t i o n a t i o n  t o  permi t  poss ib le  format ion 

o r  l oss  o f  mutagens dur ing  storage (Table C). The t reatment-p lant  e f f l uen t  

was chosen s ince  we expected i t  t o  o f f e r  the  bes t  p o s s i b i l i t y  of  r e a c t i v e  

generat ion o r  l oss  o f  rlew compounds due t o  the  presence o f  organic ma'terial 

and res idua l  c h l o r i n e  i n  the  sample. Note t h a t  each sample consis ted of 

on l y  one g a l l o n  o f  ma te r i a l  r a t h e r  than two because o f  t he  l a r g e  amount o f  

f l o c c u l a r ~ t  ma te r i a l  i n  t h i s  sample. Again, no s i g n i f i c a n t  d i f f e rences  were 

found between the  two p a r a l l e l  samples, except perhaps f o r  a  decrease i n  

the  t o x i c  p o t e n t i a l  o f  F rac t i on  C on standing. 

The r e s u l t s  o f  the  mutagen ic i ty  assay o f  the  o t h e r  s i t e s  s tud ied  i n -  

c l  uded two s i g n i f i c a n t  mutagenic responses. The Fox R i  v e r y  sampled a t  

Aurora, I l l i n o i s  (Table I, Frac t i on  G), showed the  s t rongest  p o s i t i v e  r e -  

sponse recorded from the  e n t i r e  study. I n  t he  i n i t i a l  assay o f  the  Fox 

R iver  samples, the  p o s i t i v e  c o n t r o l  f o r  TAlOO d i d  n o t  show a  s i g n i f i c a n t  

increase, al though F rac t i on  G d id .  A lso  i n  t h a t  assay (Table I . 1 ) ,  the  

s t e r i l i t y  c o n t r o l s  were unacceptably h igh.  Fol lowing r e f i l  t r a t i o n ,  t he  
@ sample was assayed (Table 1.2). Again, s t rong mutagen ic i ty  was seen i n  

F rac t i on  G, t h i s  t ime w i t h  acceptable p o s i t i v e  and s t e r i l i t y  c o n t r o l s .  

The s t e r i l i t y  con t ro l s  w i l l  be discussed l a t e r .  The Fox R ive r  r e s u l t  

i s  no tab le  because of repo r t s  o f  h igh  frequencies of tumors i n  f i s h  

caught i n  t h i s  r i v e r  (Brown e t  aZ. , 1977). 



The other  s i gn i f i can t  mutagenic response was seen i n  the Sa l t  Fork 

Creek composite sample (Table G) . Here a1 so, the p o s i t i v e  cont ro ls  were 

unacceptable i n  the i n i t i a l  assay, bu t  the repeat assay showed normal 

controls and s i g n i f i c a n t  mutagenicity i n  Fract ion G. The S a l t  Fork and 

the Boneyard Creek which flows i n t o  i t  have been assayed several times, 

showing a mutagenic response three ou t  of the f i ve  times. 

Assay o f  the I l l i n o i s  River a t  Peoria (Table A) showed s ign i f i can t  

mutagenic a c t i v i t y  i n  Fract ion B w i t h  both TA98 and TA100. Fract ion B i s  the 

TEACO, e lua te  o f  the I R  120 res i n  and therefore should contain any h i s t i d i n e  

present i n  the water sample. As described i n  Section 11, h i s t i d i n e  can 

lead t o  an a r t i  fac tua l  response due t o  addi ti onal h i s  ti d i  ne-supported growth 

o f  the i nd i ca to r  bacter ia  on the assay plate,  g i v i ng  r i s e  t o  increased 

numbers o f  spontaneous revertants.  Thi s type o f  response i s  characterized 

by a s i m i l a r  percentage increase o f  revertants o f  both TA98 and TA100, since 

both respond t o  h i s t i d i n e  even though these s t ra ins  respond d i f f e r e n t i a l l y  

t o  mutagens. To estimate the amount o f  h i s t i d i n e  i n  the sample, a growth- 

l i m i t a t i o n  assay was performed as previously described. The resu l t s  showed 

t ha t  Fract ion B contained 0.23  moles o f  ava i lab le  h i s t i d i ne ,  an amount 

su f f i c ien t  t o  account for both the TAlOO and TA98 responses. Therefore, i t  
was concluded t h a t  t h i s  f r a c t i o n  d i d  no t  contain detectable mutagenic ac t i v -  . 

i ty.  It should be added t ha t  the Fox River Fract ion G has been assayed by 

the h i s t i d i n e - l i m i t a t i o n  assay and found t o  contain no detectable h i s t i d i ne .  

The resu l t s  from the s t e r i l i t y  cont ro ls  from a number o f  assays de- 

scribed i n  the data present a serious problem o f  in te rp re ta t ion .  (A 
s t e r i l i t y - c o n t r o l  p l a te  consists o f  the S-9 mix and sample wi thout  SaZrno- 

neZZa. ) I n  Tables A, D, E, F, H, and I, one o r  more values of the s t e r i l i t y  

cont ro ls  ind ica te  t h a t  contaminants i n  the sample should induce an apparent 

reversion frequency greater  than the actual  reversion frequency observed. 

For instance, the Table H . l ,  1/80 volbme o f  Fract ion D showed 49 contaminat- 

i n g  colonies on the s t e r i l i  ty -cont ro l  p la te .  When 118 volurne o f  D was 

appl ied t o  the reversion assay, on ly  78 colonies appeared (TA98) ra ther  than 

the 490 expected t o  appear based on the s t e r i l i t y  con t ro l .  I n  Tables F, H . l ,  



and I. 1 , there  are  even samples where more co lon ies  appeared on the  

s t e r i  15 t y -con t ro l  p la tes  than on the  reversion-assay p l a t e  r e c e i v i n g  the  

same volume o f  sample. Consider Table I. 1, i n  which 1/80 volume of G showed 

912 co lon ies  on the  s t e r i l i  t y - con t ro l  p l a t e  b u t  o n l y  168 (TA100) o r  54 (TA98) 

colonies on the  reversion-assay p la te .  The co lon ies  seen on the  s t e r i l i t y  

c o n t r o l s  seem u n l i k e l y  t o  be due t o  cap r i c ious  contaminat ion of some p la tes ,  

g iven the  l a r g e  number o f  normal (0 )  s t e r i l i t y  c o n t r o l s  seen throughout the  

study. Note t h a t  values f o r  s t e r i l i t y  c o n t r o l s  a re  repor ted  i n  the  tab les  

on l y  i f  they a re  not zero. 

One exp lanat ion  f o r  these observat ions might  be t h a t  contaminants 

present i n  the  sample r e q u i r e  some fac to r  present  on the  s t e r i l i t y - c o n t r o l  

p l a t e  (e.g., a  component o f  the  S-9 p r o t e i n  e x t r a c t )  t h a t  i s  e f f e c t i v e l y  

removed by the  inoculum o f  SaZrnoneZZa on the  reversion-assay p la tes ,  thus 

prevent ing  growth o f  the  contaminants. A second exp lanat ion  might  be t h a t  

SaZmoneZZa simply d i v i d e  f a s t e r  than contaminants so t h a t  the  n u t r i e n t s  

on the  reversion-assay p l a t e s  are  exhausted by the  SaZmoneZZa before con- 

taminat ing  clones have grown t o  a v i s i b l e  s i ze .  A t  present  these are  the  

most reasonable hypotheses t h a t  we have found. Future study w i l l  be d i r e c t -  

ed a t  the r e s o l u t i o n  o f  t h i s  paradox. 

CONCLUSIONS 

The assay o f  11 1 i n o i s  sur face waters by t h e  p a r f a i  t l d i s t i  1  l a t i o n  method 

has detected s i g n i f i c a n t  mutagen ic i ty  i n  the  Fox R ive r  a t  Aurora, I l l i n o i s ,  

and the  S a l t  Fork Creek a t  Urbana, I 1  1 i n o i s .  These r e s u l t s  a re  i n t e r e s t i n g  

b u t  must be i n t e r p r e t e d  cau t i ous l y  cons ider ing  the  1 i m i  t ed  va l  i d a t i o n s  of 

the method and some unresolved incons is tenc ies  i n  the  r e s u l t s  of  the  s t e r i l -  

i t y  c o n t r o l s  i n  t h i s  study. 



Table 18. Summary o f  Samples Taken f o r  Mutagenic i ty  Assay 

Locat ion Date 

1. I l l i n o i s  R iver  a t  Peoria; 200' upstream o f  sewage- 8/18/78 
treatment p l a n t  discharge 

2. Peor ia sewage p l a n t  secondary e f f l u e n t ,  a t  p o i n t  8/18/78 
o f  discharge 

3. Lake Decatur, a t  i n t a k e  fo r  south Decatur d r i n k i n g -  8/31 /78 
water t reatment  p l a n t  

4. Lake Bloomington, a t  i n take  f o r  Bloomington 
d r i n k i n g  w a t e r  t reatment  p l a n t  

5. Nor th Fork o f  Vermil i on  R iver  a t  Danvi l  l e  water - 9/14/78 
t reatment  p l a n t  

6. S a l t  Fork Creek a t  Urbana, Perkins Rd. b r idge - 
6 h composite sample 

7. Embarras R iver  near Lawrencevi l le ,  I L ,  a t  i n t e r s e c t i o n  9/26/78 
o f  R t .  50 and R t .  1  

8. Fox R ive r  a t  Aurora, I L  9/26/78 
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Table C.1. Mu tagen i c i t y  o f  Secondary E f f l u e n t  f rom Peor ia  Sewage-Treatment 
P lan t ,  S to red  29 d. a t  4' be fo re  F r a c t i o n a t i o n  

Rever tants  o f :  TA98 TAl 00 

vo 1  
F r a c t i o n  e x t r a c t ;  0  1  /8  1/80 0  118 1  180 

A  49 4  1  3  5  1  04 1  04 128 
R 3 7  4  0  174 
C 

121 
Contam. 45 61 t C  112 

D Contam. 53tC 159tC 
E 

1  44 
29 39 120 

F  
106 

33 36 128 113 
G 44 34 118 111 

P o s i t i v e  c o n t r o l s :  TA98 w i t h  S-9 mix  and 2 pg B(a)P=69 
TAlOO w i t h  S-9 mix  and 10 ng 4-NQO=119 

Tox ic  f r a c t i o n s :  C 

Mutagenic f r ac t i pns  : none, r e s u l t s  i nconc l  us i ve  due t o  p o s i t i v e  c o n t r o l s  

Table C .2. Mu tagen i c i t y  o f  Secondary E f f l u e n t  f rom Peor ia  Sewage-Treatment 
P lan t ,  Stored 29 d  a t  4' before F r a c t i o n a t i o n ,  Repeat Assay 

Rever tants  o f :  TA98 TAl 00 

vo 1  
F r a c t i o n  e x t r a c t :  0  118~ 0  1 1 8 ~  

5  1 
30 53 

4  7  
Contam. 

42 
4  0 
4  6  

t P o s i t i v e  c o n t r o l s :  TA98 w i t h  S-9 m ix  and 2 pg B(a)P=109 
TAlOO w i t h  20 ng 4-NQO, w i t h o u t  5-9 mix=633 

Tox ic  f r a c t i o n s :  none 

Mutagenic f r a c t i o n s  : none 

Inconc l  usiwe r e s u l t s  : D 

a  
Values o f  r e v e r t a n t s  f rom s i n g l e  p l a t e s  o n l y  



Table D. Mu tagen i c i t y  Assay o f  Dup l i ca te ,  P a r a l l e l  Samples o f  Water f roni  
Lake Decatur, IL 

Rever tants '  of :  TA98 TAl 00 

vo 1  
F r a c t i o n  e x t r a c t :  0  1 /8  1  /80 0  1  / 8  1/80 

5 3 
78 
47+C 
Cont. 
4  8  
6  0  
33+C 

127 
131 

7  5 
Cont. 
106 
130 

NTP 

P o s i t i v e  c o n t r o l s :  TA98 w i t h  S-9 mix  and 2  pg  B(a)P=463 
TAlOO w i t h  10 ng 4-NQO, w i t h o u t  S-9 mix=286 

S t e r i  1  i ty c o n t r o l s  : 1/80 v o l  of A=l , B=1, E = l  , H=l , J=90, K=3, L=2 

Tox ic  f r a c t i o n s  : C, J,N 

Mutagenic f r a c t i o n s :  none 

I nconc lus i ve  r e s u l t s :  G y K  

a Sample was l o s t .  

Resu l ts  were obscured by l oose  semi -so l id  t o p  agar. Repeat assay TAlOO w i t h  
S-9 mix=le8.  Repeat c o n t r o l ,  see Table C.2. 



Table E. Mutagenic i ty  Assay o f  Water from Lake Bloomington, I L  

Revertants o f :  TA98 TAl 00 

Vol 
F r a c t i o n  e x t r a c t :  0  118 1/80 0 118 1/80 

A 40 50 51 125 80 8 5 
B 45 38 88 92 
C 2 46 2 112 
D 75 43 107 120 
E 42 40 88 100 
F 33 56 86 9 2 
G 30 33 78 79 

P o s i t i v e  cont ro ls :  TA98 w i t h  S-9 mix  and 2 pg B(a)P=467 
TAlOO w i t h  10 ng 4-NQO, w i thou t  S-9 mix=896 
TA1537 w i t h  S-9 mix  and 100 pg 9-arninoacridine=58 

S t e r i l i t y  con t ro l s :  1/80 vo l  of A=3, B-4, E=4, F=10, G=18 

Toxic  f r a c t i o n s :  C 

Mutagenic f rac t i ons :  D? 

Table F. Mutagenic i ty  Assay o f  Water from North Fork o f  Verr i i i l ion R iver  
a t  Danv i l le ,  I L  

Revertants o f :  TA98 TAl 00 

Vo 1 
Frac t ion  e x t r a c t :  0  1 /8  1 /80 0 118 1/80 

A 40 32 4 9 125 74 100 
B 3  4 1 4 4 82 86 
C 29+C 4 3+C 8 2 84 
D 32+C 50 9 3 89 
E 36 39 79 9 1 
F 40+C 4 0 84 91 
G 3 4 30 84 78 

P o s i t i v e  c o n t r o l s :  see Table E 

S t e r i l  i t y  con t ro l  s  : 1/80 vo l  of A=125, B=49, C=48, D=4, E=98, F=78, G=117 

Toxic f r a c t i o n s :  none 

Mutagenic f r a c t i o n s  : none 



Table G. 1. Mutagenic i ty  Assay of Composite Sample of Water frorn 
S a l t  Fork Creek, Urbana, I L  

Revertants o f :  TA98 TA100 

vo 1  
Frac t ion  e x t r a c t :  0  118 1  I 8 0  0  118 1  I 8 0  

A l l  assay 
p la tes  con tam. 

Pos i t i ve  con t ro l s :  TA98 w i t h  S-9 mix and 2  ~g B(a)P > 2000 
TAlOO w i t h  10 ng 4-NQO, w i thou t  S-9 mix=119 

S t e r i l i t y  c o n t r o l s  : 1/80 vol o f  A=8, C=9 

Toxic f r a c t i o n s  : none 

Mutagenic f r a c t i o n s :  none; r e s u l t s  inconc l  us ive  due t o  p o s i t i v e  con t ro l  s  and 
contaminat ion 

Table 6.2. Mutagenic i ty  Assay o f  Composite Sample o f  Water from S a l t  Fork 
Creek, Urbana, I L ,  Repeat Assay 

- - - - 

Revertants o f :  ~ ~ 9 8 ~  TAI Ooa 

vo 1  
Frac t ion  ex t rac t :  0  118 0  118 

P o s i t i v e  con t ro l s :  see Table C.2 

S t e r i l i t y  con t ro l s :  n o t  repeated, see Table G . l  

Toxic f r a c t i o n s  : none 

Mutageni c  f r a c t i o n s  : G 

a Values o f  reve r tan ts  from s i n g l e  p l a t e s  o n l y  



Table H .l. Mutagen i c i t y  Assay o f  Water f rom Embarras R i v e r  
a t  Lawrencev i l l e ,  I L  

Rever tants  of: TA98 TA 1  00 
Vol 

F r a c t i  on e x t r a c t :  0 118 1/80 0  118 1/80 

P o s i t i v e  c o n t r o l  s: TA98 w i t h  S-9 m ix  and 2 pg B(~)P-4,5-oxide=95 
TAlOO w i t h  S-9 m ix  and 10 ng 4-NQO=172 

S t e r i l i t y  c o n t r o l s :  1/80 v o l  o f  C-371, D=49, E=6, F=3, 

Tox ic  f r a c t i o n s :  C 

Mutagenic f r a c t i o n s :  none, r e s u l t s  i n c o n c l u s i v e  due t o  p o s i t i v e  c o n t r o l s  
and s t e r i l l t y  c o n t r o l s  

Table H.2. Mu tagen i c i t y  Assay o f  Water frorn Embarras R i v e r  a t  Lawrencev i l l e ,  IL ,  
Repeat Assay 

Rever tants  of: TA98 TAl 00 

Vol 
F r a c t i o n  e x t r a c t :  0  1 1 8 ~  1/80 0  1 1 8 ~  1  /80 

P o s i t i v e  c o n t r o l s :  TA98 w i t h  S-9 m ix  and 2 pg B(a)P=334 
TAlOO w i t h  10 ng 4-NQO, w i t h o u t  S-9 mix=641 

S t e r i l i t y  c o n t r o l s :  1/80 v o l  o f  A=l, 0=14, C=2, 6=2 

Toxic  f r a c t i o n s :  B 

Mutagenic f r a c t i o n s  : D? 

a Values o f  r e v e r t a n t s  f rom s i n g l e  p l a t e s  o n l y  



Table 1.1. Mutagen ic i ty  Assay o f  Water from Fox R ive r  a t  Aurora, I L  

Revertants o f :  TA98 ' TA100 
vo 1  

F rac t i on  e x t r a c t :  0  1  /8  1 /80 0  1  /8 1/80 
7 

Contam. Contam. 
5  4  64 
60 5  9  
5  8  60 
62 54 

Contam. Contam. 
117 1  76 
144 169 
1  30 152 
520 168 

P o s i t i v e  c o n t r o l s :  see' Table H . l  

S t e r i l i t y  c o n t r o l s :  1/80 vo l  o f  A=6, B=6, C=152, D= l l  , E=6, F=123, G=912 

Toxic  Frac t ions  : B 

Mutagenic Frac t ions  : . 6, resu l  t s  inconc l  us ive  due t o  p o s i t i v e  c o n t r o l s  
and s t e r i l i t y  con t ro l s  

Table I .2. Mutagen ic i ty  Assay o f  Water from Fox R ive r  a t  Aurora, I L ,  
Repeat Assay 

Revertants o f :  TA98 TAl 00 
vo 1  

F rac t i on  e x t r a c t :  0  l / e a  1/80 0  1  /8a 1  /80 

22 Contam. 3816 106 Contam. 2884 
0  2 1  0 116 

Contam. 21 6  Contam. 796+C 
2  1 32 9  4  127 
24 21 1  08 118 
15 19 83 102 
184-C 14 427 11 6 

P o s i t i v e  con t ro l s :  see Table H.2 

S t e r i l i t y  c o n t r o l s :  1/80 vo l  o f  A = l l ,  B=14, C=26, E-2, G=3 

Toxic f r a c t i o n s  : B 

Mutagenfc f r a c t i o n s :  G, C?  

Inconc lus ive  f rac t fons  : A , C 

a Values o f  r e v e r t a n t s  from s f n g l e  p la tes  o n l y  
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