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ABSTRACT: Ecological and Scanning electron microscope (S. E. M.) studies indicated that the 
diatom Amphora was an important constituent in the initial colonization of test panels coated with a 
copper antifouling composition. Amphora was also found as the dominant fouling diatom species on 
paint samples from "in-service" supertankers and yachts. Associated with the diatom was copious 
amounts of mucilaginous material, which often encapsulated the cells. Histochemical analysis of 
the mucilage indicates that it is predominantly polysaccharide in nature. Using the Transmission 
electron microscope (T. E. M.) and electron microscope cytochemistry the intracellular origin of the 
adhesive was investigated. T. E. M. and S. E. M. observations of acid-cleaned-cells indicate that the 
mucilage may be secreted through specialized regions of the frustule. Material isolated from 
antifouling panels was compared with laboratory cultured Amphora spp. for copper resistance and 
internal accumulation using TEMSCAN - X ray analytical equipment. 

INTRODUCTION 

The deve lopment  of a mar ine  foul ing communi ty  is a sequent ia l  process with the 
formation of a "primary" or "sl ime" film const i tu t ing a very early phase.  This pr imary 
film is composed of an  intricate associat ion of micro-organisms,  their  secret ion products 
and other organic and  inorganic  par t icula te  matter.  P redominan t  amongs t  the micro- 
organisms are the bacter ia  (Zobell, 1946; Zobell  & Allen,  1935; W a k s m a n  et al., 1943~ 
Corpe, 1977; Gerchakov et al., 1978) and  diatoms (Coe & Allen,  1937; Harris, 1946; 
Hendey,  1951; Wood, 1950, 1967) a l though protozoa, dinoflagel lates ,  fungi  and  algal  
spores may also be present  (Sechler & Gunderson ,  1973; Gerchakov et al., 1977; 
Marszalek et al., 1979). 

The majori ty of earl ier  authors considered that the pr imary film was inev i tab le  and  
of little consequence  to the overall  frictional resis tance of ships. Emphasis  was g iven  to 
eradicat ion of the p lant  (algae) and an imal  macrofouling.  In latter years, with the 
considerable  expans ion  of sh ipp ing  and  the necessi ty  for bet ter  an t i foul ing  composi- 
tions, more a t tent ion has b e e n  directed towards film development ,  its chemical  and  
physical effects on pain t  performance and  whe ther  it is a necessary  pre- requis i te  for 
macro-foulers (Wood, 1953; Crisp & Ryland, 1960; O 'Nei l l  & Wilcox, 1971; Corpe, 1973; 
Milanovich et al., 1975). 

Although large number s  of diatom species have b e e n  recorded coloniz ing test 
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surfaces  th roughout  the wor ld  (Coe & Allen,  1937; Pyefinch,  1951; Hendey ,  1951; Anon, 
1952; Crosby  and  Wood, 1959; Skerman ,  1956, 1958, 1959; Kara jeva ,  1964/65; Lebedev  
et al., 1964/65) compara t ive ly  few g e n e r a  can  be  r e g a r d e d  as major  foulers, i. e. ones 
wh ich  occur  r egu la r ly  on the hul ls  of in -serv ice  sh ipp ing  as wel l  as on inshore  toxic test 
surfaces.  

P r e - eminen t  amongs t  the  foul ing  d ia toms is the  genus  Amphora, which  l ike  the 
foul ing  m a c r o - a l g a e  Ectocarpus and  Enteromorpha, has a cosmopol i t an  d is t r ibut ion  and 
an  ab i l i ty  to grow in a wide  range  of condi t ions .  Bishop et al. (1974) r eco rded  Amphora 
spp.  on Aus t r a l i an  nava l  s h i p p i n g  whi le  H e n d e y  (1951) and Crosby & Wood (1959), 
found it co lon is ing  test  p a n e l s  coa ted  wi th  cuprous  and  mercur ic  oxides.  I ndeed  H e n d e y  
r e g a r d e d  Amphora as the  most  res is tant  and  t roub lesome  dia tom on cuprous  oxide  test 
surfaces.  Fur ther  spec ies  have  b e e n  obse rved  by  Phi l l ip  (1973) ( i l lustrat ion F igure  1, 
p a g e  17 - i den t i f i ed  by  Phi l l ip  as Nitzschia sp.) and  Ca l low et al. (1978) r ecorded  
m e m b e r s  on o rgano t in  coat ings.  

The  a t t achmen t  of severa l  spec ies  of mar ine  foul ing macro-a lgae ,  is ach ieved  
th rough  spores  b e c o m i n g  secured  by  the sec re t ion  of ex t race l tu la r  adhes ives  (Evans & 
Chris t ie ,  1970; Baker  & Evans, 1973a, b; C h a m b e r l a i n  & Evans, 1973). Dia toms are  
k n o w n  to p roduce  muc i l ag inous  ma te r i a l s  wh ich  may  afford a t t achment  (Hendey,  1964; 
Chamber l a in ,  1976), a l though  there  is l i t t le  informat ion  on their  in t race l lu la r  or ig in  or 
secret ion,  e spec i a l l y  in Amphora. 

The ab i l i ty  to se t t le  and  pro l i fe ra te  on an t i fou l ing  surfaces necess i ta tes  not  only 
r ap id  a d h e s i o n  bu t  also some form of "de fence"  m e c h a n i s m  or p ro tec t ion  aga ins t  toxins. 
H e n d e y  (1951) cons ide red  that  p ro tec t ion  in Amphora may  be  af forded by  the product ion  
of copious  m u c i l a g e  a l t hough  the poss ib le  in te rac t ion  of me ta l l i c  ions and  porphyr in-  
b a s e d  p i g m e n t s  as pos tu l a t ed  by  Bishop et al. (1972) wou ld  infer  some form of in t racel lu-  
lar  immobi l iza t ion .  

The  p re sen t  inves t iga t ion  invo lved  the s tudy of Amphora f i lms d e v e l o p e d  on ships '  
hul ls  and  toxic surfaces.  This  is co r re l a t ed  wi th  in vitro observa t ions  on cu l tured  mater ia l  
wi th  re fe rence  to ext raf rus tu lar  secre t ion  and  in t race l lu la r  origin. H i s tochemica l  techni-  
ques  were  a p p l i e d  to s ec re t ed  m u c i l a g e  in an  a t t empt  to ident i fy  the  components  
i nvo lved  wi th  re fe rence  to h e a v y  me ta l  b ind ing .  F ina l ly  use  of a t ransmiss ion  e lec t ron  
mic roscope  X-ray  ana ly t i ca l  sys tem a l l owed  inves t iga t ion  into poss ib le  in t race l lu la r  
immob i l i z a t i on  as a m e a n s  of copper  res is tance.  

MATERIAL AND METHODS 

S c a n n i n g  e l e c t r o n  m i c r o s c o p y  (S. E. M.)  

Antifouling paint surfaces 

Paint  f r agments  r ecove red  from supe r t anke r s  (courtesy of H e m p e l  Mar ine  Paints), 
yachts  and  tes t  p a n e l s  were  f ixed for 2-3  hours  in 4 % v/v g l u t a r a l d e h y d e  in 0.1 M 
sod ium cacody la t e  buffer  con ta in ing  0.25 M sucrose or 3 % sodium chlor ide  at p H  7.2. 
After  r ins ing  in the  buffer  and  sucrose solut ion pos t - f ixa t ion  was car r ied  out in 2 % w/v 
o smium te t roxide  in 0.1 M sod ium cacody la te  (pH 7.2). Fo l lowing  thorough r insing in 
d e i o n i z e d  water ,  the  m a t e r i a l  was  p l u n g e d  into l iqu id  n i t rogen  and  f r eeze -d r i ed  us ing  
an  Edwards  E. F. 6 drier.  The  f r eeze -d ry ing  t echn ique  was  d e v e l o p e d  to p reven t  speci-  
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men shr inkage and cracking normal ly  incurred  in a i r -drying and also to avoid  the use of 

acetone normal ly  used in the critical point  d ry ing  p rocedure  which  affects paint  films. 

Laboratory cultures 

Amphora cells isola ted from test pane ls  were  set t led on 'Thermanox '  coversl ips  (Lux 
Scientific Corporat ion Inc.) and w e r e  ma in t a ined  in F/4 en r i ched  seawate r  (Guil lard & 

Ryther, 1962) at 15 °C with  a 14-10 hr photoper iod  and a l ight  intensi ty  of 2 K lux. 

Spec imen  mater ia l  was f ixed as above  and dehydra ted  us ing an e thanol  series and 

transferred via 2 : 1, 1 : 1, 1 : 2 e thano l -ace tone  mixtures  to absolute  acetone.  After a 
per iod of one hour  the mater ia l  was  crit ical  point  dr ied  us ing l iqu id  CO 2 and a Polaron 

E 3000 drier, 

Cleaned [rustules 
Spec imens  scraped from ant i foul ing  coat ings  were  ac id -c l eaned  according  to the 

t echn ique  of Hasle  & Fryxell  (1970) and p ipe t t ed  onto e i ther  po lycarbona te  m e m b r a n e s  
{Bio-Rad Laboratories,  U,S,A.) or copper  grids bea r ing  a carbon coated  'par lodion '  f i lm 

for subsequen t  S. E. M. or T. E. M. examina t ion  respect ively .  
In all cases mater ia l  was moun ted  on stubs and coated  with  go ld  us ing a Polaron 

sputter coater. Final  examina t ion  was in a Jeo l  T 20 scann ing  e lec t ron microscope,  

Table 1. Histochemical techniques utilized 

Component Stain/test Use Reference 

Proteins Ninhydrin/Schiff reagent L.M. 
Bromophenol blue L.M, 
Dinitro-fluoro-benzene (D.N.F.B.) L.M, 
Acrolein/Schiff reagent L.M. 
Fast green F.C,F. L.M. 

Periodic acid-Schiff reagent (P.A.S.) L.M. 
Periodicacid-thiosemicarbazide sil- E.M. 
ver proteinate (P. a-tsc-S.p) 

Ruthenium red E.M. 
Toluidine blue 0 at pH 5.6; 4.2 and L.M. 
1.0 

Alcian blue/alcian Yellow L.M. 
Critical electrolyte concentration L.M. 
(C.E.C.) method 

Tetrazonium-sulphonate method L,M. 
Heath's sulphate method L.M, 
High and low iron diamine methods L.M. 

Acriflavine-dimethyl amino-benzal- L.M. 
dehyde 

Sudan black B L.M. 
Mild methylation L.M. 

Carbohydrates 

Acidic groups 
Anionic 
macro-moelcules 

Sulphate and 
carboxyt groups 

Sulphate groups 

Sulphate esters 

Lipids 

Yasuma & Ichikawa (1953) 
Pearse (1968) 
Danietli (1953) 
Pearse (1960) 
Ruthmann (1970) 

McCully (1966) 
Thi6ry { 1967) 

Blanquet (1976) 
Chayen et al. (1973) 

Parker & Diboll (1966) 
Scott & Dorling (1965) 

Pearse (1968) 
Heath (1961) 
Spicer (1965) 

Hollander (1964) 

Chayen et al. (1973) 
Spicer (1960) 
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L i g h t  m i c r o s c o p e  h i s t o c h e m i s t r y  

For  h i s tochemica l  obse rva t ions  l abora to ry  cul tures  of Amphora spp.  were  f ixed at  
p H  7.2 in  e i ther  10 % aqueous  ac ro te in  or 4 % fo rma lde hyde  in  seawater .  The  different  
p rocedures  u t i l i zed  are  ou t l i ned  in Tab le  1. 

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  (T. E. M.)  

Mate r i a l  s t r i pped  from an t i fou l ing  coat ings  or cu l tu red  on cover sl ips was  f ixed 
accord ing  to the  S. E. M. procedure .  After  thorough  w a sh ing  in buffer  the  cel ls  were  
d e h y d r a t e d  in an  e thano l  ser ies  fo l lowed by  p ropy l ene  oxide  and flat e m b e d d e d  in 
Spurr ' s  res in  (1969). Ul t ra th in  sect ions  were  cut  us ing  a Hux ley  u l t ramicro tome f i t ted 
wi th  a d i a m o n d  knife.  Sect ions  were  co l lec ted  on gr ids  b e a r i n g  a carbon  coa ted  
' pa f lod ion '  f i lm and  s t a ined  accord ing  to Reynolds  (1963). F ina l  examina t ion  took p lace  
in a Jeo l  100 B e lec t ron  microscope.  For e lec t ron  cy tochemis t ry  the t echn ique  of ThiSry 
(1967) was e m p l o y e d  on uns t a ined  sect ions  m o u n t e d  on "parlodion'  coa ted  gold  grids. 

T . E . M . - S c a n  X - r a y  a n a l y s i s  

Pr imary  f i lms s t r i pped  from ant i fou l ing  coat ings  and Amphora films cu l tured  in 
solut ions  of copper  ch lor ide  we re  p roces sed  as for no rma l  T.E,M. but  omit t ing post  
osmicat ion,  The  Amphora i so la tes  we re  de r i ved  from CuO ant i fou l ing  coat ings,  and  
m a i n t a i n e d  in the  l abora to ry  for at  leas t  a month  pr ior  to tes t ing.  The  cul ture  m e d i u m  
was  a g a i n  b a s e d  on G u i l l a rd  & Ryther  (1962) but  wi th  omiss ion  of EDTA and  the add i t ion  
of 0, 0.75 or 1.5 p p m  CuC12. For ana lys i s  go ld  sect ions  were  co l l ec ted  on a l u m i n i u m  grids  
b e a r i n g  a ' pa r lod ion '  f i lm which  was  carbon  coa ted  before  and  after  p i ck ing  up sections. 
Uns t a ined  sect ions  were  e x a m i n e d  us ing  Jeol  T.E.M.-scan 200 CX (acce lera t ing  vol tage  
100 Kv, b e a m  current  5/~ amps,  spot d i a m e t e r  a p p r o x i m a t e l y  10 nm). For corre la t ion 
sect ions  were  also s t a ined  and  obse rved  as desc r ibed  above.  

T e s t  p a n e l s  

Unp la s t i c i zed  PVC shee t  was  cut  to g ive  20 × 10 cm test  pane ls .  These  were  p r imed  
and  coa ted  wi th  a r ange  of an t i fou l ing  (A/F) compos i t ions  but  at  dif ferent  par t ic le  sizes 
to y i e ld  pa in t s  of l ow-h igh  coppe r  l e a c h i n g  rates.  A dd i t i ona l  pane l s  were  coa ted  with an 
A/F  compos i t ion  con ta in ing  CuO and  t r io rganot in  compound(s)  as a booster .  The pane l s  
were  exposed  on rafts in Langs tone  Harbour ,  Hampsh i re ,  U.K. by  the k ind  cour tesy of the 
A d m i r a l t y  Exposure  Trials  station. 

RESULTS 

O b s e r v a t i o n s  o n  t h e  c o l o n i s a t i o n  of  A / F  p a i n t  s u r f a c e s  

Test  pane l s  coa ted  wi th  s l o w - l e a c h i n g  cuprous  ox ide  an t i - fou l ing  pa in t  and  
i m m e r s e d  in Langs tone  Harbour ,  U.K. were  soon co lon ised  by  a r ange  of d ia toms 
inc lud ing  seve ra l  spec ies  of Amphora (Table  2). After  one month,  a v is ib le  film could be 
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detected on the s low-leaching pane ls  but  on rap id- leach ing  panels ,  2-3 months  were 
required before discrete 1-2 cm diameter  Amphora colonies could be detected.  Initially, 
colonies were go lden  brown in  colour, bu t  later tu rned  grey-green.  The films var ied from 
20-400 #m in  thickness  (Fig. 1: 1-4) and  or ig ina ted  from dist inct  foci of colonisation.  

The apparen t  importance of Amphora spp., especia l ly  A. veneta (Fig. 1: 5, 6), was 
reinforced w h e n  samples  from " in  service" super tankers  and  yachts were also e x a m i n e d  
(Table 2, Fig. 2: 7-12). However,  the tankers  were  ma in ly  colonised by Amphora species 
not present  on test-panels,  n a m e l y  A. bigibba (Fig. 2: 1I) and  A. (delicatissima?) (Fig. 2: 
9). These films achieved 200-250 ~m in th ickness  (Fig. 2: 7, 8). In some samples,  the 
films were disrupted, p re sumab ly  by exfoliation, but  normal ly  in  such cases, a residual,  
or perhaps recolonis ing layer was present  (Fig. 2: 8). The se t t lement  and  colonisat ion by 
Amphora spp. was quite rapid and  they may be dominan t  on tes t -panels  after 4 weeks,  
some ship samples (Table 2) show that they can r ema in  the most important  micro-foul ing 
organisms even after 18 months.  

The Amphora films were always associated with copious muci lage  (Fig. 2: 3, 5; Fig. 
3: 9, 10) and part iculate  matter. This was expecial ly  so on pane ls  coated with cuprous 
oxide paints  con ta in ing  organot in  boosters. These pane ls  appeared  to encourage  bacte- 
rial colonisat ion and  Amphora se t t lement  occurred on a bacter ia l  (pre-condit ioning?) 
film. However, further observat ions showed that Amphora se t t lement  can occur, on 
copper-conta in ing pa in ts  at least, wi thout  the presence  of such a layer. The presence  of 
copious muci lage  uni tes  the micro-organisms into a cohesive mass. 

Figures 1 and  2 not only demonst ra te  the gross changes  in  surface topography,  bu t  
also indicate  how the "sl ime" film may affect the performance  of both pa in t  and  craft. 
Although many  other diatoms, par t icular ly  member s  of the genera  Navicula and  
Nitzschia (Fig. 2: i i ,  I2) were observed in  foul ing films almost un ia tga l  popula t ions  of 
Amphora were f requent ly  encountered.  In v iew of this, a more deta i led  examina t ion  of 
Amphora species both in situ and  isolated from foul ing samples  was carried out. 

Table 2. The occurrence of Amphora spp. on toxic A/F coated test surfaces (T/S) and 'in-service' 
ships 

Date Location Toxin in use Species Period of 
immersion 
(months) 

1978 Langstone Harbour Cuprous oxide A. exigua 1-6 
U.K. T/S (rapid leaching A, veneta 

and slow leaching) A. coffeaeformis 

1978 Supertanker Cuprous oxide A. bigibba 1-18 
(Rotterdam-Persian Gulf) A. coffeaeformis 

1979 Supertanker Cuprous oxide/ A. sp (delicatissima?) 1-3 
(Australia-Persian Gulf) tri-organotin 

1979 Yachts unknown A. veneta probably 
(Gosport harbour, U.K.) A. exigua one fouling 

A. coffeaeformis season only 

1980 Langstone Harbour Curprous oxide/ A. coffeaeformis 1-3 
U.K.T./S tri-organotin 
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Gros s  m o r p h o l o g y  a n d  m u c i l a g e  s e c r e t i o n  

Amphora is a m e m b e r  of the Bi raphid ineae  and  hence  possesses two raphes. 
However, the cells, a l though symmetr ical  on their  t ransapical  axis, are asymmetr ica l  on 
the apical  axis. The valves are sub- luna te  (Fig. 3: 13, 14) and  are un i ted  into a complete  
frustule with a greatly en la rged  dorsal and  reduced ventra l  girdle (Fig. 2: 12; Fig. 3: 15; 
Fig. 4: 21). 

The girdle is composed of numerous  connec t ing  bands  (Fig. 2: 12; Fig. 4: 21) which 
are much wider  on the dorsal side, a feature responsible  for ind iv idua l s  be i ng  usual ly  
observed in this view (Fig. 4: 21). As a result, the ventra l  marg ins  of the valves  and  thus 
the two raphes lie, almost paral le l  on the ventral  surface (Fig. 3: 15; Fig. 4: 22). This is 
be l ieved to have an important  effect on a t tachment  since a proport ion of muci lage  
appears to be secreted through them (Fig. 4: 19, 22). 

In the species invest igated,  the raphes were straight rather than  biarcuate,  posses- 
sing a p rominent  central  nodule  and  two polar nodules  (Fig. 3: 15, 16). Under  the S.E.M. 
the valve surface appears  striate with numerous  s imple pores const i tu t ing each of the 
striae. With the increased resolut ion of the T.E.M. these pores are seen to be closed by a 
finely perforated ve lum (Fig. 3: 17). The pores of the connec t ing  bands  are similarly 
constructed. 

In comparison with other foul ing diatoms, Amphora  spp. are comparat ively  small. 
Thus, examina t ion  of muci lage  extrusion was most easily examined  by scann ing  elec- 
tron microscopy. Cells ini t ia l ly  isolated from A/F tes t -panels  were cul tured and  the 
deve lopment  of a "sl ime" film followed. Recent ly settled cells are h igh ly  moti le  and  lay- 
down muci lag inous  trails. However,  once a t tachment  has occurred, quant i t i es  of adhe-  
sive muci lage  are found located a round the lower margins,  par t icular ly  the polar region  
(Fig. 4: 18, 19). 

If adher ing  cells are de tached from the substrate,  they leave a characterist ic 
e levated pat tern of muci lage  complemen t ing  the under s ide  of the cell. This  demon-  
strates that the secretion is associated with polar, raphe and  valve marg in  areas (Fig. 4: 
i8-23). Often distinct l ines of adhesive,  indica t ive  of the posi t ion of the raphes, are 
located along the long i tud ina l  axis of the a t t achment  'mould '  (Fig. 4: 19, 20). The 
adhesive at the centre of this mould  is scantyl further ev idence  for the secret ion 's  or igin  
be ing  associated with the raphes  and  valve marg in  areas. Some cells, however,  have 
been  observed with large quant i t ies  of muci lage  secreted directly from the margins,  

Fig. 1, 1-6: S. E. M. of paint fragments from test panels immersed in Langstone Harbour, U. K. i: 
Low power micrograph showing heavy settlement of Amphora sp. on a slow-leaching cuprous oxide 
paint (× 280). 2: Cross-section of cuprous oxide paint showing thickness of Amphora film in 
comparison with paint (× 800). 3: Shows peeling from the surface of a primary film. Notice the 
underside of the film (arrowed) which is amorphous and probably bacterial in origin ( × 1,520). 4: 
Cross-section of a cuprous oxide paint with Amphora cells adpressed to the surface. The leached (1) 
and unleached (ul) layers of the paint are apparent (x 1,760). 5: Showing the underside of an 
Amphora film, Note the intricate meshwork and copious mucilage {m) involved in holding the film 
together ( x 2,600). 6: High power micrograph showing A. veneta one of the most prominent diatom 

foulers found in this study (× 3,000) 
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either outer (Fig. 4: 21) or inne r  (Fig. 4: 22) whilst  others have small  quant i t ies  over the 
entire frustule, as seen in  some films from A/F pa in t  surfaces. 

The copious muci lage  secreted, the shape and  size of the cells, the posi t ion of the 
raphes and  the large surface contact area no doubt  all contr ibute  to its success in 
r ema in ing  attached. 

L igh t  m i c r o s c o p e  h i s t o c h e m i s t r y  

The results are summar ised  in Table  3. His tochemical  inves t igat ions  were carr ied 
out on cultures of A .  veneta  which were  es tabl i shed on glass or "Thermanox"  coverslips 
and fixed in situ. 

The basic th iazine dye to lu idine  b lue  0 was used to detect an ionic  macromolecules  
as specified by Chayen  et al. (1973). This dye has had  widespread  use (McCully, 1966; 
Feder  & O'Brien, 1968; Evans & Holl igan,  1972) and  is k n o w n  to react metachromat ica l ly  
with free carboxyl, sulphate  and  phosphate  groups. By chang ing  the pH of the dye 
solution the acidic na ture  of the adhes ive  polymer  was determined.  The moderate  
reaction at pH 1.0 indicates  that su lphate  and  phosphate  groups are present ,  The  very 
strong metachromatic  react ion at pH 4.2 indicates  that carboxyl groups may  also exist. 
Further evidence  for the presence  of acidic groups (Blanquet, 1976) was ob ta ined  from 
the intense s ta in ing with ru then ium red at both l ight  and  electron microscope levels. 

Evidence for the presence  of carboxylic and  su lpha ted  polysaccharides  was 
obta ined  us ing  the a lc ian dyes t echn ique  of Parker & Diboll  (1966). The results suggest  
that su lphated groups p redomina te  a l though carboxyl groups may exist due to the weak  
reactions at pH 2.5 and  the b l u e / g r e e n  colour resu l t ing  from the a lc ian  sequence.  

The C.E.C. series is a more s t r ingent  method  for the different iat ion of acidic 
substances.  Essentially, in con junc t ion  with a lc ian  blue,  both su lpha ted  mucins  and  
g lycosaminoglucuromoglycans  con ta in ing  carboxyl groups stain in  the presence  of low 
concentrat ions {below 0.3 M) of m a g n e s i u m  chloride whereas  only su lphated  types do so 
at h igher  concentra t ions  (above 0.8 M). Once aga in  the results indica te  that  both groups 
are present,  with the most in tense  react ions occurr ing be t w e e n  0.10 and  0.5 M mag-  
nes ium chloride, the molari ty at which su lpha ted  and  carboxyl groups are l ikely to add 
to the staining.  

Further more specific methods inc lud ing  the Te t razonium-su lphona te ,  Hea th ' s  s ta in  

Fig. 2. 7-12: S. E. M. of paint fragments from 'in-service shipping'. 7: Low power micrograph 
showing an Amphora film. (Yacht, Gosport harbour, U. K.) ( × 160), 8: Unialgal Amphora film from a 
Supertanker on route from the Persian Gulf to Australia. Although the major part of the film has 
been sloughed-off a residual or recolonising layer (1) appears adpressed to the paint surface Ix 
480), 9: High power of 8 showing the copious mucilage (m} surrounding and often encapsulating the 
cells (× 1,200}. 10: Detailed S. E. M. of 9 showing mucilaginous material (m) associated with the 
truncated ends (te) of the cells (× 4,160). 11: Amphora bigibba film on a cuprous oxide paint 
surface. Note the shape of the cells and their investment in amorphous material within a surface 
cranny. Members of the Naviculaceae are also present {na) {Supertanker on route from Rotterdam to 
the Persian Gulf) (x 1,200). 12: Detailed S. E. M. of 11. The ventral (vl) and dorsal (dl) structure of 
the cells is evident. Note the complexed dorsal girdle composed of punctae (p) bearing connecting 

bands (cb). (× 4,400) 
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a n d  the  D i a m i n e  t e c h n i q u e s  i l l u s t r a t e d  t h e  p r e s e n c e  of s u l p h a t e  g r o u p s .  F ina l ly ,  t he  

de f in i t i ve  a c r i f l a v i n e  D M A B  tes t  for s u l p h a t e d  e s t e r s  r e s u l t e d  in  m o d e r a t e  s t a i n i n g  

p r o v i n g  b e y o n d  d o u b t  t he  p r e s e n c e  of s u l p h a t e .  

T h e  P.A.S. r e a c t i o n  is  a d i a g n o s t i c  h i s t o c h e m i c a l  t e s t  for t h e  p r e s e n c e  of p o l y s a c -  

c h a r i d e s  w i t h  f ree  v i c i n a t  h y d r o x y l  g r o u p s  (Ho tchk i s s ,  1948). S t a i n i n g  of A .  v e n e t a  g a v e  

w e a k  to n e g a t i v e  r e su l t s  i n d i c a t i n g  tha t  t h e s e  g r o u p s  w e r e  no t  p r e s e n t ,  or t h a t  t h e y  w e r e  

m a s k e d  in  s o m e  way .  At  t h e  E.M. l e v e l  t he  P.A.S. e q u i v a l e n t  r eac t i on ,  P . a - t s c , -S .p  a l so  

p r o v e d  n e g a t i v e ,  g i v i n g  s i m i l a r  i n d i c a t i o n s .  H o w e v e r ,  a f t e r  m e t h y l a t i o n  a s l i g h t l y  

Table 3. Results of histochemical staining of adhesive material secreted by Amphora  veneta 

Stain/test Reaction Colour 

P.A.S. - - 
P.A.S. after methylation + / -  Pinkish 
P.a-tsc-S.p - -- 
Ruthenium red + + + Red 
Toluidine pH 5.6 + + + y Red/pink 

blue 0 pH 4,2 + + + y Red/pink 
pH 1,0 + + 13 Purple/pink 

Alcian blue pH 1,0 + + + - 
Alcian yellow pH 2.5 + - 
Alcian blue/yel low sequence + + / +  + + Blue/green 
C.E.C. Series 0.025 M + + Blue 

0.05 M + + Blue 
0.10 M + + Blue 
0.45 M + + + Deep blue 
0,80 M + Blue 
1.00 M + / - -  Light blue 

Tetrazonium method 4- / 4- 4- Reddish/violet 
Heath's  method 4- 4-/4- 4- 4- Red/purple 
Hi Diamine method (HID) + + Purple/black 
Low Diamine method (LID) 4- + Purple 
Acriflavine DMAB method 4- /+ 4- Orange 

Reactions are graded: + + + very strong 
+ + moderate 
4- weak 
- negative 

All protein and lipid tests proved negative 

Fig. 3. I3-17: Electron micrographs of acid cleaned frustules of Amphora sp. 13: T. E. M. of the 
valvar face of A. veneta. Note its sub-lunate shape and the presence of two raphe fissures (rf) 
separated by a central nodule (cn) ( × 8,560). 14: Using the S. E. M. the valvar face is seen to bear a 
distinct lip-like (lp) process continuous with the raphe (r) (x  9,600). 15: S. E. M. showing the 
underside of an entire Amphora  frustute. The two valves (va) bearing 4 raphes (r) are united by the 
central girdle (vg) {x 7,200). I6: S. E. M. showing an Amphora  cell split open along its dorsal face. 
The central nodules (cn) are observed as distinct humps projecting into the complete cell ( × 4,480). 
17: T. E. M. of the valvar marginal area. The pores are not homogenous but contain distinct punctae 

(p) (× 75,850) 
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positive result  was achieved.  As methy la t ion  is k n o w n  to remove sulphate  groups it is 
tentat ively proposed that these may be subs t i tu t ing  on the vicinal  hydroxyl groups and  
masking  them. 

All protein  tests proved negat ive ,  as did the Sudan  Black B test for lipids. Very few 
reports of proteins in diatom adhesives  exist a l though the present  author  (unpubl i shed  
results), Lewin (1958) and  Paulsen  et al. (1978) have noted its presence  in  Berkeleya 
rutilans, a tube- forming species. 

S ta in ing h ighl ighted  the muc i l ag inous  trails laid down dur ing  movement .  However,  
the most in tense  reactions were associated with the cells, par t icular ly the regions 
benea th  the raphes (especially the sites of the central  and  polar  nodules)  a nd  a long  the 
ventral  margins.  This was correlated by s imilar  s ta in ing  in t race l lu lar ly  sugges t ing  
secretion from these regions. 

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  of c u l t u r e d  A m p h o r a  v e n e t a  

Transverse med ian  sections are shown in  Figure  5: 24, 25. The centra l ly  placed 
nucleus  is bounded  by the chloroplast and  Golgi  apparatus.  The several  mi tochondr ia  
are ar ranged per ipheral ly  ma in ly  b e n e a t h  the p lasmalemma.  The nuc leus  contains  a 
prominent  nucleolus  and  is su r rounded  by a double  m e m b r a n e  the outer of which is 
cont inuous with outermost m e m b r a n e  su r round ing  the chloroplast. Large vacuoles  
normal ly  observed towards the ends  of the ceils often conta in  e lec t ron-dense  storage 
bodies, d e p e n d i n g  on the age and  activity of the cell. The chloroplasts are character ized 
by lamel lae  (Fig. 5: 24, 25) r u n n i n g  the length  of the cell each consis t ing of three 
thylakoids. With in  the chloroplast is a pyrenoid  composed of dense  g ranu la r  mater ia l  
sur rounded by a thin m e m b r a n o u s  line. Travers ing the pyrenoid  is a s ingle  lamella ,  an  
extension from one of the plast id lamel lae .  

On its dorsal side the nuc leus  is b o u n d e d  by an  e n d o m e m b r a n o u s  system consis t ing 
of dictyosomes, endoplasmic  re t icu lum and  numerous  pe r inuc lea r  vesicles. The dictyo- 
somes, usual ly  4-6  per  cell, consist  of 5 -8  cis ternae and  are always located in  a 
per inuclear  position. The cis ternae ad jacent  to the nuc leus  consti tute the forming face of 
the dictyosome and  are thought  to form from the fusion of vesicles produced  by the outer 
nuclear  m e m b r a n e  (Fig. 5: 24; Fig. 6: 26). In accordance,  the outer cis ternae represent  
the mature  face of the dictyosome. 

Fig. 4. 18-23: S. E. M. of cultured Amphora cells on "Thermanox" coverslips. 18: Low power 
showing recently attached ceils. Mucilage (m) is located around the peripheral margins of the cells 
( × 2,000). 19: Showing cells and respective mucilaginous moulds. Note the characteristic pattern of 
mucilage which complements the underside of the cell (× 2,000 ). 20: An adhesive 'mould' (rod) 
remaining after removal of the cell. The mould, with scanty secretion in the centre, is characterised 
by distinct lines of mucilage (lm) in the region of the raphes (r) and margin (mr) { × 3,360). 21: High 
power showing the sub-lunate shape of the cell and adhesive material (m) extruding from the 
margin (mr) (x 6,000). 22: The underside of an Amphora cell. Note the copious secretion (rn) 
associated with the raphes (r) and the inner valve margin (ivrn) ( × 5,360). 23: Low power of a group 
of Amphora. The cells are held together in a colony by mucilaginous material (m) secreted through 

the ventral regions of the ceils (X 3,000) 



136 G . F .  Daniel,  A. H. L. C h a m b e r l a i n  & E. B. G. Jones  

4 

CV ¢ 

i.,111 



T h e  f o u l i n g  d i a t o m  A m p h o r a  137 

Fig. 6. 25-29: 'IL E, M. of thin sections of Amphora  veneta. 26: T. S. through a per inuclear  
dictyosome, The dictyosome is composed of 8 c is ternae (ct) which are b l ebb ing  fibrous (v:) and 
smaller granular  (vz) vesicles (× 44,000). 27: Oblique L. S. through the central  region. Irregularly 
shaped fibrous (v~) and smaller  granular  vesicles (v2) are apparent  ( × 32,400). 28: T. S. part  o[ cell to 
show frustule-cel l -membrane interface (fcm). Large numbers  of vesicles (v4) are present  outside the 
cell membrane  (cm) but  within the silica wall (sw] ( × 33,000). 29: T. S. showing fibrous mater ia l  

(fro) extruding from a raphe  fissure [rf) ( × 22,400) 

Fig. 5. 24: T. S. (T. E. M.) through the central  region of a typical Amphora veneta cell showing 
position of nucleus  (n), chloroplast (c), pyrenoid (py), dictyosomes (d) and per iphera l  mi tochondr ia  
(mr). Note the position of the raphes  (r) and the muci lage  (m) which  is seen  in close proximity ( × 
14,650). 25; Median  longi tudinal  section (T. E. M,) th rough an  Amphora  veneta cell showing 
nucleus (n), nucleolus (no), chloroplast (c), pyrenoid (py), dictyosomes (d) and  the large cell 

vacuoles  (cvj ( × 11,000) 
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The c is ternae are seen  to bud ves ic les  wh ich  are l ibera ted  into the surrounding 
cytoplasm (Fig. 6: 26). Two ma in  types of in t racel lu lar  ves ic les  were  observed:  

(a) Large, smooth ves ic les  (vl) p roduced  by the more mature  cisternae. These 
ves ic les  were  i r regular  in shape and conta ined  d ispersed  fibrous mater ia l  (Fig. 6: 26, 27). 

(b) Smal le r  e l ec t ron-dense  ves ic les  (v2) conta in ing  granular  material .  These  are 
usual ly  in the range  of 0.05 #m in d iamete r  and w e r e  p roduced  by the forming face of the 

c is ternae  (Fig. 6: 26). 
Ten ta t ive ly  a third ves ic le  type (v3) wi th  granular  contents but  wi th  a densely  

s ta in ing m e m b r a n e  was occas ional ly  observed.  H o w e v e r  these were  very similar  to (v2) 

apart  from size. Other  smal ler  ves ic les  and mul t ives icu la r  bodies  are often found 

associa ted with  the cis ternal  ends, howeve r  it was not possible  to de te rmine  whe ther  

they were  l ibera ted  by them. 
Vesic le  types v 1 and v 2 are observed  th roughout  the per iphera l  and central  cyto- 

plasm. The  i r regular  ves ic les  (vl) are  often wi th in  and prot ruding into the large  cell  

vacuo les  (Fig. 6: 27). 
Smal le r  ves ic les  (v4) are often seen  outside the cell  m e m b r a n e  at the frustule- 

m e m b r a n e  interface  (Fig. 6: 28). A g g r e g a t i o n  of ves ic les  in this posit ion is a common 

feature  and may  occur around the ent i re  pe r iphery  of the cell. However ,  larger  numbers  

are usual ly  found in the vent ra l  regions  of the cell,  often in close proximity to the raphe 

fissures. Above  the raphe  the cel l  m e m b r a n e  is usual ly  contracted away  from the frustule 
e d g e  l eav ing  a r eg ion  cont inuous  with the exterior.  Often fibrous mater ia l  is observed 

ex t rud ing  from these  fissures and is b e l i e v e d  to be  the muc i l ag inous  mater ia l  recognised  
with  the S.E.M. (Fig. 6: 29). Since vesic tes  can be found around the ent ire  frustule-cell  

m e m b r a n e  interface one cannot  p rec lude  muc i l age  secret ion from any part of the cell, 

but  the raphe  fissures do offer a direct  route to the outside.  
An a t tempt  was m a d e  to de te rmine  the chemica l  composi t ion of the Golgi  vesicles  

contents  us ing  the E.M. t echn ique  of ThiSry (1967). However ,  the test, l ike its L.M. 

counterpart ,  p roved  nega t ive ,  ind ica t ing  that  none  of the ves ic les  con ta ined  mater ial  

wi th  free v ic ina l  OH groups.  Fur ther  tests are in progress  to de te rmine  the composi t ion of 

these  vesicles.  

Fig. 7. 30-33: Amphora cells stripped from cuprous oxide panels. 30: T. S. of an Amphora film 
stripped from a cuprous oxide panel. The cells in L. S. and T. S. are in association with bacteria (b) 
and particulate matter (pm) all held together by extracellular mucilage. Characteristically vacuol- 
ated, the cells also contain electron dense bodies (db) ( X 1,440). 31: Oblique section through a dead 
Amphora cell, a probable result of copper poisoning. The chloroplast lamellae (cl) are typically 
distended and dense inclusions are observed within it. Dense irregular bodies (db) are also 
observed within the disrupted cytoplasm ( × 4,560). 32: High power T. E. M. showing a dense body 
from the vacuolar region. The body appears membrane bound and contains numerous electron 
dense inclusions (di) ( × 27,760). 33: X-ray spectrum (0-10 KeY) of the dense granular inclusions. 
Note the copper Ka, Kfl and La peaks at 8.04 eV, 8.90 eV and 0.928 eV. Peaks for Ka phosphorus 
(2.01 eV), Ka sulphur (2.30 eV), Ka calcium (3.68 eV), Ka silicon (1.74 eV), Ka chlorine (2.62 eV) and 

Ka aluminium (1.49 eV) are also evident 
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T . E . M . - s c a n  X - r a y  m i c r o a n a l y s i s  of i n t r a c e l l u l a r  i n c l u s i o n  b o d i e s  

W h e n  Amphora sl ime-fi lms are processed for T.E.M. the intricate relat ionship 
b e t w e e n  the cells and  bacter ia  becomes  apparen t  (Fig. 7: 30}. This film was approxi- 
mate ly  100 /an  thick and  removed from a slow leaching  cuprous oxide pane l  two months 
after immers ion  in Langstone Harbour,  U.K. It was l aden  with Amphora cells, bacteria, 
muc i lage  and  associated par t iculate  matter. In surface profile the films are usual ly  
corrugated with greatest  th ickness  occurr ing at the centres of colonization. 

The cells seen in L.S. and  T.S. are vacuola ted  with a s ingle  chloroplast, nuc leus  and 
pyrenoid.  Some of the cells are actively d iv id ing  whereas  other appear  dead with loss of 
in te rna l  structures. Part icularly conspicuous wi th in  the cells are dense spherical  bodies 
(0.4-2.0/~m in  diameter)  usua l ly  wi th in  or p ro t rud ing  into the large cell vacuoles 
a l though smal ler  i r regular  bodies  also occur (Fig. 7: 30, 31). Up to five such bodies may 
be observed in any  one cell a l though two or three are the norm. Similarly dense  bodies 

have b e e n  observed wi th in  many  of the film bacteria.  
Dense bodies  often occur w h e n  osmium tetroxide is used as a fixative and is 

normal ly  t aken  as an  indica t ion  of l ipid material .  If the bodies are observed in detail 
smal ler  dense  inclus ions  are seen {Fig. 7: 32). To de te rmine  the e lementa l  composit ion of 
the inc lus ions  th in  sections of unosmica ted  mater ia l  were ana lysed  us ing an energy 
dispersive spectrometer  capable  of ana lyz ing  X-ray energies  up to 10 KeV. The presence 
of copper  in  the inc lus ions  was ind ica ted  by the characterist ic peaks  at 8.04 KeV (Ka- 
line}, 8.90 KeV (Kfl-line) and  0.928 KeV (La-line) respect ively (Fig. 7: 38). Other peaks 
observed were si l icon (Ka 1.74 KeV), phosphorus (Ka 2.01 KeV), su lphur  (Ka 2.30 KeV) 
and  calc ium (Ka 3.68 KeV). The peaks for chlorine (Ka 2.62 KeV) and  a l u m i n i u m  (Ka 
1.49 KeV} result  from the e m b e d d i n g  resin and the support  grid respectively. 

To invest igate  further the presence  of these inc lus ions  Amphora cells isolated from 
toxic pane ls  were cul tured in  the laboratory and  subsequen t ly  t reated with 0, 0.75 and 
1.5 ppm copper chloride (CuC12). Cells  were t reated for one week  and  subsequent ly  
fixed in  4 % g lu ta ra ldehyde  in sea-water  and  processed as for normal  T.E.M. 

Amphora films treated with 1.5 p p m  CuC12 became  grey-green  and  the cells died 
wi th in  three days. Films treated with 0.75 ppm CuC12 were  g reeny-b rown  but  the cells 
re ta ined  motil i ty a lbei t  sluggish.  The control cells re ta ined  motil i ty and  films remained  

golden-brown.  
Thin  sections of cells t reated with 0.75 ppm CuC12 were characterised by large 

g ranu les  (Fig. 8: 34, 35), as m a n y  as five per cell. They  were normal ly  located wi thin  or 

Fig. 8. 34-38: Amphora cells treated with varying concentrations of CuC12. 34: T. S. of an Amphora 
cell treated with 0.75 ppm CuC12 for one week. A dense granule (dg) is observed protruding into the 
cell vacuole (cv) (x 11,200}. 35: Amphora celt {oblique T. S.} treated as above. Two large granules 
are visible within the cell vacuoles (cv) and appear attached to peripheral cytoplasm (pc) ( × 8,160). 
36: High power of an intracellular granule. Lighter regions (arrows} may be observed within the 
structure (x 37,850}. 37: Amphora cell treated with 1.5 ppm CuC12. Note the large amounts of 
mucilage (m) in close proximity to the cell, the contraction from the cell wall of the cytoplasm and 
cell membrane and the disorganised chloroplast (dc) (X 38,640}. 38: X-ray energy spectrum (0-10 
KeV) from an intracellular granule. Note the characteristic copper, sulphur, silicon, calcium, 

aluminium and chlorine peaks 
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protruding into the large celt vacuoles as in the 'wild'  type cells. Granules as large as 
1.2/an were seen, usually bound to the per ipheral  cytoplasm (Fig. 8: 35, 36). However, it 
was not possible to determine whether  the granules were membrane bound. Other 
subcel lular  structures were similar to the control. Cells t reated with 1.5 ppm CuC12 
showed disorganised chloroplasts, characterist ically abnormal nuclei and contraction of 
the cytoplasm and cell membrane from the edge  of the silica frustule (Fig. 8: 37). Also 
copious amounts of muci lage were observed in close proximity to all cells. 

When analysed these granules gave copper peaks at Ka (8.04 KeV), Kfl (8.90 KeV) 
and La (0.928 KeV) (Fig. 8: 38). Characteristic peaks  for sulphur (Ka 2.30 KEY), silicon 
(Ka 1.74 KeV) and aluminium (Ka 1.49 KeV) were recorded. Unlike the 'wild' situation 
peaks  for phosphorus (Ka 2.01 KeV) and chlorine (Ka 2.62 KeY) were low although 
calcium (Ka 3.68 KeV) was evident. 

DISCUSSION 

The preponderance of Amphora spp. in fouling samples from widely separated 
geographical  locations examined in this study indicate their cosmopolitan nature. The 
occurrence and frequent dominance of Amphora on anti-fouling coatings agrees with the 
results of Hendey (1951), Crosby & Wood (1959) and Bishop et al. (1972) (see Table 4). 
Predictably, the major species of Amphora encountered depends upon the location and 
previous history of the sample, thus A. bigibba, A. (delicatissima?) and A. coffeaeformis 
were recorded from shipping while A. exigua, A. veneta and A. coffeaeformis were 
dominant on cuprous oxide bear ing test panels. Hendey (1951) recorded similar observa- 
tions for cuprous oxide paints exposed in southern U.K. waters. The abil i ty of Amphora to 
grow on biocides other than copper is shown by their occurrence on A/F paints 
containing tri-organotin compounds (Table 2 and Callow et al., 1978), and mercuric 
oxide (Table 4, Crosby & Wood, 1959). Indeed, Stanbury (1944) in laboratory experi- 
ments found that the levels of biocide required to prevent growth of A. exigua were 
1.0 ppm for copper and 1.85 ppm for mercury. Crosby & Wood (1959) working in 
Austral ia found A. arcta the only diatom species growing on both mercuric and cuprous 
oxide paints after two weeks  (Table 4). 

Once established, the Amphora spp. can maintain their dominance of the fouling 
film for a considerable period (Bishop et al., "1972) and in doing so develop very thick 
films (Fig. 1: 1-6; Fig. 2: 7-11; Fig. 7: 30). 

Fouling films of 200/lm and 300 #m were recorded from paint flakes from supertank- 
ers and test panels  respectively. Large quantit ies of anionic muci lage and particulates 
were always important in b inding the film together. These thick films may affect the 
performance of the ship and its A/F coating in several ways. Once an appreciable  film 
thickness has developed and begun to exfoliate (e. g. Fig. 2: 8) it contributes to the hull 
roughness, and hence the frictional drag, an important parameter  in determining the 
economic running of a ship (Lackenby, 1962). In addition, the rate of leaching of the anti- 
fouling toxin depends  upon the turbulent water-flow accross the surface (Marson, 1969). 
The overlying mucilaginous Amphora film may reduce the leaching rate both by 
reducing water-flow and by binding off the metal  cations to the anionic substituents of 
the mucilage. 

Observations using scanning electron microscopy indicate a number of factors 
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which contr ibute  to the  t enac i ty  of a t t achmen t  of Amphora cells.  These  inc lude  the 
posi t ion of the  four raphes ,  the  smal l  size of the  cel ls  and  the tu r t l e - l ike  h y d r o d y n a m i c  
shape.  Ha rpe r  & H a r p e r  (1967) m e a s u r e d  bo th  a d h e s i v e  and  t rac t ive  forces for a n u m b e r  
of ep ip sammic  d ia toms inc lud ing  Amphora ovalis and  o b t a i n e d  va lues  of 400 mi l l i dynes  
and  48 mi l l i dynes  respect ive ly .  A, ovalis could  also w i th s t and  100 dynes  cm -2 over  a 
p ro t rac ted  pe r iod  in a l amina r  f low appara tus .  As A. ovalis is ve ry  s imi la r  in  a t t r ibu tes  to 
the foul ing Amphora spp., these  resul ts  ind ica te  the  very  la rge  forces wi th  which  such 
cells may  adhe re  to surfaces. 

The h i s tochemica l  resul ts  i nd ica t e  that  the muc i l a g inous  ma te r i a l  r e spons ib l e  for 
adhes ion  of Amphora cel ls  compr i ses  a complex  p o l y s a c c h a r i d e  wi th  uronic  ac id  and  
su lpha te  subst i tuents ;  no p ro te in  or l ip id  was  de tec ted .  This cor re la tes  wi th  the  his-  
tochemica l  resul ts  of C h a m b e r l a i n  (1976) and  the gross  chemica l  ana lys i s  of A l l en  et al. 
(1974) which  demons t r a t ed  xylose,  ga l ac tose  and  g lucose  in  m u c i l a g e  from an  
unspec i f i ed  Amphora. In l ack ing  a p ro te inaceous  component ,  the  Amphora a d h e s i v e  
differs from those of many  macro- fou l ing  a lga l  spores;  Enteromorpha (Christ ie  et al., 
1970), Ectocarpus (Baker & Evans, 1973a), Ceramium ( C h a m b e r l a i n  & Evans, 1973). 

Some indica t ions  of the  route  of sec re t ion  of the  adhes ive  m u c i l a g e  have  b e e n  
ob ta ined  from scann ing  and t ransmiss ion  e lec t ron  microscopy.  F igure  4 : 1 8 - 2 0  show the 
imprint  of adhes ive  left after cel l  removal .  The l ack  of ma te r i a l  b e t w e e n  the  r aphes  is 
due  to the concavi ty  of the  vent ra l  g i rd le  r eg ion  (Fig. 3: 15; Fig. 4: 22). The  m a i n  po in ts  of 
secret ion a p p e a r  to be  the  r aphe  f issures (Fig. 4: 18-20), the  l a rge  punc t a e  of the  dorsa l  
valve  mant le  (Fig. 4: 21) and the la rge  punc tae  of the  vent ra l  va lve  man t l e  (Fig. 4: 22). 
What  effect the f inely  pe r fo ra ted  v e l u m  c los ing  at  l eas t  some of these  punc tae  (Fig. 3: 19) 
may  have,  is unknown,  but  if the  adhes ive  was  r e l e a s e d  into the  r eg ion  b e t w e e n  
p l a s m a l e m m a  and  s i l ica  frustule,  the  i nd iv idua l  po ly saccha r ide  mo lecu le s  could  eas i ly  
exude  to the outside.  A l though  a th in  l ayer  of o rgan ic  ma te r i a l  coats the  whole  frustule,  
there  is no ev idence  of mass ive  m u c i l a g e  sec re t ion  th rough  the  punc t a e  of the  dorsa l  
connec t ing  bands ,  the bu lk  appea r s  to b e  ven t ra l ly  d i scharged .  

Despi te  the ease  wi th  which  adhes ive  m u c i l a g e  secre t ion  can  be  de t ec t ed  by  
scanning  e lec t ron  microscopy,  loca l i sa t ion  and  iden t i f i ca t ion  of the ma te r i a l  in th in  
sect ions e x a m i n e d  by  T.E.M. is more  difficult.  As ex t r ace l lu l a r  sec re t ion  in euka ryo te s  is 
usua l ly  assoc ia ted  wi th  the  func t ion ing  of the  Golg i  appara tus ,  pa r t i cu la r  a t t en t ion  was  
pa id  to the var ious  types  of ves ic le  of d ic tyosomal  origin.  There  a p p e a r e d  to be  two, or 
poss ib ly  three,  major  types.  The  largest ,  V, (Fig. 6: 27), were  de r i ve d  from the ma tu re  
d ic tyosome cis ternae ,  and  were  often i r r egu la r  in out l ine  whi l s t  con ta in ing  f ibr i l la r  
material .  These  ves ic les  were  w i d e l y  d i s t r ibu ted  th roughou t  the  cy top lasm and  the 
contents  were  s imi lar  in morpho logy  to the  ex t race l lu l a r  muc i l a g inous  ma te r i a l  (Fig. 6: 
29). The  second  type,  V 2 (Fig. 6: 26), were  smal ler ,  more  r egu l a r l y  round  in sec t ion  a n d  
conta ined  g ranu la r  e l ec t ron -dense  mater ia l .  The  poss ib le  th i rd  in t r ace l lu l a r  type  were  
very s imi lar  to V 2 but  were  b o u n d e d  by  a dense ly  s ta in ing  m e m b r a n e  and were  s imi la r  to 
vesicles  in Melosira varians which  Crawford  (1973) t e r m e d  "coa ted  ves ic les" .  Of these  
types,  the  la rges t  V l l  ves ic les  a re  thought  to b e  the  source of the  ex t race l lu l a r  m u c i l a g e  
(Fig. 6: 2Y) and that  the  small ,  ex t race l lu lar ,  V 4, ves ic les  (Fig. 6: 28) p r o b a b l y  r ep re sen t  
extraneous  l ip id  m e m b r a n e  a s soc ia t ed  wi th  the  exocytot ic  process.  Ves ic les  s imi la r  to 
the V 1 type  were  also no ted  by  Dawson  (1973) in  the  f reshwater ,  m u c i l a g e - s t a l k  
producing  Gomphonema parvulum. Crawford  (1973) s u g g e s t e d  that  in Melosira muci-  
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Iage secretion occurred via pyriform vesicles derived from nuclear btebbing.  No such 
vesicles were recorded in A. veneta. 

Settlement and subsequent development  on A/F surfaces necessitates some form of 
resistance to or protection from the incorporated biocides. The minimum leaching rate 
necessary to prevent  animal  and plant  fouling on cuprous and mercuric oxide paints was 
calculated as 10 /~g cm -2 day -1 and 2 /~g cm -2 day -1 respectively (Harris, 1946; Anon, 
1952). Since Amphora cells colonise A/F paints soon after immersion, they must possess 
a means of adaptat ion or resistance to the high levels of toxins within the surface 
boundary layer. Previous work on a variety of micro-organisms and algae has implicated 
three main mechanisms in overcoming toxic conditions: 

(1) Extracellular interaction and binding by mucilaginous material  and cell walls 
(Fogg & Westlake, 1955; Ashida, 1965; Jones, 1967; Fitzgerald, 1967; Button, 1968; 
Nielsen & Kamp-Nielsen,  1970; Corpe, 1972, 1974; Silverberg, 1975). 

(2) Active exclusion (Foster, 1977). 
(3) Intracellular immobil izat ion with the development  of subcellular granules or 

complexes (Silverberg et a t ,  1976; Walker,  1977). 
The present  investigation gives evidence for the latter, with the development of 

intracellular  copper-containing granules. Both laboratory cultures grown in copper 
solutions (0.75 ppm CuC12 in seawater) and Amphora cells str ipped from cuprous paints 
contained obvious granular  inclusions usually within the two polar cell vacuoles. Up to 
five such granules per  cell have been  recorded and were similar in structure and 
morphology to those recorded by Walker  (1977) in the prosomal region of Balanus 
balanoides. Energy dispersive x-ray analysis of these structures demonstrated the 
presence of copper in association with sulphur, phosphorus and calcium. 

Walker  (1977) records high concentrations of sulphur within the copper granules of 
Balanus balanoides and further indicated from histochemical and solubility tests that 
they were organically complexed with proteins, i. e. metallothioneins rich in sulphur- 
containing residues. A similar situation may exist within the Amphora cells studied 
since recent work by Cloutier-Mantha & Brown (1980) indicated that a metallothionein 
as well as a low molecular  weight  substance may play a role in the storage and 
detoxification of heavy metals in the marine diatom Skeletonema costatum. 

Some of the granules, part icularly in "wild" Amphora cells, had high concentrations 
of phosphates.  Polyphosphates are often found as storage bodies within diatom cells 
(Crawford, 1973; Dawson, 1973) and may offer a convenient site for detoxification since 
they are usually located in the vacuolar regions. Ashida (1965) also suspected polyphos- 
phates as a possible site for sequestration of copper in copper-tolerant yeasts. 

In addit ion to this internal  sequestrat ion and hence protection, the extracellular 
mucilage with its strongly anionic character probably also binds the metal cations. 
However, x-ray analysis of the mucilage failed to show appreciable  amounts of copper, 
possibly a result of removal during processing for the E. M. Nevertheless, this mecha- 
nism of metal  binding, albei t  reversible,  is l ikely to function in Amphora and afford a 
primary line of "defence".  Other micro-organisms with mucilages of similar chemical 
composition do bind heavy metals (Fogg & Westlake, 1955; Corpe, 1972, 1974), as do the 
highly sulphated algal  polyaccharides,  fucoidan and carragheenan (Paskins-Hurburt et 
al., 1978; Veroy et al., 1980). Veroy et aI. (1980) were able to correlate metal binding 
capacity with degree  of sulphation. Such a binding of the heavy metal toxins by 
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Table 4, Previous reports on the occurrence of Amphora on toxic A/F coated test-surfaces (T/S) and 
' in-service'  ships 

Location Toxin in use Species Period of Author 
immersion 

Chichester Cuprous oxide A. turgida 1-4 weeks Hendey 
Harbour, U.K. A. veneta (1951) 
T/S A. exigua 

A. coffeaeformis 

Australia Cuprous oxide/ A. arcta 1-2 weeks Crosby & 
T/S mercuric oxide Wood (1959) 

Australian Cuprous oxide A. ? bigibba 6-18 months Bishop et al. 
naval ships A. ? coffeaeformis (1972) 

A. ? delicatissima 

Britain T/S Organotin A. proteus Callow et al. 
Newton Ferrets, (1978) 
U.K. 

Amphora m u c i l a g e  wi l l  a lso  h a v e  the  e f fec t  of r e d u c i n g  the  l e a c h i n g  ra te  by  a f f ec t i ng  
the  d i f fus ion  b o u n d a r y  layer .  

It has  b e e n  s h o w n  tha t  Amphora  s p e c i e s  a re  e x t r e m e l y  succes s fu l  as  f o u l i n g  mic ro -  

o r g a n i s m s  (see T a b l e  4) a n d  h a v e  a c h i e v e d  this  pos i t i on  as a r e su l t  of s e v e r a l  factors.  A 
n u m b e r  of t h e s e  i n c l u d i n g  shape ,  s ize,  w i d e  t o l e r a n c e s  of m a n y  e n v i r o n m e n t a l  factors ,  
pos i t ion  of r a p h e s  a n d  s t r eng th  of a d h e s i o n ,  t h e  p r o d u c t i o n  of a n i o n i c  m u c i l a g e  a n d  the  

cap ab i l i t y  for i n t e rna l  m e t a l  s e q u e s t r a t i o n  h a v e  b e e n  d i s c u s s e d  a l r eady .  A d d i t i o n a l  

factors  m a y  also be  impor tan t .  Thus ,  L e w i n  (1963) f o u n d  e i g h t  s t ra ins  of A. coffeaeformis 
c a p a b l e  of h e t e r o t r o p h i c  g r o w t h  a n d  A n d e r s o n  (1975) s h o w e d  r e s i s t a n c e  to d e s s i c a t i o n  

by the  s a m e  s p e c i e s  d u e  to the  f o r m a t i o n  of r e s t i n g  ce l l s  w h e n  u n f a v o u r a b l e  c o n d i t i o n s  

p r e v a i l e d .  In conc lus ion ,  i t  a p p e a r s  t ha t  Amphora  is a d m i r a b l y  e q u i p p e d  to t o l e r a t e  a n d  
g row on a n t i - f o u l i n g  c o m p o s i t i o n s  and  no  doubt ,  b e n e f i t s  f rom e x p l o i t i n g  a n  e n v i r o n -  

m e n t  w h i c h  is r e l a t i v e l y  f ree  of c o m p e t i n g  d ia toms .  
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