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A BSTRACT

Sister ch ro m atid  exchange (SCE), a sensitive cy togene tic  en d p o in t fo r m easuring th e  
effec ts o f  m utagens o n  chrom osom es, was assayed in vivo in ad u lt and larval m ussels 
to  de te rm ine  w h eth er these d ifferen t life-h istory  stages possess any capab ility  fo r co n ­
verting  p rom u tagens to  m utagenic species. C yclophospham ide (CPA ), a  w ater-soluble 
p rom u tagen  th a t  is d ep en d en t fo r its m utagenic ac tiv ity  in m am m als on  tran sfo rm ations 
accom plished  via th e  cy to ch ro m e P-450 pa thw ay , was selected  fo r th is investigation. 
CPA was fo u n d  to  cause increased frequencies o f SCE in b o th  ad u lt and larval M. edulis. 
In  add ition , th e  presence o f  p h énobarb ita l (PB), an inducer o f  th e  m icrosom al d e to x i­
ca tion  system  in m am m als, was found  to  increase th e  levels o f  SCE p ro d u ced  by CPA, 
ind icating  th a t  th e  e ffec t o f  PB m ay have been to  increase th e  ra te  a t w hich CPA was 
m etabo lized . O perating  as it does a t th e  level o f th e  individual cell nucleus, SCE is thus 
show n to  have p o ten tia l as an  ex trem ely  sensitive in d ica to r o f  s tim u la tion  o f  the m icro ­
som al d e to x ica tio n  system  in th e  com m on  m ussel. T he ap p aren t inducib ility  o f  th is 
ac tiv ity  m ay  have im p o rtan t consequences fo r these organism s w hen th ey  are exposed 
to  th e  com plex  m ix tu res  o f  x en o b io tic  chem icals fo und  in th e  environm ent.

*T his d o cu m en t w as p repared  as an acco u n t o f  w ork sponsored  by  an agency o f  the 
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o f  any in fo rm atio n , appara tu s, p ro d u c t, o r p rocess d isclosed, or rep resen ts th a t its use 
w ould  n o t infringe p rivately  ow ned rights. R eference herein  to  any specific com m ercial 
p roduc ts , process, o r service by trade  nam e, tradem ark , m an u fac tu re r, o r o therw ise, does 
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U n ited  S ta te s  G overnm en t o r th e  U niversity  o f  C alifornia. T he views and  op in ions o f 
au th o rs  expressed  here in  do n o t necessarily s ta te  o r re f lec t those  o f  th e  U nited  S tates 
G overnm en t th e reo f, and shall n o t be used fo r advertising  o r p ro d u c t endo rsem en t 
purposes.
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IN TRO D U C TIO N

Sister chrom atid  exchange (SCE) is a sensitive cy togenetic en d p o in t fo r 
m easuring the  effects o f m utagens on chrom osom es (L a tt e t  al., 1981). 
SCEs are sym m etrical exchanges o f apparently  hom ologous chrom osom al 
loci th a t  are detec tab le  m icroscopically afte r a d ifferen tial staining p ro ­
cedure. SCE has recen tly  been studied in several m arine species, including 
fish and invertebrates, w ith  the  in ten tio n  o f developing assays fo r m onito ring  
the  m arine environm ent fo r m utagens (review by D ixon , 1983). T he com m on 
mussel, Myti lus  edulis,  already an im p o rtan t sen tinel organism  in environ­
m ental toxicology (e.g. G oldberg e t al., 1978), has featured  p rom inen tly  in 
these SCE studies. Cells from  adults and larvae have been used to  show th a t 
M. edulis is sensitive to  the  direct-acting m utagens m itom ycin  C, m ethyl- 
m ethanesu lphonate , and  5-brom o-2-deoxyuridine (BrdU rd) a t  co n cen tra ­
tions sim ilar to  those  rep o rted  in  the  m am m alian  lite ra tu re  (D ixon and 
Clarke, 1982; H arrison and Jones, 1982).

As an ex tension o f this work, we have stud ied  SCE in ad u lt and larval 
M. edulis to  determ ine w hether th ey  are capable o f  transform ing  p ro ­
m utagens to  m etabo lites th a t  are able to  induce SCE. Because m any o f the 
p o ten tially  genotoxic agents entering the  n a tu ra l env ironm ent require 
m etabolic ac tivation  before  becom ing toxic (Nagao e t al., 1978), it  is im p o rt­
an t from  the v iew poin t o f environm ental im pact to  assess w he ther th e  tes t 
organism  can transfo rm  th is ty p e  o f m arine p o llu tan t. F u rth erm o re , from  
th e  view point o f  fundam en tal science, if it cou ld  be established th a t SCE 
d etec ts  the  p ro d u c ts  o f m etabolic activation, th e n  SCE could  serve as a 
sensitive ind icato r o f m onooxygenase activity in ad u lt and larval mussels.

C yclophospham ide, a water-soluble p rom utagen  d ep en d en t fo r its m u ta­
genic activity in m am m als on transform ations m ed ia ted  by th e  cy tochrom e 
P-450 pathw ay  (review by M ohn and Ellenberger, 1976), was selected for 
th is investigation. In  som e cases, mussels were p re trea ted  w ith  PB, an estab ­
lished inducer o f th e  m icrosom al de tox ica tion  system  (Phase I) in mam m als. 
PB has been show n to  stim ulate the  activity o f  N A D PH -neotetrazolium  
reductase in m ussels (M oore, 1979), an enzym ic reaction  believed to  be 
associated w ith  N A D PH -cytochrom e P-450 (C) reductase  (M asters e t  al., 
1966).

T he approach used here can be ex tended  to  stud ies o f th e  m etabolism  
o f o ther x en o b io tic  chem icals. Such studies co u ld  include o th e r classes o f 
xenob io tic  chem icals and identification  of. inducers th a t  are likely to  be 
presen t in th e  organism s’ natu ral environm ent. T h e  results o f  these studies 
w ould  provide a basis fo r assessing the  po ten tia l fo r  genetic dam age to  these 
organisms w hen th ey  are exposed to  p rom utagens in real environm ents, and 
possibly, th ey  w ould  be useful in poin ting  to  m etab o lic  capacities o f these 
organisms th a t  have n o t been stud ied  previously in  detail. T hey  also w ould 
ex tend  our understand ing  o f  the  value th a t m easu rem en t o f th e  frequency  o f 
SCE will p lay  in assessing exposure o f mussels to  m utagens and prom utagens 
in natu ra l environm ents.
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M A T ER IA L S AND M ETHODS

Mussels were co llected  from  W hitsand Bay, S.E. Cornwall, U .K ., and 
Tóm ales Bay, N. California, U.S.A., during th e  period  May to  Septem ber, 
1982. W hitsand Bay anim als (2—3 cm shell length) w ere cond itioned  in the  
lab o ra to ry  fo r several weeks to  p ro m o te  som atic grow th  (D ixon and Clarke, 
1982). Sexually ripe Tóm ales Bay mussels (5—9 cm shell length) supplied 
gam etes fo r th e  larval-dosing experim ents and were housed  tem porarily  in a 
system  contain ing  recirculating seaw ater a t 10—12°C.

F o r the experim ents w ith  adu lt W hitsand Bay anim als, the  experim ental 
cond itions were sim ilar to  those described by  D ixon and  Clarke (1982). 
G roups o f  10 individuals were dosed a t each trea tm en t, w ith  the  mussels 
being fed  a daily ra tio n  o f L iquify (In te rp re t, D orking) to  ensure th a t  cell 
division con tinued  th ro u g h o u t the  experim ental period. W here appropriate , 
PB (sodium  salt) was in troduced  a t a daily co n cen tra tio n  o f 0.3 mg I-1 ; this 
dose was based on the  average daily in take o f th is com pound  used to  p ro ­
m ote m onooxygenase activity  in ro d en ts  (e.g. A lberts e t  al., 1978), assuming 
each W hitsand m ussel had a w et w eight o f 0.5 g. The w ate r contain ing 
B rdU rd a t  a co n cen tra tio n  o f 5 x IO-5 M  was changed daily. A fter a 5-day 
exposure to  B rdU rd (th e  estim ated average tim e to  com plete  one cell cycle 
in th e  gili), w ith  o r w ith o u t PB, each group o f  m ussels was exposed to  
CPA (IO - 6 —10~2 M).  E xposure to  CPA was m ain tained  fo r 5 days in the  
co n tin u ed  presence o f B rdU rd and, w hen appropria te , PB. C on tro l groups 
received e ith er B rdU rd alone o r PB plus B rdU rd. Gili tissue was the  source 
o f ad u lt cells fo r SCE analysis.

T he  experim ents w ith  m ussel larvae were o f sho rter du ra tion  th an  those 
w ith  adu lts because the  average cell-cycle tim e in larvae is m uch shorter. The 
p ro to co l fo llow ed was sim ilar to  th a t  described by H arrison and Jones 
(1982) w ith  m inor m odification . To avoid possible in terference w ith  the  
fe rtiliza tio n  process, PB was added 2 h afte r th e  sperm  were in troduced . 
B rdU rd was in troduced  to  all cultures 12 h afte r fertiliza tion  to  give a final 
co n cen tra tio n  o f 1 x 10~ 5 M.  CPA was also in tro d u ced  to  th e  larval cultures 
12 h a fte r fertiliza tion , together w ith  a second aliquo t o f PB w here appro­
priate . M ussel larvae w ere a t the  late tro ch o p h o re  stage in developm ent w hen 
harvested  a t 24  h. SCE was analyzed in cells o f  disaggregated larvae.

F o r th e  ad u lt studies, SCEs were scored and  analyzed follow ing the  
m ethods rep o rted  in D ixon and Clarke (1982). The m eth o d  of analysis 
involved a variance stabilizing tran sfo rm atio n  o f the  SCE data, w here each 
individual co u n t was replaced by its square ro o t, follow ed by one-way 
ANOVA and ‘T u k e y ’ m ultip le com parisons tests  (Scheffe, 1959; Silvey, 
1975).

T he larval SCE resu lts were analyzed on th e  basis of the  num bers o f high 
frequency  cells (HFC) (Carrano and M oore, 1982) as previously rep o rted  
by H arrison and Jones (1982). This non-param etric  m easure has been dem on­
stra ted  to  be a sensitive ind icato r o f SCE in d u ctio n  (H arrison and Jones, 
1982). Based upon  extensive studies o f u n trea ted  anim als, we have defined
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an HFC as a cell w hose SC E/chrom osom e ra tio  exceeds 0 .12. Larvae 
exposed only  to  B rdU rd are expected  (w ith 95% confidence) to  have no 
m ore th an  5% HFCs as a p ro p o rtio n  o f their to ta l  cell num ber. We used 
chi-square analysis to  determ ine w hether an observed num ber o f HFC 
deviated from  th e  n u m b er o f HFC expected  in the  contro ls. O n th is basis, all 
sets o f co n tro l larvae had num bers o f HFC com parable to  h istorical controls.

PB was purchased from  Ganes Chemicals (N ew Y ork, N Y). All o th er 
reagents were p ro d u c ts  o f Sigma Chem ical C om pany (St. Louis, MO).

RESULTS

SCE frequencies o f ad u lt mussels exposed to  CPA w ith  and w ith o u t PB are 
shown as dose—response relationsh ips in Fig. 1. A d u lt anim als exposed in the  
absence o f PB to  the  low est CPA concen tration  (IO -6 M ) yielded as a group 
to o  few suitable m etaphases fo r analysis. The highest CPA concen tra tion  
(IO -2 M)  was found  to  be lethal to  ad u lt mussels w ith in  the  firs t few days o f 
exposure. In  the  absence o f PB trea tm en t, only th e  highest to le ra ted  CPA 
concen tra tion  (1 (T 3M ) induced  a significantly increased SCE frequency  in 
adu lt gili tissue (Fig. 1). D ifferences significant a t th e  5% level existed in the  
m ean SCE frequency  betw een the  group exposed to  IO-3 M CPA and bo th  
th e  seaw ater con tro l and the  group exposed to  10~ SM CPA. L ow er concen­
trations o f CPA (1 0 _s and 1 0 M)  induced elevated SCE frequencies th a t 
were n o t statistica lly  d iffe ren t from  controls.

In the  P B -pretreated  adults there  was evidence o f a m ore m arked, dose- 
related  effec t o f CPA on SCE frequency. O n th e  average, PB -pretreated
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Fig. 1. In d u c tio n  o f  sister ch ro m atid  exchange (SCE) in M. edulis  adu lts as a fu n c tio n  o f  
cyclophospham ide (CPA ) dose and p h én o b arb ita l (PB) tre a tm e n t. S C E /chrom osom e was 
determ ined  fo r adu lts  exposed  fo r 5 days to  CPA, a m u tagen  requiring  ac tiva tion , e ither 
w ith  (filled sym bols) o r w ith o u t (o p en  sym bols) a 5-day p re -trea tm en t w ith  PB, an 
inducer o f th e  m icrosom al d e to x ica tio n  system . A rrow s in d ica te  2 standard  errors.
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individuals displayed a tw o-fold  greater increase in the  level o f  SCE th an  the  
corresponding anim als exposed only  to  CPA (Fig. 1). All pairw ise com ­
parisons o f  SCE frequency  o f PB -pretreated  adults, ex cep t com parison 
betw een  groups tre a ted  w ith  IO-5 and IO“ 4 M CPA, w ere significantly 
d iffe ren t a t  the  5% level.

SCE frequencies o f PB -pretreated and u n trea ted  ad u lt mussels were 
significantly  d iffe ren t only  a t IO“ 5 and IO“ 3 M CPA, w ith  PB trea tm en t 
inducing the  h igher SCE frequency. No com parison was possible fo r the 
IO “ 6 M  trea tm en t. No difference was found betw een  the  tw o  co n tro l groups, 
indicating  th a t PB alone did n o t induce SCE in the  ad u lt mussel.

The SCE responses o f larval mussels to  CPA are p resen ted  in Fig. 2 as the 
response o f the  p ro p o rtio n  o f HFCs to  CPA dose, w ith  and w ith o u t PB 
p re trea tm en t. T he resu lts o f replicate experim ents w ere pooled except 
resu lts o f the  tre a tm e n t w ith  IO“2 M CPA-only; it  was tes ted  once only. 
F o u r sets o f larvae were used fo r the  experim ents repo rted , tw o fo r those 
w ith  PB and tw o fo r those  w ith  no PB p re trea tm en t. CPA was n o t to x ic  to  
th e  larvae a t any co n cen tra tio n  tested .

As was tru e  fo r ad u lt mussels, P B -pretreated  larval m ussels were m ore 
sensitive to  SCE in d u ctio n  by CPA th an  were th e  u n trea ted  larvae. Mussel 
larvae exposed to  CPA alone show ed a slight increase in th e ir frequency  o f 
HFC. O nly  the  larvae trea ted  w ith  IO“ 3 and IO“ 2 M CPA alone had signifi­
can t increases (p  <  0 .014) in their frequencies o f HFCs. In  con trast, m ussel 
larvae th a t  were p re trea ted  w ith PB had significantly elevated (p  <  0 .0001) 
frequencies o f HFCs fo r all doses o f CPA tested , from  IO“ 5 to  IO“ 2 A/. The 
frequency  o f HFCs fo r PB -pretreated larvae was in all cases greater th an  th a t 
o f  larvae exposed only to  CPA. As was tru e  o f th e  ad u lt m ussels studied, PB 
alone d id  n o t lead to  a ltered  SCE frequencies in th e  larvae.
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Fig. 2. In d u c tio n  o f  h igh frequency  cells (H FC ) in M. edulis  larvae as a fu n c tio n  o f cyc lo ­
phospham ide  (CPA) dose and  p h énobarb ita l (PB) trea tm en t. T he frequencies o f  HFC 
(cells w ith  S C E /chrom osom e > 0 .1 2 )  w as determ ined  fo r the  larvae exposed  to  CPA for 
12 h w ith  (filled  sym bols) o r w ith o u t (o p en  sym bols) a 10-h p re - trea tm en t w ith  PB.
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DISCUSSION

Increases in SCE in the  presence o f CPA under acu te  exposure conditions 
show th a t  b o th  larval and ad u lt mussels have some p o ten tia l fo r transform ing  
prom utagens in to  genetically active m etabolites. F u rth erm o re , the  increases 
dem onstra te  th e  p o ten tia l usefulness o f  these te s t system s fo r toxicological 
screening.

In the  absence o f PB we fo u n d  significant increases in SCE ra te  only at 
the  highest doses o f CPA. This fac t is consisten t w ith  results from  bio­
chem ical studies (Stegem an, 1981; Livingstone and Farrar, 1984) th a t  show 
only low levels o f m onooxygenase activity  in u n trea ted  ad u lt mussels com ­
pared w ith  levels typ ical fo r fish o r mam m als. C oncen tra tions o f CPA th a t 
p roduced  significant increases in SCE in ad u lt mussels also resu lted  in  low er 
yields o f dividing cells, indicating th a t CPA m ay have had a d irectly  tox ic 
effect. CPA a t a co n cen tra tio n  o f IO -2 Aí was lethal to  ad u lt mussels in a few 
days. C onsequently , we can n o t dismiss the possib ility  th a t  increased SCE 
rates were a re flec tion  o f cell injury, possibly caused by the  generation  o f free 
radicals (Malins e t  al., 1983), and n o t d irectly  re la ted  to  CPA m etabolism .

T hese effects o f  CPA and PB o n  SCE in m ussel adults and larvae are 
consisten t w ith  resu lts o f  cy togenetic  and biochem ical studies o f m am m alian 
system s. T he requ irem en t fo r m etabolic activation  o f  CPA fo r SCE induction  
has been d em onstra ted  in m am m alian system s (Perry  and Evans, 1975; A llen 
and L a tt, 1976; A u e t  al., 1980). PB has been dem onstra ted  to  be an  essen­
tially  good inducer o f  m icrosom al activation system s fo r CPA in ra t  liver 
(De R aat, 1977). I t  is n o t know n, however, w hich m etabolites o f CPA are 
responsible fo r its induction  o f SCE, n o r is it know n  w h a t m etabolic  capabil­
ities are involved in th e  ac tiva tion  o f CPA (Au e t  al., 1980).

T he m any differences betw een the  assays o f th e  adults and larvae m ake 
com parisons o f  the  tw o life-history stages d ifficult. However, no  evidence 
existed o f to x ic ity  to  larvae a t  any CPA concen tra tion  tested , and larvae 
appeared to  have th e  same m etabolic  capacities as adults.

W ith the  proviso th a t  no m echanistic link has been established betw een 
CPA, PB, and m onooxygenases in M. edulis , th e  results p resen ted  here 
indicate th a t  P B -p retreatm en t increases SCE in m ussel adults and larvae at 
all concen tra tions o f CPA tested . PB appears to  be acting in b o th  adults and 
larvae to  increase th e  ra te  a t w hich CPA is transfo rm ed  to  m etabolites 
capable o f SCE induction . These resu lts are in agreem ent w ith  th o se  o f 
M oore (1979) w ho dem onstra ted  increases in the levels o f N A D PH -neotetra- 
zolium  reductase activ ity  in b lood cells, in testina l ep ithelium , and oocy tes 
o f adu lt m ussels follow ing exposure to  PB. This enzym e has been used as a 
m arker o f th e  m icrosom al d e to x ica tio n  system  in  m am m als (L indner and 
B ehyhl, 1978), and th e  reac tion  is believed to  resu lt from  N ADPH-cyto- 
chrom e P-450 reductase (M asters e t  al., 1966). Because it  is n o t know n 
w hich m etabo lites o f  CPA are SCE inducers, it  is n o t  possible to  deduce the  
m etabolic targets o f PB, o r vice versa.

The PB-associated increase o f m etabolic activation  dem onstra ted  here
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m ay rep resen t induction  o f com ponents o f  th e  m icrosom al de tox ica tion  
system , and it  is a rem inder o f the  com plex ity  o f orgam sm al responses to  
th e  m ix tu res o f chem icals found  in natu ral environm ents. O ur results indicate 
th a t  SCE analysis is a valuable to o l for investigating th e  susceptib ility  of 
m arine organism s to  genetic dam age by specific o r  m ixed environm ental 
con tam inan ts; as such, i t  is likely to  be useful in  a w ide variety  o f  natural 
hab itats.
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