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Abs t ract

Resea rch  oppo r tun i t i es  f o r  o rgan l c  chemica l s  f r om the  sea
can  be  d t v tded  i n to  t h ree  c l asses :  nea r - t e rm  (1ess  t han  5  y r s
to  f r u i t l on ) ,  mo re  d i s tan t ,  and  ve ry  specu la t i ve ,  l ong - te rm
oppo r tun i t l es .  Th l s  pape r  desc r l bes  some  o f  t hese  oppo r tun i t i es
and  g i ves  t he  au tho rs r  v i ew  on  t he i r  poss lb i l i t i e s  f o r  success .
Near- tern pro jects  might  inc lude development  o f  by-products  f rorn
the  f i sh  and  mac roa lgae  i ndus t r l es ,  p rocess  imp rovemen ts ,  deve l -
opment  o f  new mater ia ls  for  aquacul ture ,  and the development  o f
new products  such as unusual  sugars ,  po lysacchar ides,  caroten-
o ids ,  and  a1ga l  l l p t ds .  More  d i s tan t  oppo r tun i t i es  cou ld
inc lude energy farn lng,  pharnaceut ica ls ,  po lysacchar ides to  be
used  fo r  o11  p roduc t i on  and  t r anspo r t ,  chem ica l s  t o  con t ro l
fou l lng,  and agr icu l tura l  chemlst ry  for  mar ine systems.  Long-
term oppor tun i t les  are more specula t ive and inc lude Lncreased
explo i ta t lon o f  mar ine organisms as represent ing a  t remendous
untapped gene pool ,  usLng or  mlmick ing the ab i l l ty  o f  many
mar lne organlsms to  se lect ive ly  ext ract  usefu l  e lements  f ron
seawa te r ,  us lng  bacEer l a  f r om r l f t  geo the rma l  sou rces  t o  u t i l l ze
H2S ,  exp lo i t i ng  un lque  a lga l  pho tosyn the t i c  sys tems ,  and
cont ro l l lng the movements  o f  mar ine an imals  dur ing harvest ing by
us ing pheromones and communicat ion systems.

This  conference has summar ized some of  the ln terest ing
cha rac te r i s t l c s  o f  mar i ne  o rgan i sms  as  sou rces  o f  f ood  and
chernLcals .  The predomlnate po in t  o f  v lew has been that  o f
enthus lasts  who are knowledgeable  in  mar ine b lo logy.  Th is  paper
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w i l I  cover  some mater ia l  which has been Presented prev ious ly '

I t  d i f f e r s  f r om p rev ious  p resen ta t i ons  i n  s ta r t i ng  f r om a

ehemis t t s  pe rspec t i ve .  The  au tho rs  w i sh ,  l n  pa r t i cu la r ,  t o

l n j ec t  seve ra l  p rac t i ca l  ques t l ons  i n to  t hese  d i scuss ions :

(1)  What  products  whlch n ight  be obta ined f rom mar ine

sources are actua l ly  needed,  and at  what  pr ice can one

af ford to  make them?
(2)  Can mar ine b io technology compete wl th  more convent lona l

areas of  b lo technology for  increas ing ly  scarce research

funds? For  example,  i t  appears  l lke ly  that '  g iven

su f f i c i en t  t lme  and  e f f o r t ,  gene t l c  eng lnee r i ng  o f  a l gae

cou ld  become  a  rea l i t y .  I t  i s  even  poss ib l e  t ha t
genet ica l ly  engineered a lgae could  be found which would

f l ou r i sh  i n  t he  w i l d .  A re  t he  bes t  oppo r tun i t i es  f o r

resea rch  i n  b i o techno logy  t o  be  f ound  i n  a l gae ,  o r  i n

work ing wi th  indust r ia l ly  usefu l  organisms such as the

yeas t  i accha romyces  o r  t he  bac te r i um Bac i l l . ug  sub t i l i s?

(3)  What  wf f iE t t re  re .sponse of  the chemica l  lndust ry  to

i n i t i a t l ves  f r om w i t h i n  mar i ne  b lo l ogy?  Fo r  examp le ,  i f

a  good  new  m ic roa lgae  sou rce  f o r  B -ca ro tene  we re  f ound ,

could  the market  absorb the addt t iona l  product  or  would

the  cu r ren t  chem ica l  p roduce rs  o f  t h i s  subs tance  l ower

the i r  pr ices and undercut  the new technology?

(4 )  W111  b io techno logy  c rea te  new  p roduc t s  and  new  marke t s?

I f  app l i ed  b lo l ogy  we re  mere l y  t o  l owe r  t he  p r i ce

s l i gh t l y  and  nake  s l i gh t l y  more  ava i l ab le  ma te r i a l s  t ha t

are a l ready be ing made in  o ther  r^ rays '  the actua l

con t r i bu t i on  t o  t he  economy  wou ld  no t  be  l a rge '

Th is  paper  wi l l  p resent  a  f ramework for  cons iderat ion o f

t hese  ques t l ons ,  beg inn ing  w i t h  an  ove rv l ew  o f  p resen t  p roduc t s

and the economic const ra ln ts  which apply  to  them'  Poss lb le

a reas  o f  oppo r tun i t y  i n  commod i t y '  spec ia l t y ,  and  pha rmaceu t i c

chenica ls  wi l l  be exp lored.  The paper  wi l l  conc lude by suggest -

ing some wor thwhi le  ro les that  modern b io logy and b lo technology

cou ld  p l ay  i n  t h l s  a rea .
The  poss ib l e  ro l es  o f  mar i ne  p roduc t s  and  mar i ne  b io techno l -

o g y c a n b e e x p l o r e d b y b e g i n n i n g w l t h b a s i c s o c i e t a l n e e d s
(F igure 1) .  Wtut  rea l ly  cou ld  make a d i f ference in  the way the

wor ld  runs? Mar ine b io technology may make i ts  greatest  cont r ibu-

t i on  t o  t he  p roduc t i on  o f  b i omass ,  wh i ch  cou ld  be  used  as  a

feeds tock  f o r  chem ica l s ,  chem ica l  i nge rmed la tes ,  f ue l s ,  o r  a

comb lna t l on  o f  t hese .  The re  a re ,  o f  cou rse ,  a l r eady  ve ry

we l l - deve loped  te r res t r i a l  sou rces  o f  b i omass .  None the less '

t he re  i s  a  l a rge  commerc ia l  oppo r tun i t y  l n  t h l s  a rea  wh i ch  has

so  f a r  no t  ma te r l a l l zed  ou t s i de  o f  f oOd  p roduc t i on .

Current  Product ion o f  Chemica ls  f rom Mar ine  Sou rces
ia l  ma r i ne  P roduc t s

now produced,  cons idered as organic  chemica ls '  The nost

lmpo r tan t  p roduc t  1s  c l ea r l y  f ood ,  i . e .  e  p ro te ins '  A lga l
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F lgu re  1 .  Bas i c  soc le ta l  needs

Presen t  p roduc t s  cons ide red  as  o rgan i c  chemica l sTab le  I .

F o o d  ( f i n f l s h ,  s h e l l f i s h  =

p ro te in ;  an ino  ac ids )

A lga1  po l ysaccha r l des  (a l g i n ,
ca r rageenan ,  aga r )

F i s h  o i l s  ( f a t t y  a c i d s )

Ethy lene

Glucose

.Quant i t y  ( lb )  Pr ice  (  $ /1b)

" "  1 9 1 1  >  o . z 5

^ , 1 0 8  3  -  7

t u  106 t u  . 1 3 5  -  . 1 5

0 . 2 5

0 . 1 5

(P r i ces  f r om Chemlca l  Marke t i ng  Repo r te r )

po l ysaccha r i des  (phycoco l l o i ds )  a re  l n te res t i ng  and  o f
s i gn i f i can t l y  h i ghe r  pe r  we igh t  va lue .  F i sh  o i l s  ( 13  t o  L4
cen ts  pe r  pound ) ,  wh i ch  nay  p resen t l y  be  cons ide red  as  a  by -
p roduc t  o f  t he  f  l sh  mea l  i ndus t r y ,  a re  l ess  impo r tan t  and  a re
one  o f  t he  l eas t  va luab le  o i 1  p roduc t s  ( conpa re  soybean  o i l  a t
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18  t o  20  cen ts  pe r  pound  o r  peanu t  o i l  a t  25  cen ts  pe r  pound ;
pr ices f rom Chemica l  Market ing Repor ter ,  November  15,  L982) .  I t

i s  i n te res t i ng  t o  compare  t hese  f i gu res  w i t h  t hose  f o r  two
typ i ca l ,  h i gh -vo lume  o rgan l c  chemica l s ,  e thy lene  and  g lucose .
On a weight  bas is ,  pr ices are roughly  comparable  for  e thy lene
and  fo r  f i sh  (as  f ood ) .  The  p r i ce  f o r  e thy lene  l s  dep ressed
no\ i l ;  a  more rea l is t ic  pr ice might  be 28 to  29 cenLs per  pound;
l l kew ise  a  rea l  p r i ce  f o r  f ood  m igh t  be  abou t  30  cen ts  pe r
pound .  An  Lmpor tan t  c r i t e r i on  f o r  chem ica l s  i s  t he  p r i ce  pe r
we igh t  o f  f i xed  ca rbon .  0n  t h l s  bas i s  e thy lene  i s  abou t  ha l f  as

expens i ve  as  f l sh .
By  con t ras t ,  cons ide r  g l ucose ,  wh i ch  i s  p r i nc i pa l l y  p roduced

f rom co rn .  Co rn -de r i ved  g lucose  cou ld  be  cons ide red  as  a
ma te r i a l  compe t i t l ve  w i t h  mar i ne  b iomass  as  chemica l  f eeds tock
a t  t he  cu r ren t  p r i ce  o f  15  cen ts  pe r  pound .  No te  t ha t  g l ucose
l s  a lmos t  as  cheap  as  e thy lene  on  t he  bas i s  o f  p r i ce  pe r  un i t  o f
ca rbon .  None the less ,  w i t h  t he  poss lb l e  excep t i on  o f  i somer l za -
t i on  t o  f r uc tose  f o r  h i gh - f r uc tose  sy rups ,  g l ucose  has  no t  made
any s ign i f icant  impact  on the commodi ty  chemlca l  indust ry .

Mar lne Blomass
l l a r i ne  p roauc t i on  o f  b i omass  has  qua l i t a t l ve  cha rac te r i s t i c s

wh l ch  d i f f e r  f r o rn  t hose  o f  con t l nen ta l  b l omass  p roduc t i on .
Advan tages  o f  a l gae  b iomass  p roduc t i on  i nc l ude  t he  absence  o f
wa te r  l lm i t a t i on ,  p l en t i f u l  sun l i gh t ,  and  pe rhaps  mos t  impo r -
t an t l y ,  t he  f ac t  t ha t  t he  l and  a rea  used  t o  p roduce  a lgae  wou ld
no t  be  needed  fo r  o the r  uses .  Advan tages  o f  a l gae  b iomass
p roduc t l on  have  been  rev lewed  by  Go ldnan  e t  a l .  ( 1975 ) ,  She le f

a n d  S o e d e r  ( 1 9 8 0 ) ,  N o r t h  e t  a l .  ( 1 9 8 f ) ,  B e n e m a n n  e t  a l .  ( L 9 7 9 )  ,
Ande rson ,  and  R l chmond  and  P re i ss  (1980 ) .  I t  m lgh t  be  econom-
i c a l l y  f e a s t b l e ,  b u t  l t  l s  n o t  g o i n g  t o  b e  p o l l t i c a l l y  r e a l i s t i c
t o  use  l a rge  a reas  o f  ag r l cu l t u ra l  l and  t o  g row  c rops  t o  be  used
as  chemlca l  f eeds tocks  ra the r  t han  f ood  wh i l e  t he re  i s  s ta r va -
t i on  l n  t he  wo r l d .  A  se r l ous  p rob lem fo r  mar i ne  b ionass  p roduc -
t i on  1s  nu t r i en t  ava i l ab i l i t y .  The re  a re  many  poss lb l e  so lu -
t i ons ,  i nc l ud ing  g row ing  a lgae  i n  a reas  o f  na tu ra l  upwe1 l l ng  o r
us tng  sewage  o r  r uno f f l  t he  t echn i ca l  de ta i l s  o f  so lu t i ons
rema in ,  none the less ,  t o  be  wo rked  ou t .  Ano the r  d i f f l cu l t y  i s
t he  na tu re  o f  p roduc t  ha rves t i ng .  I n  t he  case  o f  mac roa lgae ,
ha rves t i ng  t echno logy  i s  we l l  wo rked  ou t  f o r  w l l d  s t r a l ns l
however ,  the engineer tng of  subst ra tes to  lmmobi l ize  the sea-
weeds  and  p ro tec t  t hem f rom s tonn  and  wave  ac t i on  i s  no t  sa t i s -
f ac to r y  and  t h i s  l ack  p rosc r i bes  open  ocean  fa rm ing .  Fo r  t he
n l c roa lgae ,  l ow  cos t  ha rves t i ng  t echn iques  need  to  be  deve loped
because  t he  p roduc t  i s  ve ry  d i l u te .  A  t yp i ca l  phy top lank ton
cu l t u re  reaches  a  concen t ra t i on  o f  a  f ew  hund red  m i l l i g rams  o f
c e l l s  p e r  l i t e r ;  b y  c o n t r a s t ,  f e r m e n t a t i o n s  o f  b a c t e r i a  m a y
reach  100 -200  g rams  pe r  l i t e r .  0 f  cou rse ,  sun l l gh t  i s  f r ee ,  bu t

we  se r i ous l y  ques t i on  whe the r  i t  m igh t  no t  be  more  p rac t i ca l  t o
g row  co rn  o r  t r ees  as  f eeds tocks  f o r  f e rmen ta t i ons  t o  p roduce

chemica ls  than to  grow a lgae.
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Mar ine  and  con t i nen ta l  b l omass  p roduc t i v l t i es ,  measu red  as
ca rbon  f i xed  pe r  un i t  a rea  pe r  day r  may  i n  some  cases  be  qu i t e
s im i l a r  (Tab le  2 ,  Ry the r  1959 ;  L i e th  I 975 ) .  Unde r  t he  bes t
c i r cums tances  suga r  cane ,  wa te r  hyac in th ,  and  m ic roa lgae  a l l
p roduce  on  t he  o rde r  o f  20  t o  30  g rams  o f  d r y  b i omass  pe r  squa re
me te r  pe r  day ,  wh i ch  co r responds  t o  5  t o  10  g rams  o f  f i xed
ca rbon  pe r  squa re  me te r  pe r  day ,  o r  an  ene rgy  equ i va len t  o f
about  a  hundredth o f  a  ga l lon o f  gaso l ine.  Th is  amount  is  not
enough  to  be  w i l d l y  exc i t ed  abou t .  Unde r  f avo rab le  c i r cum-
s tances  mar i ne  b iomass  may  be  compe t i t i ve  w i t h  t e r res t r i a l
b i omass ,  bu t  w i l l  no t  be  supe r i o r .

Economies  o f  sca le  w i l l  be  ve ry  d i f f i cu l t  t o  achLeve  f o r
mar i ne  b iomass  p roduc t i on  because  o f  eng inee r l ng  and  l og i s t i ca l
prob lems.  In  many processes which would use b iomass for  chemi-
ca l  p roduc t i on ,  d r y  p roduc t  l s  r equ i red .  Remov ing  wa te r  i s  r nuch
more s t ra ight forward for  land-based agr icu l ture  than for  rnar ine
b ionnass  p roduc t i on .

One  f i na l  po in t  t o  be  add ressed  i n  mar i ne  b iomass  p roduc t i on
i s  t he  poss ib l e  ro l e  o f  gene t i c  eng inee r i ng  and  o the r  mode rn
b io l og i ca l  t echn iques  wh i ch  a re  beg inn ing  t o  be  app l i ed  t o  a l gae
(Shernan and Gulkema 1981;  Rochaix  and van Di l lewi jn  L982) .  In
the  p roduc t i on  o f  b i omass  t he re  a re  t yp i ca l l y  f ou r  s teps :
r e s e a r c h  ( i . e . ,  s t r a i n  s e l e c t l o n ) ,  c u l t i v a t l o n ,  h a r v e s t i n g ,  a n d
p rocess ing .  Th i s  p rocess  t s  shown  schema t i ca l l y  i n  F lgu re  2 .
In  mar l ,ne b lomass product ion one must  ask what  proper t ies  should
be  se lec ted  du r i ng  s t ra l n  se lec t l on  and  wha t  a re  t he  bes t
t echn iques  f o r  se lec t i ng  t hose  p rope r t i es .  I f  gene t l c
englneer ing is  to  be used,  the quest lon o f  surv iva l  ln  the wt ld

Tab le  I I .  B lomass  p roduc t i v l t y

Energy  F ixed  os  Corbon  ;  B iomoss  Produc t i v i t y .

Sugorcone

Wote r  Hyoc in th

M o  c r o o l g o e

Ave ro  ges

Con l i  nen io l

O c e o n i c  l o t o l

U p w e l l i n g  Z o n e s

2 0 - 3 0  g  d r y  b i o m o s s  / m 2 l d

8 0 -  l O O  x c o l / m 2 / d

=+  O .O l  go l  goso l i ne  /m2 /d

-2 - 3 o/o photosynthetic

e f  f  i c i ency

5 - l O  g  C / m ? l d

1 . 8  g  / m 2 / d

o . 4

1 . 5

) {
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O c e o n i c
B i o m o s s

Select ion for  whot  ?

Select ion how ?
Genet ic  engineer ing ?

so lor  pond

(unformed)  ( formed)

Nutr ient  de l ivery ,  s torm
protect ion,  enc losures

F- Pest, diseoss control-1

Specio l ized equipment- {

Steps ln  develop ing a b lonass product ion

Coni inento l
Biomoss

S t ro in  Se lec t i on

I
I

Cu l t i vo t i on

I
I
I

I
V

Ho rvest i  ng

I
Process ing

F igu re  2 .
p rocess

mus t  be  add ressed .  I t  l s  t he  case  w i t h  bac te r i a  t ha t  gene t l -

ca l ly  englneered s t ra ins are more f rag i le  than the wl ld  types.

I t  may be necessary  to  cont ro l  the nar ine env i ronment  much more

c lose l y  t han  p resen t l y  seems  p rac t l ca l  be fo re  gene t i c  eng inee r -

tng wi l l  be he lp fu l  in  mar ine bto logy.
The prob lems d lscussed above are ln  genera l  technlca l ly

so l vab le .  I n  o rde r  t o  be  su f f l c t en t l y  economica l l y  l n te res t l ng

to  warrant  the requl red research and developnent ,  however ,

mar lne b lomass wi l l  requ i re  larger  markets  than those which are

p resen t l y  ava l l ab le .  The  nex t  sec tLon  w t11  consLde r  t he  so r t s

of  products  which mtght  be candidates for  la rge-sca le  produc-

t  i o n .

Chemica ls  Der ived f rorn Mar ine Biomass
o r  mar i ne  chemica l s :

produc ing the h lgh-va lue,  low-vo lume chern lca ls  exempl i f ied by

a lga l  po lysacchar ides,  or  the low-va lue,  h igh-vo lume products

s u c h  a s  m e t h a n e  ( i . e . ,  e n e r g y ) .  T h e s e  w 1 1 1  b e  c o n s i d e r e d  i n

tu rn .
There are three commerc ia l ly  lmpor tant  a lga l  po lysacchar ides

-  agar  and carrageenans f rom red a lgae and a lg ln ic  ac id  f rom

brown seaweeds.  These po lysacchar ldes are produced in  amounts  -

1 -5x107  pounds  pe r  yea r  - ' l h i ch  a re  cons ide red  i n te rmed la te -

to-smal l  quant i ty  nater la ls  by the s tandards of  the chemica l

tndust ry  (Chapmaq and Chapnan 1979) .  The htor ld  markets  are on

the  o rde r  o f  $ tOU pe r  yea r .  Th l s  s l ze  marke t  does  no t  j us t i f y
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a very  expens ive,  long- tern research program in  b io technology in
the  v l ew  o f  t he  chemica l  l ndus t r y .  I t  wou ld  be  necessa ry  e l t he r
to  expand the markets  or  uses or  do re la t ive ly  lnexpens ive
resea rch  t o  l nc rease  t he  economlcs  o f  p roduc t l on .

An impor tant  po in t  about  the a1gal  po lysacchar ides is  that
t he i r  s t r uc tu res  a re  comp lex  (F igu res  3 ,  4 ,  and  5 ,  Chapman  and
Chapman 19791 Percival and McDowell  L967). There are no com-
pe t l t i ve  t echno log les  f o r  mak ing  t hese  p roduc t s  f r om pe t ro l eum
der ived feedstocks.  These products  are qu i te  secure f rom the
s tandpo in t  o f  d i r ec t  r ep lacemen t  by  d i f f e ren t  t echno logy ,
a l though they are,  o f  course,  vu lnerab le  to  rep lacement  by
ma te r l a l s  w i t h  d i f f e ren t  s t r uc tu res  and  supe r i o r  p rope r t i es .

Corrogeenon
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F lgu re  5 .

A  second  favo rab le  aspec t  o f  a l ga l  po l ysaccha r i des  i s  t ha t
t hey  a re  used  i n  t he  f ood  i ndus t r y .  The  f ood  i ndus t r y  i s  t ech -
no log i ca l l y  unde rdeve loped ,  and  t hese  p roduc t s  cou ld  p l ay  a
large ro le  in  a  fu ture technolog ica l  expans ion.  The food
indus t r y  i s  a l so  ex t reme ly  conse rva t i ve ,  and  t he  f ac t  t ha t  t hese
p roduc t s  a re  c l ea red  f o r  f ood  use  v i r t ua l l y  gua ran tees  t he l r
f u tu re  accep tance .

The re  a re  ce r ta i n  uses  f o r  t he  a lga l  po l ysaccha r i des  f o r
whlch there l -s  no d i rect  rep lacement .  For  exanple ,  car rageenan
(F lgu re  3 )  f o rms  ge l s  w i t h  m i l k  p ro te i ns  and  so  l s  use fu l  i n
s tab i l lz lng ernu ls ions such as chocola te  rn i lk  and ice cream (FMC

L 9 7 7 ,  1 9 8 1 ) .
Aga r  (F igu re  4 ) ,  a  re l a ted  su l f a ted  ga lac tan ,  t s  un ique l y

lmpo r tan t  t o  m ic rob io l ogy  and  b io techno logy .  Supp l l es  o f  t h l s

p roduc t  a re  sho r t ;  i t  l s  c l ea r  t ha t  wo r l d  marke t s  cou ld  abso rb

cons lderab ly  more than the amounts  present ly  produced,  and ln

fact  deve lopment  o f  new uses would be dependent  on and very

l t ke l y  t o  f o l l ow  expans lon  o f  supp l l es .  F rom the  po ln t  o f  v i ew

o f  i t s  ge l l i ng  p rope r t l es ,  t he  f ewer  su l f a te  and  o the r  cha rged

groups ln  the agar ,  the bet ter  (Guise ly  and Renn 1977) .  The

reac t l on  be low  l s  enzyme  ca ta l yzed :
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One could  imagine iso la t ing and c lon ing the gene for  that  enzyme

and  deve lop ing  a  b lo reac to r  t o  ca r r y  ou t  t h l s  conve rs ion  f o r

upg rad ing  na t i ve  aga r .  I t  m igh t  be  wo r thwh i l e  t o  i nves t i ga te

ca re fu l l y  t he  economics  o f  such  a  scheme .
O f  t he  p resen t  commerc ia l l y  impo r tan t  po l ysaccha r i des ,

a l g i n l c  a c i d  ( F i g u r e  5 )  i s  t h e  l o w e s t  i n  p r i c e .  I t s  u s e s  a r e
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diverse,  ranging f rom food to  technology for  lmmobi l iz ing
enzymes  to  coa t l ngs  and  s i z i ng  f o r  t ex t i l e ,  pape r ,  and  p r i n t i ng
l n d u s t r i e s  ( K e l c o  1 9 8 1 ) .

I n  o rde r  t o  j us t i f y  a  l a rge  resea rch  p rog ram i "n  t he  a rea  o f
po l ysaccha r i des ,  i t  h r i l l  be  necessa ry  t o  de f i ne  a reas  o f  f u tu re
po ten t i a l .  Some  spec i f l c  oppo r tun l t l es  l nc l ude  t he  f o l l ow ing :

(1)  Enhanced o i l  recovery  is  a  potent ia l ly  very  large market
f o r  po l ysaccha r i des  i f  t he i r  p rope r t i es  a re  app rop r i a te
and they can be produced cheaply  enough.

( 2 )  C e r t a i n  p o l y s a c c h a r i d e s r  € . g .  r  t h e  l i p o p o l y s a c c h a r i d e
emu lsan  f r om the  bac te r i um Ac ine tobac te r  ca l coace t i cus ,
cou ld  be used in  pet ro leum
vesse l s  and  t anks .

(3 )  A11  o f  t he  a lga l  po l ysaccha r i des  men t i oned  he re  may  have
expanding ro les in  b io technology.  Agar  ls  used as a
cu l t u re  subs t ra te  and  i n  i t s  h i gh l y  pu r i f i ed  f o rm
aga rose ,  as  a  sepa ra t i on  med ium.  A11  th ree
phycoco l l o i ds  have  uses  i n  enzyme  lmmob l l i za t i on
techno logy .

(4 )  The  ro l e  o f  po l ysaccha r l des  i n  f ood  p rocess ing  i s  l i ke l y
to  i nc rease .

(5 )  I n  any  s i t ua t i on  whe re  t he  v i scos i t y  o r  i n te r f ac la l
p rope r t i es  o f  an  aqueous  sys tem mus t  be  mod i f i ed  o r
s t r i c t l y  con t ro l l ed ,  t he  phycoco l l o i ds  can  f i nd  use .
The market  ln  such uses wi l l  depend on the re la t ive
economics  o f  t he  a lga l  po l ysaccha r i des  ve rsus  o the r
po l ysaccha r i des  o f  p l an t  o r  m ic rob ia l  o r i g l n .

F igu re  6  summar l zes  some  spec i f i c  oppo r tun i t i es  t o  imp rove
mar lne po lysacchar ides product lon and economics.  An lnpor tant
po ln t  t o  no te  l s  t ha t  t he re  a re  many  po ten t l a l  co -p roduc t s .  Fo r
example,  the brown a lgae which produce a lg ln ic  ac id  a lso conta in
a  good  dea l  o f  t he  suga r  f ucose  i n  a  po l ysaccha r i de  ca l l ed

Opporlunities (Mocroolgoe)

Stroin lmprovemenl :

Clossicol genelics ; sJroin development

Plont cell culiure 
I 

To obtoin whol properfies?

Genetic engineering I wew polymers ?

Production

lmproved forming techniques

Enzymotic lreotments

Production engineering (supercriticol fluids;
mognelic seporofion)

@
Energy forming ?

Coproduction of unusuol suqorsr liflds, enzymes.

F lgu re  6 .  Oppor tun i t l es  to  improve  mar ine
po lysacchar ides  p roduc t lon  and  economics
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fuco ldan.  There may be a good potent ia l  market  for  fucose;

however ,  no one current ly  nakes cheap and p lent i fu l  fucose.
Hence,  market  development  would  be requi red.

At  the o ther  end of  the economlc spect rum is  methane,  which
is  an ext remely  cheap and p lent i fu l  substance.  Suppl ies  are not

un l iml ted,  however ,  and schemes for  methane product ion by

anae rob i c  d l ges t i on  o f  a l gae  have  been  p roposed .  Th i s  p l an  i s
cer ta in ly  technica l ly  feas ib le ;  varLous workers  have shown that

many types of  a lgae are good d lgest ion feedstocks (Chynoweth e t

a l .  1 9 8 1 ;  R y t h e r  e t  a l .  1 9 7 9 ;  K e n n a n  L 9 7 7 ;  U z i e l  e t  a l .  L 9 7 5 ;

E i senbe rg  e t  a l .  1980 ,  1981 ) .  A lgae  con ta in  ve ry  l i t t l e

re f rac to r y  ma te r i a l  such  as  l i gn in ;  wa te r  and  sun l l gh t  a re

aval lab le .  The ch ie f  obstac le  is  lower ing the cost  o f  pro-

duct lon and harvest ing enough to  make methane product lon

economica l .  I t  has  been  es t lma ted  t ha t  t o  be  an  econon i ca l l y
rea l i s t i c  f eeds tock  f o r  conve rs lon  t o  me thane ,  a l ga l  b i omass

mus t  be  p roduced  and  ha rves ted  a t  a  cos t  o f  $ZO- :O  pe r  t on
(Dub insky  e t  a l .  L979 ;  R i chmond  and  P re i ss ,  1980 ) .  Th i s  f l gu re

i s  p resen t l y  un ,a t t a i nab le  because  o f  d i f f  l cu l t i es  w i t h  nu t r l en t
p rov l s l on  o r  ha rves t i ng .  Schemes  l n  wh i ch  a lgae  b iomass

product lon is  combined wl th  some other  va luable  funct ion,  such

as  was te  t r ea tmen t ,  a re  more  l i ke l y  t o  be  success fu l .  The

advantages and d isadvantages are summar lzed in  F igure 7 ,

In  between the ext remes of  po lysacchar ides and methane fa l l

a  f ew  i n te rmed ia te  va lue  p roduc t s  o f  po ten t i a l  l n t e res t .  These

p roduc t s  i nc l ude  vege tab le - l i ke  o11s  and  f a t t y  ac lds  f r om m ic ro -

a lgae  (Sh i f r i n  and  Ch i sho lm  f980 ) ,  mann i t o l  f r om mac roa lgae
(Chapman and Chapman I979) ,  and g lycero l  f rom the sa l t - to lerant

a lgae Dunal ie l la  (Ben-Aunotz  and Avron 1980) .  Some of  the

Dunal i f f i  s t i iTns conta in  large amounts  o f  Fcarotene;  i t  might

IEEff ibre than the glycerol.

Energy Produciion

f  Biomoss
hy +COz+ | Corbohydrotes

I  L ip ids

a u

c. - c,o

l )  Mocroolgoe photosynthesize eff iciently; lhere

l i t t le l ignin (or equivolent) in biomoss; woler

ond sunl ight ore ovotloble.

2) Engineering of production ond horvesting ore

d i f f i cu l t  ond expens ive ;  Nu l r ien t  l im i led .

3) Combine wilh woste/sewoge freotmenl ?

Combine with oiher power-generol ing

schemes ? ( lhermol grodient exlrocl ion ?

Nucleor woste heof use ? )

Figure 7 .  Advantages and d lsadvantages
mar ine-b lomass-based energy product lon

o f



Organic Chemicals from Marine Sources

Mar ine Pharmaceut lca ls

145

The  p rem ise  i n  d l scuss lng  pha rmaceu t l ca l s  i s  t ha t  t he re  l s  a
large number  o f  new compounds in  the sea,  and these can be
sc reened  fo r  use fu l  pha rmaco log l ca l  ac t i v i t y .  The  p rem ise  i s
va l id ,  but  a t  present  there are van lsh ing ly  few human or  an imal
d rugs  based  on  o r  de r l ved  f r om compounds  f i r s t  i den t i f i ed  i n
mar ine organl ,sms (see Fenica l  1982 for  a  rev lew of  marLne
na tu ra l  p roduc t s  chemls t r y  and  s te i n  and  Bo rdon  1982  fo r  an
in t roduc t i on  and  b ib l l og raphy  on  a lgae  i n  med l c i ne ) .  Many  o f
t he  b loac t i ve  mo lecu les  l so la ted  f r om mar ine  sou rces  have  been
tox lns.  Th ls  predominance of  tox lc  substances ls  an ar t i fac t  o f
t he  ne thods  o f  b i oassay  ( t ha t  i s ,  w111  a  mouse  o r  gu lnea  p ig
i n j e c t e d  w l t h  t h e  m a t e r t a l  d i e ? ) .

Cons ide r  some  l n te res t i ng  mo lecu les  and  t he i r  poss lb l e
app l i ca t l on .  F igu re  8  shows  the  s t ruc tu res  o f  pa l y tox in ,
t e t rodo tox in ,  and  b reve tox ln  B .  These  compounds  a re  t he
p roduc t s  o f  ve ry  comp l i ca ted  b iosyn theses .  Gene t i c  eng lnee r l ng
can handle  c lon ing and express ing the gene for  one enzyne;
genet ica l ly  englneer ing an organism which could  express the many
enzymes which would be requi red to  synthes ize these tox lns is
ou t  o f  t he  ques t l on  f o r  t he  nex t  10  t o  20  yea rs .  One  mus t ,  o f
course,  ask what  purpose would be served by synthes iz ing these
mo lecu les ;  t he  marke t  f o r  pa ra l y t l c  agen ts  Ls  ve ry  sma l l !

F igure 9  shows another  c lass o f  compounds of  much greater
comrne rc ia l  i n te res t ,  t he  ca ro teno lds .  I t  i s  becoming  c l ea r  t ha t
many  o f  t hese  compounds  have  i n te res t l ng  b lo l og i ca l  ac t i v i t l es .
The  f ac t  t ha t  t hese  occu r  as  pho tosyn the t i c  p i gmen ts  i n  a  l a rge
number  o f  a lgae (Richmond and Pre iss  1980)  opens up an area ln
wh i ch  t he  pha rmaceu t i c  i ndus t r y  has  spec l f l c  i n te res t .  Whe the r
th l s  i ndus t r y  has  t he  resou rces  t o  go  l n to  t h i s  a rea  now  i s  no t

c l e a r .
Some prob lems common to  a l l  mar lne pharmaceut lca ls  are the

f o l l o w l n g :
(1 )  Sc reen ing  un fam l l l a r  o rgan i sms  may  be  qu l t e  d i f f l cu l t .
( 2 )  The re  l s  a  suppos i t l on  among  o rgan i c  chemis t s  t ha t  t he

s t ruc tu res  f ound  l n  mar l ne  spec ies ,  because  t he re  i s  no
pa r t i cu la r  advan tage  assoc ia ted  w i t h  vo la t i l i t y ,  have  a
tendency  t o  be  wa te r - so lub le  and  non -vo la t1 l e ,  t o  have

h lgh  mo lecu la r  we lgh t ,  and  t o  be  much  more  d l f f t cu l t  t o
work wl th  than the compounds usual ly  handled.

(3 )  The re  l s  a  b road  ques t l on  o f  t a rge t .  I f  any  un ique
mar ine  an t i bac te r i a l  agen ts  we re  f ound ,  t hey  m lgh t  o r
might  not  be usefu l  aga inst  mammal ian pathogens.

The mar ine env i ronment  cer ta in ly  is  wor th  cont lnued examina-
t l on  as  a  Sou rce  o f  new  compounds ,  bu t  i t  i s  unce r ta i n  wha t  t he
p a y o f f  w i l l  b e .

Animals
The  l a rges t  i ndus t r y  a t

l s  t he  p roduc t i on  o f  f i n f i sh
t he  moment  hav lng  to  do  w i th  the  sea

a n d  s h e l l f i s h .  H e r e  t h e r e  a r e  m a n y
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C

F l g u r e  8 .  ( A )  P a l y t o x i n ;  ( B )  t e t r o d o t o x i n ;  ( C )

brevetox ln  B
Sou rce :  Fen i ca l  1982

oppo r tun i t i es  f o r  chem lca l  p roduc t l on  pe rhaps  us ing  b lo techno l -
o g y .

The  pha rmaceu t i cs  marke t s  f o r  t he  aquacu l t u re  and  f i sh  -

p r i nc ipa l l y  t r ou t  and  ca t f i sh  -  cou ld  expand .  Chemica l s  f o r
rep roduc t i on  con t ro l  and  synch ron i za t l on  o f  f e r t i l i t y  i n  f i sh

B



1 4 7

F igu re  9 .  Ca roLeno ids
Sou rce :  Fen i ca l  1982

wou ld  be  ve ry  use fu l .  Commun ica t i on  subs tances ,  pa r t i cu la r l y  t o
a t t r ac t  f i sh ,  wou ld  be  des i rab le .  These  a re  a reas  wh i ch  wou ld
requ i re  a  l a rge  resea rch  e f f o r t .

The re  i s  a l so  room fo r  a  g rea t  dea l  o f  f undamen ta l  wo rk  i n
the microb io logy and enzymology of  spo i lage and f lavor
m o d i f i c a t i o n .

F ina l l y ,  an  a rea  wh l ch  c l ea r l y  dese rves  exam ina t l on  1s
by -p roduc t  deve lopmen t .  The  v i sce ra  o f  f l sh  m igh t  be  used  as
sources of  enzymes and f ine b lochemica ls  ra ther  than as pet
f ood .  Fo r  examp le ,  l t  has  been  repo r ted  t ha t  ca rp  gu t s  con ta in
a  sma l l  pep t i de  f ac to r  ca l l ed  l ongev ln  wh i ch  l nc reases  t he
longev i t y  o f  spec i f l c  pa thogen - f ree  m lce  (Anon .  1982 ) .  The
s t ruc tu ra l  e l emen ts ,  f i ns ,  sca les ,  bones ,  and  exoske le tons
su re l y  con ta in  i n te res t i ng  ma te r i a l s .  An  exanp le  i s  ch i t i n ,  a
po l ysaccha r i de  l so la ted  f r om c rab  she1 l s ,  wh i ch  has  p rope r t i es
wh i ch  a re  ve ry  d i s t l nc t l ve  and  po ten t i a l l y  use fu l  l n  f ood ,
t echno logy ,  b i o techno logy ,  and  med i c i ne  (Rha ,  t h i s  vo lume) .

Ma te r i a l s  Mod i f  i ca t i on
to  t he  sea  even tua l l y  se rves  as  a

subs t ra te  f o r  t he  g row th  o f  mar i ne  o rgan i sms .  Any  good  so lu t i on
to  t he  p rob lem o f  f ou l l ng  w111  f i nd  a  huge  marke t .  B io techno l -
ogy could  make a large cont r ibut ion to  th is  area,  summar ized ln
F igu re  10 .
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Resea rch  Oppo r tun l t i es
Resea rch  oppo r tun i t i es  f o r

may  be  d i v i ded  i n to  re l a t i ve l y
y e a r s ) ,  m o r e  d i s t a n t ,  a n d  v e r y

organlc  chemica ls  f rom the sea
i m m e d i a t e  ( i . e . ,  l e s s  t h a n  f i v e
long term programs.
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Moter io ls  Mod i f i co f ion  fo r  Mor ine  Use

Corrosion, Fouling

Off-shore dri l l ing, producl ion, mining

Thermol grodienl power extrocfion

Flooting nucleor/chemicol foci l i t ies
Wove power extroclion

Defense, lronsporioi ion

Surfoce modif icot ion fo conlrol lhe ol lochment

of morine orgonisms. Chemicol control of

surfoce microecology. Growih of colcoreous

loyers ond cothodic protecl ion.

Frict ion Reduci ion

F lgu re  10 .  Poss ib l e  b i o techno logy  con t r i bu t i on  t o
mar ine mater ia ls  modl f  lca t lons

Relat ive ly  immediate  oppor tun i t ies  inc lude improvement  o f
e x i s t i n g  l n d u s t r i e s :

(1 )  Deve lopnen t  o f  use fu l  by -p roduc t s  f r om the  ma te r i a l s
tha t  a re  a l r eady  co l l ec ted  by  t he  f i sh  o r  mac roa lgae
indus t r y :  unusua l  suga rs r  enzymes ,  and  o the r  b l o -

chemica l s .  I t  shou ld  be  poss ib l e  t o  f l nd  h tgh  va lue -

added  b lochen l ca l s  l n  t hese  by -p roduc t s  o f  ex i s t l ng

indus t r i es ,  l n  wh l ch  a l l  o f  t he  co l l ec t l on  wo rk  has

a l ready  been  done .
(2)  Process lmprovement  -  enzymat ic  po lysacchar ide

rnodi f lca t ion o f  the sor t  d iscussed above and food
qua l l t y  ma ln tenance  and  ve r i f i ca t l on  -  p resen t

oppo r tun i t i es  on  a  p rac t l ca l  t ime  sca le .
(3 )  Ma te r i a l s  deve lopnen t  f o r  aquacu l t u re  -  espec ia l l y

imp roved  f t sh  f eeds ,  ma te r i a l s  f o r  l l n l ng  aquacu l t u re
tanks ,  and  ne t t l ng  t o  wh l ch  mac roa lgae  w111  a t t ach

spontaneous ly  when they are put  in to  the water  for  a lgae

farming.
The  deve lop rnen t  o f  new  p roduc t s  on  t h i s  t ime  sca le  l s  a l so

p o s s i b l e :
(1 )  Suga rs  -  I t  i s  c l ea r  t ha t  suga r  chemis t r y  i s  unde rgo lng

a renalssance.  Everyone l -s  cons lder ing sugars  as

s ta r t i ng  ma te r i a l s  (F rase r -Re id  L9751  F rase r -Re id  and

Ande rson  1980 ;  I l aness ian  1979 ;  Sm i th  and  W i l l i ams  L979 ) ,

and  pa r t i cu la r l y  as  commun ica t l on  subs tances  t o  t he

immune system.  Mater la ls  such as fucose can have rea l

use  aS  chemica l  i n te rmed ia tes ,  i f  t hey  can  be  p rov lded ,

even  a t  f a i r lY  h l gh  P r i ces .
(2 )  Po l ysaccha r i des  -  Ch i t i n  i s  an  examp le
(3 )  The  ca ro teno lds  and  t he l r  ana logs
(4 )  H igh -va lue  a lga l  l i p i ds  *  r ha t  i s ,  equ l va len t s  o f  j oJoba

o i1 :  ma te r i a l s  wh l ch  have  t he  r i gh t  mo lecu la r  we lgh t
range  to  go  i n to  h i gh -qua l i t y  l ub r l ca t l ng  o i l s  and  i n to
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de te rgen t -g rade  a l coho l s .  These  ma te r l a l s  a re  p resen t l y
qu i te  expens l ,ve,  and the i r  supply  is  severe ly  l in i ted.
Land-based b io technology is  seen as a  p laus ib le  s t ra tegy
to  p rov ide  new  sou rces  o f  o i l s .  The re  i s  no  reason  a t
a l l  why the same th ing should  not  be pract lca l  us ing
a lgae .

d l s tan t  a reas  (more  t han  5  yea rs )  f o r  deve lopmen t

Energy farming -  Th is  area w111 have to  be coupled wi th
some th ing  e l se ,  e l t he r  a l t e rna t i ve  f o rns  o f  ene rgy
p r o d u c t i o n  ( e . 9 . ,  t h e r m a l  g r a d i e n t  p o w e r  e x t r a c t i o n )  o r
was te  d i sposa l .  The  economics  w i l l  no t  j us t i f y  t he
development  o f  a  pure mar ine energy product ion indust ry ,
when there is  so much d i f f icu l ty  develop lng the
co r respond ing  i ndus t r y  con t l nen ta l l y .

( 2 )  Pha rmaceu t i ca l s  -  The  p r i nc lpa l  i n te res t  he re  w i l l  be  l n
sc reen ing  b iochemlca l s  f r om the  sea .  I t  i s  impo r tan t  t o
remember  that  when an ln terest lng compound ls  found,  l t
i s  go ing  t o  have  t o  be  some th ing  t ha t  can  be  syn thes i zed
ln  a  laboratory ,  because one cannot  dupl lcate  the
conp lex  b losyn theses  i n  m ic roo rgan i sms .

(3 )  Po l ysaccha r i des  f o r  o i l  p roduc t i on  and  t , r anspo r t .
( 4 )  Chemlca l s  o r  b i o techno log l ca l  p rocesses  w i l l  be  requ i red

to  con t ro l  t he  p rob lems  o f  f ou l i ng  and  was te  d l sposa l .
( 5 )  Ag r i cu l t u ra l  Chemis t r y  f o r  Mar i ne  Sys tems  -  A  f a l r l y

subs tan t i a l  e f f o r t  1n  p roduc t l , on  o f  b l o l og t ca l l y  ac t i ve
subs tances  f o r  use  w l t h  mar l ne  p lan t s  and  an ima ls  cou ld
be  j us t i i l ed .  The  f ac t  t ha t  t h l s  e f f o r t  has  no t  a l r eady
s ta r t ed  l s  a  re f l ec t i on  o f  t he  f ac t  t ha t  t he  chemlca l
indust ry  ls  on ly  now rea l ly  d lscover lng land-based
ag r i cu l t u ra l  chen l s t r y .  The  oppo r tun i t i es  t he re  and  t he
th lngs whlch are learned -  par t lcu lar ly  l f  one can f lnd
decen t  de l i ve ry  sys tems  -  w i l l  Jus t t f y  t he  resea rch  l n
the mar lne env l ronnent .

Long - te rn  oppo r tun l t l es  a re  more  specu la t i ve .
(1 )  C lea r l y ,  t he  sea  rep resen ts  a  r l ch  sou rce  o f  new  k lnds

o f  m ic roo rgan l sms  fo r  sc reen ing .  A  t r emendous  un tapped
gene  poo l  ex i s t s  f o r  p ro te i ns  and  enzymes  fo r  use  i n
recomb inan t  DNA.  I n  a  ma jo r  sense ,  t h i s  po ten t l a l  f o r
new  p ro te ins  and  enzyma t l c  ac t i v l t i es  may  p rove  t o  be
one  o f  t he  mos t  lmpo r tan t  l ong  t e rm  con t r l bu t i ons  o f
mar i ne  b lo l ogy  t o  b i o techno logy .

(2 )  Ano the r  i n te res t i ng  a rea  res t s  on  t he  ab l l i t y  o f  many
marLne  o rgan i sms  to  ex t rac t  use fu l  e l emen ts  se lec t l ve l y
f r om the  sea ,  f o r  examp le ,  d i a toms  concen t ra te  s1 l l ca  t o
the extent  o f  about  LOLL.  A lmost  noth lng is  known
abou t  t hese  mar i ne  t r anspo r t  sys tems .  The l r  bas l c
microb io logy may,  in  the long term,  prov ide the bas is
for  impor tant  and in terest ing nerr  ways of  minera l  or
e lement  ext ract ions f rorn the oceans.  For  example,  there
was qu i te  a  ser ious ly  cons idered scheme for  growing
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Teredo worms on p l les  in  the ocean,  because the Teredo

worm ext racts  vanadlum f rom seawater .  I f  one l -s  wi l l lng
to  grow worms,  then one should  cer ta in ly  be wi l l ing to

work wi th  organisms that  have the appropr ia te
cha rac te r i s t i c s  t o  ex t rac t  me ta l s .

(  3)  There are whole c lasses of  organisms that  l lve  in
unusua l  c i r cums tances .  One  o f  t he  mos t  l n te res t i ng
env l ronmen ts  l s  t he  r i f t  r eg ion  spou te rs ,  wh i ch  re l ease
la rge  amoun ts  o f  H2S .  A  p rob lem o f  soc ie t y  r i gh t  now
is  u t l l l z i ng  H2S ;  t he re  a re  no t  many  good  ways  t o
so lve th is  prob lem.

(4 )  Many  o f  t he  mar i ne  a lga l  sys tems  have  pho tosyn the t i c

capac i t i es  wh i ch  have  no  c l ea r  coun te rpa r t  on  l and .
(  5)  Mar ine pheromones and communicat lon systems would be

usefu l  for  cont ro l l ing the movement  o f  mar ine an imals
du r l ng  ha rves t i ng .

We  see  t hose  a reas  as  be ing  pa r t i cu la r l y  p rom ls ing .  I t  l s

c l ea r  t ha t  t he re  a re  ma jo r  oppo r tun l t i es ,  bu t  i t  i s  a l so  c l ea r
tha t  t hey  a re  go ing  t o  requ i re  much  more  ac t i ve  exp lo ra t l on  t han
the  co r respond ing  oppo r tun i t i es  on  l and .  I t  i s  go ing  t o  behoove
a l l  o f  us  who  a re  i n te res ted  l n  t h i s  a rea  t o  t ake  a  ve ry  ca re fu l
l ook  a t  t he  economlcs  o f  p roposed  ta rge t s  and  t he  downs t ream
deve lopmen t  a f t e r  t he  adva rce  b io l ogy  has  been  done ,  l n  o rde r  t o

come  up  w i t h  t he  p ro jec t s  wh i ch  j us t i f y  t he i r  expenses .
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