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Advisor: P ro fesso r Thom as E. Je n se n

T he in fluence  o f  a lum inum  an d  pH  o n  g ro w th  a n d  survival w as 

s tu d ied  u sin g  tw o fresh w a te r cyanobacteria , A n a b a en a  do lio lum  a n d  

Synecbococcus leo p o lien sis . The effective c o n ce n tra tio n  o f  alum inum , 

o r  EC50 , w h ic h  red u ced  g ro w th  in  a  p o p u la tio n  o f  A  dolio lum  by  5 0 % 

u p o n  ex p o su re  fo r  96 h o u rs  a t pH 7.2 w as 0.197 mM. The lim iting  

c o n c e n tra tio n  fo r  5. leo p o lien s is  w as 0.145 mM. Cells w ere  again  

e x p o se d  to  th e  m etal, 0.32 mM an d  0.15 mM, respec itve ly , fo r  96 

h o u rs  in  m ed iu m  b u ffered  to  pH 5.5, 7.2, an d  9.0. M o rphom etric  

ana ly ses w ere  c a r r ie d  o u t u s in g  tra n sm iss io n  e le c tro n  m ic ro sco p e  

(TEM) m ic ro g rap h s  o f  ran d o m ly  se lec ted  cells f ro m  each  tre a tm e n t 

a n d  c o n tro ls . A nalysis o f  v a ria n ce  (ANOVA) re v e a le d  th a t  th e  

co m b in a tio n  o f  a lum inum  a n d  pH p ro d u ced  sign ifican t u ltra s tru c tu ra l 

ch an g es  am o n g  A. do lio lum  cells in  ce ll volum e, ce ll w all vo lum e, 

v o lu m e s  o f  p o ly h e d r a l  a n d  p o ly p h o s p h a te  b o d ie s  a n d  

in tra th y lak o id a l space  as w ell as th e  n u m b ers  o f  p o ly h ed ra l bodies, 

p o ly p h o sp h a te  bodies, lip id  inc lusions a n d  cy an o p h y c in  granules.
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A m ong th e se  c e llu la r  s e c to rs  a n d  in c lu s io n s , m o re  s ig n if ic a n t 

v aria tions w ere  reco rd ed  b e tw een  trea ted  a n d  u n trea ted  cells a t pH  

5.5 th a n  a t pH  9.0. An increase  in  relative ce ll volum e am ong  trea ted  

cells w as th e  sing le  sign ifican t va ria tion  a t pH  7.2.

The sam e  s ta tis tic a l a n a ly s is  o f  S. le o p o lie n s is  in d ic a te d  

sign ifican t changes in  cell w a ll volum e, p o ly p h o sp h a te  b o d y  vo lum e, 

in tra th y la k o id a l sp ace  v o lu m e , th y la k o id a l su rface  a rea , a n d  th e  

n u m b er o f p o ly h ed ra l bod ies am ong  trea te d  cells. As w as tru e  o f  A. 

d o lio lu m ,  m o re  changes in  u ltra s tru c tu re  o f  S. leopo liensis  o c c u r re d  

a t pH  5.5, b u t d iffe red  in  th a t  o n e  m ore change o ccu rred  at pH  7.2 

th a n  d id  at pH  9.0.

A lum inum  w as n o t co n s is ten tly  in d ica ted  w ith in  an y  ce llu la r 

s e c to r  o r  in c lu s io n ;  h o w e v e r , e le m e n ta l  a n a ly s is  s h o w e d  

in ten sifica tio n  o f  th e  p eak  fo r  p h o sp h o ru s  w ith in  p o ly p h o sp h a te  

bodies o f cells ex p o sed  to  a ll co n cen tra tio n s o f  a lum inum  (0.037 mM,

0.185 mM, a n d  0.370 m M ). T his p a t te rn  is in d ic a tiv e  o f  th e  

detox ifica tion  re sp o n se  o f  cells exposed  to  heavy m etals.

N either A. d o lio lu m  n o r  S. le o p o lien s is  p ro d u c e d  d e te c tab le  

phy tochela tins u p o n  ex p o su re  to  alum inum .
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Acid D eposition

INTRODUCTION

The In d u str ia l R evo lu tion  w h ich  b eg an  in  th e  m id-18th  c en tu ry  

b e n e f i t te d  n o t  o n ly  th e  w o rld 's  la b o re rs , b u t  a lso  th e  g re a te r  

p o p u la tio n  th ro u g h  th e  m a rk e d  in c re a s e  in  m a c h in e  a n d  fac to ry  

p roduction . This w id esp read  sh ift from  a n  agricu ltu ral econom y to  one 

w h ic h  was based  o n  th e  u se  o f  com plex  m ach in e ry  even tually  resu lted  

in  im p ro v e m e n ts  in  tra n s p o rta tio n , p o w e r g e n e ra tio n , a n d  o th e r  

advancem en ts  w h ic h  re q u ire d  fossil fuel. U n fo rtuna te ly , w ith  the  

in crease  in  use  o f  fossil fue l cam e a n  in c rease  in  em issions o f  su lfu r 

d iox ide  (SO2) a n d  n itro g en  oxides (NOx).

W hen fossil fuels, coal an d  oil, a re  b u rn ed , th e  by-products are 

w a te r  v ap o r a n d  th e  co m m o n  e lem ents carb o n , n itrogen , a n d  su lfu r 

w h ich  com bine w ith  oxygen  in  the  air. The resu ltan t oxides COx, NOx, 

an d  SOx ultim ately  reac t w ith  sunlight, ozone, an d  m oistu re  to  p roduce  

th e ir  respective acids. O nce in co rp o ra ted  in to  clouds, these  po llu tan ts  

n o t o n ly  travel g rea t d istances from  th e  ch im neys a n d  exhausts w h ich  

re leased  the  o rig in a l by-products, bu t th e y  m ay also fall to th e  g round  

as ra in , m ist, fog o r  snow , i.e., acid ra in , o r  as gases o r  particles, i.e., 

d ry  d eposition  (Park , 1987). As p rec ip ita tio n  becom es m ore  acidic, it 

decom poses m o re  ro ck  a n d  soil, th u s m ob iliz ing  m etals w h ic h  m ay 

p rove toxic as th e ir  concen tra tions increase.

C a rb o n ic  ac id  in  th e  a tm o s p h e re  m ak es  e v e n  c lean  

ra in w a te r  sligh tly  acidic. N atural p h e n o m e n a  also c o n trib u te  to  the  

acidity  o f  ra in  by  re leasing  elem ents in to  th e  a tm osphere: volcanoes,

1
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h o t sp rin g s , w e tlan d s , and  n a tu ra l  gases a re  sources o f  SO2 , w h ile  

ligh tn ing  is a  so u rce  o f  NOx (Schneck, 1981).

The co n tro v e rsy  over w h e th e r  th e  m ark ed  decrease in  pH  o f  so il 

a n d  n a tu ra l  w a te rs  o v e r th e  la s t  few  d ecad es is th e  re s u lt  o f  th is  

w id e sp re a d  u se  o f  fo ss il  fu e ls  a lo n g  w i th  o th e r  a n th ro p o g e n ic  

influences (in ten siv e  an im al rea rin g , use o f  lim e  an d  fertilizers), o r  o f  

n a tu ra l activ ities (am m o n iu m  fro m  v o la tiliza tio n  o f  a n im a l ex c re ta , 

n itrous ox ide  from  seaw ater) has been  so in te n se  that it  has p ro m p te d  

m assive m ed ia  coverage  an d  e v en  in te rn a tio n a l con fe rences (C resse r 

a n d  Edw ards, 1987; Park , 1987).

E x p erim en ts  th a t  a re  d esig n ed  to  c o rre la te  the  d eg ree  o f  fo ss il 

fuel usage a n d  em iss ions w ith  changes in  th e  acid ity  o f p rec ip ita tio n  as 

s in g le  s tu d ie s  a re  lim ited . R e se a rch  w h ic h  in v e s tig a te s  t h e i r  

re la tio n sh ip  is e i th e r  sh o rt- te rm  o r  ten d s  to  g en era te  c o n tro v e rsy  

because  o f  in co n s is te n c ie s  in  tec h n iq u e s  a n d  sam p ling  sites , a lo n g  

w ith  failure to  calcu late  the  in fluence  o f  n a tu re  o r  o ther an th ro p o g e n ic  

activities (D ickson, 1972; Siegel e t  a l , 1973).

S p h a g n u m  sp p .  is v e ry  su scep tib le  to  SO2 . W hile  th e  n e a r  

d isap p ea ran ce  o f  th e  species f ro m  th e  S o u th e rn  P enn ines o f  E ng land  

can  be lin k e d  to  h u m a n  in te rfe re n c e  su c h  as b u rn in g  a n d  g raz ing , 

these  a lone  could  n o t  account fo r  th e  alm ost to ta l ex te rm in a tio n  o f  th e  

species o v e r large a reas  (Tallis, 1964). The bog  m oss d e c lin ed  u n d e r  

som e cond itions, b u t d isappeared  a ltogether w ith  soot co n tam in a tio n , a 

c o n se q u e n c e  o f  in d u s tr ia l iz a tio n . By c o m p a rin g  th e i r  d a ta  o n  

a tm o sp h e ric  SO2, r a in  pH, and  su lfa te  and  b isu lfate  levels fo r one  y e a r 

(1979-1980) w ith  figures taken fro m  earlie r stud ies in  th is sam e area  o f  

England, Ferguson a n d  Lee (1983) concluded th a t SO2 c o n ce n tra tio n s  in

2
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the  a ir  an d  in  ra in fa ll in  th is  a rea  a t th e  tu rn  o f  th e  c e n tu ry  could  have 

been  h ig h  e n o u g h  to  p rove  tox ic  to  m any p lan ts . The a re a  su rro u n d in g  

th e  S o u th e rn  P e n n in e s  has b e en  industria lized  fo r m a n y  years.

J u s t  as S p h a g n u m  sp p . m o n ito rs  th e  te rra in , d ia to m s a re  s tro n g  

in d ica to rs  o f  ac id ity  changes in  lakes an d  riv ers . In  a  lake  sed im en t 

study (Scotland), d ia to m  analysis n o t on ly  ind ica ted  th e  tim e  at w h ic h  

ac id ifica tion  b e g a n  (1840), b u t a lso  track ed  increases in  trace  m eta ls  

w h ic h  m ay  be a sso c ia ted  w ith  in d u s tr ia l em iss io n s (B a tta rb ee  e t a l., 

1985). T h ro u g h  c o m p ara tiv e  stud ies, eco lo g ica l c o n d itio n s  su ch  as 

a ffo resta tio n  a n d  a d ec line  in  g razing  can  be  e lim in a ted  as causes o f  

increased  acidity . If, w h e n  th e  d ia tom  p o p u la tio n  o f  a locale  becom es 

increasing ly  m o re  acidobion tic  a fte r o th e r  causes o f  ac id ity  have b een  

e lim in a te d , it  le n d s  s u p p o r t  to  th e  p ro p o s e d  l in k  b e tw e e n  ac id  

deposition  and  lak e  acid ification  (Flow er an d  Battarbee, 1983).

Aside f ro m  b io tic  in d ica to rs , en v iro n m en ta l c h a n g e s  su ch  as a 

tw o-fo ld  in c re a se  in  th e  m erc u ry  c o n c e n tra tio n  o f  ice  in  G reen lan d  

be tw een  1946 a n d  1952 (W eiss e t a l ,  1971) p o in t to  in c re a se d  ac id  

deposition . L ikens a n d  B orm ann  (1974) re p o rte d  a s tr ik in g  increase  in  

acid p rec ip ita tio n  in  n o r th e a s te rn  Europe over two decades, a long w ith  

a g rea te r  th a n  2 0 0 -fold in c rease  in  m ercu ry  c o n c e n tra tio n  o f  ra in  in  

som e p arts  o f  Scandinavia.

A pH  o f  5-9 w as reco rd ed  du rin g  a 1939 ra in s to rm  in  B rooklin , 

M aine (L ikens a n d  B utler, 1980). This read ing , th e  e a r lie s t  rec o rd ed  

in  th e  U nited  S tates, is o n ly  sligh tly  less acid ic  th a n  5.6, th e  m a rk e r 

level fo r acid ra in . The sam e w ork , how ever, indicates th a t  in  general, 

p rec ip ita tio n  in  e a s te rn  N orth  A m erica p r io r  to  1930 h a d  a pH  g rea te r 

th a n  5.6. In  s ta rk  c o n tra s t to th is  re p o rt a re  th o se  w h ic h  ind icate  a

3
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co n tin u o u s in tensifica tion  o f  ac id  p rec ip ita tio n  in  th e  U nited  States a n d  

E urope  (Likens and  Butler, 1980; C resser a n d  Edw ards, 1987) over th e  

las t few  decades.

Follow ing an  ex tensive  s tu d y  o f  20 A dirondack  P ark  lakes in  New 

Y ork  State, Cum m ing e t a l , (1994) system atically  e lim in a ted  a) n a tu ra l 

ac tiv ity  an d  b) w a te rsh e d  d is tu rb an ces  w ith  co n co m ita n t changes in  

f lo ra  a n d  so il as th e  causes o f  acid ification  o f  80% o f  th e  te s t lakes. 

T he re sea rch e rs  co n c lu d ed  th a t  th e  lakes' pH  p ro file s  w ere  stro n g ly  

c o n s is te n t w ith  p rev ious p a leo lim n o lo g ica l a n d  o th e r  s tu d ies  w h ic h  

p o in t  to  acid  d ep o sitio n  fro m  in d u s tr ia l so u rces as th e  cau se  o f  th e  

acid ification .

Not all o f  th e  resu lts  re p o r te d  above w ill se ttle  th e  q u estio n  o f  

th e  cause o f  increased  acidity; how ever, th e y  do  em phasize  th e  change 

in  th e  e n v iro n m en t s ince  th e  In d u s tr ia l R evolution . T he co n d itio n s 

th a t a re  m anifested  by  th is c h an g e  include th e  re lease  o f  an io n s  a n d  

c a t io n s  in to  th e  a tm o s p h e re , so il a n d  n a tu r a l  w a te rs . T he 

co n cen tra tio n s  o f these  ions d irec tly  affect en v iro n m en ta l acid ity  and  

a lk a lin ity , an d  o ften  becom e g re a t e n o u g h  to  p ro v e  to x ic  to  m any  

o rg an ism s.

A lum inum

A ccording  to o n e  h y p o th e s is , o rg an ism s in  th e ir  b io ch em ica l 

ev o lu tio n  have ten d e d  to se lec t as n u tr ie n ts  su b stan ces w h ic h  w ere  

fo u n d  in  abundance  in  th e  e a r th 's  c rust a n d  w ere  read ily  so lub le  in  

th e  anaerob ic  en v iro n m en t (D risco ll and  Schecher, 1990). A lum inum  is 

th e  m o st a b u n d an t m eta l in  th e  e a rth 's  c ru s t, b u t w as, n o  doubt,

4
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unavailab le  to  an ae ro b ic  life fo rm s. T his could  ex p la in  w h y  su ch  an  

a b u n d an t e lem en t is n o t  on ly  non-essen tia l, bu t is also fo u n d  in  very  

lim ited  concen tra tions in  liv ing  tissues, occu rring  as co m p lex  silicates 

(clay), oxides (baux ite), and  su lp h a tes .

This m etal is to o  reactive to  occu r free  in  na tu re  (Haug, 1984). It 

o ccu rs , in stead , as co m p lex  s ilica tes  (clay), ox ides (b a u x ite ) , a n d  

su lp h a tes . In  n a tu ra l w aters, th e  m eta l can  be fo u n d  in  tw o  form s: 

so lub le  salts a n d  co llo idal c o m p o u n d s . The c o n ce n tra tio n s  o f  these  

fo rm s in  u n po llu ted  w aters ran g e  from  0.10 mg/L to 10 m /L  (G alvin, 

1991). Rivers in  Spain  are  re p o r te d  to  range  betw een  0.09 m g/L  an d  

1.86 mg/L, w hile  N orth  A m erican  rivers range betw een 0.012 m g/L an d  

2.250 m g/L (G alvin, 1991). In  1988 th e  E n v iro n m en ta l P ro te c tio n  

A gency (EPA) p u b lish ed  w a te r  qu a lity  c rite ria  fo r th e  p ro te c tio n  o f  

aquatic  o rganism s ex p o sed  to  a lum inum . This docum ent reco m m en d s 

th a t w ith in  any  four-day p e rio d  th e  co n cen tra tio n  o f  a lu m in u m  sh o u ld  

n o t exceed 87 fig/L m o re  th a n  o nce  every  th ree  years w h e re  th e  pH is 

be tw een  6.5 and  9.0 (G ostom ski, 1990).

O rdinarily  a lum inum  is triva len t, tho u g h  th ere  is ev idence  th a t it 

m ay  occu r in  a m o n o v a len t o r  b iv a len t state. Its o x id e , AI2O 3 , is 

am photeric , acting as a base to  fo rm  salts w ith  acids, o r  as a w eak  acid 

to fo rm  salts w ith  s tro n g  alkalies.

A lum inum  is availab le  fo r  b io log ical in te rac tio n  o n ly  w h e n  it 

becom es m obilized  in  th e  so il, a n d  ev en  th en , its ac tiv ity  d ep en d s 

u p o n  pH, the am ount o f  available m etal, an d  the  inorganic a n d  organ ic  

co m p lex in g  agen ts involved . A ccord ing  to  Haug (1984), a lu m in u m  

becom es soluble at pH  < 5.0, a t co n cen tra tio n s betw een  1 p p m  a n d  30

5
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ppm . T hese v a lu es  a re  rep re se n ta tiv e  o f  a lu m in u m  c o n ce n tra tio n s  

fo u n d  in  soils.

A lthough a lum inum  is regarded  as a n o n -essen tia l e lem ent, th e re  

is so m e  c o n s id e ra tio n  tha t, a t low  c o n ce n tra tio n s , th e  m eta l ex e rts  

benefic ia l effects o n  som e p lan ts (Foy e t a l , 1978; K inraide, 1993). In  

trac in g  th e  acco u n ts  o f  th e  b en efits  o f  a lu m in u m , Foy e t a l  (1978) 

p ro p o se d  th a t th e  m eta l cou ld  p o ss ib ly  in c re a se  i ro n  so lub ility  an d  

av a ilab ility  in  c e r ta in  soils, p ro m o te  th e  u p ta k e  o f  p h o sp h o ru s  by  

b lock ing  negative charges o n  th e  cell wall, o r  p ro te c t calcium -deficient 

p lan ts  fro m  ro o t d e te rio ra tio n  by  slow ing th e ir  g ro w th  a n d  p reven ting  

d ep le tio n  o f  th e  n u tr ie n t.

T he m echan ism s o f  alum inum 's tox ic ity  a re  co m p lex  (see below ), 

bu t m u ch  o f th e  re se a rc h  on  a lu m in u m  has c o n c e n tra te d  o n  reco rd ing  

th e  effects o f  pH  a n d  c o n ce n tra tio n  o n  o rg an ism s w h ic h  have b een  

ex p o sed  to  it (H usain i an d  Rai, 1992; K inraide a n d  P arker, 1989; Guida 

e t a l ., 1991; Rai, 1993). These effects can  be  m o re  c learly  in te rp re ted  

w h e n  c o n s id e re d  in  lig h t o f th e  chem ica l b e h av io r  o f  th e  m etal. In  

f re sh w a te r , th e  a lu m in u m  io n  (A13+) c o m p le x e s  re a d ily  to  fo rm  

h y d ro x id e , fluo ride , su lp h a te  a n d  a lu m in u m -o rg an ic  m atte r (h u m u s, 

sugars, am ino  acids) com pounds. T he io n  m ay  even  o ccu r in  th e  free 

sta te  (Lee, 1985). W ith in  the  com pounds lis ted  above, th e  m etal m ay 

occur in  a m o n o n u clea r (m onom eric) state (AlOH2+> Al(OH)2+, Al(OH)4‘), 

o r  in  a p o ly n u c le a r  (p o ly m eric ) s ta te  (Al2 ( O H ) 24+, Al6 (O H )5 1 3 +? 

A l7 ( O H ) i 7 4+) (Lee, 1985). The m o n o n u c le a r  fo rm s a re  sa id  to  be 

d erived  from  Al(H2 0 ) 63+, a fo rm  m ore  p rev a len t a t pH  <5.0, bu t w h ich  

y ie ld s th e  m o n o n u c le a r  species as th e  pH  in c re a se s  (P e tte rsso n , 

1989-) As so lu tio n s  becom e n e u tra l, th e  s ta r te r  spec ies  becom es
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A l(O H )3 , a n  inso lub le  fo rm  w h ic h  red isso lves a t a lka line  pH  levels to  

b e c o m e  Al(OH )4  (P e tte rsso n , 1989; G uida e t a l ., 1991). Lee (1985) 

q u e s t io n s  th e  o c c u r re n c e  o f  a d is s o lv e d  A l(O H )3 , d e s p i te  th e  

suggestion  th a t it m ay  be an  im p o rta n t species func tiona l in  th e  4.5 to  

8.0 pH  range . The m o n o n u c lea r spec ies  a re  d e te rm in e d  to  be stab le  

fo r  se v e ra l days w h e n  {Al3+}/{H+}3 < l0 8’8, w h e re  b ra c k e ts  d e n o te  

activ ities (K inraide a n d  Parker, 1989).

T he conversion  o f  m o n o m eric  species to  po lym eric  form s is n o t 

o n ly  a slow  process, bu t is a lso  d e p e n d e n t u p o n  c o n c e n tra tio n , pH, 

a n d  tem p era tu re . Because th e  c o n v e rs io n  p ro g resses  so  slow ly, th e  

a m o u n t o f  p ro d u c t is d e p e n d e n t  u p o n  th e  age o f  th e  so lu tio n  

(P e tte rsso n , 1989). P o lynuclear species a re  typ ically  u n s ta b le  in  th a t 

th e y  p rec ip ita te  u p o n  standing .

C yanobacteria

T he w ide h ab ita t range  a n d  la rg e  in p u t o f  o rg an ic  m a te ria l o f  

algae, as w ell as th e ir  po ten tia l fo r p ro te in  p roduction , w aste  trea tm en t, 

a n d  chem ical p ro d u ctio n  (G robbelaar, 1988) m erit th is g ro u p  a p rio rity  

p o s itio n  in  fu ture  scien tific  study. As p a r t  o f  o u r aquatic  ecosystem s, 

algae a re  th re a te n e d  by  th e  in c re a se  in  p o llu tio n  w h ic h  resu lts  in  

g re a te r  acid ification . The fact th a t  algae sh o w  g rea te r sen sitiv ity  to  

en v iro n m en ta l va ria tion  s tren g th en s  th e  justification  fo r u sin g  th em  as 

te s t  sp ec ie s  in  o rd e r  to p ro v id e  g re a te r  e n v iro n m e n ta l p ro te c tio n  

(H o rn s tro m , 1990). As p h o to sy n th e tic , oxygen-yielding o rgan ism s, th e  

c y an o b ac te ria  becom e p rim a ry  p ro d u c e rs , th e  firs t l in k  o f  th e  food  

ch a in , o r  th e  in itia to rs  o f  th e  en erg y  tra n s fe r  system  in  an  ecosystem .
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T hese  o rg an ism s , ev en  in  iso la tio n , a re  w o rth y  te s t  sub jec ts , b u t 

becom e even m o reso  in  co n sid era tio n  o f  th e  th eo ry  th a t  po llu tan ts  te n d  

to accum ulate as th e y  m ove u p  th e  food chain . The case  o f  th e  in crease  

in  re s id u a l c o n c e n tra tio n s  o f  DDT in  a Long Island , N ew  Y ork, sa lt 

m a rsh  h ig h lig h ts  th e  se v e rity  o f  th e  accu m u la tio n . In  th is  s tudy , 

p la n k to n  show ed  a to ta l re s id u e  o f  0.04 p p m  o f  th e  dead ly  ch em ica l 

(Laws, 1981). T his c o n c e n tra tio n  is m u ltip lied  th ro u g h  m innow s an d  

p red a to ry  fish  u p  to  th e  c o rm o ra n t w ith  26.4 ppm , a n  in crease  o f  6 6 0  

tim es th a t fo u n d  am o n g  p la n k to n . I f  o n e  accep ts th is  th e o ry  o f 

b io logical m agnifica tion  (Laws, 1981), these  au to tro p h s becom e d oub ly  

im p o rta n t fo r th e ir  re sp o n ses  to  en v iro n m en ta l to x in s . Test re su lts  

can  b e  used  to  p re d ic t a n d  to  co m p are  th e  effects o f  p o llu ta n ts  o n  

o rgan ism s at h ig h e r  tro p h ic  levels.

All cells have  a no tab le  capacity  fo r tak ing  u p  e lem en ts f ro m  a 

so lu tio n  against a co n ce n tra tio n  grad ien t. W ith c h lo rin e  being  to ta lly  

re jec ted  an d  so d iu m  w eak ly  re jec ted  (in  seaw ater), a ll o th e r  e lem en ts  

are c o n ce n tra te d  to  som e ex ten t, th e  o rd e r  o f  affin ity  fo r  liv ing cells 

for ca tions being  te trava len t an d  triva len t e lem ents > d ivalen t tran s itio n  

m etals > d ivalen t G roup  IIA m etals > u n iv a len t G roup I m etals (Bow en, 

1966). O rgan ism ic  g roups co n ce n tra te  th ese  ions to  v a rio u s deg rees. 

Since c o n c e n tra tio n  fac to rs  seem  n o t to  b e  lin k e d  to  e ssen tia lity , 

calcium , m agnesium , a n d  su lfu r  a re  ty p ica lly  w eak ly  c o n c e n tra te d , 

w hereas lan th an u m , lead, sc ron tium , thallium , titan ium , a n d  z irco n iu m  

are s tro n g ly  c o n ce n tra te d  (Bow en, 1979). M icroorganism s, specifically  

bacteria, fungi, a n d  algae, e x h ib it such  a capacity  to accum ulate  ca tions 

th a t th e y  have b e e n  u sed  ex ten siv e ly  in  stud ies w h ic h  in v estig a te  

b iochem ical, p h y sio lo g ica l, a n d  u ltra s tru c tu ra l ch an g es  in d u ced  by
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en v iro n m en ta l cations, pesticides, a n d  m any  o th e r  m ateria ls w h ich  are 

su sp ec ted  o f  p ro d u c in g  to x ic  effects. R ecent c o n s id e ra tio n s  include 

u sin g  th ese  o rg an ism s fo r  rem oval o f  va luab le  a n d  th re a te n in g  ions 

(L obban  e t a l ,  1985; Z im nik  an d  S neddon , 1988; M allick a n d  Rai, 

1993).

The tw o species in  th is  study belong  to  P hy lum  C yanophy ta  and 

C lass C yanophyceae . A n a b a en a  d o lio lu m ,  O rd e r  N ostocales, is an 

asym biotic, aerob ic  n itro g en  fixer w ith  a cell d iam e te r o f app rox im ate ly  

7 (im. U nder s ta n d a rd  labo ra to ry  g row th  co n d itio n s  th is freshw ater, 

filam en tous species co n ta in s  heterocysts th ro u g h o u t its g ro w th  cycle, 

b u t does n o t fo rm  ak in e te s  u n til it  e n te rs  th e  s ta tio n a ry  p h ase . A. 

d o l io lu m  h as  b e e n  u sed  in  stud ies o n  u re a  u p ta k e  (S ingh , 1990), 

ak ine te  fo rm ation  (T iw ari e t a l , 1989), heavy m e ta l toxicity  (D ubey and  

Rai, 1990), th e  im pact o f  ch rom ium  a n d  tin  (Rai a n d  Dubey, 1989), and  

re sp o n se  to  b im etallic  com binations o f  co p p er a n d  n ickel (M allick and 

Rai, 1989).

S y n e c b o c o c c u s  le o p o lie n s is  o f  O rd e r C h ro o co cca les  is also 

asym bio tic  an d  aerob ic. A sm all cell w ith  a le n g th  o f  ap p rox im ate ly  4 

|im , th is  species is qu ite  com m on in  th e  e n v iro n m en t and  h as been  the 

sub jec t o f  ex ten siv e  re s e a rc h  (Jen sen  an d  R ach lin , 1984; Law ry and  

Je n se n , 1986; Tang, 1993).

The focus o f  th is  s tu d y  is th e  e ffect o f  a lu m in u m  o n  the  

u ltra stru c tu re  o f  tw o aquatic, pho tosyn thetic  cells a t acidic, n eu tra l, and  

a lk a lin e  pH  levels. R easonably , su c h  a stu d y  m u st be p re c e d e d  by 

d e te rm in a tio n  o f  u p tak e  a n d  localization  o f  th e  su b stan ce  in  question. 

A ctual d e te rm in a tio n  o f  th e  m ech an ism  o f  to x ic ity  w o u ld  req u ire  

b io ch em ica l ana ly ses w h ic h  are  n o t u n d e rta k e n  h e re ; how ever, the
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re s u lts  o f  te s ts  su c h  as th o s e  to  d e te rm in e  c h a n g e s  in  p ro te in  

co m position  a n d  th e  effect o f  th e  m eta l o n  u ltra s tru c tu ra l in teg rity  a re  

im p o rta n t in  evaluating  th e  tox ico log ical responses o f  th ese  species to  

alum inum .

M o rp h o m e tr ic  a n a ly s is  m ay  d e te rm in e  if  c e r ta in  c e l lu la r  

s tru c tu res  are  ta rg e ted  by a lum inum .
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LITERATURE REVIEW

In te re s t in  th e  effects o f  in c re a se d  ac id ifica tion  an d  re le a se  o f 

h eav y  m etals o n  b io ta  as a focus o f  re s e a rc h  dates back  to  th e  m id- 

1960 's , p ro m p tin g  a n  in te rn a tio n a l c o n fe ren c e  in  1973 ( In te rn a tio n a l 

C o n fe ren ce  o n  H eavy M etals in  th e  E n v iro n m en t, H u tc h in so n  e t aL,

1977), an d  even developm en t o f  a new  science, b io ino rgan ic  c h em is try  

(N iebo r an d  R ichardson , 1980). The te rm  'heavy m eta ls ' w as w idely  

used , a lth o u g h  little  d e sc r ip tio n  p re v a ile d  o th e r  th a n  the  e le m e n ts ' 

c a p a c ity  to  in d u ce  to x ic o lo g ic a l r e s p o n s e s , p a r t ic u la r ly  a t h ig h e r  

c o n ce n tra tio n s . N iebor a n d  R ich a rd so n  ( 1980), n o tin g  th e  lack  o f 

c o n s is ten c y  in  d e fin itio n  a n d  c la ss if ica tio n  o f  h eav y  m etals am ong  

zoolog ists, bo tan ists , an d  o th e rs , p ro p o se d  a c lassifica tion  o f  m etals 

in to  th re e  categories. The categories, (1 ) class A (oxygen-seeking , i.e., 

a lum inum , bery llium , calcium ), (2) c lass B (n itro g en /su lp h u r-seek in g , 

i.e.,), a n d  (3 ) b o rd erlin e  (in te rm ed ia te , i.e., arsenic, iro n , lead), w ou ld  

re flec t n o t on ly  th e  e lem en ts ' b io log ical activ ity  an d  toxicity , b u t also 

th e ir  chem istry . The re sea rch e rs  go o n  to  substan tia te  th e ir  p ro p o sa l 

th ro u g h  a d e ta iled  d iscu ss io n  o f  m eta l-ligand  co m p lex  fo rm a tio n  in  

so lu tio n .

R em ade  (1990) uses th e  sam e catego ries o f  ligands, bu t re fe rs  to 

th e  m etallic  ions th a t b in d  read ily  to oxygen-con ta in ing  groups as h a rd  

ions, a n d  those  w h ich  have an  affinity  fo r  n itro g en  o r  su lfu r a tom s as 

so ft io n s. H ard  ions, e .g ., sod ium , m agnesium , a n d  calcium , a re  

n u tr ie n ts  o f  liv ing  o rg a n ism s , an d  a re  g e n e ra lly  fo u n d  in  large  

q u an titie s . C onversely, ion s such  as lead , m ercury , a n d  cadm ium , o r
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soft io n s , a re  g en era lly  n o n -e sse n tia l a n d  tox ic . In te rm ed ia te s  are  

th o se  w h ic h  a re  less toxic an d  m ay have som e biological function .

T he d esc rip tiv e  'trace  m etals' h a s  been  in tro d u ced . L obban e t  

aL ( 1 9 8 5 ) a lso suggest th ree  categories: ( 1 ) critical, (2 ) to x ic  b u t very  

in so lu b le  o r  ra re , a n d  (3) very  to x ic  a n d  re la tive ly  accessib le . This 

c la ss if ica tio n  p laces co p p er, m an g an ese , iro n , a n d  z inc  in  category  

th re e , th u s  th e  d e sc rip tio n  'trace  m eta ls ' because  th ese  a re  e ssen tia l 

m ic ro n u trie n ts  w h ich  m ay lim it g ro w th  if  insufficient, bu t w h ic h  prove 

tox ic  in  g rea te r concen tra tions.

D e sp ite  th e se  a n d  o th e r  p ro p o s a ls  fo r  te rm in o lo g y , 'heavy  

m etals' p redom ina tes , an d  w ill be u se d  th ro u g h o u t th e  c u rre n t project, 

largely  reflec ting  th e ir  toxicity.

A dsorp tion  o f  m etallic ions a t the  cell surface an d  th e ir  fate

S im ply  sta ted , so lub le  m etals w ill inev itab ly  reach  a n d  in te rac t 

w ith  th e  b ro ad  surfaces o f bacteria  (Beveridge, 1989). This co n tac t and  

in te rac tio n  a re  largely  th e  resu lt o f  a h ig h  surface area  to  vo lum e ratio  

n o ted  am ong sm all cells. Such ce llu la r design  is c learly  fo r th e  benefit 

o f  b a c te r ia  s in c e  th e y  m u st receive  a ll o f  th e ir  n u tr ie n ts  th ro u g h  

d iffusion . T his g rea t capacity  for d iffu sio n  calls fo r u p tak e  o f  nearly  

all so lu tes , benefic ia l a n d  harm ful, th a t  a re  sm all en o u g h  to  c ross the  

cell's b a rr ie r . C onsequently , the  p h y s ic a l an d  b iochem ica l n a tu re  o f 

the  cell w all is a d e te rm in an t o f ionic uptake.

R. Y. S ta n ie r  is re p o r te d  to  h a v e  s ta ted , a fte r  a tte n d in g  a 

c o n fe re n c e  o f  b ac te rio lo g is ts , th a t i t  is ev id en t th a t n o  o n e  rea lly  

k n o w s w h a t a b a c te riu m  is (T h im an n , 1968). No d o u b t, su c h  a
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s ta tem en t re su lte d  from  th e  inconclu sive  n a tu re  o f  th e  know ledge o f  

th e  "small" w o rld  a t tha t tim e. Today, e v en  basic in tro d u c to ry  b io logy 

tex tbooks include no tes o n  th e  b reakdow n  o f  K ingdom  M onera in to  two 

m ajo r g roups: th e  a rchaebac teria  a n d  th e  eu b ac te ria  (A lberts e t a l.,

1989). For so long , the  a rc h ae b a c te ria  n e a r ly  e lu d ed  d e ta iled  stu d y  

because o f  th e  d ifficu lty  o f  cu ltivation . T hese  p rokaryo tes w h ic h  m ay 

be  d is tin g u ish e d  o n  th e  b asis  o f  c e ll w a ll a n d  p lasm a  m em b ra n e  

include th e  ocean ic  m ethanogens as w e ll as species w h ic h  have adap ted  

to  m o re  ex trem e  env iro n m en ts , the  h a lo p h ile s  a n d  therm oac idoph iles . 

T h e  c e ll  w a ll o f  th e se  sp e c ie s  g e n e ra l ly  lack s  a m u re in  o r  

p seu d o m u re in  layer. A de ta iled  analysis o f  tw o th e rm o p h ilic  species, 

T b erm o p ro teu s  te n a x  and  T. n eu tro p b ilu s , revealed  th a t th e ir  surface 

lay e r (S -layer) p ro te in s  re m a in  in ta c t  u n d e r  e x tre m e  c o n d itio n s  

(M essn er et a l ,  1986). A ccording  to  O lse n  (1994) th ese  d iffe ren ces 

are  based  o n  th e  n a tu re  o f th e ir  RNA.

The m ore  advanced  o f  th e  p ro k a ry o te s , th e  eubacteria , inc lude  

th e  ricke tts iae , ch lam yd ias, a n d  m y co p lasm as a long  w ith  th e  m ore  

fa m ilia r  p h o to sy n th e tic  sp ec ie s  su c h  as th e  c y an o b a c te ria . The 

eubac teria  have b e e n  sep a ra ted  in to  tw o  m ajo r an d  o n e  m in o r g roup  

based  o n  the n a tu re  o f th e ir  cell walls: g ram  positive describes th o se  

th a t take up th e  s ta in  u p o n  exposu re , a n d  g ram  negative those  th a t do 

n o t. Som e cells  s ta in  e ith e r  negative  o r  positive  d e p en d in g  u p o n  

c o n d itio n s  su c h  as g ro w th  p h ase  o r  n u tr i t io n a l  s ta tu s  a n d  are , 

th e re fo re  d e sc r ib e d  as g ra m  v a r ia b le  (B everidge , 1989). T he 

cyanobacteria  a re  found  to closely  resem b le  th e  g ram  negative bacteria  

w ith  pep tidoglycan  as the  p rin c ip a l w all co m ponen t. Peptidoglycan  is 

rep o rte d  to have a m etal-b inding capacity  (Beveridge et al., 1982).
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M icroscopy show s th e  cyanobacteria l w all to  b e  com posed  o f  four 

layers w h ic h  a re  num b ered  fro m  th e  ce ll's  in side  as L I, L n , L HI, a n d  

L IV (Sicko-G oad an d  Jen sen , 1971). In  add ition  to  pep tidog lycan  th is  

w a ll is s t ru c tu re d  o f  s im p le  sugars, m u ram ic  a n d  g lu tam ic  acids, 

d iam innop im elic  acid, galactosam ine, g lucosam ine an d  a lan ine  (T ra ino r,

1978).

T he n eg a tiv e  ch arg e  o n  th e  ce ll w a ll an d  p lasm a  m e m b ra n e  

re su lts  f ro m  c a rb o x y l g ro u p s , p h o s p h a te  g ro u p s  o f  m e m b ra n e  

p h o sp h o lip id s , a n d  am ino acid  residues o f  m em brane  p ro te in s . T hese 

g ro u p s a re  th e  sources o f  oxygen , n itro g e n , a n d  su lfu r fo r  w h ic h  

v a rio u s c a tio n s  w ill have affin ities (N ieb o er an d  R ich a rd so n , 1980; 

R em ade, 1990). Cations fro m  the  e x tra ce llu la r  e n v iro n m e n t te n d  to  

b in d  in  th e  o rd e r  o f triva len t > divalent > m onovalent. As th ese  cations 

a re  b o u n d , th e ir  poo l is red u ced  a n d  th e  e lec trica l p o te n tia l o f  th e  

m em b ran e  ch an g es. The reversa l o f  th e  e lectrica l charge  o f  th e  cell 

w all is d e p e n d e n t  u p o n  th e  c o n c e n tra tio n  o f  th e  m etal; a  c e r ta in  

c o n ce n tra tio n  w ill take th e  charge to  zero , a g rea ter c o n ce n tra tio n  can  

cause a positive  charge (Passow , 1970).

Getting to  th e  Cell Wall

The ac tio n  o f  the  cell surface w ith  reference  to  m etal io n  b in d in g  

has been  lik en ed  un to  a com m ercial ion -exchange re s in  (L indem ann  e t  

aL, 1990; R e m a d e , 1990). A ccording to  th e  L angm uirian  th e o ry  o f  

a d s o rp t io n  ( V o l e s k y ,  1990), a p o la r  o r  n o n p o la r  su rfa c e  w ill 

p re fe re n tia lly  ad so rb  th e  m o re  p o la r  o r  n o n p o la r  c o m p o n e n t o f  a 

so lu tio n  in  a n o n p o la r /p o la r  solvent. Som e ions ad h ere  w h ile  o th e rs
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r e tu r n  to  th e  so lu tio n , e q u ilib r iu m  b e in g  e s ta b lis h e d  w h e n  th e  

ad so rb in g  surface is covered . Such is th e  p rocess b y  w h ich  ca tions, 

in c lu d in g  heavy  m etals, beco m e  a sso c ia ted  w ith  th e  cell w a ll o f  

phy top lank ton . W hen m etallic  ions from  th e  aquatic en v iro n m en t rea ch  

th e  c e ll su rfa c e  o f  a n  o rg a n ism , b in d in g  c a n  o c c u r  th ro u g h  

d is p la c e m e n t o f  h y d ro g e n  io n s  (R am e lo w  e t a l ., 1991) o r  by 

co m p lex a tio n  w ith  an io n ic  ligands (B everidge, 1989; R em ade, 1990). 

O rganic acids su ch  as hum ic  (D ubey an d  Rai, 1990), fulvic (P ettersson ,

1989), teichoic  a n d  te ich u ro n ic  (Beveridge et al, 1982; R em ade, 1990) 

a re  k n o w n  to be  p a rtic u la rly  active in  m e ta l b in d in g . W hile th is  

capacity  is w idespread  am ong living cells, it has also b e en  rep o rted  fo r 

non-liv ing  cells as w ell (M ullen et aL, 1989; Maeda e t  a l., 1990). This 

o bserva tion  u n d ersco res  th e  passive n a tu re  o f  up take .

T he degree to  w h ich  b in d in g  occurs is d e p e n d e n t n o t on ly  u p o n  

th e  num ber, n a tu re , and  access o f  fu n c tio n a l g ro u p s , b u t also u p o n  

so lu tion  pH (M ahan et aL, 1989). [ In  bacteria l cells a t near-neu tra l pH, 

th e re  a re  on ly  a few  b in d in g  sites available; am ine g ro u p s are effective 

at a lka line  pH's (Cabral, 1992). ] The decrease  in  m eta l uptake at th e  

acid ic  pH  levels is th o u g h t to  resu lt fro m  th e  c o m p e titio n  b e tw een  

m etallic  ions an d  hydrogen  ions (M allick a n d  Rai, 1993) and  fro m  th e  

p rep o n d eran ce  o f  positive bo n d in g  sites (R am elow  e t a l., 1991).

Once ions a re  bound  a t th e  cell surface, they  m ay  be im m obilized 

th ro u g h  p rec ip ita tion  by th e  sam e ligands, o r  m ay e n te r  th e  cy top lasm  

by e ith e r  passive o r  active d iffusion  (M ullen et al., 1989).
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The Fate o f  In trace llu la r H eavy Metals

F io re  a n d  T revors (1994) d e ta il  th e  tw o-step  p ro cess  o f  e n try  

w h ic h  inc ludes a n  in itial, ra p id  b u t passive  a d so rp tio n  w h ic h  occurs 

w ith o u t te m p e ra tu re  in fluence . T h is b in d in g  w h ic h  o ccu rs  sh o rtly  

a fte r  th e  o rg a n ism  e n co u n te rs  th e  io n s  is fo llow ed  b y  a slow  p h ase  

d u rin g  w h ic h  heavy  m etals a re  in c o rp o ra te d  in to  th e  ce ll p ro p e r. The 

la tte r p rocess is b o th  tem pera tu re  a n d  m etabo lism  d ependen t.

O nce in c o rp o ra te d , heavy  m e ta ls  m ay loca lize  in  a lm o st any  

c e l lu la r  s e c to r , in c lu d in g  th e  n u c le u s , v a cu o le s , c e ll  w a ll, o r  

p o ly p h o s p h a te  b o d ies . DNA s y n th e s is ,  as m e a s u re d  b y  th e  

in c o rp o ra t io n  o f  [3H ]thym id ine , in c re a s e d  c o n s id e ra b ly  in  an  

a lu m in u m -sen s itiv e  species o f  R b iz o b iu m  sp p . w h e n  e x p o se d  to  as 

little  as 50 [im o f  th e  m etal, w hile  th e  DNA o f  a to le ra n t species was 

u n a ffec ted  (Jo h n so n  and  W ood, 1990). S pecu la tion  ex is ts  as to  th e  

b iochem ica l bases o f the  increase, as w e ll as th e  m ech an ism  by  w h ich  

th e  to le ra n t  species p reven ts an  effect. Still, w h a t is a lso  im p o rta n t 

h e re  is th e  localization  o f th e  m etal w ith in  the  nucleus.

T he c ap a c ity  fo r in c re a se d  to x ic ity  o f  h eav y  m eta ls  w ith  an  

in c re ase  in  ac id ity  is w ell d o cu m en ted  (G ensem er, 1990; R osseland  e t  

a l . ,  1990; Zel, 1993)- Results o f  th e  in v es tig a tio n  o f  th e  e ffects o f  

cadm ium , cobalt, copper, a n d  n ickel o n  C b la tn ydom onas re in b a rd tii ,  

how ever, do  n o t su p p o rt th is  o b serv a tio n . W hen w alled  a n d  w all-less 

s tra in s  o f  th e  species w ere  e x p o sed  to  th e  fo u r  m etals a t pH  levels 

ran g in g  from  5-0 to  7.0, the  w alled species consisten tly  to le ra ted  h igher 

levels o f  each  m eta l (Macfie et a l , 1994). This o b se rv a tio n  agrees w ith  

o th e rs  w h ic h  in d ic a te  th a t th e  c e ll w a ll p ro v id es  som e p ro te c tio n  

a g a in s t m e ta l tox ic ity . T he fact th a t  th e  w a lled  spec ies  e x h ib ite d
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to le rance  for g rea ter co n cen tra tio n s o f  th e  m etals at pH 5.0 th a n  a t pH  

6 .8  is exp la ined  as be ing  th e  resu lt o f  d isp lacem en t o f th e  m etallic io n s  

b y  h y d ro g e n  io n s  a t th e  c e ll w all. O f co u rse , th is  p ro te c tiv e  

m echan ism  by th e  cell w all is o pera tiona l o n ly  to  the  p o in t o f  sa tu ra tio n  

o f  b ind ing  sites after w h ich  no  fu rth e r  p ro te c tio n  can be provided.

T he  sp h e r ic a l,  e le c tro n -d e n s e  c e l lu la r  b o d ies  n o w  m o re  

com m on ly  k now n  as p o ly p h o sp h a te  bod ies a re  a classic illu s tra tio n  o f  

th e  a rduous ta sk  o f  analyzing  a n d  p ro p e r ly  ch a rac te riz in g  a re c e n t 

d iscovery . T he fact th a t  th ese  in c lu s io n s  w e re  in itia lly  o b se rv ab le  

o n ly  u n d e r certa in  cond itions o f  g row th  a n d  n u tritio n  c rea ted  as m u ch  

a q u estio n  as d id  th e ir  co m position  a n d  ro le  in  cellu lar activity. T he  

su sp ic ion  that the  m etaphosphate  w as associated  w ith  RNA o r  DNA w as 

even tually  reso lved  th ro u g h  analyses th a t sh o w ed  no ribose  o r  p u r in e  

(S chm id t et al., 1946). T h ro u g h  ex ten siv e  investigations w ith  yeast, 

W iam e (1949) n o ted  th a t  n o t o n ly  d id  th e  m etach rom atic  c o m p o u n d  

d isap p ea r w h en  th e  cells w ere  g ro w n  in  p h o sp h a te -p o o r m edium , b u t  

also th a t cells in s tead  syn thesized  nucle ic  acid, thus d issocia ting  a n y  

DNA o r  RNA asso c ia ted  w ith  th e se  g ran u le s  from  'n u c lea r ' DNA o r  

RNA. Amid th e  co n tin u in g  sp ecu la tio n  as to  th e  fu n c tio n  o f  th e se  

g ran u le s  as a food  re se rv e  an d  w h e th e r  th e y  w ere free  o r  b o u n d  

w ith in  an  o rg an ic  co m p lex , it w as re p o r te d  th a t th ey  fo rm  a f te r  

p h o sp h o ru s  u p tak e  a n d  th a t th ey  a re  in tr ic a te ly  linked  to  o x ida tive  

p h o sp h o ry la tio n  s in ce  enzym ic  ac tio n  o n  ad en o sin e  t r ip h o s p h a te  

(ATP) p ro d u ces a d en o s in e  d ip h o sp h a te  (ADP) p lus m e ta p h o sp h a te  

(W idra, 1959). W hile  th e  n a tu re  a n d  fu n c tio n  o f  m e ta p h o sp h a te  

re m a in e d  elusive, J e n s e n  (1968) n o te d  th a t  th ese  e le c tro n -d e n se  

bod ies a re  visible b efo re  sta in ing , b u t a p p e a r  even m ore dense  w h e n

1 7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ex p o sed  to  lead  com pounds. This is a lso  k n o w n  to  be  th e  re sp o n se  o f  

p h o sp h a te  to  lead  sulfide. W ith  th is o b se rv a tio n  no ted , h e  concluded , 

a fte r c a re fu lly  an a ly z in g  a lte rn a te  th in  a n d  th ic k  sec tions, th a t  th e  

in c lu s io n s  o b se rv ed  th ro u g h  e lec tro n  m ic ro sc o p y  w ere  th e  sam e  as 

those  se en  in  ligh t m icroscopy, and  w ere m orpho log ica lly  sim ilar to  the  

p o ly p h o sp h a te  bod ies o f  o th e r  bacterial cells.

Jo n e s  a n d  C ham bers (1975) could  n o t  d e te rm in e  th e  fu n c tio n  o f 

p o ly p h o sp h a te  in  D esu lfovibrio  g igas  because th e  inclusions co u ld  no t 

be fo u n d  am ong a ll cells exam ined, n o r w ere  th ey  p re se n t am ong  cells 

w h ich  h a d  n o t b e e n  subcultured . T heir research , how ever, d id  enab le  

th em  to  observe  th e  accum ulation  o f p o ly p h o sp h a te  d u rin g  p e rio d s  o f 

s lo w  g ro w th  o r  n u tr i t io n a l  im b a lan c e , p a r t ic u la r ly  su lfu r  a n d  

p h o sp h o ru s  d e p le tio n . T his re sp o n se  o f  cells h a s  b e e n  re p o r te d  

e lsew h ere  (  Sicko, 1972; B axter and  Je n se n , 1986; Law ry an d  Je n se n , 

1986).

T hese sp h e ric a l inc lusions w h ich  ran g e  in  size fro m  0.2 [im to 

3-0 (im a re  e lec tro n  dense. M icrococcus ly so d e ik tic u s  is re p o r te d  to 

c o n ta in  p o ly p h o sp h a te  bod ies w h ich  a re  co m p o sed  o f  24% p ro te in , 

30% lip id , a n d  27% p o ly p h o sp h a te  a lo n g  w ith  e le m e n ta l sod ium , 

m agnesium , calcium , potassium , m anganese, iro n  a n d  co p p er (Jensen , 

1990). C haracteristic  "holes" left by p o ly p h o sp h a te  bodies w h ich  have 

sub lim ated  u n d e r  th e  in tensity  o f  the  beam  o f  the  e lec tro n  m icroscope 

can be  observed  am ong  em bedded cells (Sicko, 1972).

M any cyanobacteria  co n ta in  p o ly p h o sp h a te  bod ies (Jensen  e t aL, 

1977; J e n se n  e t a l ., 1982a; R achlin  et a l ., 1984; Je n se n , 1993; J e n s e n  

an d  C orpe, 1994). T here  a re  n um ber a n d  size v aria tio n s, d ep en d in g  

u p o n  th e  cells ' e n v iro n m e n t an d  n u tr itio n . C o m p o sitio n  o f  th ese
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in c lu s io n s , how ever, is m o re  u n ifo rm  c o n sis tin g  o f  p h o sp h o ru s  (P), 

m ag n e s iu m  (Mg), p o ta ss iu m  (K), a n d  ca lc iu m  (Ca) w ith  su lfu r  (S), 

c h lo r in e  (Cl), sod ium  (N a), and  i ro n  (Fe) o c c u rr in g  less o ften  o r  in  

low er co n cen tra tio n s  (Jensen , 1990). A sm all frac tio n  is th o u g h t to be 

co m posed  o f  p ro te in -b o u n d  lip id  as w ell as RNA (W idra, 1959).

The p h o sp h a te  co m p o n en t o f  p o ly p h o sp h a te  bodies p o in ts  to an 

en erg y  s to rage  m echan ism  (Jones a n d  C ham bers, 1975). H ow ever, that 

p o ly p h o sp h a te  bod ies in c re ase  in  n u m b e r a n d  m ass u n d e r  adverse 

g ro w th  co n d itio n s and  n u tr itio n  sta tu s m ay h e lp  ex p la in  th e  capacity  o f 

th ese  in c lu sio n s to  trap  heavy  m etals (Sicko-Goad an d  S toerm er, 1979; 

B axter a n d  Jen sen , 1980a, 1980b; R achlin  e t a l ., 1984, 1985; Rai et al.,

1990). J e n se n  e t al. (1982) w ere  ab le  to d e te rm in e  heavy  m etal uptake 

b y  a ir-d ried  cells o f P iectonem a  b o ry a n u m , u s in g  en erg y  d ispersive  x- 

ray  (EDX) m icroanalysis. In  all cases o f  u p tak e  th e  m etals (cadm ium , 

cobalt, c o p p e r, m ercu ry , n ickel, lead , an d  z in c ) w ere  seq u es te red  in  

g re a te r  c o n c e n tra tio n s  in  p o ly p h o sp h a te  b o d ie s  th a n  in  cell sectors 

w h ic h  d id  n o t con ta in  th ese  inclusions. The re se a rc h e rs  p ro p o se  that 

th ese  inc lu sio n s, by  tra p p in g  heavy m etals, fu n c tio n  in  detoxification . 

A n a b a e n a  c y l in d r ic a  se q u es te rs  a lu m in u m  in  its  ce ll w a lls  and  

p o ly p h o s p h a te  b o d ies  (P e tte rs s o n  e t a l., 1985b). This EDX study 

show ed  th a t  u n d e r co n d itio n s o f h ig h  p h o sp h o ru s  co n ten t in  th e  cell 

w all, th e  u p tak e  o f  a lu m in u m  w as h igh , lead in g  th e  re sea rch  team  to 

c o n s id e r  th a t  th e  p h o sp h a te -r ic h  e n v iro n m e n t in c re ases  th e  cell's 

capacity  fo r  up take  o r b in d in g  o f a lum inum .

T he d isco v ery  o f  th e  g roup  o f  low  m o le c u la r  w eigh t, metal- 

b in d in g  po lypep tides k n o w n  as p h y to ch e la tin s  is o n e  th a t is re la ted  to 

th e  d isco v ery  o f  s im ila r substances in  an im als . P h y to ch e la tin s , so
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th e  d isco v ery  o f  s im ila r  su b s ta n c es  in  an im als . P h y to c h e la tin s , so 

nam ed  because  th e y  occur o n ly  in  species o f  K ingdom  P h y ta  (R auser,

1 9 9 0 ), w e re  in itia lly  though t to  be  sim ila r to  th o se  p ro d u ced  by  an im als 

(M argoshes a n d  V allee, 1957). T he p la n t  p ro d u c ts  a re , h o w ev er, 

ch a rac te rized  by  th e  genera l s tru c tu re  (r-Glu-Cys)n Gly, w h e re  n  = 2 to

11 (G rill e t al., 1988) are  sy n th esized  o n ly  w h e n  th e  cells a re  in  th e  

p re sen c e  o f  heavy  m etals. I t  w as im p o r ta n t  th a t th e se  p ro te in s  be 

d istingu ished  from  m eta llo th io n e in s th a t an im als and  fung i p roduce , by 

gene action , in  re sp o n se  to m etals (G ekeler e t aL, 1988).

W hen  Cblorella fu s c a  as w ell as o th e r  m em bers o f  s ix  o f  th e  ten  

classes o f  P h y co p h y ta  sy n th e s ize d  p h y to ch e la tin s  u p o n  e x p o su re  to  

cadm ium , lead, silver, co p p er, z inc, an d  m ercury , it w as d e te rm in e d  

th a t th e  c y s te in e -r ic h  p o ly p e p tid e s  a lso  h a d  r-g lu tam y l lin k ag es . 

T h ese  l in k a g e s  in d ic a te  t h a t  p h y to c h e la t in s ,  in  c o n t r a s t  to  

m e ta llo th io n e in s , a re  n o t p r im a ry  g e n e  p ro d u c ts , b u t  m ay  be 

sy n th esized  from  g lu ta th io n e  o r  r-g lu tam yl-cysteine p u rc u rso rs  (G rill 

e t a l., 1985; G ekeler e t al., 1988). F u rth e r  c h a rac te riza tio n  co u ld  be 

e s tab lish ed  from  th e  study w ith  m etal-sensitive  A cer p s e u d o p la ta n u s  

and  a re s is tan t species, Silene cu cu b a lis . W hen  grow n in  so il e n ric h e d  

w ith  zinc, th e  two species seq u es te red  s im ila r am ounts o f  th e  m eta l in  

th e ir  ro o t system s a n d  leaves, a n d  sy n th esized  su b s tan tia l am o u n ts  o f  

p h y to c h e la t in s . C o n tro l sa m p le s , h o w e v e r, n e i th e r  s y n th e s iz e d  

ph y to ch e la tin s  n o r  reg is te red  ap p rec iab le  am ounts o f  z inc  w ith in  th e  

tissues (G rill et a l., 1988). T hus, th e  team  could  c o n c lu d e  th a t th e  

p lan ts p ro d u ced  th e  po lypep tides in  re sp o n se  to the m etaL
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M etal th io la te  p o ly p ep tid es  a re  d iv id ed  in to  c lasses b a se d  o n  

th e ir  s tru c tu res: (a) Class I: p o lypep tides  w ith  locations o f  cy ste ine  

c losely  re la ted  to  th o se  in  eq u in e  ren a l m etallo th ionein ;

(b )  C lass II: p o ly p ep tid es  w ith  lo ca tio n s  o f  cy ste in e  o n ly  d is ta n tly

re la te d  to  th o se  in  eq u in e  re n a l  m e ta llo th io n e in ; a n d  (c) C lass III: 

a ty p ic a l ,  n o n t r a n s la t io n a l ly  s y n th e s iz e d  (R a u se r , 1990). T he  

p o ly p e p tid e s  o f  C lass in  have  n o w  b e e n  d e tec ted  in  algae a n d  in  

flo w erin g  p la n ts  u p  to  o rch id s  (G rill e t a l ,  1988). T hese co m p o u n d s 

a re  sm all, heat-stab le  com pounds co m p o sed  largely  o f  th re e  ( 3 )  am in o  

acids: cysteine, glutam ic acid, an d  glycine, bu t also w ith  a h ig h  c o n te n t 

o f  cadm ium , co p p er, o r  z inc  (Reddy e t  a l., 1990). T he m eta l b in d in g  

capacity  was con firm ed  by  th e  h igh  m etal content.

P hy tochelatins resem ble  m etallo th ione ins m ost in  function , m etal 

d e to x if ic a tio n  b y  fo rm a tio n  o f  th io la te  co m p lex es. A nalyses (v ia  

p o ly ac ry lam id e  ge l e le c tro p h o re s is , rev e rse -p h ase  h ig h -p e rfo rm a n c e  

liq u id  c h ro m a to g ra p h y  (HPLC), a n d  am in o  acid analysis) o f  th e  p la n t 

p roducts reveal Cd:Cys ratios o f  1:2 to  1:3, w hile th o se  o f  Cu:Cys range  

fro m  1:2 to 1 :6  (Rauser, 1990). Such ra tio s are  m atched  w ith  a ra n g e  o f 

1 0 % to 90% o f  cellu lar m etal be ing  bound .

T he re s e a rc h  o n  p h y to c h e la tin s  am ong  th e  c y a n o b a c te r ia  is 

l im ite d  (O la fso n , 1991). I f  fo u n d , h o w ev er, th e y  w o u ld  p ro v e  

advantageous to  these  cells to  have yet a n o th e r  m ech an ism  fo r  cop ing  

w ith  w id esp read  en v iro n m en ta l pollu tion .
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Heavy m etal toxicity

A lthough  a lu m in u m  is g e n e ra lly  re g a rd ed  as a n o n -e sse n tia l 

e lem en t, studies sh o w  that, a t low  co n ce n tra tio n s , th e  m eta l affords 

b e n e fic ia l effects o n  som e p la n ts . In  trac in g  th e  accoun ts o f  th e  

b en efits  o f  a lum inum  Foy (1974) re p o rts  o n  th e  cataly tic  activ ity  o f  

a lu m in u m  in  p h o to sy n th es is  a n d  its in d u c e m e n t to  g e rm in a tio n  in  

various species. T he effective c o n ce n tra tio n s  o f  a lum inum  genera lly  

ran g e d  fro m  0 .1  p p m  to  5  p p m  w ith  large  p o ta to  tubers re sp o n d in g  

positively  to 20 ppm . In  a la te r w o rk  Foy e t a t  (1978) specu la ted  th a t 

w h ile  th e  m echanism s o f  a lum inum  activity in  p lan ts w ere n o t yet clear, 

th e  re sp o n ses  o bserved  m ay n o t n ecessa rily  re su lt from  th e  m etal's 

e ffec ts  p e r  se. R a th e r, th e  p re s e n c e  o f  th e  m e ta l m ig h t have  

p h y sio lo g ica l effects su ch  as d isp lac in g  b o u n d  iro n  to  overcom e a 

deficiency, p rom oting  p h o sp h o ru s  u p tak e  by  b lock ing  negative charges 

o n  th e  cell wall, an d  re ta rd in g  ro o t  d e te rio ra tio n  in  the  p resen ce  o f  

ca lc iu m  defic iency  b y  slow ing  th e  g ro w th  ra te  to  p rev e n t calc ium  

d ep le tion . As m igh t be expected , th ese  benefits a re  som etim es g rea te r 

in  species w h ich  to le ra te  h ig h e r co n cen tra tio n s  o f  a lum inum  th a n  in  

th o se  w h ich  are m ore  sensitive.

W hile  a lu m in u m  a t lo w  c o n c e n tr a t io n s  m ay  y ie ld  so m e  

p h o to sy n th e tic  o r  g row th  benefits , increased  co ncen tra tions, acidic o r 

a lk a lin e  pH levels, ligands o r  c h e la to rs  an d  c e r ta in  aspects o f  th e  

e n v iro n m e n t all c o n tr ib u te  to  a to x ico lo g ica l re s p o n se  in  m an y  

p h o to syn the tic  species. Toxic co n cen tra tio n s  are  particu la rly  likely  in  

ligh t o f  the  increased  po llu tion  o f  so il an d  n a tu ra l w aterw ays discussed  

above.

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Studies o n  th e  tox ico log ica l effects o f  heavy m etals, p a rticu la rly  

cadm ium , zinc, lead, a n d  c o p p e r ab o u n d  (Jen sen  e t a l , 1982a; J e n s e n  

e t a l ., 1982b; R a ch lin  e t  a l ., 1984; R ach lin  e t  a l., 1985; A n d e rsso n , 

1992; de  Lima a n d  C opeland, 1994; L indberg an d  G riffiths, 1993).

T he re s u lts  o f  th e s e  a n d  o th e r  s tu d ie s  h av e  g re a tly  e lu c id a te d  

o rg an ism s ' g ro w th , p h o to sy n th e tic , b io ch em ica l, p h y s io lo g ic a l a n d  

m o rp h o lo g ica l r e s p o n s e s  to  th e se  p o llu ta n ts . S till, m an y  o f  th e  

specifics o f  m etal tox ic ity  rem a in  unclear.

Les an d  W alker (1984) p re s e n t a n  ex ten siv e  p a ra lle l s tu d y  o f  

th e ir  w o rk  a n d  th a t  o f  o th e rs  o n  th e  e ffec ts  o f  c o p p e r, z inc , a n d  

cadm ium  o n  cy an o b ac teria . T he co n cen tra tio n s  o f  0.2 ppm , 1.0 ppm , 

and  2  p p m  fo r co pper, cadm ium , an d  zinc respectively , w h ich  in h ib ited  

g row th  in  C broococcus p a r is ,  indicate n o t o n ly  the  o rd e r  o f  tox ic ity  o f  

the  th re e  m etals, b u t a lso  ag ree  w ith  re su lts  o f  te s ts  w h ic h  sh o w ed  

g ro w th  o f  A n a b a en a  sp . to  be  to ta lly  in h ib ite d  a t c o n c e n tra tio n s  

betw een 0 .6  an d  6  p p m  o f  c o p p er an d  by  1 p p m  to 1 1  p p m  o f cadm ium . 

A n o th e r spec ies, A n a b a e n a  in e q u a lis ,  sh o w ed  s ig n if ic a n t g ro w th  

in h ib itio n  at 0 .0 2  p p m  cadm ium  an d  com plete  in h ib itio n  at 0 .0 6  ppm . 

Acetylene red u c tio n  a n d  p h o to sy n th es is  in  th is  sp ec ies  p ro v ed  to  be 

keen ly  sensitive  to  cadm ium , being  sign ifican tly  in h ib ite d  by 1 p p m . 

F u rth e r co m p a riso n  is sh o w n  in  a study  in  w h ic h  1 mM h ad  o n ly  a 

slight effect o n  th e  g ro w th  ra te  o f  Cblorella s p . , bu t caused  a ne t ga in  in  

calcium , a  re sp o n se  th a t  is largely  a ttr ib u te d  to th e  fa ilu re  o f  tre a te d  

cells to  tra n sp o rt so lub le  ca rb o n  com pounds.

A loca tion  in  th e  n a tu ra l e n v iro n m e n t in  w h ic h  a heavy m etal 

occurs sing ly  is ra re ; consequen tly , it is im p o rta n t to  study  the  effect 

o f  m eta ls  in  c o m b in a tio n . T he fact th a t  th ese  s tu d ie s  p ro v id e  no
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know ledge o f  th e  effects o f  a sing le  m etal in  iso la tion  m akes b o th  types 

o f  study  im p o rtan t. In  a study invo lv ing  th e  com bina tion  o f  co p p er and  

nickel, M allick a n d  Rai (1989) o bserved  th a t n o t o n ly  w as g ro w th  am ong 

ex p o sed  cells o f  A nabaena  do lio lu m  m ore  re ta rd ed  th a n  th a t  show n  by 

c o n tro l cells, b u t also severe in h ib itio n  o f c a rb o n  fixation . T his drastic  

re sp o n se  w as th o u g h t to  be  th e  re su lt o f  d is ru p tio n  o f  p h o to sy n th e tic  

m em b ran es. T he p ro p o se d  invo lvem en t o f  p h o to sy n th e tic  m em branes 

is s tre n g th e n e d  by  a c o n co m itan t red u c tio n  in  n itra te  a n d  am m onia  

up take  an d  n itro g e n  fixation. C yanobacteria  ch arac te ris tica lly  generate  

th e  red u c in g  equ ivalen ts fo r n itro g e n  fixation  via p h o to sy n th es is . The 

in h ib i t io n  o f  g lu ta m in e  sy n th e ta se  a n d  u re a se  is l in k e d  to  th e  

o b se rv ed  re d u c tio n  in  ATP, a p ro d u c t o f  b o th  cyclic a n d  non-cyclic  

p h o to p h o sp h o ry la tio n .

T he in tro d u c tio n  o f  th e  c u r re n t  study  inc luded  a d iscu ssio n  o f 

th e  ro le  o f  pH in  d e te rm in in g  th e  toxify ing  species o f  a lu m in u m  an d  

th e  d e g re e  o f  to x ic ity . E s c b e r ic b ia  c o l i ,  w h e n  e x p o s e d  to  

co n cen tra tio n s  o f  a lum inum  fro m  0.9 mM to 2.25 mM sh o w ed  a greater 

g ro w th  sensitiv ity  a t pH 5.4 th a n  a t pH  6 .6  to  6 .8  (G uida et a l ., 1991). 

The g ro w th  in h ib itio n  was th o u g h t to  be m arked ly  d e p e n d e n t u p o n  pH, 

w ith  A l(H 2 0 ) 6 3+- T he re se a rc h  te a m  fu r th e r  c o n c lu d e d  th a t  since  

tox ic ity  w as g rea te r in  th e  absence  o f  iro n  th a n  w hen  it w as included, 

th a t p o ss ib ly  localization  o f  th e  m eta l in  p o ly p h o sp h a te  g ranu les and  

th e  cell w all po in ted  to  involvem ent o f  iro n  tra n sp o rt pathw ays.

M ercury is rep o rted ly  one  o f  th e  m ost tox ic  o f  th e  heavy  m etals 

(B ow en , 1966; H ongve et a l., 1980). T he re p o r t  th a t  th is  m etal 

in te n s if ie d  flu o rescen ce  in  th e  cy an o b ac te riu m , S p iru lin a  p la te n s is  

(M urthy  et al, 1989), po in ts  n o t o n ly  to  localization  o f  th e  m etal in
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phycobilisom es, b u t also a m y riad  o f  changes resu lting  fro m  in h ib itio n  

o f  Pho tosystem s I an d  II. T he sh if t  in  fluo rescence  o f  p h y co cy an in  

w as accom pan ied  by  p a rtia l in h ib it io n  o f  oxygen  evo lu tion  via para- 

benzoqu inone  as w ell as w ho le-chain  e lec tron  tra n sp o rt activ ity  (H2O — 

—> m ethylv io logen). It seem s rea so n ab le  to  conclude th a t i f  e lec tro n  

t r a n s p o r t  in  p h ycob ilisom es is sev ere ly  in te rru p te d , c h lo ro p h y ll  is 

n o t  adequate ly  activa ted  a n d  ev en  if  thy lako id s an d  th e ir  a ssoc ia ted  

p ro te in s  are  in tact, pho to sy n th esis  does n o t p ro ceed  w ith  efficiency.

T he level o f  c o n c e n tra tio n  is p a rticu la rly  c ritica l in  th e  case o f  

m etals th a t a re  m ic ro n u tr ie n ts . D osages g rea te r  th a n  th e  m etabo lic  

requ irem en ts becom e toxic, as in  th e  case o f  selenium . A nabaena  J los-  

a q u a e  is repo rted  to  utilize a n d  regu late  up  to  1 to  3 mg/L o f  inorgan ic  

fo rm s o f  se le n iu m  w ith o u t g ro w th  in h ib it io n  o r  a d e c re a se  in  

c h lo ro p h y ll a (K iffney and  K nigh t, 1990). B oth charac te rs , how ever, 

w ere  significantly  reduced  by  5 mg/L. The p resen ce  o f  se len o p ro te in s  

am o n g  m ic ro o rg an ism s is a n  in d ic a tio n  o f  th e  m etal's n ecessity  in  

c e rta in  enzym es. A dditionally, its s tim u la to ry  effect o n  th e  g ro w th  o f  

som e cells u n d e rlin e s  its b en efits . A. f lo s -a q u a e ,  as sh o w n  by th is  

study , is capable o f  c o n ce n tra tin g  v e ry  h ig h  levels o f se len iu m  fro m  

th e  su rro u n d in g  m ed ium  o v e r  se v e ra l days, b u t th e  c ap a b ility  is 

severe ly  reduced  w h en  th e  c o n c e n tra tio n s  in  th e  m ed ium  a re  g rea tly  

increased . The resea rchers go o n  to suggest th a t th e  tox ic ity  is caused  

by  dysfunctional p ro te in s w h ic h  d is ru p t b iochem ical activity.

The capacity for g row th  a t pH 4.7 dem onstra ted  by several d iatom  

a n d  desm id  species in  a study  by  P illsbury  a n d  K ingston (1990) is an  

exam ple  o f a g rea ter to lerance  fo r low  pH th an  fo r alum inum . C ontro l 

cells g row n at pH 5.7 and  pH 4.7 show ed  no  sign ifican t d ifference  in
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grow th , b u t g ro w th  in  som e o f  th e  m ore a lum inum -sensitive cells, i.e., 

A ster io n e lla  r a l f s i i  v. a m e rica n a , A r tb r o d e s m u s  o c to c o rn u s , a n d  

S te n o k a ly x  tn o n il i fe r a ,  d e c lin e d  in  as little  as 50 (ig o f th e  m etal. 

These species, as w ell as th o se  w h ich  to le ra ted  h ig h e r co n cen tra tio n s , 

d isp la y e d  a g re a te r  n i tro g e n  re q u ire m e n t o v e r th e  sp a n  o f  th e  

ex p erim en t. W hile such  resu lts  he lp  to  iden tify  th o se  species w h ic h  

w ould  be  found  in  ecosystem s th a t a re  s im u la ted  in  th e  e x p e rim e n t, 

th ey  a re  also  v a lu ab le  in  th a t  th ey  id en tify  ions w h ich , a t c e r ta in  

co n cen tra tio n s, e n h an c e  g row th . The in crease  in  g ro w th  o b se rv ed  in  

D in o b ry o n  b a v a r ic u m  a n d  S te n o k a ly x  m o n il i fe r a  w ith  100 |ig  o f  

a lu m in u m  agrees w ith  th e  re su lts  o f  th is  s tudy  in  w h ich  1 .8  p p m  

p ro m o ted  g row th  in  b o th  A  doliolum  an d  S. leopoliensis.

Heavy M etal T olerance

It is reasonab le  tha t th e  cellu lar n a tu re  o f  cyanobacteria  w o u ld  be 

su ite d  fo r  th e  a c c u m u la tio n  a n d  in a c tiv a tio n  o f  h eav y  m e ta ls  

co n sid erin g  th a t th ese  o rgan ism s are  k n o w n  to have th is  p ro n o u n c e d  

capacity . The ro le  o f  som e o f  those  inc lu sions w as d iscussed  e a r lie r  

in  th is  w ork . A dditionally, so m e species even  secre te  an  ex trace llu la r 

m ass w h ic h  a ffo rd s  som e p ro te c tio n . As a r e s u lt  o f  in c re a s e d  

investigation, th e re  is an  im pressive  list o f  m echan ism s by w h ic h  algae 

to lerate  the  m etal-con tam inated  env ironm en ts w h ich  th ey  inhab it. The 

m ost com m only  re p o rte d  tech n iq u es include  a) ex trace llu la r b in d in g  

o r  p rec ip ita tion ; b ) in te rn a l de tox ifica tion  and  m etal tran sfo rm a tio n ; 

and  c) in tra c e llu la r  b in d in g  via p ro te in s  o r  po lysaccharides (M aeda 

an d  S akaguch i, 1990; F io re  a n d  T rev o rs , 1994). T he sp e c ie s
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investigated  in  th e  c u rre n t re sea rch  d e m o n s tra te  ce llu la r changes such  

as d e n se  in te rn a l  deposits a n d  g ra n u la r  cy top lasm  u p o n  e x p o su re  to 

h igh  co n cen tra tio n s o f  alum inum .

D e te rm in in g  th e  m etallic  c o n ce n tra tio n s  w h ic h  can  be  u se d  to 

d is tin g u ish  to le ra n t  species fro m  se n s itiv e  on es rem a in s  a n  issue . 

E x tensive  re s e a rc h  is req u ire d  to  d e te rm in e  o rg an ism s ' re sp o n se  at 

various pH  levels an d  m etal specia tion  a t an y  given pH  level. O n  the  

o th e r  hand , th e  positive resu lts o f  re c e n t m etal de tox ifica tion  re se a rc h  

in c lu d e  d e te r m in in g  m a n y  in d ic a to r  o rg a n is m s  fo r  v a r io u s  

e n v iro n m e n ts  an d  th e  genetic  bases o f  heavy  m e ta l to le ran ce . The 

gene  fo r  to le ran ce  is often, th o u g h  n o t alw ays, c a rr ie d  o n  a p lasm id . 

W h en  p re se n t, th is  'fo re ign ' DNA c a n  re n d e r  a species to le ra n t  by 

p ro v id in g  an  e fflux  o r  by-pass m ec h an ism , by  co d in g  fo r enzym es 

w h ic h  tra n s fo rm  m etals, o r  by  m ak ing  th e  cell w all im p erm eab le  to 

c e rta in  m etals (T revors et aL, 1985).

M o rphom etry

O ne h as o n ly  to  reca ll th e  b a s ic s  o f  p lan e  g eo m etry  fo r  a 

b e g in n e r 's  a p p ro a c h  to stereology. P lan im e try  seeks to  m easu re  the  

a rea  o f  a p lan e  figure by trac ing  th e  p e rim e te r  o f  th a t figure. O ne of 

th e  m ost w idely  know n  uses o f  tw o-d im ensional observation  is in  the  

a r t  o f  c a rto g rap h y , m ap m aking , in  w h ic h  a sp ec ified  lin e  le n g th  

co rre sp o n d s to  an  actual d istance. The app lica tion  w as ex tended  w h en  

D elesse, a geologist, developed  w h a t h a s  com e to  be  know n  as the  

D elesse p rin c ip le  (W eibel e t al., 1966), acco rd ing  to w hich , th e  vo lum e 

frac tio n  Vyy o f  a com ponen t i  in  tissue can  be estim ated  by m easu ring
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th e  a rea  frac tion  A o f  a ran d o m  sec tio n  occup ied  b y  tran sec tions o f  i: 

V yi = (W eibel e t a l., 1966). In  a  s im ila r  fash ion , surface a rea  o f  a 

m em b ran o u s ce llu la r in c lu s io n  can  b e  d e te rm in ed . In  th is  case , the  

s u r fa c e  d e n s ity , Sy?, o f  a  g iven  in c lu s io n  is e q u iv a le n t to  th e  

re la tio n sh ip  o f  its to ta l surface, S* to  th e  vo lum e o f  th e  cell, Vy. W hen 

a la ttice  o f  fixed  len g th  is u sed  as a n  ov erlay  w ith  a  m icrog raph , these  

d im ensions a re  calculated  fro m  'coun ts ' (p o in ts  at w h ic h  th e  lin es  and  

s tru c tu re s  to uch ). T hese tech n iq u es a llo w  fo r m easu rem en t o f  cells 

p h o to g rap h e d  fro m  th e  lig h t m icroscope, a n d  even  from  th e  e lec tro n  

m icroscope, w ith  techn iques fo r co rrec tin g  accuracy  w h ich  m ay be  lost 

a long  w ith  th e  struc tu re 's  th ird  d im e n sio n  because o f  th e  lim ita tion  o f 

pho tog raphy .

The m o rp h o m e tric  tech n iq u e  a llow s fo r  a g rea te r range  o f  data  

co llec tio n  b ased  o n  com para tive  s tu d ies  (Jensen , 1993; Travis e t a l., 

1 9 9 3 ) as w ell as th e  analyses o f  a s in g le  ty p e  observed  u n d e r n a tu ra l 

o r  la b o ra to ry  c o n d itio n s  (Z an c an a ro  e t aL, 1993; D ing e t a l , 1988; 

H am a e t a l., 1989). O rganism ic re sp o n se  to  heavy m etal is a lso  one  

a rea  th a t has b e en  w idely investigated  u s in g  m o rp h o m etric  techn iques 

(B en n et e t al., 1985; R achlin  e t al., 1985; Rai e t al., 1990; de Lima and  

C opeland, 1994).

The use o f  a tw o-dim ensional im age o f  a th ree-d im ensional figure 

as w ell as irreg u laritie s  su ch  as c e llu la r  inc lusions o f  vary ing  shapes 

a n d  sizes bu ilds in  b iases th a t re su lt  in  in accu ra te  in te rp re ta tio n s . 

T hese  tec h n iq u e s  fo r c e llu la r  m e a su re m e n t m ust, u n d e rs ta n d a b ly , 

include  devices fo r co rrec tions in  o rd e r  to  m inim ize bias. B ertram  and 

B o lender (1990) d e te rm in e d  th a t s im ila r  re su lts  c o u ld  be  o b ta in e d  

fro m  ran d o m  se c tio n in g  (u se d  in  e le c tro n  m icrsocopy ) a n d  se ria l
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section ing  (u sed  in  lig h t m icroscopy), bu t o n ly  if  co rrec tio n  w ere  m ade 

fo r th e  b ias created  fro m  com pression  o f  sec tions and  fro m  th e  variety  

in  n u c le a r shape . M uch o f  th e ir  w o rk  invo lved  find ing  w ays to  m ake 

th o se  co rrec tio n s.

U sing a n  e x te n s io n  o f  the  D elesse p r in c ip le  (see  above), Sicko- 

Goad e t a l  (1977) se t  fo r th  severa l gu idelines fo r c o rre c tin g  som e o f  

th e  e r r o r s  th a t  a re  in h e re n t  in  m a k in g  m e a su re m e n ts  am o n g  

co m p o n en ts  w h ich  v a ry  w idely even  w hile  fa lling  w ith in  a range. It is 

u n d e rs ta n d a b le  th a t  w ide  d ifferences w o u ld  occu r b e tw ee n  cu ltu res 

fro m  th e  n a tu ra l e n v iro n m e n t a n d  th o se  g ro w n  in  th e  labo ra to ry . 

T hese co rrec tin g  tech n iq u es can  be u sed  to  analyze su c h  cu ltu res. In  

add ition , species fro m  a single g ro w th  e n v iro n m e n t w ill a lso  show  

d iffe ren ces  in  re sp o n se  to  various in flu en ces . T he re s e a rc h  team  

rep o rte d  th a t it is im p o rta n t to d e te rm in e  th a t  adequate  sam p ling  has 

been  done . This can  be  accom plished  by exam ina tion  o f  coefficients o f 

v a ria tio n  a n d  p lo ts o f  cum ulative m eans a n d  variances. A m ong the  

species, co rrec tio n s a re  accom plished  by a s tep  such  as re trim m in g  the  

(epoxy) b lock  after co llecting  a sam p le  from  th e  surface. This p ractice 

p reven ts rep ea ted  sam p lin g  o f a sing le  cell. O th e r c o rrec tio n s  include 

using  o n ly  o n e  cell o f  a filam ent a n d  o m ittin g  cellu la r m asses w h ich  

appear to  be  m ostly  o r  on ly  cell w all from  th e  c o u n t

T he ro le  o f  n u tr ie n t  status is o ften  th e  focus o f  tox ico log ical 

studies, as in  th e  investigation  conducted  by  Lazinsky a n d  Sicko-Goad 

( 1 9 9 0 ) w h ic h  involved m o rp h o m etric  analyses o f  p h o sp h o ru s-ric h  and 

p h o sp h o ru s-d efic ien t d ia tom  cells ex p o sed  to  ch rom ium . After no ting  

changes su ch  in  ch lo ro p la s t n u m b er and  (re la tive) vo lum e, as w ell as 

volum es o f  vacuoles, p o ly p h o sp h a te  bodies, lip id  bod ies, a n d  nuclei,
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th e  re sea rch e rs  concluded  th a t th e se  a n d  o th e r  changes in  vo lum e and 

n u m b e r o f  ce llu la r in c lu s io n s  p o in t  s tro n g ly  to w a rd  a re la tio n sh ip  

b e tw een  p h o sp h a te  n u tr ie n t  s ta tu s a n d  m eta l tox ic ity . T he n a tu re  o f  

th e  re la tio n sh ip , h o w ev er, c a n n o t be  e s ta b lish e d  o n  th e  basis  o f 

lim ited  re sea rch .

J e n s e n  (1985) h a s  p re se n te d  a n  ex ten siv e  re p o r t  o f  th e  cellu lar 

in c lu s io n s  o f  th e  c y an o b ac te ria . A llen (1984) d e ta iled  th e  changes 

re s u ltin g  f ro m  e n v iro n m e n ta l  in f lu e n c e  o b se rv e d  in  p o ly h e d ra l  

bod ies , p h y c o b iliso m es , c y a n o p h y c in  g ran u le s , a n d  p o ly p h o sp h a te  

bodies as w e ll as o th e r  inc lusions. O ften th e  en v iro n m en ta l in fluence 

is a  c o m b in a tio n  o f  heavy  m etals th a t induce  ch an g es n o t o n ly  in  the 

n u m b e rs  o f  ce llu la r  in c lu s io n s , b u t a lso  in  th e i r  v o lu m es. The 

fin d in g s  o f  R ach lin  e t  a l., (1985) w e re  d e te rm in e d  u s in g  se lec ted  

c o n c e n tra tio n s  o f  z inc  o n  tw o cy an o p h y cean  species, A n a b a en a  flo s -  

a q u a  a n d  A n a b a e n a  v a r ia b il is .  B oth  sp e c ie s  sh o w ed  sig n ifican t 

in c rease  in  th y lak o id a l su rface  a rea  as w ell as th e  n u m b e r o f  lip id  

b o d ies . O th e r  re s p o n se s  d iffe red , h o w ev er, w ith  A. f lo s -a q u a e  

sh o w in g  a re d u c tio n  in  c y an o p h y c in  g ran u le s  w h ile  A. v a r ia b ilis  

ex p erien ced  a sign ifican t red u c tio n  in  cell an d  cell w all volum es.

In  a n  e a rlie r  co m p ara tiv e  stu d y  R achlin  e t  a l (1982) em ployed  

s te re o lo g ic a l te c h n iq u e s  to  q u a n tify  th e  c h a n g e s  in  P le c to n e m a  

b o r y a n u m  a fte r e x p o su re  to  e ig h t heavy  m eta ls  (m an g an ese , zinc, 

m erc u ry , c ad m iu m , lead , c o p p e r , co b a lt, n ic k e l) . T he changes 

o b se rv ed  w e re  in c reases  in  th e  th y la k o id a l su rface  area  in d u ce d  by 

lead, m an g an ese , cobalt, zinc, c ad m iu m  a n d  n icke l, a n d  decreases 

caused  by  co p p er. In tra th y lak o id a l spaces w ere  reduced  sign ifican tly  

by  zinc, m ercury , cobalt a n d  nickel. Also observed  w ere  a decrease  in
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lip id  in c lu sio n s by  all e ig h t m etals a n d  a decrease  in  p o ly p h o sp h a te  

bod ies by  all o f  th e  m etals excep t co p p er a n d  nickel.

S tudy ing  th in  s e c tio n s  o f  th r e e  a lg a l sp e c ie s  (M e l o s i r a  

g ra n u la ta , F ra g ila r ia  ca p u cin a , and  A n a c y s tis  cy tin ea ), S icko-G oad 

( 1 9 8 2 ) re p o r te d  u ltra s tru c tu ra l re sp o n ses  to  sh o rt-te rm , low  doses o f  

c o p p e r  an d  lead . W hile th e  species w ere  g enera lly  m ore  sensitive  to 

c o p p e r  th an  to  lead, they  re sp o n d ed  d ifferen tly  to  each  o f  th e  cations. 

T he cyanobacterium , A n a cys tis  cya n ea , show ed  sta tistically  sign ifican t 

ch an g e s , sp ec ifica lly  a n  in c re a se  in  th e  n u m b e r  o f  c y a n o p h y c in  

g ranu les and  poly-S-hydroxybutyric  acid  g ranu les as w ell as a c o n stan t 

decrease  in  thy lako idal su rface  area.

The study  by  R achlin e t a l  (1984) in  w h ich  A nabaena  f lo s -a q u a e  

w as exp o sed  to  several co n cen tra tio n s  o f  cadm ium  (1.18 jiM, 11.8 |iM, 

118.33  M-M) is o n e  w h ic h  d e m o n s tra te s  c e lls ' ( a n d  in d iv id u a l  

in c lu s io n s ')  v a rie d  re sp o n ses  to  d iffe ren t c o n ce n tra tio n s  o f  a sing le  

m eta l. The low est c o n c e n tra tio n  cau sed  a s ig n ifican t d e c rea se  in  

in tra th y lak o id a l space an d  th e  n u m b er o f  lip id  inc lusions. T he la tte r 

in c lu s io n  c o n v e rse ly  sh o w e d  n o  re s p o n s e  a t 11.8 fj.M. T his 

co n cen tra tio n , how ever, p ro d u ced  n o t o n ly  a red u c tio n  in  th e  n u m b er 

o f  p o ly p h o sp h a te  bodies, b u t also th e  percen tage  o f  the  cell th a t was 

o ccup ied  by th e se  bodies. A sim ila r decrease  w as observed  in  layers 

II, III, and  IV o f  the  cell w all. The g rea test c o n ce n tra tio n  ex p ec ted ly  

d is in te g ra te d  p o ly p h o sp h a te  bod ies to  th e  e x te n t th a t few  co u ld  be 

de fin itive ly  iden tified , b u t caused  an  in c rease  in  layer I o f  th e  ce ll 

wall.

In  add ition  to physio logical changes (cu ltu re  density , n itrogenase  

activ ity , and  CO2 fixation) A n a b a en a  c y lin d r ia  show ed  ch an g es in
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u ltra s tru c tu re  u p o n  ex p o su re  to a lum in ium  at pH  6.0 (P e tte rsson  et a l ., 

1 9 8 5 )* The m o s t n o ta b le  ch an g es in c lu d e d  a n  a c c u m u la tio n  o f  

cy anophyc in  granules, deg radation  o f  th e  thy lako idal m em branes an d  a 

d e c re a s e  in  in te r - th y la k o id a l  e le c t r o n  d e n s ity . In te re s t in g ly , 

he te rocysts  rem a in ed  unchanged .
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MATERIALS a n d  METHODS

C ulture M ain tenance

C u ltu res o f  th e  fre sh w a te r cy an o b ac te ria , A n a b a en a  d o lio lu m  

(B haradw aja) (UTEX B2094) a n d  S y n e c b o c o c c u s  leo p o lien sis  (R ac ib .) 

K o m arck  (UTEX LB2434) w e re  o b ta in e d  f ro m  th e  S ta rr  C u ltu re  

C o llec tio n  (S ta rr  a n d  Zeikus, 1987). All s to c k  a n d  e x p e r im e n ta l  

cu ltu res w ere  g ro w n  in  m odified  Fitzgerald 's m ed ium  (see  A ppend ix  A) 

in  a S herer C o n tro lled  G row th C ham ber (M odel Cel B) a t 25*C o n  a 12 

h o u r  lig h t/d a rk n e ss  schedule. Cool w h ite  fluo rescen t bu lbs w ere  u sed  

to  se t th e  i llu m in a tio n  a t 500 fo o t c an d les , a long  w ith  tw o 2 5 W 

in can d escen t bu lbs. T he cells w ere  ag ita ted  daily. Cell g ro w th  w as 

d e te rm in ed  b y  o p tica l density  ( tu rb id ity  tech n iq u e) w ith  a  B ausch a n d  

Lom b S p ec tro n ic  20 sp e c tro p h o to m e te r  a t a  w av elen g th  o f  440 nm , 

w h ic h  w as d e te rm in e d  by  d ilu tion  curves (Sorokin , 1975). Cell c o u n t 

(ce ll n u m b e r  p e r  m l) was d e te rm in e d  w ith  a S pencer B righ t Line 

hem ocy tom eter co u n tin g  cham ber u n d e r  a ligh t m icroscope. A lum inum  

ch lo ride  (A1C13* 6 H 2 O) from  Sigma (Sigm a C hem ical C om pany, P.O. Box 

14508, St. Louis, MO 63178) w as u se d  in  th e  s tu d y . P ro te in  

q uan tifica tion  w as a lso  used  to d e te rm in e  g ro w th  after ex p o su re  to  th e  

m etal (see below ).

Sublethal A lum inum  E xposure

Cells f ro m  ra p id ly  g ro w in g  c u ltu re s  o f  b o th  sp e c ie s  w e re  

t ra n s fe r re d  th ro u g h  s te rile  te c h n iq u e  to  f re s h  g ro w th  m ed iu m  to 

achieve a c o n ce n tra tio n  o f 1 x  1 C>6 cells p e r m l  The op tical density  w as
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taken  a t 440 n m  ag ain st a s tan d a rd  o f  th e  g ro w th  m ed ium  a fte r w h ich  

cells w ere  exposed  to  a lum inum  according to  R achlin  an d  F arran  (1974) 

and  R ach lin  e t aL (1984).

A 3-7 mM sto ck  so lu tion  o f  a lum inum  in  d is tilled  w ater w as used  

to m ake te s t so lu tio n s o f  0.37 mM, 0.23 mM, 0.14 mM, 0.067 mM, a n d  

0.037 mM in  m odified  Fitzgeralds's m edium . Five (5 ) m l o f cells fro m  

th e  ad ju s ted  cu ltu res  w ere  cen trifu g ed  a n d  th e  su p e rn a ta n t rep laced  

by 5 m l o f  th e  respec tive  test so lu tions. E ach  trea tm en t, as w ell as a 

con tro l, w as set u p  in  trip lica te  in  s te rile  30 m l F alcon  tissue cu ltu re  

flasks (B ecton  D ick in son  and  C om pany, 2 B ridgew ater Lane, L incoln 

Park, N ew  Je rse y  07035). A lum inum  so lu tio n s  w e re  p re p a re d  ju s t 

p rio r to  use.

A fter a 9 6 -h o u r e x p o su re  in  th e  c h a m b e r  u n d e r  th e  g ro w th  

cond itions given above, the  op tical density  w as tak en  o n  each replicate. 

The p re p a ra tio n  fo r p ro te in  analysis w as d o n e  acco rd ing  to a m eth o d  

d ev e lo p ed  by  Dr. J . S. P o in d ex te r o f  th e  D e p a rtm e n t o f  B iological 

Sciences, B a rn ard  College o f  C olum bia U n iversity , New Y ork, New 

Y ork.

T he th re e  rep lica te s  o f  each  test so lu tio n  w e re  com bined  a n d  

centrifuged. The su p e rn a tan t w as rep laced  w ith  5% trichloroacetic acid  

(TCA) fo r  30 m in u te s . T his s u p e rn a ta n t  w as rem oved , th e  cells 

re su sp en d ed  in  5% TCA, and  bo iled  in  co v ered  te s t tubes in  a w a ter 

ba th  at 100*C for 30 m inutes. The tubes w ere  coo led  in  an  ice bath .

T he su p e rn a ta n t w as rem oved  after cen trifuga tio n . The sed im en t 

was re su sp e n d ed  in  0.2N NaOH and  bo iled  in  covered  test tubes in  a 

w ater b a th  at 100‘C fo r 30 m inu tes. The sed im en t w as d iscarded  an d  

the su p e rn a ta n t w as analyzed b y  the  Lowry (1951) te s t for p ro te in .
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The Low ry Test 

A nabaena  dolio lum

T he fo llow ing reagents w ere m ade:

A: 2% Na2 C0 3  in  0.1N NaOH 

B: 1 % C11SO4  • 5 H 2O 

C: 2% Na K tartrate

D: 0.5 m l o f Reagent B + 0.5 m l o f  Reagent C + 50 m l o f  Reagent A 

E: P heno l reagent (F isher) T he stock  reagen t is d ilu ted  1:2 

befo re  use.

For th e  s tan d a rd , a Stock Solution A o f  bov ine  se rum  a lb u m in  (BSA) 

w as m ade w ith  a co n cen tra tio n  o f  7 m g BSA to  7 m l d is tilled  w ater. 

Stock Solu tion  B was m ade w ith  1 m l o f  Stock Solution A an d  4 m l o f  

d is tilled  w a te r. Seven (7) s ta n d a rd  c o n c e n tra tio n s  w e re  m ade fro m  

Stock S olu tion  B:

S tan d ard Stock B H jO C oncentration

1 0 .6  m l 0 .0  m l 1 2 0  |ig /0 .6  m l

2 0 .5  m l 0 .1  m l 1 0 0  |ig /0 .6  m l

3 0.4 m l 0 .2  m l 80 |ig /0 .6  m l

4 0.3 m l 0 .3  m l 6 0  |ig /0 .6  m l

5 0 .2  m l 0.4 m l 40 (ig/0 .6  m l

6 0 .1  m l 0.5 m l 20  M-g/0 .6  m l

7 0 .0  ml 0 .6  m l 0  (ig/0 .6  m l
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To 0.6 m l o f  e a c h  co n cen tra tio n  o f  s tan d a rd  w as added  3.0 m l o f 

R eagent D fo r 10 m inu tes a t ro o m  tem pera tu re . T he c o n ten ts  o f  each  

tu b e  w ere  co m b in ed  w ith  0.3 m l o f  Reagent E, m ix ed  th o ro u g h ly , and  

a llow ed  to  re a c t fo r  20 m in u tes  a t ro o m  tem p era tu re . T h e  o p tica l 

density  o f  e a c h  s tan d ard  w as tak en  a t 650 n m  against the  b lan k . Each 

value w as p lo tte d  against its co rresp o n d in g  p ro te in  co n cen tra tio n .

E ach  te s t cu ltu re  was sub jected  to  th e  sam e p ro ced u re  as w as the 

p ro te in  s ta n d a rd  (BSA). To 0.6 m l o f  each  test cu ltu re  w as added  3-0 

m l o f  R eagent D for 10 m inutes at room  tem pera tu re . The co n ten ts  o f 

each  tube  w e re  com bined  w ith  0.3 m l o f  Reagent #, m ixed  tho rough ly , 

a n d  a llow ed  to  react fo r 20 m inu tes at ro o m  tem pera tu re . T he optical 

d en sity  o f  e a c h  test co n ce n tra tio n  w as p lo tted  again st th e  ca lib ra tio n  

curve o f  th e  standard .

T he Low ry Test 

Synecbococcus leopoliensis

T he te s ts  w e re  id en tica l e x c e p t fo r a s in g le  v a ria tio n . The 

s ta n d a rd  h a d  to be in c reased  because th e  h ighest p ro te in  y ie ld  (from  

c o n tro l ce lls) was g rea te r th an  th e  o rig in a l s tandard . Solu tion  A (7 mg 

BSA to 7 m l d is tilled  w a te r) w as u sed  u n d ilu te d  (T his e lim in a te d  

Solution B.) Eight (8 )  s tan d ard  concen tra tions w ere  m ade fro m  Solution 

A to  accom m odate th e  h ig h er y ield  o f  th is  species.
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E ight (8) s ta n d a rd  concen tra tions:

S tan d ard Solution A H 2 O C oncentration

1 0 .1 6  m l 0.44 m l 1 6 0  (ig/0 .6  m l

2 0.14 m l 0.46 m l 140 n.g/0 .6  m l

3 0 .1 2  m l 0.48 m l 1 2 0  (ig/0 .6  m l

4 0 .1 0  m l 0 .5 0  m l 1 0 0  (ig/0 .6  m l

5 0.08 m l 0 .5 2  m l 80 (ig/0 .6  m l

6 0 .0 6  m l 0.54 m l 6 0  (ig/0 .6  m l

7 0.04 ml 0 .5 6  m l 40 (ig/0 .6  m l

8 0 .0 2  m l 0 .5 8  m l 2 0  (ig/0 .6  m l

C onfirm ation  ru n s  w ere  m ade by  ex p o sin g  rap id ly  grow ing  cells 

to  a  new  range  o f co n cen tra tio n s based  o n  th e  calcu lated  EC50 for each  

species. The c o n firm a tio n  co n ce n tra tio n s  fo r  A. do lio lum  w ere  0.00 

mM, 0.14 mM, 0.18 mM, a n d  0.32 mM. T hose fo r S. leo p o lien sis  w ere 

0.00 mM, 0.119 mM, 0.130 mM, and 0.145 mM.

A lum inum  U ptake b v  W hole Cells fo r  E nergy  D ispersive  X-rav 

M icroanalvsis

Cells w ere  g row n  fo r 14 days u n d e r  th e  co n d itio n s described  for 

g ro w th  re sp o n se . Trace m in era ls  (G affron 's) w ere  o m itted  fro m  th e  

g ro w th  m ed ium  in  o rd e r  to  assure th a t a ll a lu m in u m  tak en  u p  by th e  

cells cam e fro m  th e  test so lu tions.

Cells w ere  exposed  to  0.04 mM, 0.19 mM, a n d  0.37 mM alum inum  

fo r five hou rs. D istilled  w a te r was u sed  fo r ex p o su re  o f  c o n tro l cells.
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All w ere  cen trifuged  a n d  w ash ed  th re e  tim es in  d istilled  w a te r before 

b e in g  p laced  in  s in g le  d ro p le ts  o n to  fo rm v ar-co a ted  c o p p e r  g rids 

(B axter and  Je n se n , 1980b). A fter a ir  d ry ing , cells w ere  analyzed  w ith  

th e  H itachi H-7000 e le c tro n  m icroscope  eq u ip p ed  w ith  a PGT In tegra ted  

M ic ro an a ly zer a n d  Im ag in g  X-Ray (IMIX) c o m p u te r . W ith  th e  

m icroscope  in  th e  STEM m ode (sp o t se ttin g ), x -ray  co llec tio n s w ere 

m ade fo r 1 0 0  seco n d s w ith  th e  p ro b e  p laced  o n  e ith e r  po ly p h o sp h a te  

bodies, cell w all, o r  cy top lasm . T hese read ings w ere  su b trac ted  from  a 

sing le  fo rm v ar c o lle c tio n  fo r  f in a l sp e c tra  o f  e a c h  o f  th e  ce llu la r 

s e c to rs .

A lum inum  E xposure  a t Selected pH Levels

Cells o f  b o th  cu ltu res  w e re  ex p o sed  to  a lu m in u m  as described  

above for g ro w th  re sp o n se  to  th e  m etal. A. d o lio lu m  w as ad justed  to 

achieve a co n cen tra tio n  o f  1 x  1 0 ^ cells / m l a n d  exposed  to  th e  m etal in  

m ed iu m  b u ffe re d  w ith  (2 -[N -m o rp h o lin o ]e th an esu lfo n ic  ac id ) MES 

(W ehr et al., 1986), to  pH  7.2, pH  5.5, and  pH  9.0. At th e  a lkaline  and  

acid pH  levels, cells w ere  ex p o sed  to  0.32 mM alum inum , th e  EC^q- At

pH 7.2, cells w ere  tre a te d  w ith  0.32 mM as w e ll as w ith  0.032 mM and  

3.15 mM. T hese c o n c e n tra tio n s  w ere  se lec ted  b ased  o n  p re lim in a ry  

w ork  (no t re p o rte d  h e re )  w hose  resu lts sh o w ed  th a t A. do lio lum  could 

to lerate  h igher levels o f  th e  m etal th a n  ind ica ted  by  th e  EC50 .

In  add ition  to  th e  e x p o su re  a t th e  EC5 0 , 0 .197 mM, cells w e re  also 

ex p o se d  to 0 .00037 mM, 0.085 mM, a n d  0 .74  mM. T hese  th ree  

co n cen tra tio n s  w e re  b ased  o n  a d o cu m en ted  e n v iro n m e n ta l range o f 

th e  m etal (G alvin, 1991). C o n tro l stud ies w e re  co n d u c ted  a t all pH 

lev e ls .
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S. le o p o lie n s is  w as adjusted  to  7 x  1 0 ^ c e lls /m l a n d  e x p o sed  to  

the  m etal in  b u ffered  m ed ium  at concen tra tions o f  0.145 mM, th e  EC5 0 ,

a t th e  acid a n d  a lkaline  pH  levels. Cells w ere trea ted  a t pH  7.2 w ith  a 

co n cen tra tio n  ran g e  w h ic h  included  0.014 mM, 0.145 mM, a n d  1.45 mM. 

As w ith  A. d o l io lu m , th e  se c o n d  sp ec ie s  w as e x p o s e d  to  th e  

env ironm en ta l co n cen tra tio n s.

At th e  e n d  o f  th e  96-hour exposu re , cells o f  b o th  species w ere 

harvested  b y  cen trifu g a tio n  an d  fixed according to  P ank ra tz  a n d  Bowen 

(1963). T he  3 -h o u r f ix a tio n  w as acco m p lish ed  w ith  1 % osm ium  

te trox ide  (see  A ppend ix  B) at ro o m  tem pera tu re  after w h ic h  cells w ere 

dehyd ra ted  in  a 50%, 70%, 95%, an d  100% e th a n o l se ries . The cells 

w ere c o n d itio n ed  for em bedd ing  in  th ree  steps w ith  p ro p y le n e  oxide. 

This c o n d itio n in g  w as fo llow ed  by  a p ro p y len e  o x id e-E p o n  series 

(25%, 50%, 75% E pon) a fte r w h ich  the  cells w ere  e m b ed d ed  in  100% 

Epon and  left a t ro o m  tem p era tu re  overnight. O ver a five-day period, 

th e  e m b e d m e n ts  w e re  h e a te d  in  ovens at 35 ’, 4 5 ', a n d  6 0 * fo r 

po lym erization  o f  E pon (Luft, 1961).

The R eichert-Jung  U ltracu t E U ltram icro tom e w as u se d  w ith  a 

d iam ond  kn ife  fo r th in  section ing . Sections w ere  co llec ted  o n to  300- 

m esh  grids, p o sts ta in ed  w ith  u ran y l acetate (S tam pak a n d  W ard, 1964), 

and  r in se d  in  a m ethan o l-e th an o l-d is tilled  w a te r se ries . G rids w ere 

analyzed in  th e  H itachi H-7000 e lec tron  m icroscope an d  cells o f  on ly  a 

single sq u a re  p e r  g rid  w ere  p h o to g rap h ed  to a ssu re  th a t n o  cell was 

considered  m o re  th a n  o nce  (Sicko-Goad and  S toerm er, 1979). If  m ore 

cells w ere  re q u ire d , e i th e r  a n o th e r  b lock  w as s e c tio n e d  o r  the  

previously  sec tio n ed  a rea  was cut away and  the  b lock  re trim m ed .
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M orphom etric  A nalysis

M o rp h o m etric  analyses (W eibel a n d  B olender, 1973; Sicko-Goad 

et aL, 1977; Sicko-Goad and  S toerm er, 1979; Je n se n  a n d  C orpe , 1988) 

w ere  m ade  from  m icrographs o f  th irty  (30) cells o f  A. do lio lum  a t a to ta l 

m agnification  o f  54,400 x. Each m icrog raph  w as overlayed  w ith  a 1.0 cm  

ace ta te  la ttice  (F igu re  1) a n d  d o t coun ts w ere  c o n v e rte d  to  re la tiv e  

va lues o f  c e ll v o lu m e , c e ll w a ll v o lu m e , p o ly p h o s p h a te  b o d ies , 

p o ly h e d r a l  b o d ie s , c y a n o p h y c in  g ra n u le s ,  m e m b ra n e  l im ite d  

c ry s ta llin e  inc lu sions, and  m esosom es a n d  volum e o f  in tra th y lak o id a l 

space. Relative su rface  area w as calculated fro m  coun ts o f  thy lakoids.

S. leopo liensis  was analyzed at a to ta l m agnification  o f  60,000 x  for 

values o f  cell volum e, cell w all volum e, first layer o f ce ll w all volum e, 

p o ly p h o sp h a te  bod ies, m ini p o ly p h o sp h a te  bodies, p o ly h e d ra l bodies, 

a n d  n u c le o p la sm  a n d  vo lum e o f  in tra th y la k o id a l sp ace . R elative 

surface area  w as calculated fro m  counts o f  thylakoids.

D esc rip tiv e  sta tis tics  a n d  sing le  c la ss if ica tio n  a n d  tw o -fac to r 

analyses o f  v a rian ce  (ANOVA) w ere  com pleted  using  th e  Statview  512+ 

Program  from  M acintosh.

P h v to ch e la tin s

The tests fo r iso la tion  a n d  analysis o f  p ro te in s  to  d e te rm in e  if 

th e  cells sy n th esized  ph y to ch e la tin s  e ith e r befo re  o r  a fte r e x p o su re  to 

a lum inum  w ere conducted  by D r. M einhart H. Zenk o f  P harm azeu tische  

Biologie, U niversita t M iinchen, M iichen, G erm any, acco rd ing  to  G rill e t 

al. (1985) an d  G ekeler et al. (1988).

4 0
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Figure  1. M icrograph  o f  a cell o v e rla id  w ith  a co u n tin g  g r id  used  

th ro u g h o u t m o rp h o m etric  analysis o f  cellu lar inc lusions an d  sec to rs. 

The cell was m agnified 34,000 X.
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Tw enty (20) m g (d ry  w eigh t) o f  A. doliolum  exposed  to  0.32 mM, 

0.74 mM, and  3.2mM a lum inum  w ere  son ica ted  in  a so lu tion  c o n ta in in g  

200 (il IN  NaOH w ith  1 m g /m l NaBH^ a n d  100 (il o f  w a ter. A fter 

cen trifuga tion  200 |jl o f  th e  su p e rn a ta n t w ere  acidified w ith  50 fil 3.6 N 

HC1. A sam ple o f  th e  acidified  so lu tion , 100 |il, was analyzed  by  HPLC 

(post-co lum n-derivation  w ith  E lm an 's Reagent). The tests w ere  rep e a te d  

o n  cells o f  5. leopo liensis  w h ic h  h ad  b een  exposed  to  0.15 mM an d  0.74 

mM alum inum . All trea tm en ts w ere  m atched  w ith  con tro l sam ples.

4 2
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RESULTS

D eterm ina tion  o f  P ro te in  C oncen tra tion  o f  A. doliolum  A fter E xposu re  

A g ro w th  curve was developed  over a 35-day p e rio d  during  w h ic h  

g ro w th  ra te  w as d e te rm in e d  th ro u g h  o p tic a l density . This p ro c e ss  

revealed  th a t th e  species e n te re d  a  stage o f  rap id  g ro w th  about d a y  7 

a n d  o n e  o f  n e a r  e x p o n e n tia l  g ro w th  a b o u t day  9. This ra te  w as 

m a in ta in e d  u p  to  ab o u t d a y  2 1  w h e n  g ro w th  began  to  slow  u n t i l  a 

s ta tio n ary  p h ase  was e n te re d  abou t day  31. Day 14 w as se lec ted  as a 

tim e  o f  e x p o n e n tia l g ro w th  a n d  a ll su b seq u en t tests w e re  co n d u c ted  

w h e n  th e  species was at th is  stage.

The cu ltu re  ad ju sted  to  1 x  1 0 ^ fo r  th e  g ro w th  re sp o n se  te s t 

show ed  an  op tica l density  o f  1.1 at pH 7.5. The average optical d en sity  

values fo r  tr ip lica te s  at th e  e n d  o f  th e  9 6 -h o u r e x p o su re  a re  n o t 

r e p o r te d . T ab le  1. sh o w s  th e  d e te rm in a tio n  o f  th e  p r o te in  

c o n cen tra tio n s o f  trea ted  cells as d e te rm in ed  from  th e  op tica l d en sities  

an d  p ro te in  concen tra tions o f  th e  standard .

The cells show ed  a c o n s is ten t d ecrease  in  p ro te in  c o n ce n tra tio n  

an d  in  op tica l density  as th e  a lum inum  co n cen tra tio n  increased . The 

final p ro te in  co ncen tra tion  ranged  was 5 5  (ig to  45 pig, w ith  co rre­

sp o n d in g  o p tica l d en sity  values w h ich  ra n g e d  fro m  0 .1 1 0  to  0 .080. 

U ntrea ted  cells co n ta in ed  58 |ig o f  p ro te in  w ith  a sp ec tro p h o to m etrica l 

rea d in g  o f  0.120. T he p ro te in  c o n c e n tra tio n s  o f  ce lls  a t th e  te s t 

co n cen tra tio n s an d  op tical densities are  g iven  in  Table 1.

4 3
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Table 1. T he p ro te in  concen tra tions o f  A. dolio lum  w ith  co rre sp o n d in g  

o p tica l densities o f  com bined  trip lica tes a f te r  th e  9 6 -h o u r exposu re .

Al C oncen tra tion  (mM) Protein  C oncen tra tion  (fig) O. D.650

0 .0 0 0 58 0 .1 2 0

0.037 55 0 .1 1 0

0.067 50 0.095

0 .1 2 0 45 0.080

0 .2 3 0 — 0 .0 0 0

0.370 — 0 .0 0 0
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Table 2. T he EC50 value  o f  a lu m in u m  c a lcu la ted  f ro m  th e  p e rc e n t 

re s p o n se  o f  A. d o lio lu m  a f te r  9 6 -h o u r  e x p o su re , w ith  re sp e c tiv e  

reg ress io n  eq u a tio n  (D ata based  o n  trip lica te  runs).

Cone.

(mM)

Log

Cone.

P ro te in

C one

Cj-Lg)

O.D.650 % C ontro l 

Grow th

E m pirical

P ro b it

0.000 58 0.120 100

0.037 -1.4318 55 0.110 91.7 6.3852

0.067 -1.1739 50 0.095 79.2 5.8134

0.120 -0.9208 45 0.080 66.7 5.4316

Y -  -1.867x + 3.682; r2=0.988; log EC50= -0.705945366; EC50=0.197 mM 

±0.074
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T he p ro te in  c o n c e n tra tio n s  o f  th e  sa m p le s  w e re  c o n v e rte d  to  a 

p e rcen tag e  o f  re sp o n se  in  co m p a riso n  to  c o n tro l cells. Key Stat, an  

IB M -com patib le  c o m p u te r  p ro g ra m  (E ckb lad , 1986) g e n e ra te d  th e  

re g re ss io n  eq u a tio n  from  tw o variab les, th e  log o f  th e  c o n ce n tra tio n  

a n d  th e  em p irica l p ro b it va lue  w h ich  c o rre sp o n d s  to  each  percen tage  

re sp o n se . The estim ated  EC50 is 0.197 mM ± 0.074 (Table 2.)

Effect o f  A lum inum  o n  th e  U ltra s tru c tu re  o f  A n a b a e n a  d o lio lu m  at 

D iffe ren t pH Levels

Relative Volum es

Cell Volum e

A. do lio lum  is a bacillus sh ap e  ce ll w ith  thy lako ids d is tr ib u te d  

th ro u g h o u t th e  cy top lasm . P o ly h ed ra l bod ies a re  o ften  in  c lu s te rs  

n e a r  th e  cell's c en te r, w h ile  lip id  d ro p le ts  a re  fo u n d  c lo se r to  the  

p la sm a  m em b ran e  (F igure 2). P o ly p h o sp h a te  b o d ies  m ay b e  found  

d isp e rse d  w ith in  th e  cy top lasm . F ew er cells p o ssess  c y an o p h y c in  

g ranu les; se ldom  w ill m ore th a n  one  o c cu r in  a cell. M em brane-bound 

c ry s ta llin e  in c lu s io n s  a n d  m esosom es o c c u r ev en  less o ften . The 

c o m p a ra tiv e  d a ta  fo r  th e  e ffec t o f  pH  a n d  a lu m in u m  o n  th e  

u ltra s tru c tu re  o f  A. do lio lum  a re  p re s e n te d  in  Table 3 th ro u g h  Table 

11.

4 6
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Tw o-factor ANOVA ind icated  a  s ig n ifican t in te ra c tio n  be tw een  

pH  a n d  a lu m in u m  c o n c e n tra tio n  w ith  re sp e c t to  to ta l  ce ll vo lu m e 

(P<0.05) w ith  a  s tro n g e r in fluence o f  pH  ( r 2=0.13). T he  p ro file  c learly  

show s a p a ra lle l in crease  am ong c o n tro l cells a n d  am o n g  trea ted  cells 

over th e  pH  range  (Figure 3). At pH  5-5 a  tre n d  to w a rd  decrease  w as 

o b se rv ed  am ong  tre a te d  cells, b u t a t o n ly  1 1 .3 1 %, w as n o t sign ifican t 

acco rd ing  to  th e  sing le  classification ANOVA (Table 6 ). The cy top lasm  

in  m an y  o f  these  cells appeared  g ran u la r a n d  detached  fro m  the  p lasm a 

m em b ran e  (F igure  4). A tre n d  to w ard  in c re a se  in  ce ll volum e w as 

de tec ted  am ong  cells trea ted  w ith  th e  m e ta l a t pH  9.0. The increase  a t 

pH 7.2, how ever, w as sign ifican t w ith  a d d itio n  o f  a lu m in u m  (P<0.05) 

(Table 8 ).

Cell W all Volum e

T he effect o f  pH  and  0.32 mM a lu m in u m  acro ss  th e  pH ran g e  

p ro v e d  to  be  s ig n ifican t (P<0.05). U n tre a te d  cells v a r ie d  little, b u t 

a d d itio n  o f  th e  m e ta l resu lted  in  a s h a rp  d ecrease  in  th e  cell w a ll 

volum e fro m  pH  5-5 to  pH 9.0 (Figure 5). The 32.07% increase  sh o w n  

by tre a te d  cells a t pH  5.5 reflects th e  c h a n g e  fro m  a n  average w a ll 

th ickness o f  7 n m  in  con tro l cells to an  average o f  n early  10 n m  in cells 

ex p o sed  to  th e  m etal.

P o lyhedra l Body Volum e

T he in fluence  o f  pH ( r2=0.03) as w ell as th a t o f  0.32 mM

4 7
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Table 3. Sum m ary o f  m o rp h o m etric  data fo r  A. do lio lum  cells exposed  

to  se lec ted  concen tra tions o f a lum inum  at pH  5.5. Values rep o rted  a re  

m eans (s ta n d a rd  e r ro r  in  p a ren th eses) o f  a  sam p le  size o f  30 sections 

o f  cells.

N [A13+] mM 0.00 0.32

Cell vo lum e 3 0  204 .17  181.07
(12 .07 ) (9.03)

Cell w all Vv 30 7.39 9.76
(0 .41 ) (1.11)

P o ly h e d ra l 30 1.93 0.37
bod ies Vv (0 .31 ) (0.19)

P o ly p h o sp h a te  30 0 .08 1.55
bod ies Vv (0 .07 ) (0.49)

In tra th y lak o id a l 30 4 .12 16.97
space Vv (0 .79 ) (2.49)

T h y lako ida l 30 1.24 1.22
surface a rea  Sv (0 .15 ) (0.15)

4 8
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Table 4. Sum m ary  o f  m o rphom etric  data fo r  A. do lio lum  cells e x p o sed  

to  se lec ted  co n cen tra tio n s  o f a lum inum  a t pH  7.2. Values re p o rte d  a re  

m eans (s ta n d a rd  e r r o r  in  p a ren th eses) o f  a sam ple  size o f  3 0  sec tions 

o f  cells.

N [A13+] mM 0.00 0.32

Cell volum e 30 211.53 242.47
7 .99) ( 1 0 .8 8 )

Cell w all Vv 30 7.67 6.78
( 0 .3 2 ) (0.44)

P o ly h e d ra l 30 1 .6 l  2.07
bodies Vv (0 .33 ) (0 .47)

P o ly p h o sp h a te  30 0.36 0.27
bodies Vv (0 .13 ) (0 .11)

In tra th y lak o id a l 3 0  2.28 3 .1

space Vv (0 .36 ) (0.68)

T hy lako ida l 30 0.84 1.10
surface a rea  Sv (0 .12 ) (0.13)
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Table 5- Sum m ary  o f  m o rphom etric  d a ta  fo r A. do lio lum  cells e x p o sed  

to  se lec ted  co n cen tra tio n s o f  a lum inum  a t pH 9.0. Values re p o r te d  are 

m eans (s ta n d a rd  e r ro r  in  p a ren th eses) o f  a  sam ple  size o f  3 0  sections 

o f  cells.

N [A13+] mM 0.00 0.32

Cell vo lum e 30 237.9 259.93
(9.56) (13 .7)

Cell w all Vv 30 6.92 6.73
(0.29) ( 0 .3 2 )

P o ly h e d ra l 30 2.42 1.19
bodies Vv (0 .32) (0 .22)

P o ly p h o sp h a te  30 0.41 0.18
bodies Vv (0 .19) (0 .06)

In tra th y la k o id a l 30 6.19 8.61
space Vv (1.01) (0 .95)

T h y lako ida l 30 1.19 1.81
surface a rea  Sv (0.13) (0 .16)

5 0
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Figure  2. M ic ro g rap h  o f  A. d o lio lu m  g ro w n  a t pH  7.2 sh o w in g  

p o ly h ed ra l bodies (P b) c lu ste red  n e a r  th e  cell's c en te r an d  lip id  

inc lu sions (L) n ear th e  p e riphery . X 34,000.
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Figure 3. Effect o f  0.32 mM alum inum  o n  cell volum e 
Vv o f  A  doliolum  a t different levels o f  pH (e r ro r  bar = 
SE; d ifferent letters o n  each ba r at a given pH  denote 
statistical dissim ilarity  P<0.05)
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Figure 4. M icrograph  o f  A  dolio lum  exposed  to  0.32 mM alum inum  at 

pH  5.5. T h is e x p o su re  re su lte d  in  g ra n u la r  c y to p la sm  w h ic h  is 

de tached  from  th e  p lasm a m em brane. Note th e  ex tensive loss o f 

thylakoids (Th). X 34,000.
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Figure 5 . Effect o f  0.32 mM alum inum  o n  the  cell w all 
Vv o f  A  dolio lum  a t d ifferent pH  levels (e r ro r  bar = SE; 
d ifferent le tters o n  each b a r  at a given pH  denote 
statistical dissim ilarity)
P<0.05)
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Table 6 . C om parison  o f  ce ll volum e a n d  relative volum es (Vv) o f  o th e r  

cellu la r c o m p o n e n ts  a m o n g  cells o f  A. do lio lum  e x p o se d  to  se lec ted  

a lum inum  c o n c e n tra tio n s  a t pH  5.5, by  single c la ss if ica tio n  ANOVA.

[AL3+]
mM

Cell
volum e

Cell 
w all Vv

P o ly h e d ra l 
body  Vv

0.00 204.17a 7.39a 1.93a

0.32 181.07a 9.76a 0.37b

N 60 60 60

F 2.35 4.00 18.38

P 0.1308 0.0503 0.0001***

M eans fo llo w ed  by  d if fe re n t le tte rs  d e n o te  s ta tis tic a l d is s im ila r ity  

(P<0.05, u sin g  F ish er PLSD)

*** = P < 0.001
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a lu m in u m  ( r 2=0 .0 5 ) ind iv idua lly  o n  th e  relative vo lum e o fp o ly h ed ra l 

b o d ie s  w as s tro n g ; h o w ev er, th e  c o m b in ed  in f lu e n c e  w as n o t  as 

e ffe c tu a l T he sign ifican t decrease  by  80.82% in  vo lum e o f  p o ly h ed ra l 

bod ies w ith in  cells ex p o sed  to  0.32 mM a lum in u m  a t  pH  5.5(P<0.001) 

(T ab le  6 ) is a m o n g  th e  m o st p ro n o u n c e d  changes in  u ltra s tru c tu re  

o b se rv e d  am o n g  th e  tre a tm e n ts  (F igure  6 ). T he re sp o n se  o f  th is  

in c lu s io n  a t p H  9.0 likew ise  p ro v ed  to  be a  s ig n if ic a n t d e c re a se  

(P<0.01) (Table 10). Cells ex p o sed  to  th e  m etal a t pH  7.2, how ever, did 

n o t re sp o n d  as strongly .

P o ly p h o sp h a te  Body Volume

The p ro file  o f  p o ly p h o sp h a te  body  volum e (F igure 7) show s a 

re la tio n sh ip  b e tw een  pH a n d  th e  m etal w ith  a 350% increase  in  relative 

vo lum e o f  p o ly p h o sp h a te  bodies am ong un trea ted  cells from  pH  5.5 to 

pH  7.2, an d  a 13-98% increase  from  pH  7.2 to  pH  9.0. Cells trea ted  w ith  

0.32 mM alum inum  dem o n stra ted  an  82.58% decrease  in  po ly p h o sp h a te  

body  volum e fro m  pH 5.5 to pH  9.0 (P<0.001).

Cells tre a te d  w ith  0.32 mM alum inum  at pH  5.5 show ed  a h igh ly  

s ig n ifican t in c re a se  (P<0.001) (Table 7) in  vo lum e o f  p o ly p h o sp h a te  

bod ies over cells g row n  w ith  n o  m etal added. T his m arked  in c rease  

( 1 8 3 8 %) is d em o n stra ted  b y  a n  average volum e o f  0.084 cm 2 in  c o n tro l 

cells to  one  o f  1.546 cm 2 in  th o se  exposed  to the m etal.
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Table 7. C om parison  o f  rela tive  vo lum es (Vv) o f  p o ly p h o sp h a te  bodies 

a n d  in tra th y la k o id a l space  a n d  th y la k o id a l su rface  a rea  (Sv) am o n g  

cells o f  A  do lio lum  exposed  to  se lec ted  a lum inum  co n cen tra tio n s at pH  

5.5, b y  sing le  c lassification  ANOVA.

[AL3+]
mM

Polyphos p h a te  
body  Vv

In tra th y la k o id a l 
sp ace  Vv

T hy lako ida l 
surface  a rea  Sv

0.00 0.08a 4.12a 1.24a

0.32 1.55b 16.97b 1.22a

N 6o 60 60

F 8.76 24.21 0.006

P 0.0045* 0.0001*** 0.9407

M eans fo llow ed  by  d iffe re n t le tte rs  d e n o te  s ta tis tica l d iss im ila rity  

(P<0.05, u sing  F ish er PLSD)

* = P < 0.05 

*** = P < 0.001
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Figure 6 . Effect o f 0.32 mM alum inum  o n  po lyhedra l body 
volum e Vv o f  A. doliolum  a t d ifferen t pH  levels (e r ro r  b a r = 
SE; d ifferen t letters o n  each  bar a t a given pH deno te  
statistical dissim ilarity  P<0.05)
** -P C 0 .01  
••• -  P<0.001
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pH

Figure 7. Effect o f  0.32 mM alum inum  o n  po lyphospha te  
b o d y  volum e Vv at d ifferent pH  levels (e r ro r  ba r = SE; 
d iffe ren t letters o n  each  bar a t a  given pH  denote 
statistical dissim ilarity  P<0.05)
** -  P<0.01
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In tra thy lako idal Space Volume

B oth the  sign ificance  (P<0.0001) a n d  th e  d eg ree  o f  v a ria tio n  

(r2=0.10) reflect th e  e x te n t o f  in te rac tio n  o n  th is ce llu la r sector. The 

ex tensive  increase  in  in tra th y lak o id a l space  (P<0.001) (F igure )) w ith  a 

loss o f  thylakoids u p o n  ex p o su re  to  the  m eta l a t pH 5.5 can  be seen  in  

F igure 8 . The in creases  a t pH  7.2 (T able 9) an d  pH  9.0 (Table 11), 

th o u g h  n o t significant, are  c o n sis ten t w ith  th e  resp o n ses in  thylakoidal 

su rface  area.

T hylako idal Surface Area

Using the  near-neu tra l pH  as the  s ta rtin g  p o in t a n d  m oving to  pH 

9.0, th e  p ro file  (F igure 10) sh o w s a p o sitiv e  c o rre la tio n  betw een  pH 

an d  th e  m etal as b o th  trea ted  a n d  u n tre a te d  cells in c rease  in  relative 

th y la k o id a l surface area . C o m p ariso n  b e tw een  cells a t pH 7.2 an d  

th o se  a t pH  5.5, how ever, sh o w s a r e p e a t  o f  th e  in c re a se  am ong  

con tro ls, along w ith  a decrease  am ong trea te d  cells. T he increase 

by  5 0 .8 3 % in  relative thy lako idal surface a re a  am ong cells exposed  at 

pH  9.0 p roved  to be sign ifican t (P<0.01) (Table 11) w h e n  com pared  to 

con tro ls . Thylakoids a re  p ro m in e n t in  F igure 11.

Relative Counts

P o ly h ed ra l Body N um ber

The response  o f  p o ly h ed ra l body n u m b er to pH  an d  0.32 mM
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Figure 8 . M icrograph o f  A. dolio lum  exposed  to  0.32 mM a lu m in u m  

a t pH  5-5 show ing th e  in c rease  in  in tra thy lako ida l space (its). The 

cy top lasm  is g ran u la r an d  devoid  o f  thylakoids. X 34,000.
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Table 8 . C om parison  o f  cell vo lum e an d  rela tive  vo lum es (Vv) o f  o th e r  

ce llu la r  co m p o n e n ts  am ong  cells o f  A. do lio lum  e x p o se d  to  se lec ted  

a lum inum  co n cen tra tio n s at pH  7.2, by sing le  c lassification  ANOVA.

[AL3+]
mM

Cell
volum e

Cell 
w all Vv

P o ly h e d ra l 
b o d y  Vv

0.00 211.53a 7.67a 1 .6 l a

0.32 242.47b 6.78a 2.07a

N 60 60 60

F 5.25 2.66 0 .64

P 0.0256* 0.1082 0.4262

M eans fo llo w ed  by  d iffe re n t le tte rs  d e n o te  s ta tis tic a l d iss im ila r ity  

(P<0.05, u sing  F isher PLSD)

* -  P < 0.05
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Table 9. C om parison  o f  rela tive  vo lum es (Vv) o f  p o ly p h o sp h a te  bodies 

a n d  in tra th y la k o id a l space  a n d  th y lak o id a l su rface  a re a  (Sv) am ong  

cells o f /i. doliolutn  exposed  to  se lec ted  a lum inum  co n cen tra tio n s at pH 

7.2, b y  sin g le  classification  ANOVA.

[AL3+]

mM

P o ly p h o sp h a te  

body  Vv

In tra th y lak o id a l 

Space Vv

T hy lako ida l 

su rface  area Sv

0 .0 0 0 .3 6 a 2.28a 0.84a

0.32 0.27a 3.10a 1 .1 0 a

N 6 0 6 0 6 0

F 0.29 1.14 2.27

P 0.5889 0 .2 9 0 0 0.1370

M eans fo llow ed  by d iffe ren t le tte rs  d e n o te  s ta tis tica l d iss im ila rity  

(P<0.05, u s in g  F isher PLSD)

6 3
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Figure 9. Effect o f 0.32 mM alum inum  o n  in trathy lakoidal 
space Vv a t d ifferent pH  levels (e rro rb a r  * SE; d ifferen t letters 
o n  each b a r a t a given pH  denote statistical d issim ilarity  P<0.05) 
•** -  PcO.OOl
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Table 10. C om parison  o f  cell volum e an d  rela tive  volum es (Vv) o f  o th e r

ce llu la r  co m p o n en ts  am ong  cells o f  A. doliolum  e x p o sed  to  se lec ted

a lum inum  concen tra tions at pH 9.0, by  sing le  classification  ANOVA.

[AL3+]
mM

Cell
volum e

Cell 
w all Vv

P o ly h e d ra l 
b o d y  Vv

0.00 237.90a 6.92a 2.42a

0.32 259.93a 6.73a 1.19b

N 60 60 60

F 1.729 0.197 9.854

P 0.1937 0.6585 0.0027**

M eans fo llow ed  by  d iffe re n t le tte rs  d e n o te  s ta tis tica l d iss im ila rity  

(P<0.05, u sing  F isher PLSD)

** = P < 0.01
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Figure 10. Effect o f  0.32 mM a lum inum  o n  thylakoidal surface 
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each b a r  at a given pH  denote statistical dissim ilarity  P<0.05)
•• - P<0.01
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T able  11. C o m p ariso n  o f  re la tive  v o lu m es  (Vv) o f  p o ly p h o sp h a te  

b o d ies  a n d  in tra th y la k o id a l space  a n d  th y lak o id a l su rface  a re a  (Sv) 

a m o n g  ce lls  o f  A. d o lio lu m  e x p o s e d  to  s e le c te d  a lu m in u m  

co n cen tra tio n s  a t pH  9.0, b y  single c lassifica tion  ANOVA.

[AL3+]
mM

P o ly p h o sp h a te  
body  Vv

In tra th y lak o id a l 
space  Vv

T h y lako ida l 
surface  a re a  Sv

0.00 0 .4 la 6.19a 1.19a

0.32 0.18a 8 .6 la 1.81b

N 60 60 60

F 1.254 3.064 9.316

P 0.2675 0.0854 0 .0 0 3 4 ”

M eans fo llow ed  b y  d iffe re n t le tte rs  d e n o te  s ta tis tic a l d iss im ila rity  

(P<0.05, u sing  F isher PLSD)

** = P < 0.01

6 7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 11. M icrog raph  o f  A. do lio lum  g ro w n  a t pH  7.2. T hylakoids 

(Th) a re  p ro m in e n t. X 34,000.
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a lu m in u m  ind icates sign ifican t in te ra c tio n  (P<0.01) (Figure 12). T he  

increase  am ong  cells exposed  to  th e  m etal a t pH  7.2 was n o t significant; 

how ever, th e  re sp o n se  m arks a  c o n tra s t to  th e  significant decrease  a t 

b o th  pH  5.5 (P<0.001) an d  pH 9.0 (P<0.05), a n d  em phasizes th e  degree  

o f  s ig n if ic an c e  o f  in te ra c tio n . T he s ig n if ic an c e  levels p ro d u c e d  

th ro u g h  tw o -fac to r ANOVA in d ic a te  n e a r ly  e q u a l in flu e n ce  o f  pH  

( r 2 =0.06), th e  m eta l c o n c e n tra tio n  ( r 2=0.07), a n d  th e ir  in te ra c tio n  

( r 2=0.05).

P o ly p h o sp h a te  Body N um ber

T he  s ig n if ic a n t in te ra c tio n  (P<0.05) in d ic a te d  th ro u g h  th e  

re s p o n se  o f  th is  c e llu la r  in c lu s io n  is s tre n g th e n e d  by  th e  875%  

increase  am ong  cells exposed  to 0.32 mM a lum inum  at pH  5*5 (P<0.01) 

(F igure 13)> a re sp o n se  w h ich  w as c o n s is te n t w ith  the  in c re a se  in  

p o ly p h o sp h a te  body volum e. T hese  d en se  bod ies w ere fo u n d  am ong  

3 6 .6 % o f  th e  trea ted  cells co m p ared  to  6 .6 7 % o f  cell g row n  w ith  n o  

a lum inum . The s ign ifican t increase  in  th e  re la tive  n u m b er a t pH 9.0 

(P<0.01), how ever, is o p p o site  th e  re s p o n s e  ex h ib ited  by  re la tiv e  

vo lum e. F u r th e r  an a ly sis  re v e a le d  th a t  th e  re la tive  n u m b e r  o f  

p o lyhed ra l bodies decreased  w ith  trea tm e n t at th e  acid and  alkaline pH  

levels, w h ile  th e  rela tive  num ber o f  p o ly p h o sp h a te  bodies increased  a t 

th e  sam e pH  levels (Figures 12 a n d  13).

6 9
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Figure 12. Effect o f 0.32 mM alum inum  o n  polyhedral 
body n u m b er o f  A  doliolum  at d ifferen t pH levels 
(e rro r b a r = SE; d ifferent letters o n  each  bar at a 
given pH deno te  statistical d issim ilarity  P<0.05)
• -  P<0.05
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Lipid Inclusion  N um ber

The in te ra c tio n  o f  pH  a n d  0.32 mM a lu m in u m  p ro v e d  to  be  

sign ifican t (P<0.01) (F igure 14). C o n tro l cells a t pH 5.5 h a d  th re e  a n d  

o n e-h a lf (3 .5 ) tim es m o re  lip id  inc lu sions th an  d id  cells e x p o sed  to th e  

m eta l a t th e  sam e pH. This sign ifican t reduction  (P<0.001) is o p p o site  

th e  cells ' re sp o n se  a t pH  9.0 (F igure  14) w here  a s ig n ifican t in c rease  

o c c u rre d .

C vanophvcin  G ranule N um ber

The resp o n se  o f  th is  in c lu sio n  is exp ressed  th ro u g h  a sign ifican t 

in te rac tio n  betw een  pH  a n d  th e  tre a tm e n t (P<0.01) (F igure  15). T he 

c h a n g e  in  th e  n u m b e r  o f  c y a n o p h y c in  g ranu les a t pH  5-5 w as a 

s ign ifican t reduction  (P<0.01).

M ini P o ly p h o sp h ate  Bodies. Special L ipid  Bodies. M em b ran e -B o u n d  

C rysta lline  Inclusions a n d  M esosom es N um bers

T h ere  w as n o  s ig n if ic a n c e  a t a n y  pH  lev e l o r  a lu m in u m  

c o n cen tra tio n  am ong these  inclusions. They appeared  in  few  cells a n d  

at low  counts.

7 2
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Figure 14. Effect o f  0.32 mM alum inum  o n  lip id  inclusion  
n u m b er o f  A  doliolum  at d ifferen t pH  levels (e rro r  
b a r = SE; d ifferent letters o n  each  b a r  at a given pH 
deno te  statistical dissim ilarity P<0.05)
** -P < 0 .0 1  
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Figure 15. Effect o f  0.32 mM alum inum  o n  cyanophycin  
granule num ber o f  A  doliohint at d ifferent pH levels 
(e rro r  ba r = SE; d ifferen t letters o n  each b a r  at a given 
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•« - p<0.001
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Effect o f  pH o n  th e  U ltrastructure  o f  A. do lio lum

A nalyis o f  v a r ia n c e  (ANOVA) rev ea led  th a t  pH  s ig n if ic a n tly  

in flu en ced  v a r ia tio n  in  cell v o lu m e  (P<0.05) a n d  in  in tra th y la k o id a l 

space vo lum e (P<0.01).

Relative Volum es

F u r th e r  a n a ly s is  th ro u g h  th e  F ish e r p a ire d  le a s t s ig n if ic a n t 

d i f f e r e n c e  (PL SD ) in d ic a te d  th a t  c e l l  v o lu m e  i n c r e a s e d  

significantly(P<0.05) (Table 12) in  cells trea ted  w ith  0.32 mM a lu m in u m  

a t pH  7.2. N either th e  decrease am ong  cells trea ted  a t pH  5.5 n o r  th e  

increase  at pH  9.0 w as as stro n g ly  influenced . S ignificant in c rease  in  

in tra th y lak o id a l sp ace  w as re c o rd ed  for cells trea ted  a t pH  5.5 (T able 

13), bu t o n ly  s lig h t increases w ere  detected  at pH  7.2 a n d  pH 9.0.

Relative Counts

S ig n ific an t v a r ia tio n  as a  re su lt  o f  pH  w as o b se rv e d  fo r  

n u m b e rso f  p o ly p h o sp h a te  bod ies (P<0.05) (T able 14) a n d  fo r  lip id  

in c lu s io n s  (P<0.001) (Table 15). The F ish e r an a ly sis  c o n firm e d  a 

significant in crease  in  the  relative num bers o f  these  tw o co m p o n en ts  in  

cells exposed  to  0.32 mM alum inum  at pH 5.5 an d  at pH  9.0.

7 5
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T a b l e  1 2 .  E f f e c t  o f  d i f f e r e n t  p H  l e v e l s  o n  c e l l  v o l u m e  a n d  r e l a t i v e

v o l u m e s  ( V v )  o f  o t h e r  c e l l u l a r  c o m p o n e n t s  a m o n g  c e l l s  o f  A. doliolum

( s i n g l e  c l a s s i f i c a t i o n  A N O V A ) .

pH Cell
volum e

Cell 
w all Vv

P o ly h e d ra l 
body  Vv

5.5 204.17a 7.39a 1.93ab

7.2 211.53ab 7.67a 1 .6 la

9.0 237b 6.92a 2.42b

N 30 30 30

F 3.15 1.19 1.57

P 0.047* 0.310 0.213

M eans follow ed by  d iffe ren t letters deno te  s ta tis tica l d iss im ila rity  

(P<0.05, u sin g  F ish er PLSD)

* -  P<0.05
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T a b l e  1 3 .  E f f e c t  o f  d i f f e r e n t  p H  l e v e l s  o n  t h y l a k o i d a l  s u r f a c e  a r e a  ( S v )

a n d  r e l a t i v e  v o l u l m e s  ( V v )  o f  o t h e r  c e l l u l a r  c o m p o n e n t s  a m o n g  c e l l s  o f

A. doliolum  ( s i n g l e  c l a s s i f i c a t i o n  A N O V A ) .

pH P o ly p h o sp h a te  
b o d y  Vv

In tra th y lak o id a l 
space  Vv

T hylako idal 
surface a rea  Sv

5.5 0 .08a 4.12a5 1.24a

7.2 0.36a 2.28a 0.84b

9.0 0 .4 la 6.19b 1.19ab

N 30 30 30

F 1.51 6.46 2.79

P 0.227 0 .0 0 2 ** 0.067

M eans fo llow ed  by d ifferen t le tters d en o te  s ta tis tica l d issim ilarity  

(P<0.05, u s in g  F isher PLSD)

** = P<0.01

7 7
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T a b l e  1 4 .  E f f e c t  o f  d i f f e r e n t  p H  l e v e l s  o n  p o l y p h o s p h a t e  b o d y  n u m b e r

a m o n g  c e l l s  o f  A  doliolutn  ( s i n g l e  c l a s s i f i c a t i o n  A N O V A ) .

pH P o ly p h o sp h ate  Body N um ber

5.5 0.053a

7.2 0.285b

9.0 0 .l4 7 ab

N 30

F 4.064

P 0.0205*

M eans fo llo w ed  by  d if fe re n t le tte rs  d en o te  s ta tis tica l d is s im ila r ity  

(P<0.05, u sin g  F isher PLSD)

* = P<0
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T a b l e  1 5 .  E f f e c t  o f  d i f f e r e n t  l e v e l s  o f  p H  o n  l i p i d  i n c l u s i o n  n u m b e r

a m o n g  c e l l s  o f  A. doliolum  ( s i n g l e  c l a s s i f i c a t i o n  A N O V A ) .

PH Lipid In c lu s io n  N um ber

5.5 4.457a

7.2 2.535b

9.0 1.285c

N 30

F 14.350

P 0.0001***

M eans fo llow ed  by d iffe ren t le tters d en o te  s ta tis tica l d issim ilarity  

(P<0.05, u s in g  F isher PLSD)

*** = P<0.001
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Use o f  E nergy  D ispersive X-Rav M icroanalvsis to  Study th e  U ptake o f  

A lum inum  b v  A. do lio lum

T he sp ec tra  in  F igure 16 o f  th e  c y to p lasm  a n d  Figure 17 o f the  

cell w all o f  u n trea te d  cells show  o n ly  m in o r  peaks fo r  p h o sp h o ru s  (P), 

su lfu r (S), a n d  ch lo rin e  (Cl), p o tassium  (K) a n d  calcium  (Ca) ions tha t 

a re  so  s tro n g ly  a sso c ia ted  w ith  p o ly p h o sp h a te  bod ies a n d  ce llu la r 

e x p o su re  to  heavy m etals. The m o d es t p re p a ra tio n  o f  a ir-d ried  cells 

does n o t  a llow  fo r ce llu la r deta il (F igure 18); how ever, th is  p a tte rn  o f 

e le m en ta l co m p o sitio n  is co n sis ten t w h e n  th e  p ro b e  is p o sitio n ed  fo r 

an a ly sis  o f  th e se  tw o c e llu la r  se c to rs . A nalysis o f  p o ly p h o sp h a te  

bod ies o f  c o n tro l cells show s n o t o n ly  an  in c rease  in  th e  h e ig h t o f th e  

p h o sp h o ru s  peak  (F igure  19), b u t a lso  g e n e ra tio n  o f  sm all peaks fo r 

calcium  a n d  po tassium . O ccasionally, cells sh o w ed  a m in o r iro n  (Fe) 

p eak  as w ell.

W hen  cells w ere  ex p o sed  to  as little  as 0.037 mM alum inum , 

th e re  w as o n ly  a sligh t change in  th e  io n ic  c o m p o s itio n  o f  th e  cell 

m arg in  a n d  th e  cytoplasm . Am ong cells o f  th e  la tte r, the  p h o sp h o ru s , 

su lfu r, a n d  c h lo r in e  peaks in c re a sed  o n ly  s lig h tly  (F igure 20), b u t 

these  in creases  w ere  even  grea ter th a n  th o se  g e n era ted  by th e  cell w all 

(F igu re  21). T he p o ly p h o sp h a te  b o d ies  o f  th e s e  cells, how ever, 

p ro d u c e d  tre m e n d o u s  p h o s p h o ru s  p eak s , a lo n g  w ith  p e a k s  fo r 

m ag n esiu m  (Mg), su lfu r, ch lo rin e , po tassiu m , a n d  calcium  th a t  w ere 

s tro n g e r th a n  those  o f  o th e r  cellu lar secto rs. F igure  22 is a sp ec tru m  

o f  a p o ly p h o sp h a te  b o d y  e x p o se d  to  th is  lo w  c o n c e n tra tio n  o f  

a lum inum  w h ich  is o n ly  slightly  detectable.
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Figure 18. TEM im age o f  a n  a ir  d ried  A. do lio lum  cell. All th e  dense  

bodies in  th e  ce ll a re  po lyp h o sp h a te  bodies (arrow ).
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Figure 19. Spectrum  o f  a po lyphospha te  body o f  a  c o n tro l a ir  d ried  cell o f  

A. do lio lnm . Note th e  peak  fo r P. O ther iden tifiab le  peaks a re  Mg, S, Cl, K, 

and  Ca.
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Figure 20. Spectrum  o f  the  cytoplasm  o f an  a ir  d ried  cell o f  A. do lio lum  

exposed  to  0.037 mM Al. Identifiable peaks are Mg, P, S, Cl, an d  Ca. 

Note the  sm all peak  for Al.
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Figure 21. Spectrum  o f  th e  cell w all o f an  a ir d ried  cell o f  A. dolioh tm  

th a t has been  exposed  to  0.037 fflM Al. The peaks ind icate  th a t P, S, 

and  Cl are  barely  detectable.
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Figure 22. Spectrum  o f  a po lyphospha te  body  o f  an  a ir  d ried  cell o f  

A. dolio lum  th a t w as exposed  to  0.0337 mM Al. The peak  fo r P is p ro m in en t. 

Those fo r Mg, S, Cl, K, an d  Ca a re  identifiable. Note th e  peak  fo r Al.



E xposure  to  0.185 mM alum inum  p ro d u ced  c o n s tan cy  in  th e  resp o n se  

o f  c e llu la r  se c to rs  to  th e  m eta l in  th a t  th e  p h o sp h o ru s  p e a k  o f  th e  

cy top lasm  a n d  th e  cell w all was p ro n o u n c e d  (m o reso  in  th e  cy toplasm  

(Figure 23) th a n  in  th e  cell wall), w h ile  th o se  o f  m agnesium , su lfu r an d  

c h lo r in e  r e m a in e d  sm a ll. R e sp o n se  is m o re  m a rk e d  w ith in  

p o ly p h o sp h a te  bod ies all o f  w h ich  p ro d u ce d  a p ro m in e n t p h o sp h o ru s  

p e ak  (F igure  24). T he peaks fo r  m ag n esiu m , su lfu r, c h lo r in e  an d  

ca lc iu m  o f  p o ly p h o sp h a te  bod ies a re  c o n s is te n t  w ith  th o se  o f  th e  

cy top lasm  a n d  th e  cell wall. In  a few  cases, p o tass iu m  w as detected, 

b u t a t th is  c o n ce n tra tio n , n o  cellu lar a rea  th a t  was analyzed  p roduced  

an  a lum inum  peak .

T he c y to p la sm  o f  cells e x p o sed  to  th e  g rea te s t c o n c e n tra tio n  

u se d  in  th is  s tu d y , 0.370 mM a lu m in u m , g e n e ra te d  p e ak s  fo r 

p h o sp h o ru s , su lfu r , a n d  ca lc ium  (F igu re  25). C h lo r in e  in c re ased  

considerab ly , b u t m agnesium  did  n o t reg ister. The ce ll w all, how ever, 

show ed  little  re sp o n se . T he p h o sp h o ru s , su lfu r  a n d  c h lo r in e  peaks 

a re  v isible, b u t o n ly  sligh tly  above th e  sp ec tra 's  base lines (F igure 26). 

M agnesium  w as neglig ib le; th e  p o tass iu m  w as lost. P o ly p h o sp h a te  

bod ies e x p o se d  to  th is  a lum inum  c o n c e n tra tio n  g e n e ra te d  peaks fo r 

p h o sp h o ru s  a n d  su lfu r tha t, in  som e cases, a p p ro a c h e d  th e  fu ll scale 

l in e  (F ig u re  27), w h ile  c h lo r in e  a n d  c a lc iu m  re m a in e d  s tro n g . 

M agnesium  w as lost. No cellu lar sec to r a t th is  e x p o su re  sh o w ed  th e  

p resence  o f  a lum inum .
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Figure 23. Spectrum  o f th e  cytoplasm  o f an  a ir  d ried  cell o f  A. do lio lum  

exposed  to 0.185 mM Al. Identifiable peaks are  fo r Mg, P, S, and  Ca. 

The p eak  for P is p ro m in en t.
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Figure 24. Spectrum  o f  a po ly p h o sp h a te  body  o f  an  a ir  d ried  

A. dolio lunt cell exposed  to 0.185 mM AL Iden tifiab le  peaks are  

Mg, S, Cl, an d  K. Note the  p ro m in en t peak  fo r P. A peak  fo r Al is 

d is tin g u ish ab le .
i
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Figure 27. Spectrum  o f  a po lyphospha te  body  o f  an  a ir  d ried  cell o f  

A. do lio lum  exposed  to  0.370 mM Al. Note th e  m ore p ro m in e n t peaks for 

P, S, Cl, an d  Ca in  com parison  to  th e  co n tro l cell in  Figure 19.



P h y to ch e la tin s

P hy tochela tin s w ere  n o t de tec ted  in  A. do lio lum .

9 4
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D e te rm in a tio n  o f  P ro te in  C o n c e n tra tio n  o f  S. le o p o lie n s is  A f te r  
E x p o su re

T he p ro c e d u re  re p o r te d  fo r  A. d o lio lu m  w as rep e a te d . The 

d ifference in  o p tic a l d en sity  o f  th e  cu ltu re  fo r day s 1 an d  3  w as o n ly  

0.01. F rom  day  3 to  day  7 th e  species grew  rap id ly , th e n  accelera ted  

its g row th  to  th e  ex p o n en tia l leveL This ra te  w as m ain ta ined  u n til day  

25 w hen  th e  cells e n te re d  a s ta tio n a ry  phase. As w ith  A. dolio lum  a ll  

su b seq u en t te s ts  w e re  p e rfo rm e d  w h e n  th e  c e lls  w ere  u n d e rg o in g  

exponen tia l grow th .

The op tica l d e n s ity  o f  th e  cu ltu re  ad justed  to  3 x  10^ fo r  p ro te in  

d e te rm in a tio n  w as 0.050 a t pH 7.5* P ro te in  c o n ce n tra tio n s  o f  c o n tro l 

an d  trea te d  cells a f te r  a  9 6 -h ou r ex p o su re  as d e te rm in e d  fro m  th e ir  

optical d ensities  a n d  p ro te in  co n cen tra tio n s o f  th e  s tan d ard  a re  given 

in  Table 1 6 .

As th e  a lu m in u m  c o n c e n tr a t io n  in c re a s e d , th e  p r o te in  

c o n c e n tra tio n s  o f  e x p o s e d  c e lls  d e c re a se d . T he f in a l p ro te in  

co n cen tra tio n  ran g e  w as 1 2 2  jig to  1 1 2  (ig, w ith  c o rre sp o n d in g  op tical 

d en sity  va lues w h ic h  ran g e d  f ro m  0.530 to  0.480. C o n tro l cells 

co n ta in ed  124 \ig o f  p ro te in  w ith  an  o p tica l d e n s ity  o f  0.540. The 

e s tim a ted  EC50 o f  0.145 |iM ± 0.90 (Table 17) w as calcu lated  by th e  

m ethod  as th a t fo r A. do lio lum  re p o rte d  above.
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Effect o f  A lum inum  o n  th e  U ltrastructure  o f  5. le o p o lie n s is  a t D ifferen t 

fiH  Levels

Relative V olum es 

Cell Volume

S. leo p o lien s is  is a  bacillus sh ap e  cyanobacterium  in  w h ic h  the  

fo u r  lay ers  o f  th e  c e ll w a ll a re  o f te n  q u ite  v is ib le  (F ig u re  28). 

T hy lako id s a re  lo ca ted  ju s t in sid e  th e  p lasm a  m e m b ra n e  a n d  a re  

g e n e ra l ly  s e p a r a te d  f ro m  th e  c y to p la s m  a t th e  c o re  b y  a n  

in tra th y lak o id a l space  (Figure 28). In  m an y  cells, nucleop lasm , a n  a rea  

o f  co n ce n tra te d  DNA, is v isible as w ell as p o ly h ed ra l bod ies an d  

p o ly p h o sp h a te  bodies (Figure 29). The com parative  d a ta  fo r th e  effect 

o f  pH  and  a lu m in u m  o n  the  u ltrastructu re  o f  S. leopo liensis  a re  

p re sen te d  in  Table 18 th ro u g h  Table 26.

In te rac tio n  o f  pH  and  alum inum  o n  to ta l cell volum e d id  n o t p rove 

to  be  s ig n ifican t th ro u g h  tw o-factor ANOVA (F igure  30), d e sp ite  th e  

s tro n g  in flu en ce  o f  pH  (r2=0.06). At pH  5-5, trea ted  cells show ed  o n ly  

a 3.77%  d e c re a se  fro m  c o n tro l cells, a  ch an g e  w h ic h  sh o w ed  no 

significance. The increase  am ong cells trea te d  w ith  a lum inum  at pH  9-0 

likew ise w as n o t significant. At pH 7.2, how ever, cells trea ted  w ith  the  

m eta l show ed  a sign ifican t decrease (P<0.05) (Table 23).
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T able  16. T he  p r o te in  c o n c e n tra tio n s  o f  S. l e o p o l ie n s is  w ith  

c o rre sp o n d in g  o p tic a l densities  o f  c o m b in ed  tr ip lica te s  a f te r  th e  9 6 - 

h o u r  ex p o su re .

Al C oncen tra tion  P ro te in  C oncen tration  O. D. g50

(mM) C(ig)

0 .0 0 0  124 0 .54

0.037 122 0.53

0.067 120 0.52

0 .1 2 0  1 1 2  0 .48

0 .2 3 0  -—  0.03

0.370 -—  0 .0 2

97
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Table 17. T he EC50 value o f  a lu m in u m  ca lcu la ted  fro m  th e  p e rc en t 

re sp o n se  o f  S. leo p o lien s is  a fte r  9 6 -h o u r e x p o su re , w ith  respec tive  

reg ress io n  eq u a tio n  (D ata based  o n  trip lica te  ru n s).

Cone.
(mM)

Log
Cone.

P ro te in
Cone.

Ciig)

O. D .650 % Control
Growth

E m pirical
P ro b it

0 .0 0 0 124 0.54 1 0 0

0.037 -1.4318 1 2 2 0.53 98.1 7.0749

0.067 -1.1739 1 2 0 0 .5 2 96.3 6.7866

0 .1 2 0 -0 .9 2 0 8 1 1 2 0.48 88.9 6 .2 2 1 2

0.230 -0.6383 0.03 5.6 3.4107

Y= -4.44X + 1.25; r 2 = 0.808; log EC50 = 0.844594594; EC50 = 0.145 mM 

± 0.90
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Figure 28. M icrograph o f  5. leopoliensis  a t pH 7.2 show ing d e ta il o f  cell 

w all layers #1, #2, #3, a n d  #4. X 51,428
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Cell W all Volume

T he in te rac tion  o f  pH  an d  0.15 mM alum inum  o n  cell w all volum e 

p roved  to  be  h igh ly  sign ifican t (P<0.001) (F igure 31), m o reso  th a n  w ith  

an y  o th e r  ce llu la r co m p o n e n t. N either th e  18.56% in c re a se  am ong 

trea ted  cells a t pH 7.2 n o r  th a t o f  13.59% at p H  9.0 w as significant. The 

v aria tio n  am ong cells trea ted  w ith  th e  m etal a t  pH  5.5, how ever, p roved  

to  be a  s ign ifican t d ecrease  (P<0.001) (Figure 31). T his ch an g e  in  cell 

w all th ick n ess  from  a n  average o f  1 6 .6 0  n m  in  c o n tro l cells to  o n e  o f 

11.46 n m  am ong  trea te d  cells is m arked . T he cell in  F igure 32 has a 

th ick  cell wall.

Cell W all Laver #1

T h is  c e llu la r  s e c to r  w as n o t  s tro n g ly  in f lu e n c e d  b y  th e  

in te rac tio n  o f  pH  a n d  th e  m etal (F igure 33). At no  pH  level w as th ere  

s ig n ifican t v a ria tio n  (F igure  33), a lth o u g h  am o n g  th e  tre a tm e n ts  pH 

p roved  to  be sign ifican t (P<0.001) 6*2=0.12).

P o lyhedral Body Volum e

As w ith  lay e r #1 o f  th e  c e ll wall, th e re  w as n o  s ig n ifican t 

in te rac tion  o f  pH an d  a lum inum  (Figure 34).

P o lyphosphate  Body Volum e

T here  w as sign ifican t in te rac tion  o f pH an d  0.15 mM a lum inum
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(P<0.01) (F igure  35). The re s p o n s e  o f  cells  a t p H  7.2 (T able 21) 

involved on ly  a s lig h t increase  am ong  cells exposed  to  th e  metaL At pH 

9 .0 , e v e n  a 345.83%  in c re a se  am o n g  tre a te d  ce lls  d id  n o t p ro v e  

significant. H ow ever, th is vo lum e am ong  cells trea ted  w ith  th e  m eta l at 

pH  5.5 decreased  sign ifican tly  (P<0.01) (Table 19).

N ucleoplasm

H ere  th e  in te ra c tio n  o f  th e  m eta l a n d  pH  w as n o t s ign ifican t. 

Instead , pH  sing ly  ex e rted  a  s tro n g  in flu en ce  (r2 = o .l4 ). The d ecrease  

am ong  cells e x p o sed  a t pH 5.5 (23.17% ) para lle led  th e  increase  am ong  

trea te d  cells at pH  7.2 (34. 6 8 %) (Figure 36). The re sp o n se  o f  cells 

tre a te d  to  th e  m e ta l at pH  9.0 p ro v ed  s ig n ifican t (P<0.05) w ith  an  

in c rease  o f  67.6%.

In tra thv lako ida l Space Volume

T his is th e  o n ly  c e llu la r  se c to r  in  w h ic h  n o t  o n ly  w as th e  

in te rac tio n  o f th e  m eta l and  pH  sign ifican t (P<0.01), b u t pH  also p ro v ed  

s ig n ifican t ind iv idua lly  (P<0.001) as d id  0.15 mM a lu m in u m  (P<0.01). 

At pH  5.5 th e  in te ra c tio n  re s u lte d  in  o n ly  a s lig h t d ec rease  am o n g  

tre a te d  ce lls  o v e r  th e  c o n tro l  cells , a n d  a t pH  9.0 tre a te d  ce lls  

re s p o n d e d  by s lig h tly  in c re a s in g  th is  v o lum e (F igure  37). T rea te d  

cells a t pH  7.2 show ed  a sign ifican t in crease  (P<0.05) (Table 24).
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Figure 29. M icrograph o f  a ce ll exposed  to  0.15 mM a lum inum  at 

pH  5.5 N ucleoplasm  (Nu), p o ly h ed ra l Bodies (Pb). an d  p o ly p h o sp h a te  

bodies (Pp) are  v isible. X 51,428
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Table 18. Sum m ary o f  m orphom etric  data  fo r S. leopoliensis  cells 

exposed  to  selected concen tra tions o f  a lum inum  a t pH  5.5.

Values rep o rte d  a re  m eans (s tan d ard  e r ro r  in  p a re n th eses) o f  a sam ple  

size o f  3 0  sections o f  cells.

N [Al3+]mM 0.00 0.15

Cell volum e 30 58.30 56.10
(5 .10) (4 .50)

Cell w all Vv 30 16.60 11.50
(0 .90) (0.66)

Cell w all 30 5.59 7.13
Layer #1 Vv (1 .40) (1 .73)

P o ly h e d ra l 30 1.52 2.33
bodies Vv (0 .42) (0 .42)
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Table 19. S um m ary  o f  m o rp h o m e tric  d a ta  fo r 5. le o p o lie n s is  cells 

ex p o sed  to  se lec ted  c o n ce n tra tio n s  o f  a lu m in u m  a t pH  5.5. Values 

rep o rte d  a re  m ean s (s tan d ard  e r ro r  in  p a ren th esess ) o f  a sam ple size 

o f  3 0  sections o f  cells.

N [Al3+] mM 0.00 0.15

P o ly p h o sp h a te  30 1.18 0.14
bodies Vv (0 .33) (0.08)

N ucleoplasm  Vv 30 2.46 1.89
(0 .72) (0.75)

In tra th y lak o id a l 30
space Vv 0.17 0.10

T hylako idal
surface area  Sv 30 1.50 4.05

(0.35) (0.62)
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Table 20. Sum m ary o f  m o rp h o m e tric  da ta  fo r S. leopoliensis  cells 

ex p o sed  to  se lec te d  c o n c e n tra tio n s  o f  a lu m in u m  a t pH  7.2. 

Values re p o r te d  a re  m eans (s ta n d a rd  e r ro r  in  p a ren th eses) o f  a 

sam ple size o f  3 0  sections o f  cells.

N [A13+] mM 0.00 0.15

Cell volum e 30 51.77 40.00

(4 .65) (3 .53)

Cell w all Vv 30 10.83 12.84

(0 .69) (0 .78)

Cell wall 30 0.89 2.17

Layer #1 Vv (0 .55) (0.85)
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Table 21. S um m ary  o f  m o rp h o m e tric  d a ta  fo r  S. le o p o lie n s is  cells 

e x p o sed  to  se lec ted  c o n c e n tra tio n s  o f  a lu m in u m  a t pH  7.2. Values 

rep o rte d  a re  m eans (s ta n d a rd  e r ro r  in  p a re n th es is )  o f  a  sam ple  size o f

3 0  sec tions o f  cells.

N [A13+] 0.00 0.15
mM

P o ly h e d ra l 30 2.77 3.25

bodies Vv 0 .47) (0.54)

P o ly p h o sp h a te  30 0.18 0.27

bodies Vv (0 .13 ) (0.19)

N ucleoplasm  Vv 30 1.74 2.33

(0 .5 2 ) (0.64)

In tra th y lak o id a l 3 0  1 .5 5  3 .8 6

space Vv (0 .43 ) (0.78)

T hy lak o id a l 1.88 2.03

surface a re a  Sv 30 (0 .54 ) (0.26)
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Table 22. Sum m ary o f  m o rp h o m e tric  da ta  fo r S. leopoliensis  cells 

e x p o se d  to  se lec ted  c o n c e n tra tio n s  o f  a lu m in u m  a t pH  9.0. 

Values re p o rte d  are  m eans (s ta n d a rd  e rro r  is in  p a ren th eses) o f  

a sam ple  size o f  30  sections o f  cells.

N [A13+] mM 0.00 0.15

Cell volum e 30 42.03 47.10
(3 .30) (3 .93)

Cell w all Vv 30 12.58 14.29
(0 .94) (0 .80)

Cell w all 30 2.38 1.05
Layer #1 Vv (0 .93) (0 .74)

P o ly h e d ra l 30 2.79 2.01
bod ies Vv (0 .72) (0 .37)
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Table 23. Sum m ary  o f  m o rp h o m e tr ic  d a ta  fo r  S. le o p o lie n s is  cells 

e x p o sed  to  se lec ted  c o n c e n tra tio n s  o f  a lu m in u m  a t pH  9.0. Values 

rep o rte d  a re  m eans (s ta n d a rd  e r ro r  in  p a ren th es is )  o f  a sam ple  size o f 

3 0  sections o f  cells.

N [Al3+[ 0.00 0.15

P o ly p h o sp h a te  30 0 .17 0.75

bodies Vv (0 .14) (0 .32)

N ucleoplasm  Vv 30 4.33 7.26

(0.95) (0 .95)

In tra th y lak o id a l 30 0 .3 6  0 .8 8

space Vv (0 .19) (0 .30)

T hy lako idal

surface area  Sv 30 4.16 1.07

(0 .61 ) (0.30)
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Table 24. C o m p ariso n  o f  cell vo lum e an d  re la tive  v o lum es (Vv) o f  

o th e r  ce llu la r com ponen ts am ong cells o f S. leopo liensis  exposed  to 

selected  a lum inum  co n cen tra tio n s a t pH  5.5, b y  single classification  

ANOVA.

[A13+]
mM

Cell
volum e

Cell 
w all Vv

Cell W all 
layer #1 Vv

P o ly h ed ra l 
body  Vv

0.00 58.30a l 6.60a 5.59a 1.52a

0.15 56.10a 11.46b 7.13a 2.33a

N 60 60 60 60

F 0.1050 21.13 0.475 1.8490

P 0.7469 0.0001*** 0.4932 0.1792

M eans fo llow ed  by  d iffe ren t le tters deno te  sta tistica l d issim ila rity  

(P<0.05, u s in g  F isher PLSD)

*** = P < 0.001
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Table 25. C om parison  o f  relative volum es (Vv) o f  p o ly p h o sp h a te  

bod ies an d  o th e r  cellu lar com p o n en ts  a n d  th y lak o id a l surface area  (Sv) 

am ong  cells o f  S. leopo liensis  ex p o sed  to  se lected  a lum inum  

co n cen tra tio n s  a t pH 5-5, by  single c lassifica tion  ANOVA.

[A13+]
mM

P olyphos­
p h a te  
body  Vv

N ucleo­
p lasm  Vv

In tra th y la - 
ko idal 
space W

T hyla­
koidal 
su rfa c e  
area Sv

0.00 1.18a 2.46a 0.17a 1.50a

0.15 0 .l4 b 1.89a 0.10a 4.05a

N 60 60 60 60

F 9.36 0.294 0.1810 12.895

P 0.0034** 0.5895 0.6718 0.0007***

M eans fo llow ed b y  d ifferen t le tters deno te  s ta tis tica l d issim ilarity  

(P<0.05, u sing  F ish er PLSD)

** = P < 0.01

*** = P < 0.001
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5.5 7.2 9.0

pH

Figure 30. Effect o f 0.15 mM alum inum  o n  cell volum e 
Vv o f S. leopoliensis a t different pH  levels (e rro r  b a r = 
SE; d ifferen t letters o n  each bar a t a given pH deno te  
statistical d issim ilarity  P<0.05)
• -  P < 0.05
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Table 26. C om parison  o f  ce ll volum e a n d  relative volum es (Vv) o f  

o th e r  cellu lar com ponen ts am ong cells o f  S. leopo liensis  ex p o sed  to 

selected  alum inum  concen tra tions at pH  7.2, by  sing le  classification  

ANOVA.

[A13+]
mM

Cell
volum e

Cell 
w all Vv

Cell w all 
layer #1 Vv

P o ly h e d ra l 
b o d y  Vv

0.00 51.77a 10.83a 0.89a 2.77a

0.15 40.00b 12.84a 2.17a 3.25a

N 60 60 60 60

F 4.063 3.716 1.589 0.455

P 0.0485* 0.0588 0.2125 0.5025

M eans fo llow ed by  d iffe ren t letters deno te  s ta tis tica l d issim ila rity  

(P<0.05, u sing  F isher PLSD)

* = P < 0.05
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Figure 31. Effect o f  0.15 mM alum inum  o n  cell w all 
volum e Vv o f S. leopoliensis  at different pH levels 
(e rro r bar=SE; d ifferent letters o n  each b a r  at a 
given pH denote  statistical dissim ilarity  P<0.05)
* * •  - p c o . o o i

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 32. M icrograph  o f  S. leopo liensis  exposed  to  0.15 mM A1 

at pH  5.5. N ote th e  th ickness o f  cell w all layer #1.
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Figure 33. Effect o f  0.15 mM alum inum  o n  cell w all 
layer #1 volum e Vv o f  S. leopoliensis a t d ifferen t pH 
levels (e rro r  bar=SE; d ifferent letters o n  each  bar 
a t a  given pH d eno te  statistical d isim ilarity  P<0.05).
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Figure 34. Effect o f 0.15 mM alum inum  o n  polyhedral 
body volum e Vv o f S. leopoliensis a t different pH  levels 
(e rro r bar=SE; d ifferent letters o n  each  bar at a given 
pH denote statistical d issim ilarity  P<0.05)
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T hvlakoidal Surface A rea

T he in te rac tio n  o f  pH  an d  0.15 mM a lu m in u m  w as h igh ly  

sign ifican t (P< 0.001). At pH  7.2 a u sua l p a tte rn  is rep ea ted  in  th a t the  

varia tion  b e tw een  co n tro l cells an d  th o se  e x p o sed  to  th e  m etal w as n o t 

s ig n ifican t At th e  ex trem e pH  levels, how ever, m etal trea tm en t 

in d u ce d  n o ta b le  v a ria tio n . At pH  5.5, th e  in c re a se  in  su rface  a rea  

am ong  tre a te d  cells (170% ) p ro v ed  to  be h ig h ly  sign ifican t (P<0.001) 

(F igure 38). T he inverse  w as o bserved  am o n g  tre a te d  cells a t pH  9.0 

w h e re  th e  d ecrease  (74.37% ) was also sign ifican t (P<0.00lX Table 25).

Relative C ounts

P o lyhed ra l B ody N um ber

The re sp o n se  o f  p o ly h ed ra l bo d y  n u m b e r  to  pH a n d  0.15 mM 

a lu m in u m  in d ica tes  sign ifican t in te rac tio n  (P< 0.05) (Figure 39). The 

decrease am o n g  cells exposed  to th e  m etal a t pH  9.0 w as n o t significant, 

n o r  w as th e re  s ig n ifican t d iffe ren ce  am o n g  u n tre a te d  ce lls  a t the  

various pH  levels. How ever, the  percen tage  o f  cell volum e ta k e n  u p  by 

th ese  inc lu sions increased  significantly  a t b o th  pH  5.5 (P<0.01) an d  pH 

7 .2  (P<0.05). T he sig n ifican ce  levels p ro d u c e d  th ro u g h  tw o-fac to r 

ANOVA in d ic a te  n e a r ly  eq u a l in f lu e n ce  o f  p H  (r2 = o .0 2 ) a n d  the  

a lum inum  0*2=0.03), and  th e ir  in te rac tion  (r2=0.04).
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P o l y p h o s p h a t e  B o d y  N u m b e r

T he re sp o n se  o f  th e se  inclusions to  pH  a n d  0.15 mM alum inum  

w as n o t d e tec ted  in  a n y  o th e r  inclusion . T he in te ra c tio n  p ro v ed  to  be 

less th a n  sign ifican t. T his failu re  to  affect a s ig n ifican t ch an g e  is a lso 

o b se rv e d  w i th  e a c h  v a r ia b le  in d e p e n d e n tly ,  d e s p i te  a 1 5 1 .1 9 % 

increase  am o n g  cells tre a te d  w ith  th e  m etal a t p H  9.0 (Figure 40).

M ini P o ly p h o sp h a te  Bodies

The d a ta  fo r th e se  inclusions w ere  incom ple te . No values w ere 

reco rded  a t pH  7.2.

Effect o f pH  o n  th e  U ltrastruc tu re  o f  S. leopo lien sis

A nalysis o f  v a ria n c e  (ANOVA) rev e a le d  th a t  pH  sig n ifican tly  

in flu en ced  th e  v a ria tio n  in  cell vo lum e (P<0.05), in  ce ll w all volum e 

(P<0.001), vo lum e o f  lay e r #1 o f th e  cell w all (P<0.01), p o ly p h o sp h a te  

b o d y  v o lu m e  (P < 0 .0 1 ), v o lu m e  o f  n u c le o p la s m  (P < 0 .0 5 ), 

in tra th y la k o id a l space vo lum e (P<0.01), a n d  th y la k o id a l su rface  a rea  

(P<0.001).

Relative V olum es

F u rth e r analysis th ro u g h  th e  F isher p a ire d  least sign ifican t

118
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Figure 35. Effect o f  0.15 mM alum inum  o n  po lyp h o sp h a te  
body volum e Vv o f  5. leopoliensis  at different pH  levels 
(e rro r  b a r = SE; d ifferen t letters o n  each bar at a g iven 
pH denote statistical dissim ilarity  P<0.05)
-  -  P  < 0.01
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Figure 36. Effect o f  0.15 mM alum inum  o n  nucleoplasm  
volum e Vv o f  S. leopoliensis  at d ifferen t pH levels (e rro r  
bar=SE; different le tters o n  each  b a r  at a given pH denote  
statistical d issim ilarity  p<0 .0 5 )
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Figure 37. Effect o f  0.15 mM alum inum  o n  in trathy lakoidal 
space volum e Vv o f  5. leopoliensis a t d ifferent pH  levels 
(e rro r  bar=SE; d ifferen t letters o n  each  b a r  at a given pH 
statistical dissim ilarity  P<0.05)
* -  P<0.05
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Table 27. C om parison  o f  re la tive  volum es (Vv) o f  p o lyphospha te  

bodies a n d  o th e r  cellu la r co m p o n en ts  a n d  thy lako idal surface 

a rea  (Sv) am ong cells o f  S. leopo lien sis  ex p o sed  to  selected a lum inum  

concen tra tions a t pH  7.2, b y  sing le  c lassification  ANOVA.

[A13+]

mM

P olyphos­

p h a te  

b o d y  Vv

N ucleo­

p lasm  Vv

In tra th y la ­

k o id a l 

space  Vv

T hy lako ida l 

surface a rea  Sv

0.00 0.18a 1.73a 1.55a 1.88a

0.15 0.27a 2.33a 3 .86b 2.03a

N 60 60 60 60

F 0.159 0.515 6.737 0.064

P 0.6914 0.476 0.0119* 0.8018

M eans follow ed b y  d iffe ren t le tte rs  d en o te  sta tistica l d issim ila rity  

(P<0.05, using  F ish er PLSD)

* -  P < 0.05
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Table 28. C om parison  o f cell volum e a n d  re la tive  volum es (Vv) o f  

o th e r  cellu la r com ponen ts am ong cells o f  S. leopo liensis  ex p o sed  to 

selected  a lu m in u m  concen tra tions a t pH  9.0, b y  single classification  

ANOVA.

Al3+
mM

Cell
volum e

Cell 
w all Vv

Cell w all 
layer #1 Vv

P o ly h ed ra l 
b o d y  Vv

0 .0 0 42.03a 1 2 .5 8 a 2 .3 8 a 2.78a

0.15 47.10a I4 .29a 1.05a 2 .0 1 a

N 6 0 6 0 6 0 6 0

F 0.9750 1.9270 1 .2 6 1 0 0 .9 1 1 0

P 0.3274 0.1704 0 .2 6 6 0 0.3437

M eans fo llow ed  by  d ifferen t le tte rs  d en o te  sta tis tica l d issim ila rity  

(P<0.05, u s in g  F isher PLSD)
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Table 29. C om parison  o f  relative volum es (Vv) o f  po lyphosphate  

bodies a n d  o th e r cellu lar com p o n en ts  an d  thy lako idal surface 

area  (Sv) am ong cells o f  S. leopo liensis  ex p o sed  to  selected a lum inum  

co n cen tra tio n s at pH  9.0, by sing le  classification  ANOVA.

Al3+
mM

Polyphos­
pha te  

bo d y  Vv

N ucleo­
p lasm  Vv

In tra th y la ­
ko idal 

sp ace  Vv

T hy lako ida l 
surface 
area Sv

0 .0 0 0.17a 4.33a 0.36a 4 .l6 a

0.15 0.75a 7.26b 0 .8 8 a 1.07b

N 6 0 6 0 6 0 6 0

F 2.7670 4.728 2 .2 8 3 0 20.8410

P 0 .1 0 1 6 0 .0 3 3 8 * 0.1363 0 .0 0 0 1 ***

M eans fo llow ed by  d iffe ren t le tte rs  deno te  sta tistical d issim ila rity  

(P<0.05, u sin g  F isher PLSD)

** = P < 0.05 

*** = P < 0.001
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Figure 38. Effect o f  0.15 mM alum inum  o n  thylakoidal 
surface area  SV o f  5. leopoliensis a t d ifferen t pH  levels 
(e rro r  bar=SE; d ifferen t letters o n  each  b a r a t a  given 
pH  deno te  statistical dissim ilarity P<0.05)
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Figure 39. Effect o f  0.15 mM alum inum  o n  po lyhedra l 
body n u m b er o f  S. leopoliensis  a t d ifferent pH  levels 
(e rro r bar=SE; d ifferen t letters o n  each  bar at a given 
pH  denote statistical d issim ilarity  P<0.05)
* «P<0.05 
** -  P<0.01
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Figure 40. Effect o f  0.15 mM alum inum  on  po lyphosphate  
body  num ber o f  5. leopoliensis  at d ifferent pH levels (e rro r  
bar=SE; d ifferent letters o n  each  bar at a given pH denote 
statistical d issim ilarity  P<0.05)
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d ifference  (PLSD) in d ica ted  th a t cell vo lum e decreased  sign ifican tly  

w h e n  cells w ere  g ro w n  as pH  9-0 c o m p ared  to  those  g ro w n  a t pH  5-5 

a n d  pH  7.2 (Table 27). The sam e analysis ind icated  a h ig h ly  sign ifican t 

decrease  in  cell w all volum e am ong  cells sub jected  to pH  7.2 an d  pH  9.0 

in  c o m p a riso n  to  th o se  g ro w n  a t th e  acid  pH . This t r e n d  w as a lso  

observed  in  layer # 1  o f  th e  cell w all in  th a t th e  decrease am o n g  cells a t 

pH  7.2 a n d  pH  5.5 w as sign ifican t in  co m p ariso n  to cells g row n  at pH  

5 .5 , an d  in  p o ly p h o sp h a te  body  vo lum e w h ere  th e re  w as a  decrease in  

cells a t pH  7.2 and  pH  9.0 (Table 28).

A n e w  tre n d  w as o b se rv ed  in  th e  vo lum e o f n u c leo p la sm  a n d  

su rfa c e  a re a  o f  th y la k o id s . In  b o th , s ig n if ic a n t in c re a s e  w as 

ex p ressed  am ong cells g row n a t pH  9.0 co m pared  to those  a t pH 5.5 a n d  

pH  7.0 . Yet a n o th e r  p a t t e r n  w as o b se rv e d  in  v o lu m e  o f  

in tra th y lak o id a l space w here  th e  increase  am ong  cells g ro w n  a t pH 7.2 

was sign ifican t com pared  to th e  cells a t pH  5.5 an d  pH 9.0.

Relative C ounts

S ign ifican t v a ria tio n  as a re su lt o f  pH  w as o b se rv ed  fo r m in i 

p o ly p h o sp h a te  bodies; how ever, th e se  d a ta  w e re  n o t re p o r te d  h e re  

because n o  values w ere  reco rd ed  a t pH  7.2.
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T a b l e  3 0 .  E f f e c t  o f  d i f f e r e n t  p H  l e v e l s  o n  c e l l  v o l u m e  a n d  r e l a t i v e

v o l u m e s  ( V v )  o f  o t h e r  c e l l u l a r  c o m p o n e n t s  a m o n g  c e l l s  o f  5 .

leopoliensis  ( s i n g l e  c l a s s i f i c a t i o n  A N O V A ) .

pH Cell
volum e

Cell 
w all Vv

Cell w all 
layer #1 Vv

P o ly p h o s­
phate  
body Vv

5.5 58.30a l6 .6 0 a 5.59a 1.178a

7.2 51.77ab 10.83c 0.89c 0.177b

9.0 42.03b 12.58bc 2.38bc 0.178bc

N 30 30 30 30

F 3.435 12.08 5.49 6.998

P 0.037* 0 .0001*** 0.0057** 0.0013**

M eans fo llow ed  b y  d iffe re n t le tte rs  d e n o te  s ta tis tic a l d iss im ila rity  

(P<0.05, u sing  F isher PLSD)

= P<0.05 

** = P<0.01

*•* = PC0.001
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Table 31. Effect o f  d iffe ren t pH levels o n  volum es o f  nu c leo p lasm  an d  

in tra th y lak o id a l space a n d  surface a rea  o f  thy lako ids am ong  cells o f  S. 

leo p o lien sis  (sing le  classification  ANOVA).

pH N ucleo­
p lasm  Vv

In tra th y lak o id a l 
space  Vv

T h y lak o id a l 
su rface  
a rea  Sv

5.5 2.457ab 0.173b 0.750b

7.2 1.737b 1.550a 0.940b

9.0 4.327a 0.356b 2.080a

N 30 30 30

F 3.156 7.186 7.937

P 0.0475* 0.0013** 0.0007***

M eans fo llo w ed  by  d if fe re n t le tte rs  d e n o te  s ta tis t ic a l  d is s im ila r ity  

(P<0.055 u sing  F isher PLSD)

= P<0.05 

** = P<0.01 

*** = P<0.001
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Use o f  E nergy  D ispersive  X-Rav M icroanalvsis to  Study th e  U ptake o f  

A lum inum  b v  S. leopo liensis

The sp e c tra  g e n e ra te d  b y  th e  cy top lasm  o f  c o n tro l cells show ed  

p eak s fo r  m o s t o f  th e  io n s  b e in g  in v estig a ted , i.e., c h lo r in e  (Cl), 

m agnesium  (m g), p h o sp h o ru ss  (P), po tassium  (K), an d  som etim es even 

iro n  (Fe). In  all cases, peaks w ere  m o d est (F igure 41). T he p a tte rn  

p roduced  b y  th e  cy top lasm  is rep ea ted  alm m osty  iden tically  in  th e  cell 

w a ll (F igu re  42). A m ong th e se  cells , even  p o ly p h o sp h a te  b o d ie s -  

w h ic h  ty p ic a lly  g e n e ra te  a s tro n g  p h o sp h o ru s  (P) p eak —p ro d u c e d  

sp e c tra  (F ig u re  43) th a t  a re  v e ry  s im ila r to  th o se  p ro d u c e d  by  th e  

o th e r  ce llu la r sectors u n d e r  investigation .

E xposu re  to 0.037 mM a lum inum  p roduced  no  varia tio n  in  e ith er 

cy top lasm  (F igure  44) o r  in  th e  cell w all (F igure 45). P o ly p h o sp h ate  

bod ies , h o w ev er, p ro v e d  to  be s lig h tly  m o re  sen sitiv e  to  th is  low  

c o n ce n tra tio n  o f  th e  m etal. F igure 46, a  sp ec tru m  o f  a p o ly p h o sp h a te  

body , sh o w s th e  c h a ra c te r is tic  p h o sp h o ru s  (P ) peak, as w e ll as an  

in c re a se  in  th e  s t r e n g th  o f  th e  p eak s  fo r  m ag n esiu m  (M g) a n d  

po tassium  (K).

A m ong cells e x p o sed  to  0.185 mM alum inum , absence o f  the  iron  

(Fe) p eak  f ro m  th e  c y to p la sm  is n o tab le . T he peaks fo r  th e  ions 

iden tified  a re  a lm ost u n ifo rm  (F igure 47); how ever, in  a few  cases, the  

p h o sp h o ru s  (P ) p eak  w as s tro n g e r  (F igure 48). Analysis o f  th e  cell 

w all at th is c o n cen tra tio n  revealed  very  low  signals for all ions (Figure

49). The p o ly p h o sp h a te  bodies c rea ted  a m arked  con trast in  th a t all
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w as exposed  to  0.037 mM Al. O nly m in o r peaks for Mg, P, S, Cl, K, a n d  Ca 

appear. No Al is detectable at th is concen tra tion .
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cell th a t w as exposed  to  0.037 mM Al. Note th e  P peak. C om pare w ith  Figure 43, 

a spectrum  from  a co n tro l cell.
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Figure 48. Spectrum  o f a po lyphospha te  body  o f  an  a ir  d ried  S. teopo liensis  

cell th a t was exposed  to 0.185 mM Al. Note th e  p ro m in e n t P p eak  as w ell 

as th o se  fo r Mg, S, an d  K. The Al peak  is m ore  d istinc t th a n  in  previous 

trea tm en ts .
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sp ec tra  sh o w ed  n o t  o n ly  a s teep  p h o sp h o ru s  p eak , b u t also  c lea rly  

d is tin g u ish ab le  p eak s  fo r  m agnesium , su lfu r, a n d  p o tass iu m  (F igure

50). Of these, th e  m agnesium  peak  w as strongest. No a lum inum  peak  

is ev iden t.

U pon e x p o su re  to  0.370 mM a lu m in u m , b o th  th e  c y to p la sm  

(Figure 51) a n d  th e  cell w a ll (Figure 52) p ro d u ced  sp ec tra  w ith  peaks 

fo r m o st o f  th e  io n s  th a t  b a re ly  p ro jec te d  above th e  base lin e . T he 

ch lo rin e  p eak  o f  th e  cy top lasm  is neglig ib le , as a re  th e  p h o sp h o ru s  

an d  m ag n esiu m  p eak s o f  th e  cell w all. The s lig h t in c rease  in  th e  

alum inum  p eak  o f  th e  cy top lasm  (5 1 ) is accom pan ied  by  an  in crease  in  

silicon. This co m b in a tio n  was observed  in  o th e r  sec to rs  (n o t re p o rte d  

h ere ). The p a tte rn  p ro d u ced  by  0.185 mM a lu m in u m  is rep e a te d  in  

cells exposed  to  0.370 mM (Figure 5 3 ). A p ro m in e n t p h o sp h o ru s  peak  

was reco rd ed  a lo n g  w ith  increases in  th e  peaks fo r m agnesium , sulfur, 

an d  p o tassiu m . Again, n o  ch lo rin e  p e a k  is rec o rd ed , n o r  is th e re  

strong  ind ica tion  o f  th e  p resence  o f  alum inum .

P hy tochela tin s

P hy tochelatins w ere  n o t detected in  S. leo p o lien sis .
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Figure 53. Spectrum  o f a po ly p h o sp h a te  body o f an  a ir  d ried  S. leopo liensis  

cell th a t w as exposed  tom  0.370 mM AL The peaks fo r  Mg, P, S, an d  K 

are  strong. C om pare w ith  Figure 50.



DISCUSSION

Q uantification o f p ro te in  a n d  tu rb id ity  as a d e te rm in an t o f  grow th  

p ro v ed  to  be consisten tly  reliab le . The difficu lty  o f coun ting  cells in  a 

f ila m e n to u s  spec ies  su c h  as A. d o lio lu m  r e s u lte d  la rg e ly  fro m  

lim ita tion  o f  th e  light m icroscope in  p rov id ing  sh a rp  focus th ro u g h o u t 

th e  leng th  o f  a filam ent. Even up-and-dow n focusing  d id  n o t  allow  for 

accura te  cell counting . D ry w eig h t d e te rm in a tio n  gave v a ry in g  results 

as w ell b u t n o  reason  fo r the  difficu lty  becam e apparen t. Cell counting  

w ith  a cell as sm all as S. leopo lien sis  is ted ious an d  laborious.

The d ra s tic  decrease  in  p ro te in  p ro d u c tio n  w ith  in c reases  in  

m e ta l co n ce n tra tio n  ind icates a lum inum 's cap ac ity  to  in h ib it  grow th. 

U pon  e x p o su re  to th e  two h ig h es t co n ce n tra tio n s , 0.23 mM an d  0.37 

mM, no  v iab le  cells o f  e ith e r  sp ec ies  re m a in e d , c o n se q u e n tly  no 

p ro te in  cou ld  be detected. This is a  no tab le  co m p ariso n  w ith  con tro l 

cells in  w h ic h  58 (ig w ere  d e tec ted  in  A. d o lio lu m  an d  124 |ig in  5. 

leopo liensis . The effective c o n c e n tra tio n  (EC50 ) o f  the  m eta l o n  A. 

doliolum , 0.197 mM, com pares favorably  to re p o r te d  data o n  a lum inum  

a n d  aquatic  p lan ts (G ostom ski, 1990) as w ell as to  a re la ted  species, A. 

c y l in d r ic a  (P e tte rsso n  e t a l., 1985). The E n v iro n m en ta l P ro tec tio n  

Agency (EPA) uses 750 (J.g/L as th e  acute c r ite r io n  an d  87 (J.g/L as the  

c h ro n ic  c r i te r io n  fo r p ro te c tio n  o f  aquatic  o rg an ism s a g a in s t toxic  

effects o f a lum inum  (G ostom ski, 1990). T he effective c o n ce n tra tio n s  

(E C 5 0 ) fo r e ac h  o f th e  species re p o r te d  h e re  a re  w ell b e lo w  these  

values, bu t com pare  favorably  to  EC50 values fo r o th e r  aquatic  p lan ts 

(G ostom ski, 1990). A. do lio lum  w ith  a value o f  0.197 mM is very  close 

to  a re la ted  species, A. cylindrica , w h ich  is re p o rte d  to have an  EC50

1 4 5
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o f  0.185 mM (P e tte rs so n  et a l ., 1985) T he g ro w th  re sp o n se  o f  5. 

leo p o lien sis  resu lted  in  an  EC50 o f  0.145 mM w h ich  is a n  ind ication  th a t 

it is a  m ore  sensitive  species.

T h at pH  is in e x tr ic a b ly  lin k e d  to  m eta l to x ic ity  is s tro n g ly  

re flec ted  in  th e  c u rre n t lite ra tu re  (Rai e t a l., 1981; L indem ann  e t a l., 

1990; Sm ith, 1990; A ndersson, 1992; H usaini a n d  Rai, 1992). The effect 

is re p o r te d  to  re su lt from  re d u c e d  tox ic ity  in  a lka line  e n v iro n m en ts  

b e c a u se  io n s  p re c ip ita te  in to  c o m p le x e s  w h ic h  a re  r e n d e re d  

b io log ica lly  inactive. These sam e ions a t low  pH  levels, p a rticu la rly  

b e lo w  pH  6.5, a re  re leased  a n d  co m p e te  w ith  h y d ro g e n  ions fo r 

a d so rp tio n  a t th e  cell's  su rface  (R am elow  e t al., 1991) o r  they  m ay  

co m p lex  w ith  an ion ic  ligands (Beveridge, 1989; R em ade, 1990).

A lum inum  behaves as d o  m any  m eta ls  w h e n  in tro d u c e d  to  a 

range  o f  pH  levels. It is a s tro n g ly  hydrolyzing  m etal, a n d  as such, is 

re la tive ly  in so lu b le  in  th e  n e u tra l pH range, 6.0 to 8.0. In  th e  acidic 

range, pH  <6.0 as w ell as th e  alkaline, pH  >8.0, th e  m eta l becom es 

m ore  so lub le  m ak ing  m ore  ions available fo r chem ical an d  b io logical 

activ ity  (D risco ll a n d  Schecher, 1990). This behav io r o f  a lum inum  is 

c learly  d em o n s tra ted  by  th ree  .eg io n s  in  so u th e rn  Norway, th e  site  o f 

a s tu d y  to  c o m p a re  acid  d e p o s itio n  a n d  a lu m in u m  m o b iliza tio n  

(C h ris to p h e rso n  e t a l., 1990). Two o f these  headw ater catchm ents have 

received  heavy  deposition  resu ltin g  in  pH read ings o f 4.2 an d  5-0 w ith  

c o rre sp o n d in g  a lum inum  levels o f  20 jiM a n d  3 |iM, respectively . T he 

th ir d  c a tc h m e n t, a p r is t in e  a re a  w h ic h  has b e en  sp a re d  h eav y  

deposition , has a pH o f  7.5 w ith  less than  1 |iM alum inum . Tests o f  th e  

soils o f  each  reg ion  show ed th e m  all to be acidic. This is an  ind ica tion  

th a t th e  a lu m in u m  in  th e  th ird  reg ion  is tig h tly  b o u n d  in  th e  so il.

1 4 6
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D espite  th e  p reva lence  o f c o n d itio n s  s im ila r to  th a t d escribed  above, 

C ro n an  e t al. (1986) re p o rt th a t som e en v iro n m en ts  w ith  com plex ing  

o rgan ic  ligands have low  a lum inum  levels a t pH  readings as low  as 4.2.

C y a n o b a c te r ia  as w e ll  as m a n y  a lg ae  e x p e r ie n c e  o p tim a l 

p h y sio lo g y  in  th e  n e u tra l pH  ran g e  so  it is n o t u n c o m m o n  to see 

n o tab le  v a ria tio n s  w h e n  ce lls  a re  g ro w n  in  e ith e r  acid  o r  a lk a lin e  

e n v iro n m e n ts  a n d  even  g re a te r  v a ria tio n s  w ith  e x p o su re  to heavy  

m etals. S c en e d esm u s  sp. a n d  C blorella  sp . w ere  co llec ted  from  tw o 

h ead w ater stream s an d  exposed  to  various concen tra tions o f  a lum inum  

at pH  5.0 (L indem ann  et a l ,  1990). W hen cells w ere  exposed  abruptly , 

a d ec rease  in  g ro w th  cou ld  be d e tec ted  w ith in  20 to  40 ho u rs . This 

re sp o n se  is re p o rte d  to be th e  resu lt o f  ra p id  a n d  gross ad so rp tio n  as 

w ell as ce ll aggregations in d u ced  b y  changes in  cell w all p ro p e rtie s . 

T his r a p id  re a c tio n  at th e  ce ll su rfa c e  is fo llow ed  b y  slow  b u t 

w id e sp re a d  u p ta k e  in to  th e  c e ll p ro p e r .  C onversely , w h e n  th e  

a lu m in u m  was g radually  added  to  th e  cu ltu res, th e  decrease  in  g row th  

ra te  w as de layed  som e 70 to  240 h o u rs . In  rep o rtin g  th e  resu lts o f  

tests to  d e te rm in e  th e  in fluence  o f  cu ltu re  density , pH, o rg an ic  acids 

an d  d iv a len t ca tions o n  th e  ability  o f  im m obilized  cells o f  A. do lio lum  

an d  C b lo re lla  v u lg a r is  to take  u p  n u tr ie n ts  a n d  m etals from  th e ir  

e n v iro n m e n t, M allick  a n d  Rai (1993) d e te rm in e d  th a t  th e  ce lls ' 

e ffic iency  at n u tr ie n t and  m eta l up take  decreased  progressively  as th e  

pH v a rie d  in  e ith e r  d ire c tio n  (pH  4.0 to  pH  10.0) from  pH  7.0. It 

sh o u ld  be no ted  th a t th is tes t involving rem oval o f  m etal ions from  th e  

e n v iro n m e n t d em o n stra tes  th a t th e  cells ' e ffic iency  decreases as th ey  

a p p ro a c h  the  very  pH  range in  w h ich  m ore  m etal con tam inan ts w ould 

be fo u n d .
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Effects o f  th e  In te rac tio n  o f  A lum inum  a n d  pH  o n  the U ltras truc tu re  o f  

A. do lio lum  and  5. leo p o lien sis

A ny factor w h ic h  affects ce ll g row th  w o u ld  reaso n ab ly  affect ce ll 

v o lu m e . The change  in  A  do lio lum 's  cell vo lum e m ight b e  e x p la in ed  as 

a re su lt  o f  a lu m in u m 's  b in d in g  to  e sse n tia l c o n s titu e n ts  o f  th e  cell 

(M allick a n d  Rai, 1993). The ob serv a tio n  o f  localization  o f  a lum inum  in  

th e  n u c leu s  w h e re  it in c re a se d  DNA sy n th e s is  (Jo h n so n  an d  W ood, 

1 9 9 0 ), c o u p led  w ith  th e  re c o rd in g  o f  a n  in c re a se  in  ce ll size w ith  

e x p o su re  to  a lu m in u m  (G reger e t aL, 1992) add resses th e  sign ifican t 

in crease  in  cell vo lum e o f  A. do lio lum  a t th e  n e u tra l pH. The increase  

in  ce ll size  o b se rv e d  by  G reg er e t a l. (1992) w as a tt r ib u te d  to 

incom plete  cell d iv ision .

T he p o o r c o rre la tio n  b e tw een  d e tec tio n  o f  a lu m in u m  in  th e  cell 

w all a n d  th e  d ram atic  change in  cell w all v o lum e does n o t  d im in ish  the  

s ig n if ic a n c e  o f  th e  c h an g e . E le f th e r io u  e t al. (1 9 9 3 ) o b se rv e d  

th ick en in g  o f th e  ce ll w all in  a lu m in u m -trea ted  T b in o p y r tim  (ro o ts) 

desp ite  in  th e  p resen ce  o f e lec tro n -o p aq u e  deposits a n d  m alfo rm ations 

at acid ic  pH. T hey  h y p o th es ized  th a t th e  in c rease  w as m an ifes ta tio n  

tha t a defense  m ech an ism  h a d  b een  activa ted  an d  th a t th e  m echan ism  

fo r p ro d u c in g  ce ll w a ll m ateria ls  h a d  n o t b e e n  se rio u sly  affected  by 

the  m etaL Such m echan ism s cou ld  account fo r th e  increase  in  cell w all 

vo lum e in  A. do lio lum . C onversely , th e  d ecrease  in  ce ll w all vo lum e 

o b se rv ed  in  S. le o p o lie n s is  ag rees w ith  th e  re sp o n se  o f  C b a r a  to 

a lu m in u m  at pH 4.4 (Reid e t aL , 1995). Reid e t al. (1995) re p o r t  th a t 

a lum inum  appears to  d isru p t n o rm a l cell w a ll g row th  in  tw o ways: (i)

1 4 8
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by re d u c in g  th e  calcium  c o n c e n tra tio n  to a level below  w h ic h  cross- 

link ing  o f  pectic  residues c a n n o t o ccu r an d  (ii)  by c ro ss-lin k in g  w ith  

cell w all co m p o n en ts  an d  a lte ring  th e  structure.

T h e  n a tu re  o f  th e  c y a n o b a c te ria l p o ly h e d ra l  b o d v  is c learly  

defined . T his v e ry  p ro m in e n t a n d  angu lar body, f irs t d e sc rib e d  b y  

J e n s e n  a n d  B ow en (1961), h a s  as its m a in  c o n s titu e n t  5 to 15 

p o ly p e p tid e s  o f  r ib u lo s e  1 ,5 -b ip h o s p h a te  c a rb o x y la s e /o x y g e n a se  

(RuBisCo). This h igh ly  ab u n d an t p ro te in  is docum en ted  as th e  enzym e 

w h ic h  ca ta ly zes  c a rb o n  f ix a tio n . J e n se n  (1990, 1994), h o w ev er, 

questions th a t function  w ith in  p o lyhed ra l bodies since th e y  te n d  no t to  

be loca ted  n e a r  thylakoids. He m o re  readily  accepts a s to rag e  function  

because th e y  have been  o b se rv ed  in  n o n -p h o to sy n th e tic  spo res . If 

there  is n o  p h o to sy n th e tic  ro le, th e  sign ifican t decrease in  th e  volum e 

as w ell as th e  n u m b er o f p o ly h ed ra l bodies in  A. dolio lum  a t th e  acidic 

and  a lk a lin e  pH levels could  be re la te d  to th e  capacity  o f  a lum inum  to 

b in d  to  e sse n tia l cellu la r c o n s titu en ts  (M allick an d  Ria, 1993), in  th is  

case  th e  s to re d  RuBisCo. If, o n  th e  o th e r  h a n d , s ig n if ic a n t  

p h o to s y n th e s is  is c o n d u c te d  w ith in  th e  p o ly h e d ra l  b o dy , th e  

s tru c tu ra l a n d  n u m b er changes m ig h t ind icate  d isp lacem en t o f  enough  

m agnesium  o r  iro n  to affect ch lo ro p h y ll c o n te n t and, in  d o in g  so, a lte r 

p h o to sy n th e tic  productiv ity . Q uite th e  o p p o site  o b se rv a tio n  has been  

re p o r te d  fo r  S c e n e d e s tn u s  o b tu s iu s c u lu s  in  w h ich  th e  iro n  a n d  

m ag n esiu m  c o n ce n tra tio n s  in c re ased  u p o n  ex p o su re  to  a lu m in u m  at 

acid ic  pH  (G reger et aL, 1992). This in c re a se  in  th e  n u m b e r o f  

p o ly h ed ra l bodies w as o b se rv ed  in  5. leopo liensis . T he d ifference  is 

tha t Scenedesnm s o b tu siu scu lu s  cells w ere p h o sp h o ru s  en h an ced .
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A lum inum 's a ffin ity  fo r  p h o sp h o ru s  is r e p o r te d  to  re s u lt  in  

p h o sp h o ru s  defic iency  (T o rn q v is t, 1988; G reger e t a l., 1992). In  the  

c u rre n t  study, how ever, A. d o lio lu m  sh o w ed  s ig n ifican t in c reases  in  

vo lum e an d  n u m b er o f  p o ly p h o sp h a te  b o d ies  at th e  acidic pH a n d  an 

in c re a se  in  th e  n u m b er o f  th e se  inc lu sions a t th e  a lk a lin e  pH. This 

re sp o n se  m ight indicate e ith e r  som e level o f  a lum inum  to le ran ce  o r  the  

in te rv en tio n  o f  a n  am elio ra tin g  agent. Exley et a l  ( 1 9 9 3 ) fo u n d  th a t 

a lu m in u m  toxicity  in  th e  fre sh w a te r d iatom , N avicu la  p e llic u lo sa , was 

a m e lio ra te d  by  silicon  w h ic h  re d u c e d  th e  m etal's  c o m p e titio n  w ith  

p h o s p h o ru s .

B ax te r a n d  J e n s e n  (1 9 8 6 ) o b se rv e d  th a t  w h e n  p la c e d  in  

p h o sp h o ru s -r ic h  m edium , p h o sp h o ru s -s ta rv e d  cells o f  P le c to n e m a  

b o r y a n u m  accum ula ted  in  1 m in u te  th e  a m o u n t o f  p h o s p h o ru s  

re c o rd e d  in  c o n tro l cells a fte r  14 days o f  g row th . This a ffin ity  fo r 

p h o sp h o ru s  is fu rth e r  d e m o n s tra te d  by  A. cylindrica  w h ic h  reco v ered  

w h e n  p la c e d  in  p h o s p h o r u s - r ic h  m ed iu m  a f te r  e x p e r ie n c in g  

p h o sp h o ru s  d ep le tio n  induced  b y  a lum inum  (P e tte rsso n , 1989). The 

u p tak e  o f  sufficient p h o sp h h o ru s  to  overcom e a lum inum  is th o u g h t to 

re su lt fro m  facilita tion  by a c a r r ie r  w h ic h  is activated by  calc ium  an d  

m agnesium . T hese ions a re  k n o w n  to  b in d  m e ta l ca tio n s . The 

s tru c tu ra l tran sla tio n  o f  th is  m ech an ism  is th e  p o ly p h o sp h a te  body , a 

ce llu la r inclusion  w h ich  w as f irs t described  by B ringm ann  ( 1 9 5 2 ) and  

th o ro u g h ly  investiga ted  b y  J e n s e n  (1968, 1969). T he p re se n c e  o f 

p h o sp h o ru s , calcium  and  m ag n esiu m  w ith in  these  bodies a long  w ith  

th e ir  increase  in  num ber an d  m ass u p o n  th e  cell's e x p o su re  to heavy 

m etals strong ly  su p p o rt a ro le  in  m eta l de tox ifica tion . J e n se n  e t al. 

( 1 9 8 2 ) reach ed  th is  co n c lu sio n  a fte r d e te rm in in g  th a t  m etals w ere
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sequestered  in  g re a te r  con cen tra tio n s in  p o ly p h o sp h a te  bodies th a n  in 

cell sec to rs  w h ic h  d id  n o t  co n ta in  th ese  e lec tro n -d en se  bodies. A. 

d o l io lu m  in  th is  s tu d y  a p p ea rs  to  have o v e rco m e  th e  p h o sp h a te - 

b in d in g  o r  p h o sp h a te -d e p le tin g  cap ac ity  o f  a lu m in u m . T he d ras tic  

reduc tion  in  p o ly p h o sp h a te  body vo lum e o b se rv ed  in  tre a te d  cells o f

S. leopo liensis  a t th e  acidic pH  im plies failu re  o f  these  cells to increase 

th e ir  p h o sp h o ru s  u p tak e .

T he re s p o n s e  o f  c v a n o p h y c in  g r a n u le s  o f  A. d o lio lu m  to 

a lu m in u m  a t th e  ac id ic  pH  agrees s tro n g ly  w ith  the  in v e rse  o f  the  

observa tion  th a t c y a n o p h y c in  g ranu le  p o ly p ep tid e  (CGP) accum ulates 

w ith  p h o sp h o ru s  d e fic ie n cy  (P e tte rsso n , 1989) a n d  n itro g e n  excess 

(Allen, 1984). T he im m en se  increase  in  th e  n u m b e r a n d  vo lum e o f 

p o ly p h o s p h a te  b o d ie s  is r e p o r te d ly  th e  r e s u l t  o f  a c c e le ra te d  

p h o sp h o ru s  u p ta k e  (see  above); th is  c o n d itio n , q u ite  reaso n ab ly , 

should  th e n  lim it th e  accum ulation  o f  cyanophyc in  granu le  po lypeptide  

in to  th e  ch a rac te ris tic  s tru c tu red  granu les. T hese  som ew hat sp h erica l 

bodies, th o u g h t to  b e  u n iq u e  to  c y a n o b a c te r ia  (A llen, 1984) are  

described  as co -p o ly m ers  o f  L-arginyl a n d  L -aspartic acid  in  a 50:50 

ratio  an d  as n itro g e n  sto rage  units (Jensen , 1993). If w e c o n s id e r the 

su g g e s tio n  b y  S te v en s  e t aL (1981) th a t  a) c y a n o p h y c in  is 

syn thesized  fro m  in te rn a l  conversion  o f  ce llu la r p ro te in , a n d  b) that 

this co nversion  is accom pan ied  by a decrease  in  cellu lar n itro g e n  w ith  

p h o sp h o ru s  re d u c tio n , th e  second  re q u ire m e n t (excess n itro g e n ) for 

sy n th esis  o f  c y a n o p h y c in  g ranu les  is sa tisfied . In  th e  case o f  A. 

d o l i o l u m , a p p a r e n t ly  th e  p re p o n d e ra n c e  o f  p h o s p h o ru s  was 

accom panied  by  lim ite d  n itro g en  accum ulation  an d  the  c o n v ers io n  of 

cellular p ro te in s  in to  cyanophycin .
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T he lip id  in c lu s io n s  o f  th e  cyanobacteria  a re  re p o r te d  to  be o f 

th e  sam e n a tu re  as th o se  o f  th e  eukaryo tic  c h lo ro p la s t (Jensen , 1993). 

T he m eta l b in d in g  capacity  o f  algal lip ids (R ai e t aL, 1981; Rai an d  

R aizada, 1987) c o u ld  a c c o u n t fo r  th e  n o ta b le  d e c re a se  in  these  

in c lu sio n s am ong  A. do lio lum  cells exposed  to  th e  m eta l a t th e  acidic 

pH. The response  o f  th e  cells in  th e  alkaline range, how ever, po in ts to 

a d e fen se  o r  d e to x if ic a tio n  m ech an ism . A ccord ing  to  W olk (1973) 

su lfo q u in iv o sd y l d ig ly cerid e , a  p re d o m in a n t c c y a n o b a c te r ia l lip id , 

dem onstra tes an  affin ity  fo r su lfu r-b ind ing  cations. If  su ch  a cond ition  

prevails w ith  A. dolio lum  an d  a lum inum , the  increase  in  th e  n u m b er o f 

lip id  in c lu sio n s a t pH  9.0 m ay  ind icate  ye t a n o th e r  m ean s th ro u g h  

w h ich  p rokaryo tic  a n d  eukaryo tic  cells cope w ith  en v iro n m en ta l flux.

S ignificant changes in  th e  th v lako ida l surface  a rea  m ust be 

an a ly zed  w ith  re sp e c t to ch an g e s  in  m em b ran e  in teg rity  as w ell as 

(ce llu la r) e n v iro n m e n ta l affects o n  th e  effic iency  o f  p h o to sy n th es is . 

The d eg rad a tio n  o f  th y lak o id a l su rface  a rea  in  5. leo p o lien s is  at the  

acidic pH  indicates n o t on ly  a lu m in u m  uptake, b u t also in tra thy lako ida l 

d e p o s itio n . T he c h an g e  in  th y la k o id a l m e m b ra n e  in te g r ity  can  be 

a ttr ib u te d  to lip id  p h ase  ch an g es induced  b y  a lu m in u m  (P e tte rsso n , 

1989), w hile  th e  la tte r c o n te n tio n  is su p p o rted  by  cellu lar red u c tio n  o r 

d ep le tio n  o f c a rb o n  d iox ide  w h ic h  deprives cells o f  c h lo ro p h y ll a; the 

absence  j f  c h lo ro p h y ll  a re su lts  in  th e  loss o f  th y lak o id s (Jensen , 

1993). One o f  th e  few  sign ifican t changes to occu r a t th e  n e u tra l pH is 

th e  in c rease  in  in tra th y la k o id a l  sp a ce  ob se rv ed  in  S. le o p o lie n s is . 

This observation  m akes th e  in c rease  in  thy lako idal surface a re a  at pH 

9 .0  ap p ea r to be a c o m p en sa tio n  to  accom m odate  th e  co m b in a tio n  o f 

a lum inum  an d  th e  a lkaline  e n v iro n m en t. T he sign ifican t in crease  in
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in tra thy lako ida l space am o n g  A. doliolum  cells exposed  to  th e  m etal a t 

th e  acid ic  pH  does n o t  a g re e  w ith  th e  a b sen c e  o f  v a r ia tio n  in  

thylakoidal surface a rea  in  th e  sam e cells.

Cellular Inco rp o ra tio n  o f  A lum inum

The m an y  ch an g es o b se rv e d  in  to ta l ce ll vo lum e a n d  ce llu la r 

inclusions am ong A. do lio lum  a n d  S. leopoliensis  c o n firm  th e  e n try  o f 

a lum inum  in to  th e  cells a t a ll pH  levels tested . E nergy d isp e rsiv e  x- 

ray  m icroanalysis (EDX) in  th e  c u rre n t study  w as u se d  to  d e te rm in e  

up take  a n d  localization  o f  a lu m in u m  in  a ir-d ried  cells to  d e te rm in e  if 

c e r ta in  c e llu la r  s e c to rs , p a r t ic u la r ly  c e ll w all, c y to p la s m  a n d  

po lyphosphate  bodies, w ere  targeted. The co n cen tra tio n s o f  a lum inum  

w ere  low  CO.037 mM, 0.185 mM and  0.370 mM), b u t  e v en  low 

c o n c e n tra tio n s  a re  s ig n if ic a n t if  th ey  p ro v id e  so m e in s ig h t  in to  

th re s h o ld  c o n c e n tra tio n s  a n d  w h e n  they  a llow  so m e  c o m p a riso n  

betw een trea ted  and  u n tre a te d  cells.

Analysis o f  sp e c tra  fo r cell wall, cy toplasm , an d  p o ly p h o sp h a te  

bodies in  u n trea ted  cells o f  A. do lio lum  and  S. le o p o lie n s is  com pare  

favorably w ith  respec t to  m agnesium  (Mg), su lfu r (S), p h o sp h o ru s  (P), 

c h lo r in e  (Cl), p o ta ss iu m  (K ), a n d  calcium  (Ca). T h is e le m e n ta l 

c o m p o s itio n  a long  w ith  e n h a n c e m e n t o f  th e  p h o s p h o ru s  p eak  in  

e lec tro n  d en se  bodies (v isib le  even  w ith in  a ir-d ried  ce lls ) iden tifies 

them  as th e  p o ly p h o sp h a te  bodies found am ong cy an o b ac te ria  (Jensen 

e t a l., 1977; Je n se n  e t a l., 1982; R achlin et a l., 1984; J e n s e n , 1993; 

Jen sen  an d  Corpe, 1994).
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Cells exposed  to  the  low est c o n cen tra tio n  o f  alum inum , 0.037 mM, 

d id  n o t  g enera te  a n  a lum inum  peak . H ow ever, the  in ten sifica tio n  o f  

p o ly p h o sp h a te  body  spec tra , p a rtic u la rly  th e  p h so p h o ru s  peak, o f  

b o th  species ind icates a change in  the  co m p o s itio n  o f  th is  inclusion . 

T he p o ly p h o sp h a te  bod ies o f  A. d o lio lu m  a n d  S. le o p o lie n s is  thus 

a p p e a r  to  localize m etals as do  th o se  re p o r te d  fo r o th e r  species 

(Je n se n  e t a l ., 1982; 1986; B axter a n d  Je n se n , 1980; P e tte rsso n  e t aL , 

1985a). The change in  cell w all a n d  cytoplasm ic elem ental com position  

in d u ced  by  a lum inum  in  5. leo p o lien sis  w as negligible, bu t th e  slight 

c h a n g e  w ith in  th e  c y to p la sm  o f  A. d o lio lu m  c o u ld  in d ic a te  

seq u es tra tio n  o f  a lum inum  w ith in  som e ce llu la r sector w h ich  w as no t 

visib le  in  cells p rep a red  as these  w ere. A bsence o f the  m etal from  th e  

cell w all does n o t agree w ith  th e  resp o n se  o f  A. cylindrica  (P e tte rsson , 

1 9 8 5 b) to  a com parab le  concen tra tion .

The spectra  o f  p o ly p h o sp h a te  bodies exp o sed  to 0.185 alum inum  

re p e a t  th e  p ro m in e n t  p h o s p h o ru s  p e a k  o f  cells a t th e  m idd le  

c o n c e n tra t io n . S. le o p o lie n s is  o c ca s io n a lly  p ro d u c e d  a s tro n g  

m ag n e s iu m  peak  w h ic h  m ig h t in d ic a te  th a t  th e  in te g r ity  o f  th e  

p o ly p h o sp h a te  body is re ta ined  a t th is concen tra tion .

A. do lio lum  e x p o sed  to  0.370 mM a lu m in u m  show ed  a loss o f  

m ag n es iu m  from  th e  cy to p lasm  a n d  p o ly p h o sp h a te  b od ies  an d  o f  

p o tass iu m  from  th e  cell wall. T his b eh av io r is docum en ted  to resu lt 

fro m  a m etal-induced  change in  m em b ran e  perm eab ility  a llow ing th e  

loss o f  ce rta in  ions from  the  cell (B axter a n d  Jensen , 1980; Rai et a l ., 

1990; J e n s e n  et a l.,  1982). B o th  sp e c ie s  re ta in e d  th e  s tro n g  

p h o sp h o ru s  peak  fo r  p o ly p h o sp h a te  bod ies a t th is  c o n cen tra tio n , a 

re s p o n se  th a t su p p o r ts  th e  d e to x if ic a tio n  ro le  p ro p o se d  fo r th is
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inclusion . The p resence  o f  a lum inum  cou ld  n o t be co n firm ed  in  e ith e r  

sp e c ie s .

The Effect o f  pH o n  U ltrastruc tu re

T he in fluence  o f  pH  a p p e a rs  to  b e  g rea te r o n  S. le o p o lie n s is  

w h e re  th e  n u m b er o f  cellu lar inc lu sions th a t was sign ifican tly  affected  

was th e  sam e as th o se  changed  b y  th e  in te rac tio n  o f a lum inum  a n d  pH. 

The in fluence  w as less p ro n o u n ce d  in  A. do lio lum . I t sh o u ld  be n o te d  

th a t S. leopoliensis  was exposed  to  a low er co n cen tra tio n  o f a lum inum . 

T hese resu lts , th en , cou ld  in d ica te  th a t th is  species is m ore  sensitive  

to  th e  in te rac tion  o f  pH and  alum inum .
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APPENDICES

A ppend ix  A

C om position  o f  C u ltu re  M edium -M odified F itzgerald  (F itzgerald  e t aL , 

1952)

m g/liter

NaNOj 124

K2H P 0 4 • 3H20  13

MgS04 • 7H20  25

CaCl2 • 2H20  36

Na2C 0 3 20

Na2S i0 3 • 9H20  58

Ferric  Citrate 3

Citric Acid 3

G affron's m in o r e lem en t solution- 0.04 ml.

pH is ad justed  to  7.2 b y  adding  1 N HCL o r  1 N NaOH

G affron 's so lu tion :

g /lite r

H 3B 0 3 3.10

MgS04 • 4H20  2.23

Z nS04 • 7H20  0.287

(NH4)6M o7024 • 4H20  0.088

CuS04 • 5H20  0.125

Co(N03) 2 • 6H20  0.146

A12(S04)3KS04 • 24H20  0.474

NiS04(NH4)S 0 4 • 24H20  0.474
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Cd(N 03) 2 * 4H20  0.154

C r(N 03) 3 • 7H20  0.037

V20 4(S 0 4) 3 • l6 H 20  0.035

Na2W 04 • 24H20  0.033

KBr 0.119

KI 0.083

A ppend ix  B

F ixation  o f  ex p erim en ta l sam ples.

A: P re p a ra tio n  o f so lu tions:

1. Stock M ichaelis Buffer:

a. Weight: 1.94 g sod ium  acetate (NaC2H302  • 3H20 )

2.94 g sod ium  barb ita l 

3.40 g sod ium  ch lo ride

b. Add w ater to  (a) to  rea ch  100 m l an d  dissolve the

chem icals, th en  s to re  th e  buffer in  a refrigera to r.

2. O sm ium  Tetraoxide:

A stock  so lu tio n  o f  2% O s0 4  w as m ade by d isso lv ing  1 g o f 

o sm ium  te trao x id e  in  50 m l o f  d istilled  w ater. The so lu tio n  

w as s to red  in  a Pyrex  glass s to p p e red  bottle, w h ich  w as then  

p laced  in  a t in  can, an d  s to red  in  a refrigera to r.

3. 1% Bacto-tryptone:

1 g o f  Difco bac to -try p to n e  an d  0.5 g NaCl w ere  d isso lved  in 

100 m l d is tilled  w a ter. T he so lu tio n  w as p laced  in  sm all 

c losed  vials a n d  s to red  frozen . The con ten ts o f  the  vials w ere 

thaw ed  and  m ixed  th o ro u g h ly  before  use.
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B. F ix ing  P rocedu re  o f  M odified  K ellenberger e t a l , 1958; P an k ra tz  

an d  Bowen, 1963):

1. P rep ara tio n  o f  so lu tions:

a. 5 nil Stock M ichaelis Buffer,

7 m l 0.1 N HC1,

13  m l d istilled  w ater,

0.25 m l 1.0 M CaCl2;

th en  adjust th e  so lu tion  to  pH  6.1 o r 6.2.

b. Dilute so lu tion  (a) w ith  an  equal am ount (1:1) o f 2%

OSO4 th e n  add  0 .1  m l 1% bacto-tryp tone p e r  mL

2. Fix sam ples in  so lu tion  (b ) for 3 hours at ro o m  tem pera tu re .

A ppendix  C

Em bedding w ith  E pon 812 (Luft, 1961)

A: p rep a ra tio n  o f Epon:

1. M ixture A:

62 m l E pon 812,

100 m l DDSA (D odeny l Succinic A nhydride).

2. M ixture B:

100 m l E pon 812,

89 m l NMA (Nadic M ethyl A nhydride).

M ixture A and  m ix ture  B w ere  refrigerated , and  b ro u g h t to ro o m  

tem pera tu re  before  o p en in g  to  avoid  w ater condensation .

3. E pon  m ix ture  for em bedm ent: 1 p a rt m ix tu re  A, a n d  2 parts m ix tu re  

B w ere  m ixed  in  a d isposable p lastic  beaker, and  0.2 m l o f  DMP-30 w as 

added p e r  10 m l o f the  E pon m ix ture. It is im portan t th a t all
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co m p o n e n ts  a re  th o ro u g h ly  m ix ed  so  th a t  n o  "streaks" a re  v isib le. 

E pon m ix tu re  sh o u ld  be fresh ly  m ade befo re  em bedding .

B: D ehydration  a n d  em bedd ing  o f  fix ed  sam ples:

5 0 % eth an o l 5 -1 0  m in

7 5 % e th an o l 5 -1 0  m in

9 5 % e th an o l 5 -1 0  m in

1 0 0 % e th an o l 5 -1 0  m in

1 0 0 % eth an o l 5 -1 0  m in

p ro p y len e  ox ide  5 -1 0  m in

p ro p y len e  ox ide  5 -1 0  m in

p ro p y len e  ox ide  5 -1 0  m in

3 p ro p y len e  ox ide : 1 E pon  15 m in

1 p ro p y len e  ox ide  : 1 E p o n  30 m in

1 p ro p y len e  ox ide  : 3 E pon  60 m in

T ransfer th e  sam ple in to  capsules th e n  fill w ith  pure  Epon. 

Polym erize th e  Epon by leaving capsu les at:

ro o m  tem pera tu re  o v ern ig h t

35* C oven  8-24 hours

45* C oven  8-24 hours

60* C oven 8-24 hours

A ppendix  D

Uranyl acetate-m ethanol sta in  (S tem pak a n d  Ward, 1964).

A: P re p a ra tio n  o f  th e  so lu tio n : 15 g h y d ra te d  u ra n y l ace ta te

( U 0 2(C H 3 C 0 0 )2  • 2H20 )  w ere  d isso lv e d  in  50 m l o f  ace tone-free  

absolute m eth an o l w ith  a m agnetic s tirre r . The so lu tio n  was th e n
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s to re d  in  a Pyrex g lass-stoppered  b o ttle  at 4’C.

B: S taining: G rids w ere  im m ersed  in  w ells o f  a p o rce la in  sta in in g  d ish , 

sec tio n  side  up, fo r 10 m inu tes at ro o m  tem p era tu re . The w ells w ere  

covered  du ring  th is  p e riod  to  p rev en t ev ap o ra tio n  o f  th e  m ethano l.

C: W ashing: T he grids w e re  th e n  r in s e d  w ith  ab so lu te  m e th an o l,

e th an o l, an d  w ater as listed below:

1. Absolute m eth an o l 2 - 3  dips

2. Absolute m eth an o l 10 - 20 d ips

3 . 1 0 0 % e th a n o l 2 5  d ips

4. 80% e th a n o l 5 0  d ip s

5 - 50% e th a n o l 5 0  d ips

6 . d istilled  H 2O 5 0  d ips
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