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E X E C U T I V E  S U M M A R Y

»  THE AMERICAN ACADEMY OF MICROBIOLOGY CON­

VENED A  COLLOQUIUM APRIL 8 -1 0 ,2 0 0 5 , IN SAN FRANCISCO, 

CALIFORNIA, TO FOCUS ON MARINE MICROBIAL DIVERSITY. 

MICROBIAL PHYSIOLOGY, ECOLOGY, GENETICS, OCEANOGRA­

PHY, INVERTEBRATE BIOLOGY, AND VIROLOGY EXPERTS DIS­

CUSSED THE IMPORTANCE OF MARINE MICROORGANISMS TO 

LIFE ON THIS PLANET, THE BIOGEOGRAPHY OF THESE ORGAN­

ISMS, THEIR ROLES IN SYMBIOTIC RELATIONSHIPS AND  

PATHOGENESIS, THEIR METABOLIC CAPABILITIES, THEIR 

IMPACTS ON HUMANS, AND GOALS FOR RESEARCH, TRAIN­

ING, AND EDUCATION IN MARINE MICROBIOLOGY.

M a rin e  m ic ro b e s  are u n iq u e ly  im p o r ta n t to  life  as w e  k n o w  It. 
S ince life  m o s t like ly  beg a n  In th e  oceans, m a rin e  m ic ro o r ­
g a n ism s  a re  th e  c loses t liv in g  de scen dan ts  o f th e  o r ig in a l 
fo rm s  o f life . They are a lso  m a jo r  p illa rs  o f  th e  b iosp he re . Their 
u n iq u e  m e ta b o lism s  a llo w  m a r in e  m ic ro b e s  to  carry  o u t m a n y  
s teps  o f th e  b io g e o c h e m ic a l cycles th a t  o th e r  o rg a n ism s  are 
u n a b le  to  c o m p le te . The s m o o th  fu n c t io n in g  o f th e se  cycles is 
necessary  fo r  life  to  c o n tin u e  on e a rth .

Early m a rin e  m ic ro o rga n ism s  a lso he lp ed  c rea te  th e  co n d itio n s  
u n d e r w h ic h  subseq uen t life  de ve lop ed . M o re  th a n  tw o  b illio n  
years ago, th e  g e n e ra tio n  o f oxygen by p h o to s y n th e tic  m a rin e  
m ic ro o rga n ism s  he lped  shape th e  chem ica l e n v iro n m e n t in 
w h ic h  p lan ts , an im als , an d  all o th e r life  fo rm s  have evolved.

A  g re a t dea l o f research on th e  b io g e o g ra p h y  o f m a rine  
m ic ro o rga n ism s  has been carried  ou t, b u t m a n y  u n k n o w n s  p e r­
sist, and  m o re  w o rk  is needed to  e lu c id a te  and  u n de rs ta n d  
th e ir  com p lex ity . It is n o w  k n o w n  th a t  m ic ro o rga n ism s  live In 
every co rne r o f th e  oceans. T he ir h a b ita ts  are d ive rse  and 
in c lude  op en  w a te r, sed im en t, bod ies  o f m a rin e  m a cro - and 
m ic ro o rga n ism s , estuaries, and h yd ro th e rm a l vents . By s tudy ing  
th e se  hab ita ts , sc ien tis ts  have deve lop ed  a lim ite d  a b ili ty  to  
p re d ic t th e  c o m p o s itio n  o f m a rin e  m ic ro b ia l co m m u n itie s .

It has a lso been fo u n d  th a t  som e m a rin e  m icrobes have m ore  
c o sm op o litan  d is tr ib u tio n s  th a n  o thers. Recent w o rk  has fo u n d  
th a t  m o s t o f th e  eco log ica l p rinc ip les  th a t  ap p ly  to  la rge r o rg a n ­
isms can a lso be app lied  to  m icroorgan ism s, in c lud ing  m a rine  
m icrobes, b u t th e re  are exceptions . A lm o s t every ecophys lo log l- 
cal pa ra m e te r In th e  oceans Is th o u g h t to  have an Im pact on th e  
d ive rs ity  o f m ic ro b ia l com m un itie s .

M A R I N E  M I C R O B I A L  D I V E R S I T Y :
T H E  K E Y  T O  E A R T H ’ S  H A B I T A B I L I T Y

M o s t o f th e  d ire c t In te rac tio ns  m a rin e  m ic ro o rg a n ism s  have 
w ith  la rge r o rg an ism s  fa ll in to  on e  o f tw o  b ro a d  ca tegories: 
sym biosis  o r pa tho ge nes is . B en e fic ia l m ic ro b ia l sym bioses have 
enab led  m a ny  in ve rteb ra te  species to  ta ke  a d va n ta g e  o f h a b i­
ta ts  th a t  w o u ld  o th e rw is e  be u n a v a ila b le  to  th e m . 
Inve rteb ra tes  in th e se  re la tio n sh ip s  m ay a lso en jo y  th e  be ne fits  
o f b io a c tive  c om p ou nds  m icrobes  m ay p ro du ce  to  p re ve n t b lo - 
fo u lln g  o r to  w a rd  o f f  p re da to rs . M a rin e  v iruses  are fo u n d  in 
su rp ris in g ly  h ig h  nu m b ers  in seaw ater, b u t it is like ly  th a t  th ese  
p o p u la tio n s  are in e q u ilib r iu m  w ith  th e ir  h o s t po p u la tio n s .

The m e ta b o lic  d ive rs ity  o f m a rin e  m ic ro o rg a n ism s  a llo w s  
th e m  to  assum e m a n y  ro les  in th e  b io g e o c h e m ic a l cycles th a t  
o th e r  o rg a n ism s  c a n n o t c o m p le te . M a r in e  m ic ro bes  are a lso  
ab le  to  a d a p t to  th e  m a n y  e x tre m e  e n v iro n m e n ts  in th e  
oceans. A s  h u m a n s  c o n t in u e to  a lte r  th e  e n v iro n m e n t, c lim a te  
ch a n g e  w il l  in e v ita b ly  im p a c t m a rin e  m ic ro b ia l c o m m u n itie s  
an d  th e  b io g e o c h e m ic a l cycles In w h ic h  th e y  p a rtic ip a te , b u t 
th e  e xac t n a tu re  o f  th e se  Im pac ts  c a n n o t ye t be  p re d ic te d . 
H um an  h e a lth  re lies  on a n u m b e r o f c ritic a l e q u ilib r ia  th a t  
m a r in e  m ic ro o rg a n is m s  b ro ke r, in c lu d in g  th e  b a la n c e  
b e tw e e n  v iru ses  and  th e ir  hos ts  in th e  oceans, th e  ba la nce s  
th a t  keep h a rm fu l a lg a l b lo o m s  in check, th e  processes th a t  
c o n tro l n u tr ie n t c o n c e n tra tio n s  in m a r in e  w a te rs , and  o the rs .

The m e ta b o lic  c ap a b ilit ie s  o f m a rin e  m icrobes  can be p u t to  
w o rk  In any n u m b e r o f b io te ch n o lo g y  ap p lica tio ns , in c lud ing  
th e  m a n u fa c tu re  o f  in d u s tria l p ro du c ts  and en ergy  p ro d u c tio n . 
M a rin e  m icrobes  are sources o f nove l b io a c tive  co m p o u n ds  
th a t  m a y  have a p p lica tio n  as ph a rm a ceu tica ls . P o ten tia l a p p li­
ca tio ns  fo r  m a rin e  m ic ro o rg a n ism s  In a m e lio ra tin g  e n v iro n ­
m e n ta l d e g ra d a tio n  a lso exist.

In n o v a tive  ap p ro a ch e s  in research , e d u c a tio n , and  tra in in g  
a re  c ritic a l fo r  m o v in g  th e  f ie ld  o f m a r in e  m ic ro b io lo g y  fo r ­
w a rd . M o d e rn  research  In th is  f ie ld  s h o u ld  em bra ce  th e  n e w  
to o ls  o f g e n o m ics  and  m e ta g e n o m ics , b u t n o t to  th e  e x c lu ­
s ion  o f o th e r  m e th o d s  o f d iscovery. E du ca tio n  an d  tra in in g  in 
m a r in e  m ic ro b io lo g y  ne ed s  to  be  m u lt id is c ip lin a ry .  
A rra n g e m e n ts  th a t  expose  g ra d u a te  s tu d e n ts  and  p o s td o c ­
to ra l s c ie n tis ts  to  la b o ra to r ie s  th a t  d o  w o rk  o u ts id e  th e  s tu ­
d e n ts ' im m e d ia te  f ie ld s  o f fo cu s  sh o u ld  be en co u rag e d .
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I N T R O D U C T I O N :  M A R I N E  M I C R O B E S
A N D  E A R T H ’ S H A B I T A B I L I T Y

*

*

»  MICROBIAL RESIDENTS OF THE WORLD'S OCEANS HAVE 

HELPED MAKE THE BIOSPHERE THE BUSTLING, THRIVING  

PLACE IT IS TODAY. ALSO, GIVEN THAT LIFE ON THIS PLANET 

MOST LIKELY BEGAN IN WATER, MARINE MICROBES MAY 

HAVE BEEN THE FIRST FORMS OF LIFE ON EARTH AND, 

HENCE, THE PROGENITORS OF ALL LIVING THINGS, A  DIS­

TINCTION THAT PUTS MARINE MICROORGANISMS IN A  KEY 

POSITION IN THE SAGA OF EVOLUTION.

For m illio n s  o f  years a f te r  e m e rg e nce  o f  th e  f i rs t  life  fo rm s, 
m ic ro b ia l life  In th e  ocea ns In flu e n ce d  th e  p la n e t's  chem is try , 
a lte r in g  th e  c he m ica l b a la n ce  o f  th e  oceans and  a tm o s p h e re  

and  In tro d u c in g  g ra d ie n ts  o f o x id iz in g  a g e n ts  (e le c tro n -s ca v ­
e n g in g ) and  re d u c in g  ag en ts  (e le c tro n  sources). 

Early  m ic ro bes  In tro d u ce d  m o le c u la r o xyg en  to  
th e  a tm o sp h e re , an a c c o m p lis h m e n t th a t  

se t th e  s ta g e  fo r  th e  e v o lu tio n  o f  p lan ts , 
an im a ls , and  hu m ans .

These m ic ro b e - in d u c e d  c h a n g e s  
In tro d u ce d  a n e w  era o f  c h e m ­

is try  on  th e  e a r th — o n e  
based p r im a r ily  on re d o x  
chem is try , th e  s h u tt lin g  o f 

e le c tro n s  fro m  one  m o le cu le  
to  an o th e r. R edox c h e m is try  Is n o w  th e  

basis  o f  th e  b a la nce d  b lo g e o c h e m l-  
cal and  c llm a to lo g lc a l cycles th a t  

sus ta in  life  on th is  p la n e t.

M a r in e  m ic ro b e s  a lso  carry  o u t 
m a n y  o f th e  steps In th e se  b lo - 
g e o c h e m lc a l cyc les, m a k in g  

th e m  th e  w o rk h o rs e s  o f  th e  
b io s p h e re . The o w n e rs  o f  a 

d ive rse  p o r tfo l io  o f p o ss ib le  a c t iv ­
ities , m a r in e  m ic ro bes  p ro v id e  m o s t 

o f th e  p la n e t's  m e ta b o lic  c a p a b ilit ie s  
t h a t  keep e le m e n ta l cycles In m o tio n .T h e  

m e ta b o lic  ra tes  o f m a rin e  m ic ro b ia l c o m m u ­
n itie s  a re  a lso  h ig h . A lth o u g h  te rre s tr ia l o rg a n ism s  

co m p ris e  th e  v a s t m a jo r ity  o f th e  b io m ass  on  th e  
p la n e t (3 ,2 0 0  g lg a to n s  o r m o re ; th a t  Is, 1 0 15 gram s),

m a rin e  p la n k to n  (w h ich  w e ig h  In a t a b o u t 0 .4  g lg a to n s )  carry  
o u t 4 5 %  o f th e  to ta l oxygen  re s p ira tio n  on  ea rth .

The ocean Is f i l le d  w ith  m ic ro o rg a n ism s  th a t  d w e ll th e re  p e r­
m a n e n tly  and  o th e r m ic ro b e s  th a t  ha ve  been  ca rrie d  th e re  
f ro m  te r re s t r ia l e n v iro n m e n ts . In re s e a rch  on  m a r in e  
m icrobes , It Is o fte n  necessary  to  a rr ive  a t a d e f in it io n  o f 
w h a t, exactly , a m a rin e  m ic ro o rg a n ism  Is. A n y  o f a n u m b e r o f 
d e f in it io n s  can be used . A  s im p le  d e f in it io n  says m a rin e  
m ic ro be s  a re  ju s t th a t— any  m ic ro o rg a n ism s  fo u n d  In m a rin e  
system s. F low ever, th is  d e sc r ip t io n  does n o t exc lud e  o rg a n ­
isms th a t  w a sh  In to  th e  oceans fro m  land and  are n o t su ite d  
fo r  g ro w th  In th e  m a r in e  e n v iro n m e n t.

A n  o p e ra tio n a l d e f in it io n  o f m a rin e  m ic ro b e s  describes  th e m  
as species th a t  can g ro w  and  re p ro d u ce  In th e  m a rin e  h a b i­
ta t .  The p o s s ib ility  fo r  g ro w th  can be d e te rm in e d  us ing  Iso­
to p e  fe e d in g  expe rim e n ts , In w h ic h  th e  o rg a n ism s  In qu e s tio n  
are  m o n ito re d  fo r  g ro w th  on a d ie t o f  n u tr ie n ts  like  th o se  
fo u n d  In th e  m a rin e  h a b ita t.  The p ro b le m  w ith  th is  d e f in it io n  
Is th a t  th e  reverse  m a y  n o t be  tru e ; a la ck  o f g ro w th  does n o t 
ne ce ssa rily  In d ic a te  th a t  a m ic ro o rg a n ism  Is n o t a c o n tr ib u to r  
to  th e  ecosys tem . A  d o rm a n t m ic ro b e  fo u n d  In s e a w a te r m ay 
be  b id in g  Its t im e  u n til c o n d it io n s  are r ig h t  fo r  Its g ro w th . A  
p h y s io lo g ic a l d e f in it io n  Id e n t ifie s  m a r in e  m ic ro b e s  as p o s ­
sess ing a d a p ta tio n s  s p e c ific  to  th e  m a r in e  e n v iro n m e n t. 
U n d e r th is  d e sc rip t io n , m a rin e  m ic ro o rg a n ism s  ha ve  prec ise  
p h y s io lo g ic a l a d a p ta tio n s  o r even re g u lre m e n ts  fo r  so d iu m .

In som e cases, th e  d is tin c tio n  b e tw e e n  tru e  re s id e n ts  o f  th e  
ocea ns an d  o rg a n ism s  th a t  w a s h  In fro m  la nd  Is u n im p o r ta n t.  
S om etim es, e x o tic  o rg a n ism s  (o r even o rg a n ism s  th a t  d ie  
on ce  expose d to  th e  m a rin e  e n v iro n m e n t)  can p la y  a ro le  In 
th e  e c o lo g y  o f  th e  oceans.

R egard less  o f  th e  p re fe rre d  d e f in it io n , m a rin e  m ic ro b e s  ho ld  
a p o s it io n  o f  u n lg u e  Im p o rta n c e  In th e  b iosp he re . They w e re  
th e  o r ig in a l fo rm  o f life  on  ea rth  and  to d a y  m a rin e  m ic ro o r ­
g a n ism s  a re  a p r im a ry  s u p p o rt fo r  th e  b lo g e o c h e m lc a l cycles 
th a t  c o n tin u e  to  m a ke  life  poss ib le . A  g re a t d e a l o f  research 
has  been  ca rrie d  o u t to  e lu c id a te  th e  b io g e o g ra p h y  and  
m e ta b o lis m  o f th e se  o rg an ism s, b u t m a n y  u n k n o w n s  pe rs is t. 
U p p e rm o s t on th is  lis t o f  q u e s tio n s  Is w h a t  e ffe c ts  h u m a n - 
in d u ce d  chan ges  w il l  ha ve  on th e  services m a rin e  m ic ro bes  
p e rfo rm  fo r  th e  p la n e t. Research on  m a rin e  m ic ro b io lo g y  
m u s t c o n tin u e  o r acce le ra te  In o rd e r to  so lve  th e se  p ro b le m s .



B I O G E O G R A P H Y  A N D  H A B I T A T  S C A L E

TABLE 1 »  EXAMPLES OF HOW THE MARINE 

ENVIRONMENT MAY BE DIVIDED INTO DIFFERENT 

MICROBIAL HABITATS

Criterion Habitats

Presence o f other Symbiotic

organisms Free-living

Biofilm

Euphotic (0-150 m) 

Mesopelagic (150-1000 m) 

Bathopelagic (>1000 m) 

Benthos (sediments)

Concentration o f O ligotropha

nutrients and reguired Mesotrophic 

g row th substrates Eutrophic

Proximity to  the 

ocean surface or 

sediments

»  CLEARLY, MARINE MICROORGANISM S ARE CRITICAL 

TO EARTH'S HABITABILITY, BOTH PAST A N D  PRESENT. 

UNFORTUNATELY, WE ARE ONLY BEGINNING  TO UNDER­

STAND M A N Y OF THE DETAILS ABOUT WHAT THEIR HABITATS 

ARE LIKE, HOW THEIR COMMUNITIES ARE STRUCTURED AND  

CHANGE OVER TIME, AND HOW THEY ARE DISTRIBUTED.

MARINE MICROBIAL HABITATS

M a rin e  m ic ro b e s  c o n tin u e  to  have a p ro fo u n d  in flu e n c e  over 
th e  b io sph e re , b u t w h e re , p recise ly, a re  m a rin e  m ic ro bes  
fo u n d ?  W h a t a re  th e ir  v a r io u s  h a b ita ts  like? H o w  do  you 
a s é p tic a lly s am p le  th e  h a b ita ts ?  These q u e s tio n s  can be 
a n sw e re d  in a n u m b e r o f w ays, based on th e  leve l o f re s o lu ­
t io n  th a t  is o f in te re s t (see Table 1). The m a r in e  e n v iro n m e n t 
occu rs  on m a n y  scales, and  th e re  a re  m a n y  n ich e  levels fro m  
w h ic h  to  a p p ro a ch  a d e sc r ip t io n  o f h a b ita ts . For exam p le , a 
m ic ro b e  f lo a t in g  in th e  m id d le  o f  th e  P ac ific  O cean c ou ld  be 
de sc rib e d  as " f r e e - l iv in g , "  b u t th is  is n o  m o re  o r less a ccu ra te  
th a n  th e  d e sc rip to rs  " p e la g ic "  (m e a n in g  "o p e n  w a te r ,"  n o t 
s e d im e n t) o r " w ith in  th e  C en tra l Pac ific  g y re ."

Perhaps th e  m o s t im p o r ta n t fa c to r  in d e fin in g  m a rin e  m ic ro ­
b ia l h a b ita ts  is th e  d is ta n ce  ove r w h ic h  th e se  o rg a n ism s  in te r ­
a c t w ith  th e ir  e n v iro n m e n ts . The h a b ita t a ttr ib u te s  th a t  are 
a p p a re n t to  th e  naked eye are u s u a lly  less im p o rta n t to  a 
m a rin e  m ic ro b e  th a n  th e  m ic ro sco p ic  and  sub m ic roscop ic  
facts , in c lu d in g  co n c e n tra tio n s  o f n u tr ie n ts , th e  presence o f 
ge ls and  p a rtic u la te  m a tte r, m e ta l c o n cen tra tio ns , lig h t levels, 
pH , u ltra v io le t exposu re  and  so la r flu x , te m p e ra tu re , oxygen 
s a tu ra tio n , an d  redox. Hence, th e  scale a t w h ic h  m a rin e  m ic ro ­
b ia l h a b ita ts  are m o s t re le v a n t is ve ry  sm all, b u t d e fin in g  th e  
b o u n d a rie s  o f th e se  h a b ita ts  is d i f f ic u lt  to  acco m p lish  in a c o n ­
t ro lle d  la b o ra to ry  e x p e rim e n t and is even m o re  d if f ic u lt  to  
d e fin e  fo r  a m ic ro b ia l cell em be dde d  in th e  e n v iro n m e n t.

M ic ro b ia l h a b ita ts  in th e  oceans a re  in flu e n c e d  b y  an a lm o s t 
in n u m e ra b le  a rray  o f  fo rce s  and  fa c to rs , in c lu d in g  s a lin ity  
cu rren ts , te rre s tr ia l in pu ts , and  c lim a te . S a lin ity  is re la tive ly  
c o n s ta n t in th e  op en  ocea n , b u t is less s ta b le  in coas ta l areas. 
O cean and  s e a flo o r cu rren ts  ha ve  been  s h o w n  to  be ha ve  in 
w ays  o th e r th a n  p re v io u s ly  th o u g h t,  g re a tly  a f fe c tin g  ou r 
u n d e rs ta n d in g  o f tra n s p o r t processes  in th e  de ep  sea. 
T e rre s tria l in p u ts  c re a te  g ra d ie n ts  o f n u tr ie n ts , p o llu ta n ts , and 
o th e r  m a tte r  th a t  a ffe c t h a b ita ts . C lim a te  e ffe c ts  re p re se n t 
th e  la rg e s t sca le  o f  in f lu e n c e  on  m ic ro b ia l h a b ita ts . 
T e m pe ra tu re , p re c ip ita t io n , and  w in d  ( in c lu d in g  w in d b o rn e

p a rt ic u la te  m a tte r) can each im p a c t m a rin e  c o m m u n itie s  in a 
n u m b e r o f  w ays.

Im p o r ta n t ly  m a r in e  m ic ro b es  th e m se lve s  ex e rt In flu e n c e  on 
th e ir  h a b ita ts  b y  c o n s u m in g , p ro d u c in g , and  se q u e s te rin g  a 
v a r ie ty  o f co m p o u n d s . Hence, In th e  oceans, g ra d ie n ts  o f 
m a te r ia ls  Im p o r ta n t to  m ic ro - and  m a c ro o rg a n ism s  a like  are 
o fte n  c o n tro lle d  b y  processes ca rrie d  o u t by  m ic robes .

In th e  m a r in e  e n v iro n m e n t an d  e lse w h ere , In te rfa ce s  te n d  to  
be h o ts p o ts  o f  d ive rs ity  an d  b io lo g ic a l a c tiv ity . M a r in e  m ic ro ­
b ia l h a b ita ts  a t In te rfa ce s  In c lu de  th e  a lr-w a te r, w a te r-s e d l-  
m e n t, w a te r- ic e , an d  h o s t m a c ro o rg a n ls m -w a te r  In te rfaces.
The s u b -m lll lm e te r  sca le  o f  ph ys ica l and  c he m ica l v a r ia b il ity  
In th e se  h a b ita ts  poses a se rious  c h a lle n g e  to  s tu d y in g  In te r­
fa ce  h a b ita ts  In d e ta il.

CHANGE OVERTIME

M ic ro b ia l h a b ita ts  ch a n g e  o ve r m a n y  t im e  scales— dle l
(da lly ), season a l, d e ca d a l, an d  longer. M a n y  o f th e  chan ges
In duced  by h u m a n  a c tiv it ie s  can Im p a c t m a rin e  m ic ro b ia l ^

c o m m u n itie s  and, In tu rn , can Im p a c t th e  w ays  by w h ic h
th o s e  c o m m u n itie s  m o d u la te  th e  e n v iro n m e n t and  c lim a te .
T e m p o ra l chan ges  In m a rin e  m ic ro b ia l h a b ita ts  can be  Illu s ­
tra te d  by  de sc rib in g  th re e  d isp a ra te  h a b ita ts : th e  cen tra l 
P ac ific  gyre, th e  C hesapeake  B a y  and  h y d ro th e rm a l ven ts . The 
c e n tra l Pac ific  gy re  Is an op en  ocean h a b ita t  th a t  changes  on 
a d le l basis, b u t It has a lso  e x h ib ite d  changes  ove r deca des as
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s h ifts  o ccu r b e tw e e n  c o m m u n ity  d o m in a t io n  by d ia to m s  and 
b y  p ic o p la n k to n . The C he sa pea ke  Bay e x h ib its  d ie l changes, 
m a rke d  season a l changes, an d  p ro fo u n d  de ca da l changes 
ove r th e  pa s t co u p le  o f ce n tu rie s  as h u m a n  a c tiv it ie s  ha ve 
ta k e n  th e ir  to l l .  H y d ro th e rm a l v e n ts  e x h ib it  b o th  s h o rt and 
lo ng  p e riod s  o f  f lu c tu a t io n , c h a n g in g  ove r th e  cou rse  o f m in ­
utes, hours, an d  decades. This v a r ia b il ity  c rea tes  an e p h e m e r­
a l an d  u n p re d ic ta b le  h a b ita t fo r  m ic ro o rg a n ism s .

In th e  c o m in g  years, if  obse rve d  tre n d s  in g re e n h o u se  gas 
e m iss ions  co n tin u e , in c re as ing  c o n c e n tra tio n s  o f a tm o s p h e r ic  
ca rb o n  d io x id e  are expe cte d  to  re s u lt in a pH  de c lin e  o f 0 .3  
in th e  oceans— a sm all n u m b e r th a t  s ig n ifie s  b ig  changes. 
Th is w o u ld  be an u t te r ly  rad ica l t ra n s fo rm a tio n  o f th e  ocean 
h a b ita t fo r  m ic ro o rg a n ism s  and  m a c ro o rg a n ism s  a like . To 
illu s tra te , a s im ila r pH  s h ift in th e  a c id ity  o f hu m a n  b lo o d  
w o u ld  re s u lt in a c id os is  and  a p a in fu l d e a th .

INTERACTIONS BETWEEN SEDIMENT-DWELLING AND 

PLANKTONIC MARINE MICROBIAL COMMUNITIES

In ge ne ra l, m a rin e  m ic ro b e s  in an d  n e a r se d im en ts  In te ra c t 
w ith  an d  in te rc e p t re d u c ta n ts  d iffu s in g  fro m  th e  sed im en ts  
b e lo w  an d  o x id a n ts  d iffu s in g  fro m  th e  w a te r  c o lu m n  above. 
C onverse ly , p la n k to n ic  m ic ro bes  in te rc e p t ca rb o n  c o m p o u n d s  
fro m  p h o to s y n th e t ic  a c tiv it ie s  ne a r th e  su rfa ce  o f th e  ocean 
and  c o n tro l th e  d o w n w a rd  f lu x  o f n u tr ie n ts  to  th e  sed im en ts . 
The c o n n e c tio n s  b e tw e e n  su bsu rfa ce  and  p la n k to n ic  e n v iro n ­
m e n ts  a re  p ro b a b ly  g re a te s t in zones w h e re  th e  sea f lo o r  is 
s p re a d in g . H ow ever, d e ta ils  o f  th e  In te ra c tio n s  b e tw e e n  th e  
m ic ro b ia l c o m m u n itie s  o f m a rin e  se d im e n ts  a n d  c o m m u n itie s  
In th e  w a te r  c o lu m n  a re  n o t k n o w n — a c lea r ga p  in th e  c u r­
re n t k n o w le d g e .

MARINE SEDIMENTS, BIOFILMS, AND EARLY LIFE

In som e w ays, th e  ph ys ica l and  c hem ica l c ircu m s tan ce s  o f 
m a rin e  se d im e n ts  a re  th o u g h t  to  re f le c t th o s e  th a t  n u rtu re d  
th e  b e g in n in g s  o f  life  on  th is  p la n e t. S tu d y in g  m a rin e  s e d i­
m e n t and  th e  life  th a t  ex is ts  th e re  to d a y  c o u ld  p ro v id e  in s ig h t 
In to  ea rly  life :

»  R edox c o u p lin g  m a y  ha ve  been im p o r ta n t to  fo s te r in g  
fo rm a t io n  o f th e  o rg a n ic  m o le cu le s  th a t  p ro p a g a te d  
e a rly  life . M a r in e  sed im en ts  h a rb o r m a rke d  la ye rin g  o f 
red ox  p o te n tia ls  th a t  e n a b le  ex te n s ive  re d o x  c o u p lin g .

»  M e th a n e  m a y  ha ve  been o n e  o f th e  b u ild in g  b locks  
o f ea rly  life , and  th e re  are n u m e ro u s  areas  o f th e  
ocean f lo o r  w h e re  m e th a n e  pe rco la te s  u p  fro m  th e  
d e ep  subsurfa ce .

»  H ea t and  p re ssu re  c o u ld  have 
fa c il ita te d  fo rm a t io n  o f  ea rly  
b io lo g ic a l m o le cu le s , in c lu d in g  
a m in o  ac ids. These c o n d it io n s  e x is t in 
pa rts  o f th e  sea f lo o r  th a t  c o m b in e  h ig h  d e p th  
w ith  c o m m u n ic a tio n  w ith  th e  e a rth 's  h o t core.

»  G iven  th e  p iv o ta l ro le  o f iron  in th e  fu n c t io n in g  o f m a ny  
enzym es, iro n  is th o u g h t  to  ha ve  been  a b u n d a n t w h e re  
enzym e system s f irs t  e vo lve d . M a r in e  se d im e n ts  a re  u s u ­
a lly  iro n -r ic h  e n v iro n m e n ts .

»  B e fo re  th e  d a w n  o f  o xyg e n ic  p h o to sy n th e s is , th e  ea rth 's  
a tm o s p h e re  w a s  an a e ro b ic , a c o n d it io n  m irro re d  b y  s u b ­
su rface  m a rin e  sed im en ts .

It can be  a rg ue d  th a t  s h a llo w  m ic ro b ia l m a ts  and  b io fi lm s  are 
th e  m o s t a p p ro p r ia te  sys tem s fo r  m o d e lin g  ea rly  life, as th e  
h ig h  m e ta b o lic  d ive rs ity  and  s p a tia l s e p a ra tio n  o f m e ta b o ­
lism s o f th e se  a rra n g e m e n ts  c lose ly  re f le c t fo ss ilize d  e x a m ­
ples o f ea rly  m ic ro b ia l c o m m u n itie s . M ic ro b ia l c o m m u n itie s  
th a t  d w e ll in m a rin e  se d im e n ts  can be co n s tru e d  as b lo f l lm  or 
m a t c o m m u n itie s , g ive n  th a t  th e se  c o m m u n itie s  d w e ll on  th e  
surfaces  o f  s e d im e n t p a rtic le s  ( like  b lo fllm s ) an d  can fo rm  
th ic k  a c cu m u la t io n s  o f  in te ra c tin g  ce lls  ( like  m ic ro b ia l m a ts ).

COMMUNITY COMPOSITION

A lth o u g h  in tu it iv e ly  a p p a re n t, It can be  d if f ic u lt  to  reach 
a g re e m e n t on  th e  p re c ise  te c h n ic a l d e f in it io n  o f  a m ic ro b ia l 
co m m u n ity . It is la rg e ly  ag ree d  th a t  m ic ro b ia l c o m m u n itie s  
a re  g ro up s  o f  m ic ro o rg a n ism s  th a t  in te ra c t a nd , to g e th e r, 
acco m p lish  m o re  th a n  th o s e  sam e o rg a n ism s  w o u ld  se p a ­
ra te ly . C o m m u n itie s  a re a lso  In flu e n ce d  by  c o m m o n  fa c to rs  
a n d /o r  by each o th e r. H ow ever, th e  g u e s tio n  o f w h e th e r  
che m ica l in te rd e p e n d e n c e , a fo rm  o f  in te ra c tio n , Is requ¡red  
am o n g  m e m b ers  o f  a c o m m u n ity  is m o re  c o n tro ve rs ia l. A  
c o n tin u u m  o f in te ra c tio n s , ra n g in g  fro m  o b lig a te  to  m in im a l, 
is th o u g h t to  e x is t a m o n g  m e m b e rs  o f m ic ro b ia l c o m m u n i­
tie s ; s tr ic t in te rd e p e n d e n c e  is n o t ne ce ssa rily  a re g u ire m e n t 
fo r  th e  d e s ig n a tio n  " c o m m u n ity ."  M ic ro b ia l c o m m u n itie s , in 
w h ic h  m e m b ers  in te ra c t, a re  d is t in c t fro m  m ic ro b ia l assem ­
blages, in w h ic h  m e m b ers  m e re ly  coex is t.

PREDICTING THE COMPOSITION OF MARINE 

MICROBIAL COMMUNITIES

The p a rtic u la r  ph ys ica l and  ch em ica l c o n d it io n s  o f a g iven  
m a r in e  h a b ita t, in c lu d in g  re sou rce  a v a ila b ility , se le c t fo r  d is ­
t in c t  g ro up s  o f  m ic ro o rg a n ism s , and  th e re  is a c e rta in  a m o u n t 
o f p re d ic ta b il ity  in th e  ch a ra c te r o f  th e  re s u lt in g  c o m m u n ity .



M a p p in g  th e  m ic ro b ia l species o n to  th e  ph ys ica l and  c h e m i­
cal v a r ia b il ity  o f  m a r in e  h a b ita ts  is b e co m in g  in c re a s in g ly  fe a ­
s ib le  in c e rta in  h a b ita ts  an d  w ith  c e rta in  w e ll-d e s c r ib e d  
species. For exam p le , th e  ge ne ra l d is tr ib u t io n s  o f tw o  p la n k ­
to n ic  gene ra , Synechococcus an d  Prochlorococcus, a re  w e l l-  
u n d e rs to o d  in fo rm a tio n  th a t  can be  e x tra p o la te d  to  u n k n o w n  
p la n k to n ic  c o m m u n itie s . The pre sence  o f c e rta in  b ro a d ly - 
d e fin e d  fu n c t io n a l g ro up s, such as n itro g e n  fixe rs  o r ca lc ium  
c a rb o n a te  p ro d u c in g  m ic robes , can a lso  be p re d ic te d .

M o s t m a r in e  m ic ro b ia l c o m m u n it ie s  a re  n o t  y e t fu l ly  
desc rib e d , how ever, so it is d if f ic u lt ,  if n o t im p o ss ib le , to  p re ­
d ic t th e  spec ies-leve l c o m p o s it io n  o f a m a rin e  m ic ro b ia l c o m ­
m u n ity . Hence, it is o fte n  po ss ib le  to  p re d ic t th e  fu n c t io n s  in 
p lace  in a g ive n  m a r in e  m ic ro b ia l c o m m u n ity , b u t it is se ldom  
p o ss ib le  to  p re d ic t th e  gene ra  o r species p re se n t.

The sca le and  leve l o f re s o lu tio n  o f  th e  in g u iry  in to  a m a rin e  
m ic ro b ia l c o m m u n ity  a re  im p o r ta n t fa c to rs  in p re d ic ta b ility . 
C o m m u n itie s  can be u n p re d ic ta b le  on a sm a ll sca le  (1 m e te r) 
b u t p re d ic ta b le  ove r la rg e r scales (k ilo m e te rs ). The leve l o f 
re s o lu tio n  o fte n  d e te rm in e s  th e  resu lts  o f a s tu d y  on c o m m u ­
n ity  d ive rs ity . Deep, e xh a u s tive  s a m p lin g  can revea l m uch 
g re a te r d ive rs ity  and  c o m p le x ity  th a n  s h a llo w  sa m p lin g . 
P re d ic ta b ility  in m a rin e  m ic ro b ia l c o m m u n itie s  th a t  is based 
on  16S rR N A  genes m a y  n o t be c o rro b o ra te d  by  fu r th e r  w o rk  
a t th e  g e n o m e  segu ence  leve l. G e n o m e  seguences u s u a lly  
revea l m u ch  g re a te r an d , cu rre n tly , u n p re d ic ta b le  d ive rs ity .

The b io m e  c o n c e p t m a y  be  use fu l in p re d ic tin g  th e  c o m p o s i­
t io n  o f m ic ro b ia l c o m m u n itie s . By th is  re a so n in g , th e  energy  
in p u ts  in to  an ecosys tem  a re  e v a lu a te d , and  th e  ro le  th is  
e n e rg y  p lays  in d e fin in g  th e  a t tr ib u te s  o f  th e  m ic ro b ia l c o m ­
m u n ity  is e xa m in e d .

A lte rn a tiv e ly , a m ic ro b ia l c o m m u n ity  m a y  be s tru c tu re d  by an 
e v o lu t io n a ry  h is to ry  th a t  p re ve n ts  th e  sp rea d  o f th a t  c o m m u ­
n ity  in to  n e w  e n v iro n m e n ts  or, converse ly , p re ve n ts  th e  e n try
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and  e s ta b lis h m e n t 
o f n e w  species in to  th a t  c o m ­

m u n ity . If a c o m m u n ity 's  h is to ry  d ic ta te s  its 
c o m p o s it io n , it w o u ld  be  ve ry  d if f ic u lt  to  p re d ic t th e  s tru c ­

tu re  o f th e  c o m m u n ity  fro m  tra n s ito ry  fe a tu re s  like  n u tr ie n t 
s ta tu s  and  te m p e ra tu re .

C e rta in  t ig h t  asso c ia tion s , like  th e  one  b e tw e e n  th e  b a c te r i­
um  Vibrio angulara and  th e  a lg a  Ulva, can a llo w  researchers  
to  use th e  presence  o f  on e  species to  p re d ic t th e  prese nce  o f 
a p a r tn e r  species. R ecent s tud ies  ha ve  s h o w n  Ulva p ro p a g - 
ules w i l l  n o t e s ta b lish  th e m s e lve s  on  a su rface  in th e  absence 
o f c hem ica l s ign a ls  fro m  th e ir  b io f i lm  pa rtne r, V. angulara. 
Hence, if  Ulva is d e te c te d  in a b io f i lm , it can be assum ed th a t  
V. angulara, to o , is p re se n t.

In seeking to  be tte r p red ic t th e  s truc tu re  o f m arine  m icrob ia l com ­
m unities, th e re  is a need to  kn o w  m ore  a b o u t possib le keystone 
species— organ ism s th a t  m ay be present a t lo w  o r h igh  num bers 
b u t pe rfo rm  ind ispensable fu n c tion s  fo r  th e  com m unity .

MICROBIAL DISTRIBUTION IN THE OCEANS

The issue o f  w h e th e r  m a rin e  m ic ro b ia l spec ies are e ith e r cos­
m o p o lita n , o r are m o re  p ro v in c ia l an d  lim ite d  to  ce rta in  g e o ­
g ra p h ica l areas, w a s  ra ised decades ago. The g u e s tio n  endures  
to d a y  because o f  th e  be a rin g  it has on th e  c o n s e rva tion  o f  b io ­
d ive rs ity . If m a rin e  m ic ro be s  a re  n o t c o sm o p o lita n , th e n  does 
th e  in te rn a tio n a l s c ie n tific  c o m m u n ity  need to  ac t to  p reserve 
th e  m ic ro b ia l d ive rs ity  h a rb o re d  in en d a n g e re d  ha b ita ts ?

C u rre n t ev idence  ind ica tes  th a t  m o s t m a rin e  m icrobes  are n o t 
c o sm op o litan , bu t, instead , a re res tr ic ted  to  spec ific  h a b ita t 
types  o r g e o g ra p h ic  lo ca tio ns . How ever, th e re  are a fe w  exam ­
ples o f tru ly  c o sm o p o lita n  organ ism s, in c lu d in g  th e  deep-sea 
m a rin e  g ro u p  I a rchaea. A s new , h ig h e r re s o lu tio n  te ch n o lo g ie s  
becom e ava ilab le , fu r th e r  research m a y sh o w  o th e r m ic ro o r­
gan ism s to  be m o re  w id e sp re a d  th a n  p re v ious ly  th o u g h t.

Free-liv ing m a rin e  m icro bes  m ay be m o re  c o sm o p o lita n  th a n  
sym b ion ts , b io film -a ss o c ia te d  m icrobes, and o thers . E x tinc tion  
is a real p o ss ib ility  fo r  s ym b io tic  m icro bes  s ince th e y  are 
d e p e n d e n t on th e  surviva l o f th e ir  h o s t and m any, m a n y  species 
o f m a rin e  m a cro o rga n ism s  are cu rre n tly  en da nge red .
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It Is esse n tia l to  n o te  th a t  th e  n u m b e r o f re p re s e n ta tiv e s  o f  a 
g ive n  g ro u p  Is n o t ne ce ssa rily  lin ke d  to  th e  Im p o rta n c e  o f th a t  
g ro u p  In th e  fu n c t io n in g  o f th e  c o m m u n ity . C o m m o n  o rg a n ­
isms m a y  n o t p la y  a c ritic a l ro le  In th e  dyna m ics  o f a g iven  
c o m m u n ity  d e sp ite  th e ir  num bers , an d  o rg a n ism s  th a t  on ly  
m u s te r 0 .1 %  p reva lence , like  n itro g e n  fixe rs , can be o f p iv o ta l 
Im p o rta n ce . C on se gue n tly , It Is n o t k n o w n  w h e th e r  c o sm o ­
p o lita n  m ic ro o rg a n ism s  like  Synechococcus a re  c o m m o n  
because th e y  a re esse n tia l to  th e ir  c o m m u n itie s  o r because  
th e y  a re  w e e d y  In d iv id u a lis ts  th a t  can s u rv ive  In a w id e  spec­
tru m  o f e n v iro n m e n ts .

O ne  o b se rv a tio n  th a t  a p pe a rs  to  s u p p o r t th e  ¡dea th a t  
m a r in e  m ic ro b e s  a re  la rg e ly  c o s m o p o lita n  Is th e  e s ta b lis h ­
m e n t o f  n o ve l m ic ro b ia l c o m m u n itie s  In th e  w a k e  o f  a d is ­
tu rb a n c e . O fte n , th e  n e w  c o m m u n itie s  a re  d o m in a te d  by 
m ic ro b ia l ty p e s  th a t  w e re  p re v io u s ly  p re s e n t In lo w  o r u n d e ­
te c ta b le  nu m b e rs .

The lo n g -s ta n d in g  g u e s tio n  o f h o w  to  ta x o n o m lc a lly  d iv id e  
m ic ro b e s  c rea tes  som e c o n fu s io n  In d iscuss io ns  a b o u t cos­
m o p o lita n  d is tr ib u t io n s . A  w o rk in g  d e f in it io n  o f  an a p p ro p r i­
a te  ta x o n o m ic  u n it  Is ne ed ed  to  ad dre ss  research  In m ic ro b ia l 
d is tr ib u t io n  In th e  ocea ns an d  e lse w h ere .

M llllm e te r-s c a le  ana lyses  o f m a rin e  h a b ita ts  m a y  h e lp  to  
revea l th e  d is tr ib u t io n  v a r ia b il ity  o f  m a rin e  m ic ro bes  ove r ve ry  
sm a ll s p a tia l scales.

OUTSTANDING QUESTIONS ABOUT MARINE 

MICROBIAL DISTRIBUTION

A  n u m b e r o f o u ts ta n d in g  qu e s tio n s  a b o u t m a rin e  m ic ro b ia l 
d is tr ib u t io n s  re m a in  to  be  ad dre ssed . These Inc lude :

> : W h a t Is th e  e co lo g ica l re levance  o f th e  fu n c t io n a l ge ne  
d ive rs ity  ob se rved  In m a rin e  m ic ro b ia l c o m m u n itie s?  
Does th e  d ive rs ity  ha ve  an Im p a c t on ecosys tem  fu n c t io n  
o r lo n g -te rm  s ta b ility?

> : A re  chan ges  In m ic ro b ia l c o m m u n itie s  p re d ic tiv e  o f 
c hanges  In e n v iro n m e n ta l fu n c t io n ?

»  The lo n g -te rm  v a r ia b il ity  o f m a r in e  m ic ro b ia l c o m m u n i­
t ie s  Is p o o r ly  u n d e rs to o d . C an In te rm it te n t sa m p lin g , like 
ta k in g  c o m m u n ity  snapsho ts , ad dre ss  th is  g u e s tio n  o r Is 
c o n tin u o u s  s a m p lin g  necessary  to  e v a lu a te  c o m m u n ity  
c o m p o s it io n  sh ifts?

> : A re  th e re  keys ton e  species In m a rin e  m ic ro b ia l c o m m u ­
n itie s  th a t  are c ritic a l to  a g iven  fu n c t io n ?  H o w  can sc i­
e n tis ts  Id e n tify  th o s e  o rg an ism s?

FORCES AT WORK IN MAINTAINING STEADY STATE IN 

MARINE MICROBIAL COMMUNITIES

M a n y  m a rin e  surface w a te rs  m a in ta in  s teady p o p u la tio n s  o f 
a p p ro x im a te ly  106 bacte ria  and 107 v iruses pe r m illilite r, a con ­
d itio n  th a t  m a y be d e te rm in e d  by n u tr ie n t lim ita tio n s  and p re ­
da tio n  con tro ls  en fo rced  by p ro tls ts  and v iruses. It Is th o u g h t 
th a t, In som e cases, m ic ro b ia l p o p u la tio n  num bers  are kep t a t 
a b o u t an o rd e r o f m a g n itu d e  b e lo w  th e  carry ing capac ity  o f th e  
h a b ita t— presum a b ly  by p re da tion . It Is th o u g h t th a t  v iruses 
m ay coexis t w ith  th e ir  hosts, he lp ing  to  s tru c tu re  com m un itie s  
and diversity, b u t som e s tud ies  have sh ow n  th a t  th e  rem ova l o f 
v iruses fro m  a system has no e ffec t on bacte ria l ab un dan ce  and 
c o m m u n ity  s truc tu re . Protlsts, on th e  o the r hand , are th o u g h t to  
p lay  a m o re  an ta g o n is tic , less d isc r im in a tin g  ro le  In s teady s ta te  
m a in ten a nce  o f bac te ria l cell abundances by con sum ing  m any 
d iffe re n t types  o f bac te ria l prey.

MACROECOLOGICALTHEORYAND OCEAN MICROBES

It o n ly  be ca m e fe a s ib le  to  te s t e co lo g ica l th e o ry  as It ap p lie s  
to  m a r in e  m ic ro b ia l c o m m u n itie s  w ith in  th e  la st 10 years, 
a f te r  ba s ic  qu e s tio n s  a b o u t th e  a b u n d a n ce  an d  species d is t r i­
b u t io n  o f m a rin e  m ic ro o rg a n ism s  had  been  a n sw e re d . In g e n ­
era l, e c o lo g ica l concep ts  like  p re d a tio n , c o m p e tit io n , and 
d ive rs ity  a p p e a r to  be  a p p lic a b le  to  m a rin e  m ic ro b ia l c o m ­
m u n itie s , b u t p a r t ic u la r  p ro b le m s  re la te d  to  scale, fo o d  w ebs, 
th e  species concep t, an d  th e  tra d it io n a l fo cu s  on  b io c h e m ic a l 
an d  g e o ch e m ica l sciences w ith in  m a r in e  science p re c lu de  
b ro a d  a p p lic a tio n  o f ec o lo g ica l th e o ry  to  th e se  c o m m u n itie s .

The sm a ll scales re le v a n t to  m ic ro b e s  a re  o fte n  n o t add re ssed  
a d e g u a te ly  by tra d it io n a l m a cro eco lo g y . A lso , th e  s tru c tu re  o f 
fo o d  w e b s  In m ic ro b ia l sys tem s Is like ly  to  ta k e  on a ve ry  d i f ­
fe re n t fo rm  th a n  th o s e  de sc ribe d  by  tra d it io n a l m a cro eco lo gy .

The spec ies  c o n c e p t poses a b ig  s tu m b lin g  b lo c k  fo r  a p p ly ­
ing  e c o lo g ica l th e o ry  In m a r in e  m ic ro b ia l sys tem s. The g ro u p ­
ing  o f  o rg a n ism s  In to  c lus te rs  o f  spec ies  Is th e  basis  o f m o s t 
e c o lo g ic a l th e o ry , b u t m o s t m ic ro o rg a n is m s  d o  n o t fa l l n e a t­
ly In to  species c a te g o rie s  because  o f th e ir  a b il i ty  to  re p ro ­
d u ce  asexua lly . It m a y  be th a t  genes  o r g e no m es  are m o re  
a p p ro p r ia te  ta x o n o m ic  u n its  th a n  species fo r  m o d e lin g  In 
m ic ro b ia l system s.

To a c e rta in  e x te n t, th e  b lo g e o c h e m lc a l and  ge osc ience  fo cu s  
o f  m a rin e  sc ience has p re ve n te d  ro b u s t In te g ra tio n  o f  eco ­



lo g ic a l and  e v o lu tio n a ry  th e o ry  In to  m a rin e  m ic ro b io lo g y . 
R ig o rou s  In c lu s io n  o f  e co lo g ica l science w ith in  c lassica l 
o c e a n o g ra p h ic  sc ience Is ne ed ed  to  s a tis fa c to r i ly  address  
c o n te m p o ra ry  ch a lle n g e s  In m a rin e  m ic ro b io lo g y . This w i l l  
req u Ire  e x ten s ive  d ia lo g u e  b e tw e e n  th e o re t ic a l eco log is ts , 
e v o lu t io n a ry  sc ien tis ts , ph ys ica l an d  c h e m ica l o c e a n o g ra ­
phers, and  m a r in e  m ic ro b io lo g is ts .

W ith  m a n -m ade  pressures on th e  w o rld 's  na tura l systems g ro w ­
ing annually, a th o ro u g h  grasp o f th e  ecology o f all environm ents, 
th e  oceans Included, w ill be necessary to  m itig a te  dam ages and 
m anage ou r na tura l resources fo r  th e  be ne fit o f fu tu re  genera­
tions . Because o f th e ir  short genera tion  tim es  and re la tive ly  s im ­
p le  physio logy, m icroorgan ism s have been and w ill con tinue  to  be 
p o w e rfu l m ode l systems fo r  te s ting  ecolog ica l theories.

FACTORS THAT IMPACT MARINE MICROBIAL DIVERSITY

The lis t o f fa c to rs  th a t  Im p a c t m a r in e  m ic ro b ia l d ive rs ity  Is n o t 
a s h o rt one. N ea rly  every m e a s u ra b le  ph ys ica l, c h em ica l, and 
b io t ic  v a r ia b le  In th e  m a rin e  e n v iro n m e n t has been fo u n d  to  
Increase, decrease, o r o th e rw is e  a lte r  m ic ro b ia l d ive rs ity . See 
Table 2 fo r  a lis t o f severa l o f th e  m o re  Im p o r ta n t fa c to rs .

For th e  m o s t p a rt, th e  e x te n t to  w h ic h  each o f th e se  In f lu ­
ences a c tu a lly  op e ra tes  In th e  e n v iro n m e n t and  th e  con te x ts  
In w h ic h  th e y  a re  Im p o r ta n t re m a in  to  be  d e te rm in e d .

C lim a te  chan ge , w h ic h  w i l l  be  fe l t  by m a rin e  m ic ro b ia l c o m ­
m u n itie s  as changes  In ocea n  te m p e ra tu re s , w i l l  u n d o u b te d ly  
a lte r  th e  d ive rs ity  o f c o m m u n itie s  In u n fo re se e n  w ays. 
C lim a te  ch a n g e  s h o u ld  be c ons id e red  a m a jo r  to p -d o w n  c o n ­
tro lle r  o f m ic ro b ia l c o m m u n itie s .

P o llu tio n , In c lu d in g  n itro g e n  In pu ts  d u e  to  a n th ro p o g e n ic  
n itro g e n  f ix a t io n , a lso  Im p a c t m a rin e  m ic ro b ia l d ive rs ity  (see

TABLE 2 »  FACTORS THAT IMPACT MARINE 

MICROBIAL DIVERSITY 

Factors

se c tio n  on H um ans  an d  M a rin e  M ic ro b e s ). A n th ro p o g e n ic  
n itro g e n  In p u ts  to  th e  ocea ns n o w  com p rise  a b o u t h a lf  th e  
to ta l n itro g e n  In pu ts  to  th e  oceans, a c ircu m s ta n ce  th a t  has 
re su lte d  In v a s t de ad  zones  In coas ta l areas and  an Increased 
In c id en ce  o f h a rm fu l a lg a l b lo o m s.

INTERACTIONS BETWEEN MARINE MICROBES AND 

MARINE MACROORGANISMS

M o s t m a rin e  ecosys tem s a re  fu e le d  by th e  re g e n e ra tio n  o f 
n u tr ie n ts — processes m e d ia te d  by m a r in e  m ic ro o rg a n ism s . 
This Is th e  m o s t fu n d a m e n ta l service  p ro v id e d  by m a rin e  
m ic ro be s ; th e y  are re s p o n s ib le  fo r  th e  cycles th a t  sus ta in  all 
liv in g  th in g s  In th e  oceans.

M ic ro b e s  a lso  p la y  m o re  d ire c t ro les  In th e  h e a lth  o f cora ls  
a n d  o th e r m a rin e  o rg an ism s . For exam p le , cora ls  d ie  w h e n  
th e  b a c te r ia  th a t  live  on  th e ir  su rfaces  are re m oved , a lth o u g h  
th e  m e ch a n ism  b e h in d  th is  o b se rva tio n  Is n o t k n o w n . A lso , 
b a c te r ia  asso c ia te d  w ith  squ id  eggs ha ve  been s h o w n  to  p ro ­
te c t  th e  eggs fro m  fu n g a l In fe c t io n . B lo fllm  b a c te r ia  are 
k n o w n  to  b ro a d ca s t a ttra c t io n  cues th a t  a ffe c t th e  s e tt le m e n t 
o f  In ve rte b ra te  la rva e  In th o s e  b lo fllm s .
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>  Turbulence

>  Light

>  Temperature

>  Nutrients

>  Surfaces and interfaces

>  Redox potential

>  Metals

>  Salinity

>  pH

>  UV and Solar flux

>  Presence o f macro­

organisms, such as 

invertebrates and 

macroalgae

M A R I N E  M I C R O B I A L  D I V E R S I T Y :
T H E  K E Y  T O  E A R T H ’ S  H A B I T A B I L I T Y



S Y M B I O S I S  A N D  P A T H O G E N E S I S  
I N  T H E  O C E A N S

*

*

»  M A N Y DIRECT INTERACTIONS BETWEEN MARINE MICRO­

ORGANISMS AND MACROORGANISMS CAN BE CLASSIFIED 

UNDER ONE OF TWO CATEGORIES: SYMBIOSIS OR PATHO­

GENESIS. IN BENEFICIAL SYMBIOSES WITH INVERTEBRATES, 

BOTH THE MICROBE AND THE INVERTEBRATE BENEFIT FROM 

THE RELATIONSHIP. THIS TYPE OF W IN -W IN  RELATIONSHIP IS 

ALSO CALLED MUTUALISM. IN PATHOGENESIS, THE MICROBE 

TAKES ON THE ROLE OF PREDATOR, SEEKING TO EXPLOIT 

A N D POSSIBLY DESTROY THE HOST.

SYMBIOSES WITH INVERTEBRATES

A  n u m b e r o f  m a rin e  in ve rte b ra te s , in c lu d in g  species o f corals, 
sponges, sguids, sh ip w o rm s , and  o the rs , are asso c ia te d  w ith  
u n ig u e  spec ies  o f b a c te r ia l a n d /o r  a rc h a e a l s ym b io n ts . 
S ym bios is  b e tw e e n  a m ic ro b e  a n d  a m a rin e  in v e rte b ra te  
a ffo rd s  th e  m ic ro b e  shelter, n u tr ie n ts , and  p o ss ib ly  a ro u te  fo r  
re p ro d u c t io n  an d  d isp e rsa l, an d  o ffe rs  th e  h o s t a v a r ie ty  o f 
b e n e fits . In som e cases, one  in v e rte b ra te  species m a y  be h o s t 
t o  m any, p o ss ib ly  hu nd re ds , o f u n ig u e  m ic ro b ia l species, a 
d e ta il th a t  has im p o r ta n t im p lic a tio n s  fo r  m a r in e  m ic ro b ia l 
d ive rs ity  c o n s id e rin g  th e  fa c t th a t  a b o u t 1 ,0 0 0  cora l species 
and  m o re  th a n  5 ,0 0 0  sp o n g e  species p o p u la te  th e  oceans. 
The d ive rs ity  o f  m a r in e  s ym b io n ts  is an u n d e rs tu d ie d  fie ld .

The d ive rs ity  o f m a r in e  m ic ro b ia l s ym b io n ts  an d  th e  closeness 
o f  s y m b io tic  re la tio n s h ip s  m a y  be d e te rm in e d  by th e  m o d e  o f 
t ra n s m is s io n  e m p lo y e d  b y  th e  in v e r te b ra te  h o s ts . 
T ra nsm iss ion  is a cco m p lish e d  e ith e r by " h o r iz o n ta l"  o r "v e r ­
t ic a l "  m eans. S tud ies  ha ve  fo u n d  th a t  h o r iz o n ta lly - tra n s m it­
te d  sym b io n ts , w h ic h  are d ispe rsed  in th e  e n v iro n m e n t and 

p icked  u p  b y  in ve rte b ra te s , are m o re  ta x o n o m ic a l-  
ly d ive rse  th a n  v e r tic a lly - t ra n s m itte d  sym b io n ts  

w ith  respe ct to  th e  in te rn a lly  tra n s c r ib e d  spacer 
(ITS) re g io n s  o f th e ir  r ib o s o m a l D N A . (The ITS 

re g io n  is v a r ia b le  in le n g th  and  seguence  
and  can be  used to  id e n tify  and  es tab lish  

re la te dne ss  b e tw e e n  m ic ro o rg a n ism s .) The 
reason fo r  th is  d if fe r ­

ence m a y  be  th e  
fa c t  th a t

v e r tic a l tra n sm is s io n , pass in g  s ym b io n ts  fro m  g e n e ra tio n  to  
g e n e ra tio n  th ro u g h  th e  g a m e tes , m o re  ea s ily  a llo w s  th e  
tra n sm is s io n  o f id e n tic a l c lon a l o rg a n ism s  b e tw e e n  m e m b ers  
o f  an in v e rte b ra te  species. The fu ll g e n o m e  seguences o f b o th  
v e r t ic a lly -  and  h o r iz o n ta lly - tra n s m itte d  m a rin e  s ym b io n ts  are 
c u rre n tly  be in g  s tu d ie d  and  w il l  p ro b a b ly  shed m o re  lig h t  on 
th e  d ive rs ity  o f th e se  o rg an ism s.

V e rtica l tra n sm is s io n  is like ly  to  lead to  a c lose sym b io s is  
b e tw e e n  th e  m ic ro b e  and  its ho s t, s ince  in h e rit in g  a s ym b io n t 
fro m  on e 's  fo rb e a re rs  a ffo rd s  fe w  o p p o r tu n it ie s  fo r  h o s t-  and 
s y m b io n t-s w itc h in g . In h o r iz o n ta l tra n sm is s io n , th e  h o s t is 
m o re  like ly  to  a cq u ire  s ym b io n ts  a p p ro p r ia te  fo r  th e  p a r t ic u ­
la r lo c a tio n  w h e re  th e  h o s t se ttle s  d o w n .

It is p o ss ib le  th a t  in th e  ea rly  s tages  o f a n e w  s y m b io tic  re la ­
t io n s h ip , h o r iz o n ta l tra n sm is s io n  o f a s y m b io n t can be used 
e ffe c tive ly , b u t as th e  re la tio n s h ip  becom e s  t ig h te r  an d  m o re  
necessary  to  th e  su rv iva l to  th e  m ic ro b e  an d  its ho s t, tra n s ­
m iss io n  m u s t s h if t  to  th e  v e r tic a l m ode , v ia  th e  gam e tes . 
S ym b ion ts  ha ve  been k n o w n  to  d isp ose  o f  th o s e  p a rts  o f th e ir  
ge no m es  th a t  a re  re d u n d a n t w ith in  th e  p ro te c tiv e  co n fin e s  o f 
th e  ho s t. G iv in g  up  p a r t o f  its  g e n o m e  can ren de r a m ic ro b e  
less f i t  fo r  su rv iva l o u ts id e  th e  ho s t, m a k in g  v e r tic a l tra n s m is ­
s ion  ne cessary  fo r  th e  su rv iva l o f th e  s ym b io n t.

In s tu d y in g  m a rin e  sym b io n ts  in situ, it  can be d if f ic u lt  to  sep­
a ra te  th e  sym b io n ts  fro m  th e  p a th o g e n s  and  tra n s ie n t p o p u ­
la tio n s  o f  m ic ro bes  th a t  m a y  a lso  be fo u n d  in and  a ro u n d  an 
in v e rte b ra te . P h y lo ty p e -s p e d fic  p ro b e s  th a t  p re fe re n t ia lly  
d e te c t m ic ro bes  w ith  h ig h  co n c e n tra tio n s  o f  R NA c om p a re d  to  
th o s e  w ith  lesser co n c e n tra tio n s  can be  used fo r  th is  pu rpose.

Symbiosis and the Invasion o f N ew  Environments
Sym bioses w ith  bacte ria  a n d /o r archaea have enab led  som e 
m a rin e  in ve rteb ra tes  to  e x p lo it h a b ita ts  th a t  w o u ld  o th e rw ise  
be u n ava ilab le  to  th e m . H yd ro th e rm a l vents , fo r  exam ple, rep re ­
sen t an ex trem e ly  in h o sp ita b le  e n v iro n m e n t to  th e  un prepared  
tu b e  w o rm , b u t th e  tu b e  w o rm s  th a t  th r ive  in th ese  su lfu r-rich , 
o lig o tro p h ic  zones ( lo w  in o rg a n ic  carbon) ha rbo r chem oa u- 
to tro p h ic  bacte ria  th a t  synthes ize o rg an ic  carbon us ing th e  
energy  fro m  resp iring  reduced in o rga n ic  su lfu r com p o u n ds . The 
bacte ria  p ro v id e  th e  o rg a n ic  com p o u n ds  to  th e ir  hosts, a llo w in g  
th e  w o rm s  to  live on carbon fro m  in o rg a n ic  sources and o p e n ­
ing up  a n e w  w o r ld  o f h a b ita ts  fo r  th e  w o rm s.

O th e r exam p le s  o f s ym b io n ts  th a t  ha ve  e n a b le d  in ve rte b ra te s  
to  ta k e  a d va n ta g e  o f a n e w  e n v iro n m e n t in c lu d e  n it ro g e n - f ix ­
in g , ce llu lo se  d e g ra d in g  b a c te r ia l s ym b io n ts , w h ic h  have



a llo w e d  th e ir  s h lp w o rm  hosts  to  live  on  a 
d ie t o f  w o o d , and  lu m in e s ce n t b a c te r ia l s ym b io n ts  th a t
e n a b le  squ id  to  h u n t In m o o n lit  w a te rs  w ith o u t  c a s tin g  a
s h a d o w  th a t  cou ld  be d e te c te d  by p re d a to rs .

In som e  cases, o b lig a to ry  sym b io ses  w ith  
m ic ro b e s  can lim it  th e  a b ili ty  o f an In ve rte ­
b ra te  to  In vade  a n e w  h a b ita t.  The te m p e ra tu re  
lim its  o f th e  b a c te r ia l s y m b io n t Symbiodinium, 
fo r  e xam p le , a p p e a r to  cu rb  th e  n u m b e r o f lo ca ­
tio n s  w h e re  th e  h o s t cora l species can survive .
S tu d ie s  s h o w  Symbiodinium m a y  a lso  be  m o re  sens itive  to  
stress fro m  a n th ro p o g e n ic  (h u m a n -m a d e ) sources th a n  Its 
ho s t, a n o th e r fa c to r  th a t  c o u ld  lim it  th e  h a b ita ts  w h e re  th e  
co ra l cou ld  e s ta b lish  Itself.

Symbionts and the Production o f  Bioactive Compounds
M a n y  h ig h ly  b lo a c tlv e  c o m p o u n d s  ha ve  been  Iso la ted  fro m  
m a rin e  In ve rteb ra tes , In c lu d in g  a n u m b e r o f m a te r ia ls  w ith  
b io m e d ic a l o r In d u s tr ia l s ig n ific a n ce . It Is n o w  k n o w n  th a t ,  In 
m a n y  cases, th e se  subs tan ces  a re  p ro d u ce d  by s y m b io tic  
m ic ro b e s  ra th e r  th a n  by  th e  In v e rte b ra te s  th e m s e lve s . 
M ic ro b ia l s ym b io n ts  syn thes ize  m a n y  se co n d a ry  m e ta b o lite s , 
e .g., b ryozoa n  and  sp o n g e  species.

The exac t b io lo g ic a l fu n c t io n  o f th e  b lo a c tlv e  c o m p o u n d s  p ro ­
duce d  by m ic ro b ia l s ym b io n ts  Is n o t k n o w n , b u t In th e  case 
o f  c y to to x ic  c o m p o u n d s  fo u n d  In spon ges  and  tu n lc a te s  (a 
ty p e  o f m a rin e  w o rm ), th e y  m a y  be  used to  p re v e n t fo u lin g  o f 
th e  h o s t. O th e r m a te r ia ls  m a y  be  used to  d e te r  re e f f ish  fro m  
fe e d in g  on  th e  In ve rteb ra tes .

B lo a c tlve  c o m p o u n d s  p ro d u ce d  by m ic ro b ia l s ym b io n ts  m ay 
be  use fu l to  h u m a n s  In an y  o f  a v a r ie ty  o f  w ays. If th e  
m ic ro b e s  th a t  p ro d u ce  th e m  can be Iso la ted  successfu lly, It 
m a y  be p o ss ib le  to  ach ieve  la rg e -sca le  p ro d u c tio n  o f th e se  
m a te ria ls  by  In d u s tr ia l fe rm e n ta t io n  processes s im ila r  to  
th o s e  c o m m o n ly  e m p loye d  by p h a rm a c e u tic a l c o m p a n ie s  fo r  
th e  la rge  sca le  p ro d u c tio n  o f  a n tib io t ic s .

MICROBIAL EFFECTS ON THE ECOLOGY AND LIFE 

HISTORY OF MARINE INVERTEBRATES

M ic ro b ia l s ym b io n ts  can ha ve  p ro fo u n d  e ffe c ts  on th e ir  
ho s ts— e ffe c ts  th a t  ha ve  conseq uen ce s  fo r  th e  e co lo g y  and 
life  h is to ry  o f th e se  In ve rte b ra tes . For exam p le , loca l m ic ro b ia l 
d ive rs ity  has been s h o w n  to  Im pac t th e  s u ite  o f s ym b io n ts  
h a rb o re d  by a w id e s p re a d  species o f m usse l. S tud ies  o f  th e  
ITS re g io n  o f  th e  rlb o s o m a l D N A  o f  m usse l s ym b io n ts  and 
th e ir  e n v iro n m e n ts  have s h o w n  th a t  on e  species o f m ussel

ha s  d if fe re n t  
p o p u la t io n s  o f 

b a c te r ia  In d i f f ­
e re n t g e o g ra p h ic  

areas, a re f le c tio n  o f 
th e  b a c te r ia l p o p u la t io n s  a v a il­
a b le  fo r  c o lo n iz a tio n .

In m o re  r ig id , o b lig a to ry  sym b ioses , like 
th a t  b e tw e e n  th e  h y d ro th e rm a l v e n t tu b e  w o rm  
Riftia an d  Its sym b io n ts , th e  p rese nce o f fre e - liv in g  s ym b io n ts  
Is necessary  fo r  an In ve rte b ra te  to  c o lo n iz e  a g ive n  area , p o s ­
ing a lim ita t io n  on th e  h a b ita ts  a va ila b le  to  th a t  o rg a n ism . In 
a n o th e r e xa m p le  o f a t ig h t  re la tio n s h ip  (as desc ribe d  p re v i­
ously), th e  b a c te r iu m  Vibrio angulara Is re q u ire d  fo r  th e  a lga e  
Ulva to  e s tab lish  Its e lf on  a surface .

There Is som e  ev id en ce  th a t  th e  a lg a e  to  b la m e  fo r  h a rm fu l 
a lg a l b lo o m s  (w h ich  ha ve  caused as m u ch  as $1 b ill io n  d a m ­
age  ove r th e  p a s t decade) re q u ire  n o t o n ly  th e  a p p ro p r ia te  
n u tr ie n ts  In o rd e r to  p ro life ra te  In to  a b lo o m , b u t th e y  are 
a lso  re lia n t on c e rta in  b a c te r ia l associa tes. In o th e r  w o rd s , If 
th e  b a c te r iu m  Is p re se n t, an a lg a e  b lo o m  Is p o ss ib le  and  If th e  
b a c te r iu m  Is m iss in g  th e n  a b lo o m  m a y  n o t h a p p e n . The 
m e ch an ism  b e h in d  th is  p h e n o m e n o n  Is n o t ye t k n o w n .

MARINE VIRUSES

A t  f i rs t  g lance , th e  n u m b e rs  o f v iruses  fo u n d  In m a rin e  w a te rs  
ap pe a rs  to  be e x ce e d in g ly  h ig h . Lo ca tio n s  s tu d ie d  to  da te  
ha ve  reve a led  v ira l co u n ts  on th e  o rd e r o f 1 0 ,0 0 0 ,0 0 0  v iru s ­
es pe r m il l i l i te r  o f w a te r. H ow ever, th e se  n u m b e rs  are less s u r­
p r is in g  w h e n  on e  cons id e rs  th e  n u m b e r o f p ro sp e c tiv e  m ic ro ­
b ia l h o s ts  a v a ila b le  to  th o s e  v iru s e s . A p p ro x im a te ly  
1 ,0 0 0 ,0 0 0  m ic ro bes  a re  fo u n d  In a m il l i l i t e r  o f seaw a ter, 
m a k in g  th e  ra t io  o f v iruses  to  hos ts  ro u g h ly  10 :1 , a re a so n ­
a b le  p ro p o r t io n  fo r  e n su rin g  th a t  a v iru s  m ee ts  up  w ith  
p ro sp e c tiv e  hos ts  o f te n  e n o u g h  to  p ro p a g a te  Its e lf b e fo re  Is
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d is in te g ra te s . The h a lf  life  o f v iru ses  ave rages b e tw e e n  tw o  to  
fo u r  days, so a v iru s  p o p u la t io n  m u s t be  s u ff ic ie n tly  la rg e  to  
e nsu re  th a t  a t le a s t som e o f  its m e m b e rs  m e e t up  w ith  an 
a p p ro p r ia te  h o s t d u r in g  th a t  w in d o w  o f  t im e . V iruses th a t  
In fe c t rare hos ts  m a y  need  to  live  fo r  lo n g e r p e riod s  o f  t im e  
to  su rv ive  th e  In te rva l b e tw e e n  in fe c tio n  events.

M a r in e  v iruses  like ly  p la y  a n u m b e r o f im p o r ta n t ro les  in th e  
e co lo g y  o f  m a r in e  m ic ro bes . O bv iou s ly , v iruses  a c t as p re d a ­
to rs , caus in g  th e  m o r ta l ity  o f m a rin e  m ic ro bes . V iruses  also 
he lp  to  m a in ta in  th e  h ig h  leve ls  o f m ic ro b ia l g e n e tic  d ive rs ity  
obse rved  In m a rin e  ecosys tem s beca use hos ts  a re  k n o w n  to  
m a n ip u la te  th e ir  g e no m es  to  evade  diseases. By m o v in g  D N A  
b e tw e e n  th e  h o s t cells, v iruses  ac t as ag en ts  o f sex, s h u ff lin g  
g e n e tic  in fo rm a tio n  a ro u n d  th e  c o m m u n ity  and  p ro v id in g  
n e w  an d  s u rp r is in g  c o m b in a tio n s  o f  genes in th e ir  hosts .

V iruses  can a lso  p la y  a ro le  in th e  e co lo g y  o f h o s t cells by 
ly so g e n ic  con ve rs io n , a p h e n o m e n o n  in w h ic h  a p h a g e  
c hanges  th e  p h e n o ty p e  o f  a h o s t cell by e ith e r  in tro d u c in g  
g e n e tic  m a te r ia l In to  th e  h o s t's  g e n o m e  o r by  o th e r  m eans. It 
has been  fo u n d , fo r  exam p le , th a t  m a r in e  v iruse s  can carry  
th e  genes necessary  fo r  p h o to sy n th e s is , and  th a t  th e se  genes 
a re  re g u la r ly  tra n s fe r re d  b e tw e e n  h o s t ce lls  o f 
Prochlorococcus. Th is te m p o ra ry  s to ra g e  in v iruses  and  th e  
e f f ic ie n t s h u ff lin g  o f  th e  genes a m o n g  Prochlorococcus 

species p ro b a b ly  has had  a p ro fo u n d  im p a c t on  th e  e v o lu tio n  
o f  th e s e  p h o to s y n th e s is  genes  and  on  th e  e c o lo g y  o f 
Prochlorococcus.

The d ive rs ity  o f m a r in e  v iruses  is n o t lim ite d  to  b a c te r io ­
ph ag es  (v iruses  th a t  in fe c t an d  lyse ba c te r ia ). M a n y  o th e r 
fo rm s  o f  v iruses , In c lu d in g  D N A  and  R N A  v iruses  w ith  a w id e  
v a r ie ty  o f d if fe re n t sizes, h o s t ranges, and  b io lo g ic a l p ro p e r­
ties, re m a in  a lm o s t e n tire ly  u n ch a ra c te rize d . M a r in e  v iruses  
re p re s e n t a new , u n e x p lo re d  w o r ld  o f d ive rs ity .

THE ABUNDANCE AND DISTRIBUTION OF BACTERIAL 

AND VIRAL PATHOGENS

In th e  m a rin e  e n v iro nm en t, as elsewhere , th e  d is tr ib u t io n  o f a 
bac te ria l o r v ira l p a tho ge n  is d irec tly  de te rm in ed  by th e  v iru ­
lence o f th e  p a th o g e n  and th e  n u m b e r o f suscep tib le  hosts 
ava ilab le .T h is  ba la nce  be tw ee n  hosts  and p a tho ge ns  generates 
and m a in ta in s  th e  d ive rs ity  o f b o th  g roups. H owever, th is  d e li­
cate re la tio n sh ip  b reaks d o w n  in som e instances. For exam ple :

»  La tera l ge ne  tra n s fe r  b e tw e e n  b a c te r ia  (ca rrie d  o u t by 
v iruses ) an d  ly so ge n ic  co n ve rs io n  m a y  be  im p o r ta n t

m e d ia to rs  o f ch a n g e  fro m  n o n -p a th o g e n lc to  p a th o g e n ­
ic s ta te s  In som e b a c te r ia .

»  O p p o r tu n is t ic  p a th o g e n s  like  Vibrio cholerae d o  n o t 
co m p ly  w ith  th e  ru les  o f  h o s t a v a ila b ili ty  s ince  th e y  can 
ex is t o u ts id e  th e  ho s t.

»  C lim a te - re la te d  fa c to rs , in c lu d in g  te m p e ra tu re , have  
been  s h o w n  to  t r ig g e r  a p a th o g e n ic  s ta te  in c e rta in  
o p p o r tu n is t ic  p a th o g e n s  like  Vibrio shiloi and  co ra l sym ­
b io t ic  a lg a e  c a lled  z o o z a n th e lla e .

»  H um an  a c tiv it ie s  and  c h em ica l p o llu t io n  can a lso  in f lu ­
ence th e  a b u n d a n ce  o f p a th o g e n s  by s tress ing  and 
d e s ta b iliz in g  m ic ro b ia l c o m m u n itie s .

*
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M E T A B O L I C  C A P A B I L I T I E S  
A N D  R O L E S

»  MICROORGANISMS ARE SINGULARLY ADAPTABLE CREA­

TURES, AND THE MICROBES THAT DWELL IN THE WORLD'S 

OCEANS ARE NO EXCEPTION. MARINE MICROBES HAVE M A N ­

AGED TO PUT ALMOST EVERY ENERGETICALLY FAVORABLE 

CHEMICAL PROCESS TO WORK FOR THEM, MAKING THEM KEY 

PLAYERS IN THE CYCLES THAT MOVE THE ELEMENTS NECES­

SARY FOR LIFE AROUND THE BIOSPHERE. THE FLEXIBILITY OF 

MARINE MICROBES HAS ALSO GRANTED THEM A  NUMBER 

OF UNIQUE METABOLIC CAPABILITIES AND ADAPTATIONS.

SCALE OF MICROBIAL PROCESSES IN THE SEA

M ic ro b ia l in te ra c tio n s  and  processes have im p lic a tio n s  ove r a 
v e ry  w id e  ra n g e  o f scales In th e  oceans, fro m  th e  n a n o m e te r  
sca le  (0 .0 0 0 0 0 0 0 0 0 1  m e te r) to  th e  k ilo m e te r  scale (1 ,0 0 0  
m e te rs ) an d  g re a te r. The g lo b a l o u tc o m e  o f m ic ro b ia l m e ta ­
b o lic  p rocesses is th e  in te g ra t io n  o f  In te ra c tio n s  on  ve ry  sm a ll 
scales. In d e s ig n in g  s tud ies  o f m a rin e  m ic ro b ia l c o m m u n itie s , 
it is im p o r ta n t to  re m e m b e r th e  Im p o rta n c e  o f m icrosca les. 
They s h o u ld  n o t be o v e rlo o k e d .

GLOBAL CYCLES OF BIOELEMENTS

The cycles o f n itro g e n , oxygen , ca rbo n , su lfu r, p h o sp h o ro u s , 
iron , and  o th e r b io e le m e n ts  th a t  sus ta in  life  on th is  p la n e t a re 
d rive n , in p a rt, b y  th e  m ic ro o rg a n ism s  In th e  oceans. M ic ro be s  
a re  c a p a b le  o f us ing  eve ry  n a tu ra l c o m p o u n d  on th e  p la n e t 
and  m o s t o f th e  h u m a n -m a d e  c o m p o u n d s  as w e l l.  It is th is  
m e ta b o lic  f le x ib il i ty  th a t  secures m ic ro b e s ' im p o rta n c e  in th e  
cyc ling  o f  th e  b io e le m e n ts . M ic ro o rg a n is m s  c o n tro l th e  ra te - 
l lm lt ln g  s teps  o f th e  cycles th a t  no  o th e r  o rg a n ism s  can exe ­
cu te . M ic ro b e s  a lso  s tre n g th e n  th e  fe e d b a c k  system s th a t  
Increase th e  s ta b ility  o f  th e  cycles o f  th e  b io e le m e n ts . The 
d e ta ils  o f m a n y  key p rocesses in th e  b io e le m e n ta l cycles 
re m a in  u n k n o w n , and  it Is la rg e ly  u n k n o w n  w h ic h  m ic ro bes  
a re  th e  la rg e s t c o n tr ib u to rs  to  th e se  cycles, o r if  i t  is even p o s ­
s ib le  fo r  o n e  species to  be d o m in a n t.

A lth o u g h  th e  exac t c o n tr ib u t io n s  o f  m a r in e  m ic ro b e s  to  th e  
b io g e o c h e m ic a l cycles Is u n ce rta in , because o f  th e ir  m e ta b o l­
ic c a p a b ilit ie s  and  th e ir  sheer num b ers , m a r in e  m ic ro o rg a n ­
isms are th o u g h t  to  be m a jo r  p layers  in every  cycle re le v a n t 
t o  life . It is e s tim a te d  th a t  if  th e  oceans w e re  e m p tie d  o f 
m ic robes , th e  ca rb o n  d io x id e  In e a rth 's  a tm o s p h e re  w o u ld  
Increase s e ve n fo ld . M o re o ve r, h a lf  o f th e  m ic ro b ia lly -m e d ia t-  
ed n itro g e n  fix a t io n  occu rs  In th e  oceans, an d  n it r if ic a t io n  
and  d e n itr if ic a t io n , tw o  key processes th a t  se t th e  pace o f th e

n itro g e n  cycle, a re  ca rrie d  o u t by m ic ro be s . M a r in e  m ic ro bes  
m a y  a lso  p la y  a ro le  in c lou d  fo rm a t io n  by cyc lin g  c o m p o u n d s  
such as d im e th y ls u lf id e  in to  th e  a tm o s p h e re . A  c o n s ta n t 
e f f lu x  o f  m e th a n e  fro m  th e  su rface  o f  th e  oceans has been 
d e te c te d , an d  a lth o u g h  th e  p rocess  is n o t e n tire ly  u n d e r­
s to o d , it is u n d o u b te d ly  m ic ro b ia lly -m e d ia te d .

A s  m o re  an d  m o re  o f  th e  key p la y e rs  in th e  cyc les o f  b io e le ­
m e n ts  a re  c u lt iv a te d  a n d  s tu d ie d  in th e  la b o ra to ry , an d  as 
m e ta g e n o m lc  s tu d ie s  c o n t in u e  to  c o n tr ib u te  to  th e  m a p ­
p in g  o f  m e ta b o l ic  p ro ce sses  o n to  o c e a n  d e p th s  and  
p ro v in ce s , s c ie n tis ts  a re  c o m in g  to  a b e tte r, m o re  s o p h is t i­
c a te d  u n d e rs ta n d in g  o f  h o w  e le m e n ta l c yc lin g  is c a rr ie d  
o u t  in th e  oceans .

UNIQUE METABOLIC CAPABILITIES OF MARINE MICROBES

M a rin e  m ic ro o rga n ism s  possess a n u m b e r o f m e ta b o lic  ca p a ­
b ilit ie s  th a t  c a n n o t be fo u n d  In te rre s tr ia l m ic ro o rga n ism s . A s In 
o th e r ecosystem s, th e  ge ochem ica l h a b ita t d rives th e  e v o lu tio n  
o f d iffe re n t m e ta b o lic  c a pa b ilit ie s  In th e  m a rin e  e n v iro n ­
m e n t. For exam ple , co ld  en v iro n m e n ts  nea r th e  a rc tic  d rive  
d iffe re n t a d a p ta tio n s  th a n  h igh  te m p e ra tu re , h igh  pres­
sure h a b ita ts  ne ar h yd ro th e rm a l vents . M e th a n e  seeps are 
a n o th e r exam p le  o f a u n ig u e ly  m a rin e  e n v iro n m e n t 
th a t  has m o tiv a te d  nove l m e ta b o lic  ca pa b ilitie s . In 
m e th a n e  seeps, h ig h  s u lfa te  co n ce n tra tio n s  
c o m b in e  w ith  h ig h  m e th a n e  conce n tra tion s  
to  fa v o r th e  a n ae ro b ic  o x id a tio n  o f m e thane , 
a m e ta b o lism  fo u n d  o n ly  in th e  oceans.

The lig h t-d r iv e n  p ro to n  p u m p  p ro te o rh o d o p s in , w h ic h  Is 
fo u n d  on ly  In m a rin e  bacte ria , is th o u g h t to  p lay  an 
Im p o rta n t ro le  in th e  energy  ba la nce  o f th e  b iosphe re  
because o f its a b ility  to  e ffic ie n tly  ge ne ra te  ene rgy  fro m  lig h t. 
The use o f  s o d iu m -d e p e n d e n t tra n sp o rte rs  is a lso lim ite d  
to  m a rin e  m icroo rgan ism s .

M a r in e  sym b io se s , In c lu d in g  th e  s ym b io se s  
b e tw e e n  m a c ro o rg a n ism s  an d  b io lu m in e s c e n t 
b a c te r ia  and  b e tw e e n  s h lp w o rm s  and  n ltro -  
g e n -flx ln g  c e llu lo ly t lc  b a c te r ia , ha ve  g iven  
rise to  m a n y  u n ig u e  m e ta b o lic  a c tiv itie s .

ADAPTING TO EXTREME ENVIRONMENTS

The oceans a re  h o s t to  m a n y  d if fe re n t k inds  o f 
ex tre m e  e n v ironm en ts , and m a rin e  m ic ro b es  have fo u n d  
n u m e ro u s  w a ys  to  th r iv e  in th o s e  places by  e ith e r c h an g in g  
th e ir  b io c h e m is try  to  cope  w ith  th e  c o n d it io n s  o r b y  c re a ting  
ba rrie rs  to  keep th e  harsh c o n d it io n s  o u t o f  th e ir  cells.

*

*
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In co ld  en v iro n m e n ts , p s y c h ro p h ila  ba c te ria  cope  w ith  th e  
c o n d it io n s  b y  m a in ta in in g  fle x ib le  m e m b rane s  and  by  c irc u la t­
ing n a tu ra l a n tifre e z e  co m p o u n d s  th ro u g h o u t th e  ce ll. In 
e x tre m e ly  h o t areas o f th e  oceans, h yp e rth e rm o p h  ¡ I l e  m icrobes  
use su b tle  changes  In th e ir  p ro te in s  to  m a x im iz e  th e  n u m b e r 
o f s ta b iliz in g  sa lt b rid ge s  and  Ion p a ir in g s  th a t  keep enzym es 
to g e th e r  In th e  h e a t. Reverse gyrase, w h ic h  a llo w s  D N A  to  
m a in ta in  Its s tru c tu re  d u r in g  re p lic a tio n  a t h ig h  te m pe ra tu res , 
Is a n o th e r u n ig u e  enzym e used b y  hyp e rth e rm o p h lle s .

In areas o f  h ig h  sa lt c o n c e n tra tio n s , m a n y  h a lo p h lle s  have 
a d a p te d  b y  a lte r in g  th e ir  p ro te ins , m a k in g  th e m  ac id ic , and 
hence, re s is ta n t to  th e  p ro te in -s c a t te r in g  e ffe c ts  o f h ig h  sa lt 
co n c e n tra tio n s . O th e r h a lo p h lle s  c irc u la te  osm o ly tes , sm all 
o rg a n ic  m o le cu le s  th a t  p re v e n t w a te r  loss to  th e  h ig h ly  sa lty  
s u rro u n d in g s  o u ts id e  th e  ce ll.

The m a rin e  e n v iro n m e n t p re se n ts  an u n p a ra lle le d  o p p o r tu n i­
ty  fo r  s tu d y in g  life  In e x tre m e  e n v iro n m e n ts . N o w h e re  else on 
ea rth  do  so m a n y  d if fe re n t e n v iro n m e n ta l c o n d it io n s  ex is t In 
such c o m p a c t areas. The oceans are h o m e  to  e x tre m e ly  h ig h  
pressures  an d  to  th e  h ig h e s t te m p e ra tu re s  o f  an y  a q u a tic  sys­
te m . D eep sea brines , w h ic h  ha ve  h ig h  c o n c e n tra tio n s  o f bo th  
sa lts  an d  h eavy  m e ta ls , a re  s in g u la r h a b ita ts  w h e re  life  
th r iv e s  d e sp ite  th e  d iff ic u lt ie s . B ecause o f th e se  d ive rse  h a b i­
ta ts , th e  oceans a re  u n ig u e  w ith  re spe ct to  
th e  ch a lle n g e s  po sed  to  life  and  w ith  
respe ct to  th e  w e a lth  o f b io lo g ic a l 
d ive rs ity  th a t  has arisen  to  cope 
w ith  th o s e  cha llen ge s.

IMPACTS OF HUMAN-INDUCED CHANGE ON THE 

CYCLING OF ELEMENTS IN THE OCEANS

Since th e  In d u s tr ia l re v o lu tio n , va s t q u a n tit ie s  o f m a n y  Im p o r­
ta n t  b io e le m e n ts  ha ve  been ta ke n  fro m  re la tiv e ly  In e rt 
o r In accessib le  sources an d  re leased In to  th e  p la n e t's  air, so il, 
an d  w a te r. In p u ts  to  th e  e n v iro n m e n t on  th is  scale d ire c tly  
an d  In d ire c tly  Im p a c t th e  oceans, and  a tm o s p h e r ic  In pu ts  o f 
g re e n h o u se  gases have Induced  ra p id  c lim a te  change . A s 
w o r ld  p o p u la tio n s  c lim b  and  resou rce  e x p lo ita t io n  soars, 
e n v iro n m e n ta l In p u ts  and  c lim a te  ch a n g e  are a c ce le ra tin g  a t 
an a la rm in g  ra te . S om e s ig n if ic a n t a lte ra tio n s  In th e  m ic ro b ia l 
c o m m u n itie s  o f  th e  oceans, and , th e re fo re , In th e  g lo b a l 
cyc lin g  o f  th e  b io e le m e n ts , a re  a n tic ip a te d  In th e  w a k e  o f 
th e se  e s ca la tin g  changes.

The Im pac ts  o f g lo b a l te m p e ra tu re  changes  re s u lt in g  fro m  c li­
m a te  chan ges  w il l  be fe l t  by m ic ro b ia l en zym e system s. 
D iffe re n t enzym e system s ha ve  d if fe re n t te m p e ra tu re  o p tim a , 
so m lc ro e c o lo g lc a l p rocesses  In a g ive n  area  m a y  be 
depressed  o r s tim u la te d  d e p e n d in g  on th e  n a tu re  o f th e  loca l 
te m p e ra tu re  cha n g e  (u p  o r d o w n ) and  th e  o p tim a  o f th e  
enzym e system s In vo lve d . These chan ges  are n o t p re d ic ta b le , 
s ince  th e  o p t im u m  te m p e ra tu re  fo r  enzym es a re  n o t easy to  
d e c ip h e r fro m  an o rg a n ism 's  h a b ita t.

In som e areas o f th e  w o r ld , c lim a te  change has resu lted  In a 
decrease In ra in fa ll. In Saharan A frica , a de c line  In ra in fa ll com ­
b ined  w ith  hu m a n  ac tiv ities  has led to  de se rtifica tion  o f m any 
areas and en courag ed an Increase In w in d -b o rn  dust, resu lting  
In an Increase In th e  d e po s it ion  o f A frican  d u s t In th e  oceans. 
The m eta ls  carried In th is  dust, In c lu d ing  Iron, are like ly  to  

Im pact m a rin e  m ic ro b ia l com m un itie s  and th e  cycles th e y  carry 
o u t th a t  susta in  th e  b iosphere. (As a s ide note, In China 's  
G obi Desert, Irr ig a tion  and o the r land use practices have 

ac tua lly  decreased th e  size o f selected deserts. This has 
led to  a decrease In d u s t de po s ition , and cou ld  cause 

Iron lim ita tio n  In th e  m a rin e  w a te rs  w h e re  d u s t and 
th e  Iron It carries Is o th e rw ise  deposited .)

H um an Inputs  o f n itrog e n  to  th e  oceans, w h ic h  c o m ­
prise ro u g h ly  h a lf o f th e  to ta l n itro g e n  Inputs, are 

Im pac ting  th e  g lo b a l cycling o f n itro g e n  In b o th  kn o w n  
and u n kn o w n  w ays. For exam ple , n itrog en  p o llu tio n  

has had an Im pact on n itrou s  ox ide  
cycling In coasta l systems, a p p a r­
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en tly  resu lting  In a n e t Increase In n itrou s  ox ide  p ro d u c tio n . 
N itro g e n -b u rd e n e d , oxygen -dep le te d  coasta l reg ions  acco un t 
fo r  o n ly  2 %  o f th e  ocean surface area, b u t these  reg ions  con­
tr ib u te  a b o u t 2 0 %  o f th e  n itro u s  ox ide  th e  oceans release to  th e  
a tm osphere . The concen tra tion  o f n itrou s  ox ide  In th e  a tm o s ­
phere  Is Increasing a t an acce le ra ting  rate, and It Is n o t c lear 
h o w  th is  tra je c to ry  w ill change w ith  g lo b a l c lim a te  change. It Is

ac id  (H ,CO:,) w h ic h  su b se g u e n tly  d issoc ia tes  In to  H+ and 
H C O L  These m a te ria ls  lo w e r th e  pH o f th e  w a te r. The c o ncen ­
tra t io n  o f ca rbo n  d io x id e  fro m  hu m a n  sources Is a lso  on th e  
rise. Hence, a decrease In th e  pH o f se a w a te r Is expe cted  to  
echo  th e  g lo b a l w a rm in g  tre n d  and  o n g o in g  Increases In ca r­
bo n  em iss ions . O cean a c id if ic a t io n  w i l l  ha ve  a d ire c t Im p ac t on 
corals. They a re  expe cted  to  g ro w  m o re  s lo w ly  and be co m e

T H E  C O N S E Q U E N C E S  O F  G L O B A L  C L I M A T E  

C H A N G E  A N D  H U M A N  I N P U T S  O F  B I O E L E M E N T S  

T O  T H E  O C E A N S  A R E  P O T E N T I A L L Y  D I S A S T R O U S .

like ly  th a t  esca la ting  n itro g e n  Inputs w il l  co n tin u e  to  pe rtu rb  
and tra n s fo rm  th e  n itrog e n  cycle and th a t  n itrou s  ox ide  em is­
s ions fro m  th e  oceans w il l  c o n tin u e  to  c lim b.

B ecause o f th e ir  rap id  g ro w th  ra tes  and  m e ta b o lic  f le x ib il ity , 
m a rin e  m ic ro b e s  c ou ld  po ss ib ly  serve as a b u ffe r  th a t  he lps  
d a m p e n  la rge  scale changes  re s u lt in g  fro m  h u m a n - in d u c e d  
m o d if ic a t io n s  o f th e  oceans. There Is a g re a t dea l o f u n ce r­
ta in ty  a b o u t h o w  w e ll th is  d a m p e n in g  e ffe c t w o rk s  In p ra c ­
tice , ho w ever. It m a y  be th a t  m a r in e  m ic ro b es  ha ve  a ce rta in  
b u ffe r in g  capa city , b u t w h e n  It Is exceeded  c o n d it io n s  w il l  
d e c lin e  p re c ip ito u s ly .

The conseg uences o f g lo b a l c lim a te  chan ge  and  h u m a n  Inputs  
o f b io e le m e n ts  to  th e  oceans a re  p o te n t ia lly  d isastrous . 
T e m pe ra tu re  Increases can have an In d ire c t e ffe c t on th e  a c id ­
ity  o f  ocean w a te r, and  th us , on th e  m a rin e  h a b ita t. The s o lu ­
b ility  o f ca rb o n  d io x id e  Increases w ith  te m p e ra tu re , and d is ­
so lved ca rb o n  d io x id e  com b ine s  w ith  w a te r  to  fo rm  ca rb o n ic

m o re  fra g ile  u n d e r th e se  c ircum stances, de creas ing  th e  a b ili ty  
o f  cora l reefs to  a c t as p ro te c tiv e  Is land ba rrie rs  even as s to rm  
In te n s ity  Increases because o f c lim a te  change.

C lim a te  ch a n g e  m a y  a lso  b r in g  a b o u t b ig  cha n g es  In th e  
s tra t if ic a t io n  o f  th e  oceans, re d u c in g  m ix in g  an d  re d u c in g  th e  
o u tp u t  o f  m a r in e  fishe ries .

*

M A R I N E  M I C R O B I A L  D I V E R S I T Y :
T H E  K E Y  T O  E A R T H ’ S  H A B I T A B I L I T Y 13



H U M A N S  A N D  M A R I N E  M I C R O B E S

* »  MARINE MICROORGANISMS ARE INEXTRICABLY LINKED 

TO HUM AN LIFE THROUGH BIOGEOCHEMICAL CYCLES, PATH­

OGENIC RELATIONSHIPS, AND MICROBIAL INFLUENCES ON 

OCEAN FOOD WEBS. HOWEVER, M A N Y HUM AN ACTIVITIES 

CAN IMPACT M ICROBIAL DIVERSITY, W HICH, IN  TURN, 

IMPACTS THE SERVICES MARINE MICROBES OFFER US.

A s id e  fro m  th e ir  n a tu ra l ro les  In h u m a n  a ffa irs , m ic ro b e s  fro m  
th e  oceans can a lso  be p u t to  use in b io te c h n o lo g y  a p p lic a ­
t io n s  o r in h e lp in g  to  a lle v ia te  e n v iro n m e n ta l d e te r io ra t io n .

HUMAN IMPACTS ON MARINE MICROBIAL DIVERSITY

O ver s ix b illio n  p e o p le  n o w  p o p u la te  th e  w o r ld , and  th e  
im p a c ts  o f o u r a c tiv it ie s  a re fe lt  In eve ry  co rn e r o f th e  g lobe, 

in c lu d in g  th e  oceans. The b io d iv e rs ity  o f m a rin e  
m ic ro b e s  Is like ly  to  be a ffe c te d  by h u m a n  a c t iv i­

tie s  on  b o th  g lo b a l an d  loca l scales.

%

*

On th e  g lo b a l scale, a ll o rg a n ism s  in th e  oceans, 
in c lu d in g  m icrobes , w i l l  re spo nd  to  th e  c h ie f fe a ­

tu re  o f  g lo b a l c lim a te  cha n g e : te m p e ra tu re  changes. 
E leva ted  te m p e ra tu re s  ha ve  been fo u n d  to  b r in g  a b o u t 
increases in th e  n u m b e rs  o f c e rta in  w a te rb o rn e  p a th o g e n s . 

H ig h e r te m p e ra tu re s  can a lso  t r ig g e r  th e  a c tiv ity  o f ce r­
ta in  m ic ro b ia l genes, In c lu d in g  v iru le n c e  genes th a t  
can lead e n v iro n m e n ta l p a th o g e n s  to  cause d isease in 
hum ans , corals, and  o th e r m a cro o rg a n ism s .

T e m p e ra tu re  cha n g es  in th e  ocea ns  m a y  a lso  d is tu rb  th e  
d e lic a te  b a la n ce  b e tw e e n  th e  n u m b e rs  o f b a c te r ia  and  
ph ag es. The checks  an d  ba la nce s  sys tem  b e tw e e n  v iruses  
an d  th e ir  b a c te r ia l ho s ts  has  re c e n tly  been  re c o g n iz e d  as a 
d e te rm in a n t o f  b a c te r ia l a b u n d a n c e  an d  d iv e rs ity  an d  o f  th e  
e ff ic ie n c y  o f  ca rb o n  c yc lin g  in a g ive n  m ic ro b ia l c o m m u n ity . 
It is po ss ib le  th a t  c lim a te  c h a n g e  m a y  n o t  ha ve  d ra s tic  o u t ­
w a rd  e ffe c ts  on  th e  b a la n ce  b e tw e e n  b a c te r ia  and  phage, 
ho w eve r, g ive n  th e  f le x ib il i ty  o f th e  sys tem  an d  th e  a d a p t­
a b il i ty  o f m ic ro o rg a n ism s .

On a lo ca l leve l, th e  o z o n e  h o le  ove r th e  A n ta rc t ic ,  a conse- 
g u e n ce  o f  h u m a n  re leases o f o z o n e -d e p le tin g  chem ica ls , is 
p ro b a b ly  h a v in g  e ffe c ts  on  m ic ro b ia l p o p u la tio n s  th e re . The 
g a p  in th e  ozon e  laye r a llo w s  h ig h  leve ls o f  u l tra v io le t rays to  
reach th e  su rface  o f th e  ocea n , and  is like ly  to  in cre ase  m ic ro ­
b ia l m u ta t io n  ra tes  an d  ch a n g e  m ic ro b ia l c o m m u n ity  c o m p o ­
s it io n  in A n ta rc t ic  w a te rs .

Loca l Im pac ts  a lso  in c lu d e  th e  re lease o f e x o tic  b a lla s t w a te r. 
The p ra c tice  o f b a lla s t w a te r  d u m p in g  is k n o w n  to  re lease 
b o th  in va s iv e  m a c ro o rg a n is m s  a n d  p o te n t ia l ly  h a rm fu l 
m ic ro o rg a n ism s  in coa s ta l w a te rs .

N u tr ie n t lo a d in g , w h e th e r  fro m  fish  fa rm in g  a c tiv it ie s  o r fro m  
ru n o ff, has had  m ass ive  im p a c ts  on  coas ta l e n v iro n m e n ts . 
Fish fa rm s  ha ve  p ro ve n  re s p o n s ib le  fo r  e u tro p h ic a t io n  (a d d i­
t io n s  o f h ig h  c o n c e n tra tio n s  o f  n u tr ie n ts )  o f s u rro u n d in g  
w a te rs , re s u lt in g  in la rg e  changes  in th e  loca l m ic ro b ia l c o m ­
m u n itie s . Fish fa rm in g  a c tiv it ie s  and  ru n o ff  to g e th e r  have 
re su lte d  In an Increase In th e  fre g u e n c y  o f co a s ta l p h y to ­
p la n k to n  b loo m s, in c lu d in g  h a rm fu l a lg a l b lo o m s  th a t  cost 
f is h e rm e n  and  g o ve rn m e n ts  m illio n s  o f do lla rs  every year.

La rge -sca le  h a rve s tin g  o f  th e  m a rin e  m a c ro fa u n a  b y  h u m a n s  
has  c h an ged  th e  fo o d  w e b s  o f th e  oceans and  is like ly  to  be 
a f fe c tin g  m a r in e  e g u ilib r ia  and  m ic ro b ia l d ive rs ity , d r iv in g  th e  
n u m b e rs  o f som e species up  and  o th e rs  d o w n . In Peru in th e  
1970s, fo r  exam p le , o v e r-f ish in g  led to  la rge  p h y to p la n k to n  
b lo o m s  an d  a success ion  o f b a c te r ia  th a t  c re a te d  la rge  zones 
o f  d e p le te d  oxyg en , ca lled  "d e a d  z o n e s ,"  in coas ta l w a te rs . In 
th is  case, h u m a n  a c tiv it ie s  led d ire c tly  to  a fu n d a m e n ta l and 
d e va s ta tin g  ch a n g e  in th e  m ic ro b ia l ecosys tem . The exac t 
n a tu re  o f th e  e ffec ts  o f fo o d  w e b  changes  re s u lt in g  fro m  
o v e r-f ish in g  Is li t t le  u n d e rs to o d  and  reg u ire s  fu r th e r  study.

CRITICAL MICROBIALLY-MEDIATED EQUILIBRIA THAT IMPACT 

ENVIRONMENTALAND HUMAN HEALTH

W h ile  it is tru e  th a t  m a rin e  m ic ro b ia l system s d rive  th e  b io g e o ­
chem ica l cycles th a t  m ake  life  po ss ib le  on  th is  p lan e t, m a rin e  
m icrobes  a lso  have m o re  d irec t, im m e d ia te  e ffec ts  on hum an  
he a lth  and th e  w e ll-b e in g  o f th e  ocean ecosystem . M a n y  o f 
th e se  d ire c t e ffec ts  are th e  re su lt o f  fra g ile  m ic ro b ia l e g u ilib r ia , 
ba la n c in g  po in ts  be tw e e n  op po s in g  tre n d s  th a t  cou ld  lead to  
serious  repercussions  fo r  h um a ns  and  ou r e n v iro nm en t.

The e q u ilib r iu m  b e tw e e n  b a c te r ia  an d  v iruses  in th e  oceans is 
an e xa m p le  o f th e  k in d  o f c ritic a l b a la n c in g  ac t m ic ro bes  p e r­
fo rm  every  day. C ha nges  in w a te r  te m p e ra tu re  an d  u ltra v io le t 
ra d ia t io n  (U V), tw o  fa c to rs  k n o w n  to  be Im p ac te d  by hu m a n  
ac tiv itie s , a re k n o w n  to  d is tu rb  th e  re la tiv e  n u m b e rs  o f b a c ­
te r ia  and  v iruse s  in th e  oceans, w ith  p o ss ib ly  d isa s tro us  
resu lts  fo r  h u m a n  h e a lth . The v iru le n c e  o f a v iru s  th a t  preys 
on  th e  b a c te r iu m  re s p o n s ib le  fo r  cho le ra  (Vibrio cholerae), fo r  
exam p le , is a ffe c te d  by  su b tle  chan ges  in te m p e ra tu re . Hence, 
co a s ta l te m p e ra tu re  is a key d e te rm in a n t o f  th e  b u rd e n  o f 
cho le ra  in co a s ta l w a te rs — an im p o r ta n t m a tte r  to  h u m a n s  
w h o  live  n e a r th o s e  areas. S tu d ies  in d ic a te  UV can co n ve rt
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v iruses  b e tw e e n  a c tiv e  and  d o rm a n t fo rm s , so a tm o s p h e r ic  
changes  th a t  in crease  th e  a m o u n t o f  l ig h t In th e se  w a v e ­
le n g th s  th a t  reaches th e  oceans can u p se t th e  ba la n ce  
b e tw e e n  v iruse s  and  th e ir  hosts , p o ss ib ly  le a d in g  to  u n c o n ­
t ro lle d  ep id em ics  in fish , in ve rte b ra te s , o r hum a ns .

M icro b ia l co m m u n itie s  in th e  oceans also m a in ta in  th e  
ba lances th a t  can keep h a rm fu l a lga l b loom s in 

check. A lg a l b loo m s can po ison  hu m a ns  and 
w ild li fe  th a t  consum e she llfish  ta in te d  by th e  
algae. It is n o w  k n o w n  th a t  n u tr ie n t p o llu tio n  can 

d is tu rb  coasta l m a rin e  m icrobes, tr ig -  
] these  bloom s.

»  The corals th a t  ha ve  been d r ive n  n o rth  by w a rm  w a te rs  
th a t  s tim u la te  Vibrio to x ic ity  to  th e  co ra l's  s ym b io tic  
z o o z a n th e lla e  w o u ld  be  an e x ce lle n t system  fo r  s tu d y in g  
th e  im p a c ts  o f  h u m a n  a c tiv it ie s  on sym b ioses.

»  The C h esap eake  Bay cou ld  be  a g o o d  m o d e l system  o f 
a h ig h ly - im p a c te d  co as ta l m a r in e  ecosys tem . N u tr ie n t 
in p u ts  to  th e  ba y  ha ve  been  c u rta ile d , b u t th e se  re s tr ic ­
t io n s  ha ve  n o t ye t re su lte d  in a m a rke d  im p ro v e m e n t on 
m easures  o f  e co lo g ica l h e a lth .

»  L ig h tly  s t ra t i f ie d  m a rin e  system s, like  th e  Red 
Sea, a n d  h ig h ly  s t ra t if ie d  p r is tin e  coasta l 

system s c o u ld  serve  as g o o d  m o d e ls  fo r  
c o m p a ris o n  a g a in s t one  a n o th e r  to  learn 
a b o u t th e  c o n d it io n s  th a t  can lead to  a n ox ia .

»  O lig o tro p h ic  system s (n u tr ie n t-p o o r)  and  eu tro p h ic  

coasta l system s (n u tr ie n t-c o n ta m in a te d )  c o u ld  m ake  
g o o d  c o m p a ra tiv e  system s fo r  u n d e rs ta n d in g  th e  sus­
c e p tib i lity  and  re s ilien ce  o f  e q u ilib r ia  to  n u tr ie n t  lo a d in g .

S y m b io tic  e q u ilib r ia  b e tw e e n  m a rin e  m ic ro be s  and  th e ir  hosts  
cou ld  a lso  be up se t by  h u m a n  a c tiv itie s . Increases in w a te r  
te m p e ra tu re , fo r  exa m p le , c o m p e l cora ls  to  d rive  o u t th e ir  
b a c te r ia l sym b io n ts . M a rin e  m ic ro bes  m e d ia te  th e  n u tr ie n t 
ra t io s  In seaw a te r, an d  re leases o f n u tr ie n ts  fro m  run o ff, 
w a s te w a te r  tre a tm e n t fa c ilit ie s , o r o th e r  sources th a t  u p se t 
th o s e  ra tio s  can se rio us ly  u n b a la n c e  ecosys tem  h e a lth .

A  m o d e l o f h a rm fu l a lg a l b lo o m s  is c r it ic a lly  n e ed ed . The 
m e ch an ism s  an d  t r ig g e r in g  fa c to rs  b e h in d  th e se  ph e n o m e n a  
are  n o t k n o w n , and  a s u ita b le  system  fo r  s tu d y  has ye t to  be 
fo u n d . M o d e l b a lla s t w a te r  system s are a lso  n e e d e d . A  g re a t 
dea l o f  w a te r  an d  m a n y  b illio n s  o f  m ic ro b e s  a re  be in g  m o ve d  
a ro u n d  th e  w o r ld  as ba lla s t, b u t th e  e ffec ts  o f  th e se  a c tiv it ie s  
are li t t le  u n d e rs to o d .

M a r in e  system s a re  h ig h ly  co n n e c te d  w ith  on e  a n o th e r—  
m o re  so th a n  te r re s tr ia l system s. A s  a resu lt, a lte r in g  m ic ro - 
b ia lly -m e d ia te d  e q u ilib r ia  in one  p a rt o f  th e  ocean w il l  o fte n  
ha ve  im p a c ts  on  a d ja c e n t a reas  and  fa r - f lu n g  reg ion s . The 
c o u p lin g  b e tw e e n  th e  s e d im e n t (ca lle d  th e  b e n th ic  zone ) and 
w a te r  (ca lled  th e  p e la g ic  zone ) in co a s ta l areas is p a r tic u la r ly  
t ig h t  and  c h a n g in g  o n e  o f  th o s e  c o m p o n e n ts  w i l l  in e v ita b ly  
a ffe c t th e  o the r. S im ila rly , th e  de ep  ocean  co lle c ts  m a te r ia l 
f ro m  th e  u p p e r ocea n— th e  tw o  are s o m e w h a t se pa ra te  b u t 
in e x tr ic a b ly  lin ke d .

Models for Studying the Microbially-Mediated Equilibria
M o d e l system s are ne ed ed  fo r  s tu d y in g  th e  m ic ro b ia lly -m e d i-  
a te d  e q u ilib r ia  th a t  re la te  to  h u m a n  and  e n v iro n m e n ta l 
h e a lth . S om e c a n d id a te  m o de ls  in c lud e :

»  C y an o b a cte ria  and  cyan o p h ag e w o u ld  serve as a 
go o d  m o d e l fo r  in v e s tig a t in g  th e  ba lances  b e tw e e n  
hos ts  and  v iruses .

Reversibility o f Changes in Microbially-Mediated Equilibria
C learly , th e  c ritic a l e q u ilib r ia  th a t  m a r in e  m ic ro bes  m a in ta in  
can be ea s ily  p e rtu rb e d  by h u m a n  ac tio ns , and  m a n y  o f 
th e se  c o n d itio n s , like  th e  ba la nce s  th a t  keep h a rm ­
fu l a lg a l b lo o m s  in check, a re  a lre a d y  in a d is ­
tu rb e d  s ta te . H ow ever, som e o f  th e se  im pa cts  
m a y  be reve rs ib le . N u tr ie n t p o llu t io n , fo r  
exam p le , w h ic h  a ffe c ts  th e  e q u ilib r ia  th a t  
c o n tro l a lg a l b lo o m s  an d  n u tr ie n t c o n ­
c e n tra tio n s  in coa s ta l w a te rs , c ou ld  be 
c o n tro lle d  by p re v e n tin g  se w ag e  d u m p in g  
in to  th e  ocean and  by re s to r in g  th e  w e t ­
lands  and  s a lt m a rshes  th a t  f i l te r  n u tr ie n ts  
in ru n o f f  b e fo re  it reaches th e  ocean .

P re v e n tin g  th e  e m iss ion  o f  o z o n e -d e p le tin g  
c h lo ro f lu o ro c a rb o n s  w o u ld  a l lo w  th e  h o le  in th e  
o z o n e  laye r ov e r th e  A n ta rc t ic  to  rec o v e r w ith in  
decades . A  m o re  in ta c t o zo n e  laye r w o u ld  p re -
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v e n t a g re a t dea l o f h a rm fu l U V  fro m  re a ch in g  th e  ocea ns 
a n d  w o u ld  re lie ve  b a c te r la l-v lra l e g u ilib r ia  o f th e  adve rse  
e ffe c ts  o f UV.

In an  e f fo r t  t o  l im it  p a th o g e n  re lea ses , w a te r  used  In f is h  
fa r m in g  o p e ra t io n s  c o u ld  be  t r e a te d  a n d  re c yc le d  w ith in  

th e  s ys te m . L im it in g  re le a s e s  to  th e  o c e a n s  w o u ld  lo w e r  
th e  n u m b e rs  o f  fa rm -a s s o c ia te d  p a th o g e n s  to  w h ic h  
w i ld  p o p u la t io n s  a re  e x p o se d  a n d  w o u ld  re s to re  
lo c a l b a la n c e s  b e tw e e n  p a th o g e n s  a n d  h o s ts . 
R e c yc lin g  w o u ld  a ls o  e l im in a te  (o r  a t  le a s t c u r ta i l)  
th e  re le a s e  o f  n u t r ie n ts  t o  lo c a l w a te rs .  N it ro g e n  
c o u ld  be  re m o v e d  f ro m  fa rm  w a te r  u s in g  an a n a e ro ­

b ic  a m m o n ia  p ro ce ss  c a r r ie d  o u t  b y  m a r in e  b a c te r ia . 
A g u a c u ltu r e  w i t h o u t  b io lo g ic a l an d  c h e m ic a l p o l lu t io n  
Is a w o r th y  g o a l fo r  th e  In d u s try .

H um ans  ha ve  Im p a c te d  m a rin e  e g u ilib r ia  In m a n y  w ays, and 
th e  t im e  re q u ire d  fo r  th e se  sys tem s to  recove r 

Is n o t k n o w n . E du ca tio n  on 
th e se  to p ic s  Is nec ­

essary to  convey 
th e  se ve rity  o f 

th e se  Im pac ts  to  
th e  g lo b a l c o m m u ­

n ity  so th a t  agg re ss ive  
s teps  can be ta k e n  to  reverse  th e m .

APPLYING MARINE MICROBES 

USING BIOTECHNOLOGY

The g re a t m e ta b o l ic  d iv e rs ity  o f m a r in e  
m ic ro b e s  m akes  th e  oceans  a rich  
s o u rc e  o f  b io lo g ic a l m a te r ia l fo r  

b io te c h n o lo g y  a p p lic a t io n s . A  v a r ie ty  o f 
s e co n d a ry  m e ta b o lite s , enzym es, p o lym e rs , a n d  m e ta b o lic  
p rocesses  can be  fo u n d  o n ly  In th e  m ic ro b e s  th a t  In h a b it  th e  
oceans, an d  It Is lik e ly  th a t  m a n y  m o re  u s e fu l p ro d u c ts  w i l l  
be  fo u n d  as resea rch  c o n tin u e s . The b io te c h n o lo g y  p o te n t ia l 
o f  th e s e  o rg a n ism s  Is a m a jo r  d r iv in g  fo rc e  b e h in d  th e  push 
to  c h a ra c te r iz e  m a r in e  m ic ro b ia l d ive rs ity .

D iffe re n t m a rin e  h a b ita ts  w i l l  y ie ld  m ic ro bes  su ite d  to  d i f fe r ­
e n t a p p lica tio n s . E xp lo ring  h o t e n v iro n m e n ts , fo r  exam ple , 
w i l l  u n e a rth  th e rm o p h ilic  b a c te r ia  th a t  p ro d u ce  th e rm o s ta b le  
po lym era se s  th a t  c ou ld  be used In In d u s tr ia l a p p lica tio n s .

C o lle c tio n s  o f  lib ra ries  and  c u ltu re  c o lle c t io n s  o f m a rin e  
m ic ro o rg a n ism s  w o u ld  be  ve ry  use fu l fo r  h a rve s tin g  b io te c h ­
n o lo g ic a l p ro d u c ts  fro m  m a rin e  m ic ro be s . Basic  research

needs to  p ro v id e  th e  fu n d a m e n ta l lib ra ries , to o ls , and  m e ta ­
da ta  th a t  can be  linked  an d  passed on to  b io te c h n o lo g ic a l 
and  b io m e d ic a l In te res ts  fo r  d e v is in g  a p p lic a tio n s  fo r  m a rin e  
m ic ro be s  and  th e ir  p ro d u c ts . In n o v a tive  w ays  o f lin k in g  
research  to  re a l-w o r ld  a p p lic a tio n s  a re  ne ed ed .

Industrial Applications
P o te n tia l In d u s tr ia l a p p lic a tio n s  o f  m a rin e  m ic ro o rg a n ism s  
a re  m a n y  an d  v a rie d , In c lu d in g :

»  The In te rfa ce  b e tw e e n  m ic ro b io lo g y , n a n o te c h n o lo g y , and 
e n g in e e rin g  m a y  y ie ld  n e w  n a n o s tru c tu re s  o r e le c tro n ic  
c o m p o n e n ts  p ro d u ce d  w ith  th e  he lp  o f  m a rin e  m icro bes.

»  M a g n e tic  be ad s  fro m  m a g n e to ta c t lc  m a rin e  ba c te ria  
c o u ld  ha ve  a p p lic a tio n s  In o p tic s  an d  e lec tron ics .

»  C e rta in  m a r in e  o rg a n ism s , In c lu d in g  Prochlorococcus 
and  Pelagibacter, ha ve  s tre a m lin e d  g e n o m e s  th a t  m ay 
be  u s e fu l as m e ta b o lic  e n g in e s  fo r  m a n u fa c tu r in g  
In d u s tr ia l p ro d u c ts .

> : A lk y lo p h lle s  m a y  p ro d u ce  use fu l p ro d u c ts  fo r  use In 
la u n d ry  d e te rg e n ts .

Energy Production
H u m a n k in d  fa ces  v a s t e n e rg y  needs, b u t w ith  th e  h e lp  o f 
m a r in e  m ic ro o rg a n is m s , b lo fu e ls , c le a n e r e n e rg y  p ro d u c ­
t io n ,  an d  a lte rn a t iv e  fu e l te c h n o lo g ie s  m a y  a ll be  w ith in  
rea ch . N e w  p rocesses th a t  c o u ld  b u ild  s u s ta in a b le  sou rces  
o f  e n e rg y  m a y  a rise  f ro m  a b e tte r  u n d e rs ta n d in g  th e  d iv e r ­
s ity  o f  p ro ce sses  a v a ila b le  In m a r in e  m ic ro o rg a n is m s . 
U n d e rs ta n d in g  th e  d iv e rs ity  o f  m ic ro b ia l p roce sses  w i l l  p ro ­
v id e  th e  e v o lu tio n a ry , s tru c tu ra l, and  fu n c t io n a l In fo rm a tio n  
th a t  a re  n e e d e d  fo r  p roce ss  o rg a n iz a t io n  an d  o p t im iz a t io n .  
M ic ro b ia l h y d ro g e n  p ro d u c tio n  fro m  lig h t  an d  w a te r , n i t r o ­
g e n  f ix a t io n ,  an d  c a rb o n  s e q u e s tra tio n  p rocesses  ea ch ne ed  
to  be  s tu d ie d  a t a b a s ic  le ve l. The re d o x  g ra d ie n ts  c re a te d  
b y  m ic ro o rg a n is m s  In m a r in e  s e d im e n t c o u ld  p o s s ib ly  be 
used to  g e n e ra te  e le c tr ic ity .

Medical Applications
Enzym es an d  b lo a c tlv e  c o m p o u n d s  fro m  m a r in e  m ic ro b e s  
can be  ve ry  u s e fu l In m e d ica l a p p lic a tio n s . Today, p o ly sa c ­
c h a rid e s  a re  be in g  used In m a n y  n e w  p ro d u c ts , an d  severa l 
p ro m is in g  m a r in e  c o m p o u n d s  a re  In th e  d ru g  d e v e lo p m e n t 
p ip e lin e . P ro m is in g  b lo a c tlv e  c o m p o u n d s  In it ia lly  d iscove red  
In m a r in e  In ve rte b ra te s  m a y  be  p ro d u ce d  b y  s ym b io n ts  
ra th e r  th a n  by  th e  In ve rte b ra te s  th e m s e lve s . S uccess fu l cuI-
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tu re  o f  th e s e  s ym b io n ts  can en su re  an e c o n o m ic , s u s ta in a b le  ca rry  o u t  th e  e n tire  process  w a s  s o u g h t, b u t  w a s  n e ve r iso-
su p p ly  o f  th e se  c o m p o u n d s , Im p ro v in g  th e  od ds  o f th e ir  la te d  o r d e s ig n e d ,
c o m m e rc ia l d e v e lo p m e n t as d ru gs .

M a r in e  m ic ro b es  m a y  a lso  be used to  m a n u fa c tu re  c o m ­
p o u n d s  c a lled  "n u tr ic e u t ic a ls ,"  n a tu ra l p ro d u c ts  used as d ie t 
s u p p le m e n ts  to  p ro m o te  h e a lth . D o co sa h e xa e n o ic  ac id , a 
f a t ty  ac id  necessary  fo r  p ro p e r b ra in  fu n c t io n , fo r  exam ple , 
c ou ld  be  ha rve s te d  fro m  c u ltu re s  o f m a rin e  d in o fla g e lla te s  
and  processed fo r  sa le  as a n u tr ic e u tic a l.

T a xon om y  has som e p re d ic tiv e  v a lu e  in lin k in g  p h ys io lo g ica l 
p o te n tia ls  to  s p e c ific  ta x a . For exam p le , som e  g ro up s, like 
a c tln o m yc e te s  and  cya n o b a c te r ia , a re  re lia b le  p ro d u ce rs  o f 
b io a c tiv e  c o m p o u n d s . S im ila rly , th e rm o s ta b le  enzym es are 
like ly  to  be fo u n d  in ta xa  th a t  th r iv e  in h o t e n v iro n m e n ts , like  
Thermocales. F low ever, researchers  s h o u ld  ta k e  c a u tio n  in f o l ­
lo w in g  th e se  types  o f g e n e ra litie s  so as to  a vo id  th e  s e lf- fu l­
f i l l in g  p ro p h e sy : f in d in g  b io a c tiv e  c o m p o u n d s  o n ly  w h e re  
th e y  w e re  pu rsu e d . C u rre n tly , th e  a llo c a t io n  o f resources  fo r  
ta x o n o m ic  research  is d is p ro p o r t io n a te ly  a llo c a te d  to w a rd s  
m a c ro o rg a n ism s ; m o re  resources  a re  ne ed ed  in ta x o n o m ic  
research  on  m ic ro b ia l species.

A  c lu s te r o f  genes th a t  ca rry  o u t th e  d e g ra d a tio n  o f c h lo r i­
n a te d  b iph eny ls , ca lled  th e  BPH c luster, ha ve  been  iso la te d  
and  are n o w  b e in g  a p p lie d  in tre a t in g  d re d g e d  c o n ta m in a n ts  
fro m  th e  H ud son R iver es tua ry.

Today, m o s t research  In b lo re m e d la t lo n  In th e  m a r in e  e n v i­
ro n m e n t is fo cu s e d  on  th e  o rg a n ism s  a lre a d y  p re se n t In th e  
a ffe c te d  areas. For a n u m b e r o f reasons, fe w  e ffo rts  are 
u n d e rw a y  to  d e ve lo p  e n g in e e re d  m ic ro o rg a n ism s  to  address  
p ro b le m s  o f  c h em ica l c o n ta m in a t io n . There a re p a rtic u la r  
p ro b le m s  w ith  respe ct to  re leas in g  m ic ro b e s  fo r  b io re m e d ia ­
t io n  In to  a q u a tic  e n v iro n m e n ts ; c o n fin in g  th e  o rg a n ism s  to  
th e  s ite  o f  concern , fo r  exam p le , w o u ld  be  d if f ic u lt .

F inally, th e re  is a p o s s ib ility  th a t  m a r in e  v iruse s  can be used 
to  c o n tro l h a rm fu l a lg a l b lo o m s  in a s o rt o f " v ira l th e ra p y ."  
V iruses m a y  be iso la te d  fro m  th e  a lg a l species re s p o n s ib le  fo r  
b loom s, th e n  e n g in e e re d  o r o th e rw is e  e n ha nce d  in th e  la b o ­
ra to ry, and  re leased in a b lo o m . This a p p ro a ch  h o ld s  g re a t 
p o te n t ia l fo r  c o n tro llin g  diseases in a g u a c u ltu re  s e tting s .

*

USING MARINE MICROBES TO AMELIORATE 

ENVIRONMENTAL DETERIORATION

The m e ta b o l ic  d iv e rs ity  o f  m a r in e  m ic ro o rg a n is m s  n o t o n ly  
m akes  th e m  u s e fu l in b io te c h n o lo g y  a p p lic a t io n s , it m akes 
th e m  v e rs a t ile  to o ls  fo r  a d d re ss in g  e n v iro n m e n ta l p ro b le m s . 
O ne  p r im e  e n v iro n m e n ta l a p p lic a t io n  fo r  th e s e  o rg a n ism s  Is 
b lo re m e d la t lo n — th e  t re a tm e n t  o f  ch e m ic a l c o n ta m in a t io n  
u s in g  m ic ro o rg a n is m s . The c le a n u p  o f  h y d ro ca rb o n s , s p e c if­
ic a lly  p e tro le u m  p ro d u c ts , is an e s p e c ia lly  p re ss in g  m a tte r  in 
th e  oceans, w h e re  a c c id e n ts  a b o a rd  o il ta n k e rs  can re lea se  
th o u s a n d s  o f  g a llo n s  o f o il in a s in g le  in c id e n t.  In som e 
cases, fe r t i l iz in g  th e  In d ig e n o u s  m ic ro b ia l c o m m u n it ie s  on 
th e  a ffe c te d  beaches  w ith  n i tro g e n  an d  p h o s p h o ru s  
can speed th e  d e g ra d a t io n  o f th e  s p ille d  oil, 
b u t  b io re m e d ia t io n  o p t io n s  In o p e n  w a te r  
a re  l im ite d  b e ca u se  o f  d if f ic u lt ie s  in 
d e liv e r in g  s u ff ic ie n t n u tr ie n ts  to  
s u s ta in  b io d é g ra d a t io n .

It is n o w  k n o w n  th a t  th e  
a c tio n s  o f  an e n t ire  m ic ro b ia l 
c o m m u n ity  a re  ne cessary  to  
b re a k  d o w n  c o m p le x  o rg a n ic  
m a tte r, in c lu d in g  p e tro le u m . A  
s u p e r-o rg a n is m  t h a t  c o u ld
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»  THE FUTURE OF MARINE MICROBIOLOGY LIES IN IN N O ­

VATIVE RESEARCH AND IN EFFECTIVE EDUCATION AND  

TRAINING OF THE NEXT GENERATION OF SCIENTISTS. AN  

INTEGRATED APPROACH WILL BE NEEDED TO MENTOR STU­

DENTS WHO WILL TAKE ON THE CHALLENGE OF ADDRESSING  

MUCH OF WHAT WE STILL DO NOT UNDERSTAND IN THE 

REALM OF MARINE MICROBIOLOGY.

*
GENOMICS AND MARINE MICROBES

G eno m ics , th e  s tu d y  o f a ll o r p a r t  o f th e  g e n o m e  o f  an 
o rg a n is m  to  a n s w e r g u e s tio n s  a b o u t th a t  o rg a n ism , 

de sc ribe s  a re la tiv e ly  n e w  an d  p o w e r fu l se t o f resea rch  
te c h n ig u e s  th a t  can be a p p lie d  in m a r in e  m ic ro b io lo ­
gy. G e n o m ics  w i l l  a l lo w  resea rch e rs  to  un co ve r p re v i­

o u s ly  u n k n o w n  a b ili t ie s  an d  m e ta b o lis m s  and  d e fin e  
th e  in te r re la t io n s h ip s  th a t  h o ld  m a rin e  m ic ro b ia l c o m ­

m u n itie s  to g e th e r, re v o lu t io n iz in g  o u r u n d e rs ta n d in g  o f th e  
f ie ld  in th e  c o m in g  years.

F

*
*

*

D e sp ite  th e ir  po w e r, g e n o m ic s  a p p ro a ch e s  c a n n o t be  th e  
o n ly  to o ls  used  to  a d d re ss  m a r in e  m ic ro b ia l b io lo g y . 
T ra d it io n a l la b o ra to ry  a p p ro a ch e s  in gene tics , b io c h e m is try , 

p h ys io lo g y , a n d  e co lo g y  a re  s t il l necessary  to  v a lid a te  
th e  b io lo g y . F u n c t io n a l s tu d ie s  w i l l  o f te n  be ne ce s ­

sary  to  fo l lo w  u p  on  g e n o m ic s  s tu d ie s  th a t  u n c o v ­
er u n k n o w n  genes, fo r  e x a m p le . C o n se rve d  h y p o ­

th e t ic a l genes  po se  a n o th e r  p ro b le m ; it is n o t o f te n  
p o s s ib le  to  d is c e rn  p ro te in  f u n c t io n  f r o m  th e  

seg u e nce  o f  a h y p o th e t ic a l g e n e  a lo n e . B e tte r m o t if  
re c o g n it io n  to o ls  c o u ld  h e lp  im p ro v e  th e  a b ili ty  to  d isce rn  

fu n c t io n  fro m  segu ence . M ic ro a rra y  s tu d ie s  c o u ld  a lso  
h e lp  by  id e n t ify in g  w h e re  an d  u n d e r w h a t  c o n d i­
t io n s  th e  g e n e  o f  in te re s t is exp ressed . The In te g ra ­

t io n  o f ge no m ics , tra n s c r ip to m ic s , p ro te o m ics , w ith  
e c o lo g ica l, b io p h ys ic a l, and  c h e m ic a l te c h n ig u e s  w i l l  be 

nece ssa ry  to  d e lin e a te  fu n d a m e n ta l p h y s io lo g ic a l p ro ce ss ­
es, u n d e rs ta n d  th e ir  re g u la t io n , an d  d e te rm in e  h o w  th e y  
re la te  to  b io g e o c h e m ic a l cycles.

METAGENOMICS

G e n o m ic  se g u e n c in g  o f  s in g le  species has m a d e  g re a t c o n tr i­
b u tio n s  to  o u r u n d e rs ta n d in g  o f  m a r in e  m ic ro b ia l sys­

te m s, and  m e ta g e n o m ics  (in  w h ic h  th e  g e n o m es  o f  a 
g ro u p  o f o rg an ism s  are lu m p e d  and  s tu d ie d  to g e th e r)  
a p p ro a ch e s  w il l  e x ten d  th a t  k n o w le d g e  an d  add  to  
o u r u n d e rs ta n d in g  o f m a rin e  m ic ro b ia l processes.

M e tag e n om ics  con fe rs  th e  p o te n tia l to  m a p  th e  m e ta b o lism s  
o f m icrobes  in space and tim e . It m ay even be poss ib le  to  id e n ­
t i fy  d iffe rences  In m e ta b o lic  p o te n tia l be tw e e n  d iffe re n t ocean 
reg ions  us ing  m e tag e n om ics  approaches. A rc h iv in g  o f g e n o m ­
ic and  m e ta g e n o m lc  sam p les  w il l  be necessary to  p ro v id e  base­
line da ta  a g a in s t w h ic h  m ic ro b ia l c o m m u n ity  s truc tu res  can be 
assessed ove r tim e . M oreover, g e n o m ic  and m e ta g e n o m lc  
In fo rm a tio n  p ro v id e  th e  fu n d a m e n ta l fo r  m ic ro a rra y  and  p ro - 
te om ics -b a sed  te ch n o lo g ie s  th a t  have sh o w n  th e  p ro m ise  fo r 
un ve ilin g  com p lex  m ic ro b ia l fu n c tio n s . C om m u n ity -b a se d  p ro ­
te om ics  have been ap p lied  to  in ve s tig a te  th e  m a jo r expressed 
p ro te ins  fro m  es tua rln e  b a c te r lo p la n k to n .

P ro te in  exp ress ion  o f  C he sapeake  Bay p ic o p la n k to n  c o m m u ­
n ity  s h o w n  by  2 -D  ge l ana lys is  (C ou rtesy  o f  Feng C hen). The 
ge l w a s  s ta in e d  w ith  SYPRO Ruby. The IP ran ge d  fro m  5 to  8, 
and  th e  m o le c u la r  m ass fro m  1 0 -1 0OKda.

To m a ke  th e  b e s t p ro g re ss  in th e  fie ld , it w i l l  be c ritic a l to  t ie  
m e ta g e n o m ics  s tu d ie s  to  th e  e x is tin g  k n o w le d g e b a s e  in b io ­
lo g ic a l oce a n o g ra p h y . O ne w a y  to  a cco m p lish  th is  is to  lo ca te  
la rg e  sca le  s tu d ies  a t e x is tin g  s tu d y  sites, like  th e  ocean  t im e  
series s ta tio n s  H a w a iia n  O cean T Im e-serles  (HOT) and  th e  
B erm uda  A t la n t ic  T Im e-serles  S tudy  (BATS), in o rd e r to  ha ve  a 
rich  c o n te x t o f e x is tin g  da ta  a va ila b le  fo r  u n d e rs ta n d in g  n e w  
m e ta g e n o m ics  d a ta .

It w i l l  be Im p o r ta n t to  m ake  m e ta g e n o m ic  d a ta  a n d  o th e r 
ge no m ics  da ta se ts  access ib le  to  o th e r  resea rchers  and  as 
easy to  use as poss ib le .

16S DEPENDENT TECHNIQUES

The leve l o f  re s o lu tio n  o f te c h n ig u e s  th a t  re ly  on th e  16S r ib o -  
som a l R N A  gene  is a n o th e r p re ss ing  issue in research  on 
m a r in e  m ic ro bes . R lb o so m a l R NA ge ne  seguences a re  o fte n  
used to  Id e n tify  m ic ro o rg a n ism s  and  16S g ro u p  p ro be s  are 
used assess th e  d ive rs ity  o f g ro u p s  o f  m ic robes . N e w  In fo r­
m a tio n  has b ro u g h t u p  g u e s tio n s  a b o u t w h e th e r  16S genes 
o f fe r  s u ff ic ie n t re s o lu tio n  to  In fo rm  researchers  a b o u t th e  d is ­
t r ib u t io n  o f  d if fe re n t m ic ro bes . It m a y  be th a t  16S genes are 
s im p ly  to o  h ig h ly  conserved  across re la te d  s tra in s  o f  ba c te ria  
an d  a rcha ea  to  be  use fu l in m a n y  ana lyses  and  th a t  s tud ies  
th a t  re ly  on d e n a tu r in g  g ra d ie n t ge l e le c tro p h o re s is  (DGGE) 
o r o th e r  1 6 S -d e p e n d e n t m e th o d s  are se rio us ly  u n d e re s t im a t­
ing  m ic ro b ia l d ive rs ity .

G re a te r re s o lu tio n  o f  m ic ro b ia l spec ies can n o w  be ach ieved  
us in g  o th e r to o ls , In c lu d in g  th e  in te rn a l tra n sc r ib e d  spacer 
(ITS) re g io n  b e tw e e n  th e  16S an d  23S genes, an d  even m e a s­
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ures such as g e n o m e  size. S tud ie s  us in g  th e se  m e th o d s  ha ve 
s h o w n  th a t  16S genes can m iss o u t on  a lo t o f g e n e tic  d iv e r­
sity, c o n firm in g  th a t  th e  d e f in it io n  o f a m ic ro b ia l species is 
in de ed  a c o m p lic a te d  issue.

RESEARCH FUNDING

T here  a re  a n u m b e r o f u rg e n t g u e s tio n s  in m a r in e  m ic ro b ia l 
e c o lo g y , lik e  h o w  c lim a te  c h a n g e  w i l l  a f fe c t  m a r in e  
m ic ro b e s  an d  b lo g e o c h e m lc a l c yc lin g  th a t  can  o n ly  be 
ad d re ssed  by la rg e  n a t io n a l In it ia tiv e s . M o re  In te ra g e n cy  
p ro g ra m s  a re  n e e d e d  to  ta rg e t  th e s e  ty p e s  o f  p ro je c ts . T here  
Is a lso  a ne ed  fo r  cen te rs  o f  e x ce lle n c e  In m a r in e  m ic ro b io l­
o g y  to  fo c u s  th e  e f fo r ts  o f  th e  c o m m u n ity  on  th e  b ig  g u e s ­
t io n s  o f  th e  day.

NEW COLLABORATIONS

P enetra ting  gues tions  in m a rin e  m ic ro b io lo g y  ra re ly  s tay w ith in  
th e  confines  o f one  pe rson 's  expertise— th e y  requ ire  th e  In pu t 
o f m a ny  va ried  perspectives. C o lla b o ra tio n  across in te rn a tio n a l 
bo un daries  and across d isc ip lines  needs to  be encouraged .

International Collaboration
In te rn a t io n a l c o o p e ra t io n  in m a rin e  m ic ro b io lo g y  research 
can serve  to  fo s te r  n e w  ideas  an d  fe r t il iz e  research  w ith  te c h ­
n o lo g y  exchange . Research vessels  and  s u bm ers ib les  a re  in 
lim ite d  supp ly , an d  sh a rin g  th e m  w ith  sc ie n tis ts  fro m  o th e r 
n a tio n s  can o n ly  h e lp  th e  f ie ld . A lso , th e  oceans o f th e  w o r ld  
a re  a sha red  resource , and  research  on m a r in e  life  and  m a rin e  
p rocesses th a t  su s ta in  th e  p la n e t is in th e  in te re s t o f  a ll p e o ­
p le, reg a rd le ss  o f n a t io n a l o r ig in .

D ifferences exis t In th e  s treng ths  o f scientists  in th e  U.S. and 
ab road , and tra in in g  In som e o f th e  fie ld s  th a t  pe rta in  to  m a rine  
m ic ro b io lo g y  Is a d m itte d ly  b e tte r in o the r coun tries. Close 
c o llabo ra tions  can d ra w  on th e  s treng ths  o f th e  p a rtic ip a tin g  
coun trie s  and fo s te r Im provem en ts  w h e re  th e y  are needed.

There a re  m a n y  fe w e r  p o ss ib ilit ie s  fo r  in te rn a t io n a l c o lla b o ra ­
t io n  to d a y  th a n  2 0  years ago. E u ro pe an  U n ion  p ro jec ts , fo r  
exam p le , do  n o t u s u a lly  s u p p o rt w o rk  by A m e rica n s , and 
N a tio n a l Science F o u n d a tio n  g ra n ts  do  n o t fu n d  E uropean 
s c ie n tis ts . M o d e rn  p o lit ic a l issues, in c lu d in g  v isas  and  n a t io n ­
a l s e cu rity  m easures, a re  a lso  a h ind ra nce .

Federa l agenc ie s  can s tim u la te  In te rn a t io n a l w o rk  by e s ta b ­
lish in g  jo in t  fu n d in g  p ro je c ts  w ith  th e ir  e q u iv a le n t o rg a n iz a ­
t io n s  in th e  E u ro p e a n  U n io n , A s ia , a n d  e ls e w h e re . 
In te rn a t io n a l p o s t-d o c to ra l a p p o in tm e n ts  c o u ld  a lso  fa c il i ta te  
c o o p e ra t io n  across bo rde rs . A  fe d e ra lly - fu n d e d  e xch a n ge  p ro ­

g ra m  th a t  w o u ld  in vo lve  10 p o s td o c to ra l asso c i­
a tes  in m a r in e  m ic ro b io lo g y  in an exch an ge  
p ro g ra m  eve ry  yea r w o u ld  g o  a lo ng  w a y  
to w a rd  e n co u ra g in g  in te rn a t io n a l p ro j­
ec ts . The In te rn a t io n a l S o c ie ty  fo r  
M ic ro b ia l E co logy  (ISM E) c o u ld  be 
a n o th e r  e f fe c t iv e  fa c i l i ta to r  o f 
in te rn a t io n a l c o lla b o ra tio n s .

Interdisciplinary 
Collaboration
M u ch  o f th e  m o s t in n o v a ­
t iv e  w o r k  in m a r in e  m ic ro ­
b io lo g y  ta k e s  p la c e  on  
in te rd isc ip lina ry  boundaries.
For exam p le , phys ica l g e o ­
b io lo g y , th e  in te rs e c tio n  
o f  g e ochem is try , m ic ro ­
b io lo g y , and  ge o logy , has 
m a d e  g re a t  s tr id e s  in 
re c e n t years. O th e r f ie ld s  
n e ed  to  be  b ro u g h t to g e th e r  
t o  e n co u ra g e  th is  k in d  o f in n o v a ­
t io n .  Physica l o c e a n o g ra p h e rs , c h e m ­
ica l o c e a n o g ra p h e rs , an d  m ic ro b io lo g is ts  
s h o u ld  be a b le  to  in te ra c t f r u i t fu l ly  in w a te r  
c o lu m n  s tud ies .

M ic ro b io lo g is ts  sh o u ld  a lso  b u ild  in te rfa ce s  w ith  
neers  to  d e ve lo p  In s tru m e n ta t io n  fo r  th e  f ie ld . 
S econ da ry  m e ta b o lite  d isco ve ry  and  s tu dy  
c o u ld  be p u rsu ed  in c o lla b o ra tio n s  
b e tw e e n  m a r in e  m ic ro b io lo g is ts , 
p h a rm a c o lo g is ts ,  o rg a n ic  an d  
b io in o rg a n ic  che m is ts . O th e r 
p o te n t ia l c o lla b o ra tiv e  p a r t ­
ne rs  fo r  m a r in e  m ic ro b io l­
o g is ts  in c lu d e  m a th e ­
m a tic ia ns , eco log is ts , 
com p u te r scientists, in fo r- 
m aticists, physicists, m a th e ­
m atic ians, and m arine  biologists.

B io lo g y  w o u ld  b e n e fit f ro m  b e tte r  
in te g ra t io n  a t th e  u n iv e rs ity  le ve l.
C u rre n tly , a d m in is tra t iv e  d iv ides  sepa ra te  
e co lo g y  and  e v o lu tio n  d e p a rtm e n ts  fro m  
cell and  m o le c u la r b io lo g y  d e p a rtm e n ts  
and  m ic ro b io lo g y  d e p a rtm e n ts , b u t a ll o f
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th e se  f ie ld s  be a r d ire c t re levan ce  to  m a r in e  m ic ro b io lo g y . 
M a r in e  m ic ro b io lo g y  research  w o u ld  b e n e fit  f ro m  b e tte r- in te ­
g ra te d  u n iv e rs itie s  th a t  p ro m o te  In te ra c tio n s  b e tw e e n  th e  
s pe c ia ltie s . O ne w a y  o f a c h iev ing  In te g ra tio n  Is to  es tab lish  
c ro s s -d e p a rtm e n ta l research  In itia tiv e s  w ith in  u n iv e rs itie s  In 
o rd e r to  b r in g  to g e th e r  th e  p e o p le  c once rn ed  w ith  "m ic ro b ia l 
s c ie nce ," fo r  exam p le .

TEACHING AND EDUCATIONAL OPPORTUNITIES

T here  a re  a n u m b e r o f In n o v a tiv e  w a y s  to  convey  
m a r in e  m ic ro b io lo g y  to  th e  u n d e rg ra d u a te  s tu ­

dents , g ra d u a te  s tuden ts , and p o s td o c to ra l 
asso c ia te s  w h o  w i l l  be  th e  n e x t 

g e n e ra tio n  o f  s c ie n tis ts .

T ra in in g  In m a r in e  
m ic ro b io lo g y  shou ld  

be  m u lt id is c ip lin a ry ,  
exposing  s tuden ts  to  such 

diverse discip lines as m o lecu la r 
b io logy , la b o ra to ry  m ic ro b io log y , 

eco log ica l theory , oceanography, and 
b lo ln fo rm a tlcs . The cha llenge  he re lies In 

express ing all th e  basic  subjects  In th ese  fie ld s  to  
th e  s tude n ts  In a cohe ren t m anner.

A  sem e ste r a t sea Is a v a lu a b le  p a r t o f  t ra in in g  In m a rin e  
m ic ro b io lo g y . It m a y  be ad v isa b le  to  c o o rd in a te  w ith  th e  
U n iv e rs ity -N a t io n a l O c e a n o g ra p h ic  L a b o ra to ry  S ystem  
(UNOLS) to  g e t m o re  s tu d e n ts  In vo lve d  In p ro je c ts  o n b o a rd  
research  vessels.

S um m er In te rn sh ip s  o r " la b  s w a p "  a rra n g e m e n ts  In w h ic h  a 
s tu d e n t spends a sem este r In a n e w  lab  w o u ld  fo s te r  In te r­
d is c ip lin a ry  In te ra c tio n s  a m o n g  g ra d u a te  s tud e n ts , u n d e r­
g ra du a te s , and  p o s td o c to ra l assoc ia tes. A rra n g e m e n ts  like  
th is  w o u ld  In e v ita b ly  lead to  p ro d u c tiv e  In te ra c tio n s  b e tw e e n  
th e  s tu d e n t's  m e n to rs , as w e ll.  "R e se a rch  expe rien ce  fo r  

u n d e rg ra d u a te s "  p ro g ra m s  w o u ld  a lso  h e lp  to  
Im p rove  th e  q u a lity  o f u n d e rg ra d u a te  tra in in g  

In m a rin e  m ic ro b io lo g y .

P o s td o c to ra l p ro g ra m s  th a t  t r a in  In d iv id ­
ua ls  In c ro s s -d is c ip lin a ry  f ie ld s , like  b lo ln ­

fo rm a t lc s , s h o u ld  be  ta rg e te d  w i th  a s la n t on 
m a r in e  m ic ro b io lo g y .

There Is a need  fo r  a g o o d  te x tb o o k  In m a rin e  m ic ro b io lo g y . 
A  b o o k  c o m p ile d  w ith  th e  In p u t o f m a n y  expe rts  th a t  In te ­

g ra tes  In fo rm a tio n  across th e  d isc ip line s  o f m ic ro b io lo g y , 
eco logy , e v o lu tio n , and  ocea nog rap hy , w o u ld  p ro b a b ly  be 
m o s t w e lc o m e  b y  In s tru c to rs .

It  Is Im p o r ta n t to  t ra in  m a r in e  b io lo g is ts  a n d  m a r in e  e c o lo ­
g is ts  In th e  bas ics  o f  m ic ro b io lo g y  an d  m o le c u la r  te c h n iq u e s  
d u r in g  u n d e rg ra d u a te  a n d  g ra d u a te  t r a in in g .  In o rd e r to  
Im p r in t u p o n  th e s e  s tu d e n ts  th e  Im p o rta n c e  o f  m ic ro b ia l 
sys tem s, It Is c r it ic a l to  p re s e n t m ic ro b io lo g y  In a w a y  th a t  
m a ke s  a b ig  Im p a c t, c o n v e y in g  th e  Im p o rta n c e  o f m ic ro b io l­
o g y  to  o u r u n d e rs ta n d in g  o f  th e  oceans, ra th e r  th a n  
d e ta ile d  co n c e p ts . O ne w a y  to  a c co m p lis h  th is  Is b y  a p p o in t ­
in g  e f fe c tiv e  g u e s t le c tu re rs .

COMMUNICATING THE ISSUES

The s c ie n tif ic  c o m m u n ity  needs to  ta k e  a m o re  a c tiv e  ro le  In 
co n ve y in g  th e  Issues s u rro u n d in g  m a rin e  m ic ro b e s  to  th e  
p u b lic  and  to  p o lic y  m akers. A  n u m b e r o f d i f fe re n t a p p ro a c h ­
es can be  used In e d u c a tin g  n o n s c ie n tis ts  on th e  Im p o rta n c e  
o f  m ic ro sc o p ic  c re a tu re s  (In c lu d in g  th e  m ic ro b es  th a t  live  In 
th e  oceans) to  ou r eve ryda y  lives.

V id e o  Is a ve ry  a p p e a lin g  w a y  to  rea ch th e  p u b lic , p a r t ic u ­
la r ly  y o u n g e r a u d ie nces . A  f i lm  fe s tiv a l fo r  g ra d u a te  s tude n ts , 
t o  be  h e ld  a n n u a lly  a t th e  m e e tin g  o f  an In ves te d  s c ie n tif ic  
soc ie ty , w o u ld  be an e x c e lle n t w a y  to  fo s te r  p ro je c ts  o f  th is  
k in d  and  to  h ig h lig h t  th e  resea rch  o f  g ra d u a te  s tu d e n ts . The 
f i lm  fe s t iv a l s p o n so re d  b y  th e  E u ro p e a n  L ife  S c ie n tis t 
O rg a n iz a tio n  w o u ld  be  a g o o d  m o d e l on  w h ic h  to  base a 
n e w  f i lm  fe s tiv a l endeavo r.

V id e o  gam es an d  c h ild re n 's  b o oks  w ith  m ic ro b io lo g y  th e m e s  
are  o th e r  w a y s  to  reach y o u n g  aud iences.

Te lev is ion  show s  w ith  fo re n s ic  sc ience th e m e s  ha ve  b o o s te d  
th e  In te re s t o f  s tu d e n ts  and  th e  p u b lic  In fo ren s lcs  e d u c a tio n . 
Perhaps te le v is io n  show s  w ith  m ic ro b io lo g y  th e m e s  c o u ld  be 
used to  s tim u la te  In te re s t In th is  f ie ld .

To reach po licym akers , It m a y  be a go od  ¡dea fo r  m a rin e  m ic ro ­
b io lo g is ts  to  p a r tic ip a te  In th e  ex is tin g  p ro g ra m  o f  s h o rt cou rs ­
es fo r  c on g re ss io na l In terns. Topics spec ific  to  m a rin e  science 
cou ld  be  p resen ted  to  th e se  fa s t- tra c k  na sce n t p o lit ic ia n s .



R E C O M M E N D A T I O N S

1 T here a re  a n u m b e r o f o u ts ta n d in g  qu e s tio n s  a b o u t m a rin e  
m ic ro b ia l d is tr ib u t io n s  th a t  need to  be ad dre ssed, in c lu d in g :

»  W h a t is th e  e co lo g ica l re levance  o f fu n c t io n a l ge ne  
d ive rs ity  ob se rve d  In m a r in e  m ic ro b ia l c o m m u n itie s?

» Does d ive rs ity  ha ve  an Im pa c t on  ecosys tem  fu n c t io n  or 
lo n g -te rm  s ta b ility?

»  A re  c h a n g e s  In m ic ro b ia l c o m m u n it ie s  p re d ic t iv e  
o f changes  In e n v iro n m e n ta l fu n c t io n , like  th e  cyc ling  o f 
b lo e le m e n ts?

»  The lo n g -te rm  v a r ia b il ity  o f m a rin e  m ic ro b ia l c o m m u n i­
t ie s  Is p o o r ly  u n d e rs to o d . C an In te rm itte n t sa m p lin g , like  
ta k in g  c o m m u n ity  snapsho ts , ad dre ss  th is  q u e s tio n  o r Is 
c o n tin u o u s  s a m p lin g  necessary  to  e v a lu a te  c o m m u n ity  
c o m p o s it io n  sh ifts?

»  A re  th e re  keys tone  species in m a rin e  m ic ro b ia l c o m m u ­
n itie s  th a t  are c ritic a l to  a g ive n  fu n c t io n ?

»  H o w  can sc ie n tis ts  Id e n tify  w h ic h  o rg a n ism s  th e y  are?

5 M uch  o f  th e  m o s t In nova tive  w o rk  in m a rin e  m ic ro b io lo g y  
is ca rr ie d  o u t  b y  in te rd is c ip lin a ry  te a m s  o f  s c ie n tis ts . 
C o lla b o ra tio n s  a m on g  m ic ro b io lo g is ts  and geochem is ts, g e o lo ­
gists, phys ica l oceanog raphers , chem ica l ocea nog raphers , n a t­
ura l p ro du cts  chem ists, engineers, physic ists, m a the m a tic ian s , 
b lo ln fo rm a tlc ls ts , and  m a rin e  b io lo g is ts  shou ld  be fo s te red  and 
en co urag ed  by fe d e ra l agencies  and  p ro fess iona l societies.

T ra in ing  in m a rin e  m ic ro b io lo g y  s h o u ld  be m u lt id is c ip li­
nary, exp o s in g  s tu d e n ts  to  such d ive rse  d isc ip lin e s  as m o le c ­
u la r  b io lo g y , la b o ra to ry  m ic ro b io lo g y , e c o lo g ic a l th e o ry , 
oce a nog rap hy , and  b io in fo rm a tic s .

7. H um ans  adve rse ly  a f fe c t m a rin e  e q u ilib r ia  in m a n y  w ays, 
and  th e  t im e  re q u ire d  fo r  th e se  system s to  recove r Is n o t 
k n o w n . E du ca tio n  on h u m a n  im pa c ts  on th e  oceans is neces­
sary to  conve y  th e  seve rity  o f e n v iro n m e n ta l d e g ra d a tio n  to  
th e  g lo b a l c o m m u n ity  so th a t  ag g re ss ive  s teps  can be ta ke n  
to  reverse  th e m . *

2. C lim a te  ch a n g e  w il l  u n d o u b te d ly  a lte r  th e  d ive rs ity  o f 
m a rin e  m ic ro b ia l c o m m u n itie s  in un fo re se e n  w ays. C lim a te  
ch a n g e  s h o u ld  be c o ns id e red  a m a jo r  to p -d o w n  c o n tro lle r  o f 
m ic ro b ia l c o m m u n itie s .

3. M ic ro b ia l In te ra c tio n s  and  processes have im p lic a tio n s  
ove r a ve ry  w id e  ra n g e  o f  scales in th e  oceans. In de s ig n in g  
research  ta rg e te d  to w a rd  m a r in e  m ic ro b ia l c o m m u n itie s , th e  
im p o rta n c e  o f m ic rosca les  sh o u ld  n o t be o ve rlo o ke d .

4 . La rge -sca le  h a rve s tin g  o f ocean fish  b y  h u m a n s  has 
ch an g ed  th e  fo o d  w e b s  o f th e  oceans and  is p ro b a b ly  a f fe c t­

ing  m a rin e  e q u ilib r ia  and  m ic ro b ia l d ive rs ity . The 
e x a c t n a tu re  o f  th e  e ffe c ts  o f  fo o d  w e b  

c han ges  re s u lt in g  fro m  ove r f is h in g  Is li t t le  
u n d e rs to o d  and  req u ire s  fu r th e r  s tudy .

*
M A R I N E  M I C R O B I A L  D I V E R S I T Y :
T H E  K E Y  T O  E A R T H ’ S  H A B I T A B I L I T Y

8 The in te ra c tio n s  b e tw e e n  th e  m ic ro b ia l 
c o m m u n itie s  o f m a rin e  sed im en ts  
and  c o m m u n itie s  In th e  w a te r  
c o lu m n  are li t t le  un de rs to o d .
This p re se n ts  a c lea r gap  
in th e  c u rre n t k n o w le d g e  
th a t  shou ld  be addressed 
in fu tu re  research .
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9. M a rin e  m ic ro b ia l d ive rs ity  needs to  be m o re  fu lly  exp lo red , 
in c lu d in g  th e  re m a rk a b le  d ive rs ity  fo u n d  in m ic ro b ia l sym ­
b io n ts  o f m a rin e  in ve rte b ra te s . M a r in e  v iruses  re p re s e n t a 
new , u n e x p lo re d  w o r ld  o f  d ive rs ity .

10 . A  m o d e l o f  h a rm fu l a lg a l b lo o m s  is c r i t ic a l ly  n e e d e d . 
The m e c h a n is m s  a n d  t r ig g e r in g  fa c to rs  b e h in d  h a rm fu l 

a lg a l b lo o m s  a re  n o t  k n o w n , a n d  a s u ita b le  sys tem  
fo r  s tu d y  has  y e t to  be  fo u n d . M o d e l b a lla s t  w a te r  
sys tem s  a re  a lso  n e e d e d . A  g re a t de a l o f w a te r  and  
m a n y  b i l l io n s  o f  m ic ro b e s  a re  b e in g  m o ve d  a ro u n d  

th e  w o r ld  as b a lla s t , b u t  th e  e ffe c ts  o f  th e s e  a c t iv i­
t ie s  a re  l i t t le  u n d e rs to o d .

11 . It w i l l  be  im p o r ta n t to  m a ke  m e ta g e n o m ic  d a ta  and 
o th e r  g e n o m ics  d a ta -s e ts  access ib le  to  o th e r  researchers  and 
as easy to  use as po ss ib le . G e n o m ic  c h a ra c te r iz a tio n  p ro v id e s  
o n ly  p o te n t ia l a c tiv itie s , a p p lic a tio n  o f c o m m u n ity  based p ro - 
te o m ic s  (m e ta p ro te o m ic s ) cou ld  be  a use fu l w a y  to  in v e s ti­
g a te  th e  a c tu a l m ic ro b ia l p rocesses and  lin k th e m  w ith  im p o r­
ta n t  m ic ro g e o ch e m ica l fu n c t io n s .

1 Í  There is a ne ed  fo r  a g o o d  te x tb o o k  in m a rin e  m ic ro b io l­
ogy. A  b o o k  c o m p ile d  w ith  th e  in p u t o f m a n y  expe rts  th a t  
in te g ra te s  in fo rm a tio n  across th e  d isc ip lin e s  o f m ic ro b io lo g y , 
eco logy , e v o lu tio n , and  ocea nog rap hy , w o u ld  p ro b a b ly  be 
m o s t w e lc o m e  b y  in s tru c to rs .
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