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Methods fo r Assessing the Effects o f  
Chemicals on Reproductive Function in 
Marine Molluscs

D .R .  D ix o n

1 INTRODUCTION

M arine  m olluscs, an d  in  p a rticu la r those  from  es tu arin e  and  coasta l env iron ­
m ents, a re  being increasingly  exposed to  a  w ide varie ty  o f  chem ical po llu tan ts 
resu lting  from  m a n ’s activities (i.e. oils an d  detergen ts , heavy m etals, and 
halogena ted  hyd rocarbons). In  ad d itio n  to  an th ro p o g en ic  po llu tion , these 
organ ism s also com e in co n tac t w ith  chem ical substances w ith  biogenic (e.g. algal 
exudates) and  terragen ic /lithogen ic  (e.g. land  run-off) orig ins (R oberts , 1976).

I t  is now  recognized th a t a  num ber o f m arine  m ollusc species have the  ability  to  
accum ulate  toxic chem ical substances in  th e ir  tissues, a t  levels o ften  fa r  exceeding 
those p resen t in the su rro u n d in g  w ater (G oldberg , 1978). Several o f  these 
co n tam in an ts  a re  k n o w n  to  inflict d am ag e on th e  tissues, w ith  the  consequence 
th a t th e  life processes o f  these organism s m ay becom e seriously  im paired (e.g. 
B ayne e t al., 1979). S uch  effects finally becom e realized a t  the p o p u la tio n  level as 
a  resu lt o f  rep roductive  dysfunction , th ro u g h  reduced  fecundity , im paired 
gam ete quality  an d  reduced  larval v iab ility  (e.g. B ayne, 1972, 1976; Bayne et al., 
1975, 1978; S astry , 1979).

T h is pap e r refers, fo r  the m o st p a r t , to  m ethods re la ting  to  the  reproductive 
stages in the life cycle o f the  bivalve, M ytilu s  edulis L. This has been fully 
in ten tio n a l since the  b lu e  m ussel, an d  o ther closely rela ted  species, occupies a 
ce n tra l position  in  m arine  en v iro n m en ta l toxicology. A s a  g roup , m arine  mussels 
are very  im p o rta n t to  m an y  aspects o f  the  ecology o f  coasta l w aters, n o ta b ly  to  
the  p roductiv ity  o f th e  sha llow -w ater ben thos an d  to  aquacu ltu re . This 
im p o rtan ce  is underlined  by the  a d o p tio n  o f ‘m arine  m ussels’ as a  them e and  as 
sub ject organism s in  several in te rn a tio n a l, po llu tio n -re la ted , biological p ro ­
gram m es (e.g. In te rn a tio n a l B iological P rogram m e, see Bayne, 1976; ‘m ussel 
w a tc h ’, see G oldberg , 1978).

F igu re  19.1 show s stages in the rep roductive  cycle o f  M ytilu s edulis referred to 
la te r  in  the text. These rep roductive  stages have been  identified fo r detailed 
m ethodo log ical d iscussion :
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(1) gonad (m antle  tissues)—ste reo logy ;
(2) gam etes, em bryos an d  larvae ( tro ch o p h o re  an d  p rod issoconch  I )—acute 

toxicity ;
(3) gam etes and  em bryos—cytogenetics.

D escrip tion  is also included o f a  new  a n d  p rom ising  test o rgan ism  fo r field and  
lab o ra to ry  stud ies o f induced em bryo  abno rm alities, the  ro u g h  periw inkle, 
L ittorina  saxatilis, which appears fo r the  first tim e here.

N o  a ttem p t has been m ade to  give a  com prehensive coverage o f  all m ethods 
an d  approaches th a t are recorded  in  the m olluscan  lite ra tu re , and w hich could  be 
applied  w hen assessing the effects o f chem icals o n  rep roductive  function  in  the 
m olluscs. I t  will be no ticed  th a t energetic  considerations have been om itted  
from  th is paper, as have the  in teresting  concept o f  m a te rn a l co n trib u ted  R N A  
an d  its role in early p ro te in  synthesis in  the  la rv a  (e.g. Bayne, 1972; K idder, 1976; 
M cL ean , 1976). F u rth e r  details o f  th e  energetic a p p ro a c h  can  be found  in Bayne 
(1976) and  Bayne e t al. (1975, 1978, 1979).

2 GONAD CONDITION INDEX

In  M ytilus, gam etes are p roduced  in  transito ry  follicles located in  th e  m antle 
w hich lines the  shell valves (F igure  1). T here  is a  well-defined annual cycle 
re la ting  to  the  rep roductive processes in M ytilus, w ith  a m arked  a lte rna tion  
betw een th e  periods o f  n u tr ie n t accum ula tion  an d  gam ete  p ro d u c tio n  (e.g. 
L ubet, 1957; Seed, 1975; Lowe et al., 1982). T he tim ing  an d  p a tte rn  o f  gam ete 
release is dependen t u p o n  clim atic and  geographic fac to rs  (Bayne, 1976); in 
B rita in , p o p u la tio n s living in  the n o r th  spaw n on ly  once a  year (late spring), 
w hereas those in the  so u th  w est, an  a re a  o f m ilder w in ters and  w arm er sum m ers, 
m ay spaw n twice, once in  sp ring  a n d  aga in  in  late sum m er (Seed, 1976).

T his gam etogenic rh y th m  is suscep tib le to  d is tu rbance  from  a  n u m b er of 
physical and  chem ical facto rs in th e  environm ent. R ecen t stud ies by Low e in  this 
lab o ra to ry  have d em onstra ted  q u an tita tiv e  techniques fo r assessing the  gam eto­
genic cycle an d  its d isru p tio n  by env ironm en ta l d istu rbance . W hat follow s is 
ta k en  in large p a r t from  Low e et al. (1982). B oth  n a tu ra l (e.g. clim atic) an d  
an th ro p o g en ic  (chem ical p o llu tion ) stresso rs have been show n in the  labo ra to ry , 
an d  under field cond itions, to  p roduce  q u an tita tiv e  changes in m an tle  cond ition  
in  exposed p o p u la tio n s o f m ussels. By m easuring , w ith  stereological techniques, 
th e  relative volum e fractions o f the vesicu lar cells (VC), ad ip o g ran u la r cells 
(A D G ) (these two cell types com prising  the  n u trien t s to re  o f th e  m antle) and  the 
develop ing  a n d  ripe gam etes, Low e has been able to  derive precise in fo rm ation  
re la ting  to  th e  rep roductive  s ta tu s  o f m ussels from  po llu ted  an d  unpo llu ted  
p o p u la tio n s , or, by repea ted  sam pling , o b ta in  a quantified  expression o f  the 
changes in m an tle  cond ition  a ttr ib u ta b le  to  their exposure.

P re lim inary  investigations show ed th a t the d is trib u tio n  o f rep roductive
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Figure 1 Life-cycie stages of Mytilus edulis, referred to  in the text. A, adult 
mussel with one shell valve removed to display the internal organs; B, egg; C, 2- 
cell embryo showing asymmetrical first cleavage; D, trochophore larva at 24 
hours (drawn from Sastry, 1979); E, prodissoconch I-stage (first shell) larva at 
48 hours; c, chromosomes; g, gili; go, granular ooplasm; m, m outh; ma, 
m antle; n, nucleus; pam, posterior adductor muscle; pbv, polar body vesicle; s, 
shell; sg, shell gland; sh, straight hinge

follicles th ro u g h o u t the  w hole o f  the m an tle  is n o t subject to  p lano re la ted  
v aria tio n , i.e. a re  fo r all p rac tica l p urposes d is trib u ted  a t ran d o m  w ith  respect to  
m an tle  o rien ta tio n . C onsequen tly , a  reasonab le  es tim ation  o f  th e  overall m an tle  
co n d itio n  can  be derived sim ply from  exam ination  o f  a  th in  section  taken  in  any 
one p lane. In  o u r  la b o ra to ry , tissue sections a t 5 p m  a re  exam ined  w ith  a  Zeiss 
(Jena) co m p o u n d  m icroscope fitted  w ith  a W eibel eyepiece g raticu le  (G raticu les 
L td) a t  a  m agn ifica tion  o f  x  240. P o in t coun ts (W eibel an d  Elias, 1967) on  A D G  
cells, V C  cells, developing and  m orphologically  ripe gam etes, an d  areas o f  em pty  
follicles resu lting  from  spaw ning activ ity  a re  m ade on  five fields per an im al to  
q u an tify  the  vo lum e frac tion  o f  the  different tissue com ponen ts .
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Figure 2 Volume fractions (means ±  1 s.e.) of mantle tissue components from 
Tal-y-foel (Menai straits, N. Wales) mussels. Only standard errors which are greater 
than 2% are shown in the figure. Each point is based on five separate determinations

A n  exam ple o f the resu lts o f such a  study  is show n in F igure 19.2, ta k en  from  
Lowe e t al. (1982). T he fac to rs con tro lling  the  seasonal cycle o f the  various cell 
types are com plex  b u t th e  cycle is susceptib le to  a lte ra tio n  by  po llu tio n  and  
p relim inary  evidence suggests th a t quan tifica tion  by stereo logy  w ill p rov ide a 
pow erfu l tech n iq u e  fo r d eterm in ing  rep roductive  d is tu rb an ce  in  this an d  in  o th e r 
species.

3 A C U T E  T O X IC IT Y  T E S T S  W IT H  LA R V A L  B IV A LV ES

The la rvae  o f  a  n u m b er o f m arine  bivalve m ollusca (Crassostrea virginica 
G m elin , Crassostrea g igas  T hunberg , M ytilu s  edulis L.) have been incorporated  
in to  s tan d ard ized , sh o rt-te rm , acu te tox ic ity  test p rocedu res fo r use in  evaluating  
p u re  co m p o u n d s  singly o r in m ixtures. They can  also  be used to  m easure the 
acu te  tox ic ity  o f  m arine  an d  estuarine w aters, and  th e  acceptab ility  o f sa lt w aters 
fo r cu ltu rin g  and  testing  fish and  m acro inverteb ra tes  (A S T M , 1980). T he stages 
identified fo r s tudy  o f  to x ic  effects a re  fertilized egg, tro ch o p h o re  la rva , an d  48- 
hours o ld  p rod isso co n ch  I larva (‘stra igh t-h inge’ o r  ‘D -sh ap ed ’ stage) (F igure 
1). T h e  fo llow ing  descrip tion  applies for all four species identified above.
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E m bryos and la rvae o f o th er p la n k to n ic -spaw ning bivalves (Sastry, 1979) m ay 
be used in  place o f these, b u t m odifications o f  the  ad u lt cond ition ing , spaw ning 
and  testing  regim ens frequently  a re  requ ired  (e.g. C ain , 1973; R hodes et al., 
1975).

A d u lt bivalves possessing develop ing  gonads are b ro u g h t to  th e  labo ra to ry , 
cleaned o f all fou ling  organism s an d  d e tritu s, and  to  ensure  com plete m a tu ra tio n  
o f their gam etes a re  held (conditioned) in  c ircu lating  seaw ater ta n k s a t specified 
tem peratu res several degrees above the field tem p era tu re  w hen the  adults were 
collected. A balanced  d iet is essen tial d u ring  this period  (e.g. Bayne, 1965). 
S paw ning  is induced  w ith  one o r m ore  selected physical (e.g. tem peratu re), 
chem ical (e.g. KC1), o r biological stim uli, as discussed later. Selected densities 
( <  35,000/1) o f the  em bryos are  exposed to  the tox ican t fo r 48 h o u rs , du ring  
w hich the em bryos norm ally  will develop in to  fully shelled larvae (prodissoconch  
I stage).

T oxicity  to  the  p rod issoconch  I stage is m easured  as the 48-hou r m edian 
effective co n cen tra tio n  (E C S0) based  o n  ab n o rm al shell developm ent and  the  48- 
h o u r  m edian  le thal co n cen tra tio n  (L C S0). O ther responses m ay include d e­
creased fertiliza tion , a n d  decreases in  th e  rates o f  developm ent o f  specified stages 
(e.g. tro ch o p h o re , veliger, p rod isso co n ch  I larva).

T h e  results describe th e  responses o f the  larvae to  sh o rt-te rm  exposures to  
tox ican t(s) u n d er a  set o f  env ironm en ta l cond itions. T em pera tu re , p H , salinity, 
suspended  solids, and o rgan ic  m etabo lites from  p h y to p la n k to n  and  bac te ria  are 
som e o f  the w ater qua lity  charac teris tics  th a t m ay  influence th e  effect o f  the 
to x ican t by stressing th e  develop ing  em bryos o r la rvae or by a ltering  the 
physicochem ical form , availability , o r co n cen tra tio n  o f  the tox ican t. Specific 
guidelines a re  laid do w n  regard ing  test p rocedures in s ta n d a rd  E 724-80 , 
pub lished  by the  A m erican  Society fo r  T esting  a n d  M ateria ls (A S T M , 1980).

4 CHROM OSOM AL ABERRATIONS AND RELATED EFFECTS

T he em bryos o f  M ytilu s  edulis are excellent m ateria l fo r cy togenetic analysis, and 
have fea tu red  in a  n u m b er o f  studies o f a  cy to taxonom ic n a tu re  (e.g. M enzel, 
1968; A hm ed  and S parks, 1970; Ieyam a and  In ab a , 1974). M ore recently , b o th  
ind irec t and  d irect evidence has been  presented  fo r induced ch rom osom al 
ab e rra tio n s  in  the  cells o f ad u lt m ussels an d  their em broys, exposed to  ch ron ic 
levels o f  chem ical p o llu tio n  (a ro m atic  hydrocarbons) u n d er o th e r wise n a tu ra l 
cond itions (Low e and  M oore , 1978; D ixon , 1982). These results, coupled w ith 
in fo rm atio n  from  chem ical investigations conducted  in the la b o ra to ry  (D ixon 
an d  C larke, 1982), ind icate th a t th e  ch rom osom es o f  M ytilu s  (and  o th er m arine 
m olluscs) are sensitive to  dam age inflicted by  ce rta in  classes o f  chemical 
p o llu tan ts  in the  m arin e  environm ent.

T h e  chem ical effects o f  po llu tio n  im pinging on  the genetic m ateria l o f  m arine
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EFFECTS ON THE INDIVIDUAL

GONAD 
/  I

R ed u ced  viability : C h rom osom e 
genetic  d a m a g e  an d  g e n e  m utation

'  I
SPERM O O C Y T E S -► R ed u ced  ra te

\  of fertilization
*

D om inant L etha ls
p a s s a g e  of co n tam in an ts  
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an d  cellu lar abno rm alities
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G ene and  b a lan ced  chrom osom al ► g6 T l '0 d a m a9e  
m utations transm itted  to  an d  d ,se a s e s
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Figure 19.3 Genetic and related effects caused 
by toxicants impinging on the sensitive 
reproductive stages of a marine invertebrate. The 
diagram shows how the effect may be realized, as 
chromosome damage or otherwise, at the same 
stage, a closely related stage or much later on, 
even into the next generation

inverteb rates m ay n o t alw ays be expressed a t the  sam e stage in developm ent as 
the  one in  w hich the  dam age was incurred . In stead , the  consequences to  the 
ca rrie r cell, o r ind iv idual m ay n o t be fully realized u n til som e m u ch  la ter stage in 
developm ent, even in to  th e  next gen era tio n  (F igure 3).

A p art from  strictly  genetic effects, o f  a  ch rom osom al n a tu re  or otherw ise (i.e. 
gene m u ta tions), there a re  som e o th er types o f dam age resulting  from  pollu tion  
exposure (T able 1). W hen associa ted  w ith th e  germ  cells, d o se-resp o n se  
re la tionsh ips m ay be described in  te rm s o f  fertiliza tion  ra te  o r ra tes o f 
em bryogenesis. F ertiliza tion  ra te  m easurem ents ca n  be applied  to  b o th  la b o ­
ra to ry  and  field studies to  assess either th e  viability  o f  the  gam etes in w ater 
con tain ing  a  nam ed tox ican t a t  a  defined dose, o r the  cond ition  o f sperm s 
a n d /o r  eggs o rig ina ting  from  m ussel p o pu la tions exposed to  po llu tion .

S perm  head abnorm alities show  a  h igh  co rre la tion  w ith  m utagenicity  fo r a  
range o f chem ical substances, inc lud ing  arom atic  h yd rocarbons, an d  could be
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Table 1 The different reproductive stages of M ytilus edulis which can be used in 
testing for gentically harmful agents in seawater

M aterial exposed Maximum Stage at Observed
to toxicant exposure time which scored effects

Gonad (adult Months Sperms Malformations
mussel)

Oocytes
of head 

Chromosome damage, 
e.g. translocation 
heterozygotes, 
aneuploids and 
polyploids

Gametes 1.5 hours (s.); 
6 hour (oo.)

Fertilization Reduced rate

Fertilized 1 hour Same or early Chromosomal and
oocytes cleavage cellular abnormalities, 

e.g. abnormal polar 
body vesicle, septate 
ooplasm

Early stage 7 hours Same Chromosomal
embryos ( <  8 cells) aberrations, i.e. 

numerical and 
structural 
abnormalities ; 
developmental effects, 
e.g. premature loss of 
synchrony, 
malformations

s., sperms; oo., oocytes

app lied  ro u tin e ly  to  field m o n ito rin g  o f p o llu tion -stressed  m ussel popu la tions. 
Since th is  effect has its origin a t  som e stage du ring  sperm atogenesis (as yet 
undefined), la b o ra to ry  screening o f  chem icals w ith  th is  techn ique , w ould require 
the  m a in te n an c e  o f  g roups o f  m ussels, collected from  clean sites, under 
co n d itio n s o f  te m p era tu re  an d  feeding su itab le fo r gam etogenesis to  ta k e  place 
(Bayne, 1965; H rs-B renko , 1973), w hile in the  presence o f con tro lled  levels of 
to x ican t. Effects on  synchrony  o f developm ent a n d  the  different types of 
deve lopm en ta l abno rm alities arising  from  co n tac t w ith  po llu ting  substances can 
sim ilarly  be app lied  to  b o th  la b o ra to ry  an d  field studies. T ab le  19.1 show s the 
various rep ro d u c tiv e  stages of M ytilu s  (or o th e r  sim ilar m ollusc) w hich have 
been  identified  fo r the  investigation  o f  chem ical effects, the  types o f  effects 
observed  a t an y  p a r tic u la r  stage, an d  the  range o f exposure tim es it  is possible to  
achieve b y  selecting different rep roductive  tissues. I t  is ev iden t th a t  the  system 
has co n s id erab le  flexibility and  consequen tly  is cap ab le  of being ad a p te d  to  suit 
th e  p a r tic u la r  requ irem en ts o f the  inv estig a to r; recognizing th e  lim ita tions 
im posed  only  by th e  biological m ateria l itself.
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4.1 Spawning

A  large litera tu re  h as grown up  a round  this subject ; fo r key references see reviews 
by  B ayne (1976) and  Sastry (1979). A  fem ale m ussel will p ro d u ce  du ring  the 
course  o f  a  single breed ing  season som eth ing  in th e  o rd er o f  3 m illion eggs. These 
eggs a re  n o t all released a t one tim e ; spaw ning  m ay  be p ro tra c ted , ta k in g  a  period  
o f  days o r  even weeks, depending  u p o n  local cond itions o f  tem peratu re , tida l 
cycle, etc. In  the  la b o ra to ry  mussels m u st be s tim u la ted  to  spaw n artificially by  
m eans o f  chem ical o r  physical stim uli, o r co m b in atio n s o f  b o th  types. The 
m ethods repo rted  range from  m echanical shak ing  (in a bucket), to  m ild electrical 
shocks, tem p era tu re  stim uli, an d  vario u s chem ical techniques (fo r fu rth e r  
d iscussion  o f  these m ethods see above references).

F irs t a n d  fo rem ost, it is im p o rta n t th a t the  an im als shou ld  be in  a 
rep roductively  ripe state . M an tle  squashes sh o u ld  reveal large num bers o f 
m a tu re  gam etes in  b o th  sexes. R ipe oocytes a re  large ( ~  70 p m  in  d iam eter), 
o range  in  co lo u r, and  lack any sign o f  the s ta lk  w hich a ttaches the im m ature 
oocyte to  th e  follicle wall. W hen first released fro m  th e  m an tle  tissues the 
sp e rm a to z o a  are  inactive, b u t should  becom e m otile  afte r a  few m inu tes con tac t 
w ith  sea w ater.

M ussels co n ta in in g  ripe gam etes ca n  be induced to  spaw n  artificially  by  first 
in jecting  0.5 ml o f 0.5 m KC1 in to  a large cen tral b lood  sinus o f  the posterio r 
a d d u c to r  m uscle ; the shell valves sh o u ld  be w edged ap a r t d u rin g  th is  p rocedure. 
A fter needle and  wedge are  rem oved, th e  m ussels sh o u ld  be p laced ben eath  a  60- 
w a tt lam p  fo r a b o u t 20 m inutes u n til the shells have w arm ed th rough . T his is 
follow ed by im ersion  in  seaw ater a t 20 °C, tak in g  care to  release an y  a ir trap p ed  
inside the shell w hen do ing  so. S paw ning  should  com m ence w ith in  the next few 
hours. U sing  this m ethod  the au th o r  has consistently  ob ta in ed  50% or greater 
spaw ning  success.

T o  avo id  early  fertiliza tion  o f new ly spaw ned eggs, an y  m ales w hich a re  seen to 
be releasing sperm s shou ld  be transfe rred  to  a  sep ara te  co n ta in e r a n d  the  w ater in 
the ho ld ing  ta n k  changed. A s a fu rth e r  p recau tio n , the eggs shou ld  be p ipetted  
in to  sm all beakers an d  the w ater changed  to  rem ove any  sperm s w hich m ay 
presen t. A d u lt m ussels collected a t the  tim e o f  the p o p u la tio n  spaw ning  can  be 
k ep t tem p o rarily  in ta n k s o f  w ater a t  5°C , to  p reven t them  fro m  releasing 
gam etes. T en  days befo re  a  supply  o f  gam etes is requ ired , the m ussels shou ld  be 
tran sfe rred , by stepw ise changes (2 -3  °C  every 2 -3  days), to  w ate r a t 15 °C. I t  is 
im p o r ta n t to  feed them  continuously , w ith  a b alanced  algal d ie t (B ayne, 1976), to 
p rev en t loss o f  co n d itio n  an d  co n co m itan t reso rp tion  o f gam etes d u rin g  this 
tran s itio n  period .

4.2 Gamete Studies

S perm s rem ain  viable fo r on ly  1 -2  h o u rs , d epend ing  u p o n  the  tem peratu re , 
w hereas eggs rem ain  viable fo r up  to  6 ho u rs  fo llow ing their release.
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Table 2 Methods for the treatment o f material prior to scoring for genetic and related 
effects in the embryos of Mytilus edulis

A Spawn adult mussels and introduce sperms to eggs (i) in sea water or (ii) sea water with 
toxicant added. Leave to  develop for 1 hour at 10°C. Centrifuge (1 x IO3 
revs/min/180 g for 2 min) and resuspend in sea water, repeat twice. Finally resuspend 
in original medium.

B Allow to develop for a further hour.
C Allow to develop for a further 2.5 hours and 6.5 hours (to allow for mitotic

inhibition). Harvest embryos a t the end of each period by slow centrifugation 
(1 x IO3 revs/180g for 2 min).

D Replace medium with a dilute (0.01%) colchicine solution in seawater. After 2 hours 
dilute volume by 50% with distilled water and leave embryos in this hypotonic 
solution for 30 min.

E Fix in 3 separate changes of Cam oy’s fixative (ethanol, 3 parts : glacial acetic acid, 1 
part: chloroform, 1%).

F M ount in fixative and examine under medium power phase-contrast objective.
G  M ount and stain in aceto-orcein. Scan under low power and examine with high-

power, oil immersion lens.

Type of effect
Field collected 

mussels
Embryo toxicity 

studies

Fertilization rate Ai, B, E, F Aii, B, E, F
Numerical chromosome aberrations Ai, B, D, E, G Aii, C, D ,E ,G
Structural chromosomal aberrations, Ai, B, D, E, G Aii, C, D, E, G

metaphase analysis
Structural chromosomal aberrations, Ai, B, E, G Aii, C, E, G

anaphase analysis
Developmental abnormalities Ai, C, E, G Aii, C, E, G

Sperm s for sperm  h ead  ab n o rm a lity  investigations need to  be separated  from  
the  seaw ater by cen trifu g atio n  (2 x  IO3 revs/m in  per 360g fo r 2 m in) and 
resuspended  in 3% am m o n iu m  fo rm ate  (iso tonic) to  rem ove sa lt con tam ination . 
F o llow ing  this tre a tm e n t they sho u ld  be recen trifuged  and  fixed w ith  C arn o y ’s 
fixative (Table 19.2E), a fte r  w hich they  can  be m o u n ted  on a  slide in  a  d ro p  o f 
fixative, the edges o f  th e  coverglass need to be sealed w ith  g lycero l-gela tin  
(Sigm a) to  reduce ev a p o ra tio n , an d  exam ined u n d er h igh p o w er w ith phase- 
c o n tra s t m icroscopy. A lte rna tive ly , sm ears can  be p rep a re d ,a t the am m onium  
fo rm a te  stage, the sm ears a ir  d ried , and  subsequen tly  s ta ined  w ith  eosin as 
described  in the  m e th o d  fo r m am m alian  sperm atozoa  by  B ryan (1970). See also 
B ruce et al. (1974).

In  M ytilu s  th e  eggs a re  spaw ned  in the  germ inal vesicle stage, a lth o u g h  the 
germ inal vesicle so o n  d isrup ts a n d  developm ent (o f  the  oocyte) proceeds to  
m etap h ase  o f the first m eiotic d iv is ion  (egg m a tu ra tio n ) , w here fu rth e r develop­
m e n t is delayed u n til a fte r p en e tra tio n  by the sperm  (Longo an d  A nderson , 
1969). I t follow s th a t  if  sufficient tim e is allow ed fo r the  com pletion  o f p ro p h ase  I
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by  the newly spaw ned oocytes, in the absence o f  sperm s, it  is possible to  score the 
m etaphase  p la tes for ab n o rm a l ch rom osom e com plem ents. Because o f  the 
reduced n u m b er o f  the u n its  p resen t a t  this stage, as a  resu lt o f  synapsis, it is n o t 
usually  necessary to  tre a t the occytes in  any  special m an n er o th e r  th a n  fix them  a t 
fertiliza tion  +  2 hours. I t  is possib le to  see b o th  num erical (aneuplo id) and  
s tru c tu ra l ab e rra tio n s ( tran slo ca tio n  heterozygotes) a t  th is stage (F igure 4A)

Figure 4 Normal and abnormal embryos. A, metaphase I chromo­
some complement with reciprocal translocation resulting in a quadriva­
lent configuration (arrowed); B, recently released oocyte at diplotene 
stage of prophase I, showing chiasmata in their primary positions; C, 
chromosome bridge (dicentric chromosome) linking anaphase chro­
matids; D, abnormal polar body vesicle (pbv), containing ooplasm, in a 
cell undergoing meiotic metaphase II
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b u t the la tte r a re  b e tte r  seen in freshly spaw ned m ateria l w hich is still a t  p rophase 
I, (F ig u re  19.4B), a n d  has yet to  com m ence ch iasm a term inalization .

4.3 Fertilization Rate

T ab le  1 show s m e th o d s w hich are  now  being used  rou tine ly  to  detect chem ical 
dam ag e in  the gam etes and  early-stage em bryos o f M ytilu s  (an d  o th e r  p lank ton ic  
spaw n ing  m arine  invertebrates). F ertiliza tion  is a  com plex process (M onroy , 
1965) involv ing  a  series o f events: co n tac t betw een the  sperm  an d  the egg, 
ac tiv a tio n  o f  the  egg, an d  fusion o f  m ale an d  fem ale p ronucle i, w hich results in 
fo rm a tio n  o f the  zygote nucleus.

S perm  p en e tra tio n  occurs w ith in  5 m inutes o f firs t co n tac t w ith  the  egg, and 
fusion  o f  the m ale an d  fem ale p ronucle i a fte r ab o u t an h o u r, a t 20 C. I t  is 
possib le  th e re fo re  to  m an ipu la te  the experim en tal cond itions to  find  w hich stage 
is p articu la rly  sensitive to  chem ical p e r tu rb a tio n , by a lte ring  th e  tim ing  and 
perio d  o f  exposu re  th e  gam etes receive. F o r m ost puposes, it  is sufficient to  effect 
fe rtiliza tions in  the  presence o f  a  k n o w n  co n cen tra tio n  o f to x ican t a n d  leave the 
eggs to  develop fo r  an  hour. A fte r this tim e the  excess sperm s a re  rinsed o ff (Table 
19.2A ), to  p rev en t the ir rem ain ing  as co n tam in an ts  o n  the egg surface, and  the 
eggs left to  develop fo r a  fu rth e r h o u r  in  the presence o f the  tox ican t. By this time 
all fertilized  eggs will have p roduced  p o la r  bodies, an d  m ay have com m enced 
cleavage, and  hence are  d istinguishable fro m  th o se  w hich are  n o t fertilized.

W ith  all investigations involving fertiliza tions, it is necessary  to  standard ize  
the  p ro ced u res  re la ting  to  sperm  a n d  egg concen tra tions. I t  is very  im p o rta n t no t 
to  crow d the eggs, no r to  introduce to o  great a num ber o f sperm s (G ruffydd and 
B eau m o n t, 1970), since this can  lead in  decreased fertiliza tion  ra te , abno rm al 
dev e lo p m en t a n d  polysperm y. T he o p tim u m  ra tio  o f  sperm s to  egg is 15:1.

4.4 Chromosomal Aberrations

T h ere  a re  tw o recognized classes o f  ch ro m o so m al abno rm alities, num erical 
ab e rra tio n s  (aneuploids, haplo/polyploids) and  structu ra l defects (achrom atic  
gaps, c h ro m a tid  deletions (open  ch ro m a tid  break), ch ro m a tid  exchange, etc). 
B o th  classes a re  sco rab le  in early  stage em bryos ( <  8 cells). L ater stages should  
be avo ided  due to  th e  sm all size o f  th e  ch rom osom es and  the m uch  g rea ter risk of 
overlap  betw een  ad jac en t cells. M ytilu s  em bryos have a cell-doubling  tim e o f 90 
m in u tes  a t 10 °C.

N u m erica l ab e rra tio n s m ay be scored in em bryos from  b o th  field- anc 
la b o ra to ry -ex p o sed  p o p u la tio n s (D ixon , 1982), b u t slightly  different tre a t­
m en ts a re  req u ired  in  each case (T ab le  2). T hose  em bryos o rig ina ting  from  
sam ples o f  m ussels ta k en  from  po llu ted  field sites need to  be exam ined w hen a t 
the first, a n d  no la te r than  the  second m ito tic  m etaphase  (alternatively  the 
p ro p h a se  I oocytes should  be exam ined , see above) to  record  ab e rra tio n s in their



450 M ethods fo r  Assessing the E ffects o f  Chem icals on Reproductive Functions

p rim ary  s ta te  (Savage, 1975). Since the em bryos have a rap id  rate o f cell 
tu rn o v er, the ch rom osom es d o  n o t no rm ally  achieve a  s ta te  o f  ch rom atin  
co n d en sa tio n  th a t is characteristic  o f  m ore slow ly grow ing  tissues. C onse­
quen tly , it is necessary to  trea t th e  cells w ith  colchicine (T ab le  2D ) to  condense 
the  D N A  an d  m ake th e  ind iv idual ch ro m o so m e un its  m o re  easy to  discern, 
follow ed by  exposure to  a  h ypo ton ic  m edium  to  sep ara te  them . The norm al 
d ip lo id  n u m b er fo r the genus M ytilu s  is 28 chrom osom es. Because p lank ton ic  
spaw n ing  m arine  inverteb rates release their y o ung  a t a  very early  stage in  the ir 
developm ent, these organism s have n o t developed m echanism s fo r je ttiso n in g  
genetically  defective p rogeny  p rio r to  th e  tim e o f the ir no rm al release (c.f. 
m am m als). A  co ro llary  o f th is is th a t  the frequency  o f  genetically  abno rm al 
o ffspring am ongst co n tro l g roups o f  em bryos is no rm ally  higher ( ~  10%). th a n  is 
fo u n d  in  fu ll-term  em bryos from  o th e r  g roups (e.g. m an , Jacobs, 1972). T here is 
good  ag reem en t how ever betw een this co n tro l value (F igure  5) an d  the 
‘p rim a ry  incidence’ rep o rted  for m am m als (Jacobs 1972; F ra se r and M audlin , 
1979).
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Figure 5 Percentage-frequencies of norma! and 
abnormal chromosome complements in mussel 
embryos originating from polluted (King’s Dock) and 
control (Whitsand Bay) environments
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Figure 6 Karyotype for Mytilus edulis from King’s Dock, 
S. Wales, based on a colchicine-treated metaphase from a 2-cell 
embryo. Photographed under phase contrast after staining with 
aceto-orcein

T he no rm al k ary o ty p e  fo r M ytilu s edulis (from  K ing ’s D o ck , S. W ales) is 
show n in F igure  6, com posed  o f  co lchic ine-treated  m etaphase  chrom osom es 
fro m  a 2-cell em bryo . T he chrom osom es are large, hom om orph ic , and  isopycno- 
to tic  (consequently au tosom al) ; there is evidence o f balanced polym orphism s in 
som e m ussel p o p u la tio n s  (A hm ed and S parks, 1970). T he k ary o ty p e  is divisible 
in to  fo u r g roups based  o n  ch rom osom e size (excluding cen trom eric  d istance) and  
position  o f  the cen tro m ere  (a rm  ra tio )  : pairs 1 -6  (G ro u p  A , m etacen tric), pairs  7 
an d  8 (G ro u p  B, subm etacen tric) pairs 9 -1 3  (G ro u p  C, sub te locentric), an d  pa ir 
14 (G ro u p  D , telocen tric). W ith  a  k a ry o ty p e  o f  this type it  is c learly  possible to 
o b ta in  detailed  in fo rm atio n  re la ting  to  s tru c tu ra l changes, an d  in  som e instances 
to  iden tify  the p a r tic u la r  ch rom osom es affected. M ethods fo r the  trea tm e n t of 
la b o ra to ry  an d  field m ateria l a re  given in  T ab le  2.

I t  is generally  recognized th a t  m etaphase  analysis is p articu la rly  time 
consum ing  especially  w hen investigating  s tru c tu ra l abnorm alities, and  requires a 
h igh degree of ana ly tica l skill on  th e  p a r t  o f the  investigator. D etailed  analysis o f 
m ateria l collected over a  few days in  the la b o ra to ry  m ay take  m any  m on th s o f 
p a in stak in g  w ork  to  analyse. T his has lead m an y  cytogeneticists to  o p t fo r  the 
sim pler, an ap h ase  m e th o d  o f  analysis fo r s tru c tu ra l ch rom osom al aberra tions. 
W hilst only  detailed  m etaphase  analysis will p rov ide com prehensive in fo rm ation  
re la ting  to  all the  visible s tru c tu ra l aberra tions p resen t in a  cell, th e  reduc tion  in 
sensitiv ity  associa ted  w ith  an a p h ase  analysis is outw eighed by  the  g rea ter 
num bers o f cells w hich it is possib le  to  analyse in  a  given tim e (A d H oc 
C om m ittee o f the  E M S , 1972).
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F o r anaphase  analysis, the em bryos are sim ply  fixed, squashed  and  scanned  
fo r the presence o f  an a p h ase  nuclei. These a re  then  scored fo r ch rom osom e 
bridges (d icentric chrom osom es) (F igure  4C) an d  fragm ents (chrom osom e 
breaks) lying in  the in te rca lary  reg ion  sep ara tin g  the  tw o g roups o f m igrating  
ch rom atids (N ichols et al., 1977).

4.5 Developmental Abnormalities

A p art from  ch ro m o so m al abno rm alities arising  from  co n tac t o f  the sensitive 
rep roductive stages o f  m arine  inverteb rates w ith  chem ical p o llu tan ts  in th e ir  
env ironm ent, th e re  is also  a  range o f cellu lar effects w hich it is n o t possib le to  
relate specifically to  any  identifiable cause, i.e. gene m u ta tio n , ch rom osom al 
ab e rra tio n , o r  a  n on -nuclear event such as chem ical in terference to  the  electro ­
chem ical g rad ien ts in the cell w h ich  are  a t  the  basis o f  con tro lled  g ro w th  and  
differentiation. I t  is u sua l the re fo re  to  categorize these effects u n d e r the general 
head ing  o f teratogenic  effects.

A s is p erhaps to  be expected , a  wide varie ty  o f different developm ental 
abnorm alities a re  possible, and  d o  occur in em bryos as a  resu lt o f chem ical 
interference. T hese range from  sm all effects, such  as the p inch ing  off o f sm all 
am oun ts  o f  oop lasm  in to  th e  p o la r body  vesicle (F igure  4D ) an d  the 
p rem atu re  loss o f  sy nch rony  in division stages, lead ing  to  uneven  cell num bers, 3, 
5, 7, etc., instead  o f the  usua l 2, 4, 8 etc., to  m ajo r effects such as the  com plete 
schism (separa tion ) o f  sis ter cells, w ith a  resu ltan t failu re to  p ro d u ce  an  
in teg rated  em bryo . O th er effects include the  fo rm a tio n  o f  false septal m em ­
branes across cells w ithou t an y  accom pany ing  nuclear d iv is ion—th is type 
shou ld  be w atched  fo r w hen m easu ring  em bryos fo r fertilization  rate , w here it is

2 m m

Figure 7 Female Littorina 
saxatilis removed from its shell 
to  show the dorsally positioned 
brood pouch (bp) on the first 
body whorl
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im p o rta n t to  include on ly  those em bryos w hich  have one o r m ore  obvious po lar 
bodies.

I have fo u n d  the  gastropod  L ittorina saxatilis  a  conven ien t organism  for 
sco ring  em bryo  abnorm alities. G as to p o d  m olluscs belonging  to  the Littorina

B

Figure 8 Normal embryonic development of Littorina saxatilis. A, egg (0-2 days); 
B, unshelled veliger (3-8 days), C, shelled veliger (9-20 days); D, late veliger (21-36 
days), E, pre-emergent young (36-60 days); F, emergent stage (preserved specimen)
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saxatilis  ‘species-com plex’ (H eller, 1975; S m ith , 1981) re ta in  th e ir  developing 
y o ung  in a  specialized b ro o d  pouch , w hich is b o rn e  dorsally  on  the  first body  
w h o rl o f  the  fem ale (F igure 7). F ertiliza tion  is in te rna l an d  the fertilized eggs 
a re  passed  d irectly  from  the  ov iduct, as batches o f  u p  to  50 in  num ber, in to  the  
p ro x im al reg ion  o f  the b ro o d  pouch , w here developm ent p roceeds (F igure 8) 
th ro u g h  five, clearly  recognizable stages (egg, unshelled  veliger, shelled veliger 
(early  an d  late), an d  pre-em ergent young), cu lm ina ting  in  the passive release of 
fu lly  fo rm ed  offspring som e 60 days a fte r fe rtiliza tion  (B erry, 1956 ; H ughes and  
R o b erts , 1980). A d u lt fem ales co n ta in  upw ards o f  200 em bryos a t  any  one tim e, 
w ith  rep ro d u c tio n  con tinu ing  th ro u g h o u t th e  year, a lth o u g h  th e re  is evidence o f
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Figure 9 A, Abnormal stage II Littorina embryo; B, frequency of 
abnorm al embryos (x ±  2 s.e.) in three populations (N values =  20) exposed 
to different levels of pollution. Greenhithe is the most polluted site and 
Wembury is the cleanest
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a  sum m er decline in  rep roductive  activ ity  in som e p opu la tions. C o p u la tin g  pairs 
are to  be observed  a t  o th e r  tim es o f the year, o n  th e  u p p er sho re  d u rin g  low  tide. 
O vu lation  occurs betw een  17 an d  48 hours fo llow ing  m ating  (T h o rso n , 1946; 
Berry, 1956).

Littorina  saxatilis  lives well u n d e r la b o ra to ry  cond itions, w here it  will con tinue 
to  rep roduce  as sm all la b o ra to ry  p o p u la tio n s , so  long as these  a re  p ro v id ed  w ith 
a regu lar supp ly  o f  a lgal covered rocks. B ecause o f its b ro o d in g  h ab it, relatively 
sm all num bers o f  em b ry o s (com pared  to  p la n k to n ic  spaw ners such  as M ytilus), 
an d  to lerances to  sa lin ity  v a ria tio n  and  enc losure  cond itions, L ittorina  is a  good 
subject fo r  stud ies o f  the  effects o f  chem icals o n  fecundity  an d  em bryo  viability 
(g row th  and  developm ent) b o th  in  th e  field an d  in  the la b o ra to ry . Some 
p re lim inatry  resu lts in  F igu re  19.9 suggest th a t  p o p u la tio n  differences m ay  be 
considerab le a n d  ca n  be rela ted  to  env iro n m en ta l po llu tion .
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Appendix

Type of test Test organism Sensitivity Initial cost Running cost

Gonad condition 
index Mytilus Medium M edium-high Low

Genetic and 
related effects Mytilus M edium-high High Medium

Larval acute 
toxicity Mytilus High Medium Medium

Developmental
abnormalities Littorina N ot known Low Low

(including man-hours)
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