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Outline	  

•  Overview	  of	  the	  marine	  nitrogen	  cycle	  -‐	  pools,	  
depth	  distribuKons,	  and	  fluxes	  

•  The	  cast	  of	  characters	  -‐	  	  select	  funcKonal	  groups	  
within	  the	  microbial	  nitrogen	  cycle	  

•  SyntheKc	  studies	  of	  the	  marine	  microbial	  nitrogen	  
cycle	  in	  situ	  -‐	  	  case	  studies	  of	  oxygen	  minimum	  
zones	  and	  the	  primary	  nitrite	  maximum	  



Key	  Ideas:	  

•  Nitrogen	  cycle	  is	  complex	  because	  N	  has	  so	  many	  
redox	  states.	  

•  Marine	  nitrogen	  cycle	  is	  mainly	  mediated	  by	  
biological	  reacKons	  (microbes)	  with	  unique	  and	  
varying	  ecologies	  and	  evoluKonary	  histories.	  

•  The	  nitrogen	  cycle	  has	  been	  a	  showcase	  for	  
integraKng	  biogeochemistry	  and	  molecular	  biology,	  
greatly	  aided	  by	  the	  suite	  of	  available	  ‘funcKonal	  
genes’ and	  the	  existence	  of	  stable	  N	  isotopes.	  

	  



Some	  bedKme	  reading.	  .	  .	  

Everything	  you	  
ever	  wanted	  to	  
know	  about	  the	  
marine	  nitrogen	  
cycle,	  plus	  36	  more	  
chapters.	  



We	  are	  altering	  the	  global	  N	  cycle	  

Land	
 Ocean	


“Few of these flux estimates are known to better than 
20%, and many have uncertainties of 50% or larger.”	


Gruber and Galloway 2008	




Gruber	  and	  Galloway,	  2008	  

Input	  terms	  (Tg/yr)	   Biological	  N2	  fixaKon 	  140	  	  
Atm.	  Dep. 	  	  	   	  	  	  50	  	  
Runoff 	   	  	  	  80	  

	  =270	  Tg/y	  	  



Gruber	  and	  Galloway,	  2008	  

Output	  terms	  (Tg/y)	   DenitrificaKon:	  N2	  loss	  	  	   	  240	  
	  N2O	  loss 	  	  	  	  	  4	  	  

Sediment	  Burial	   	   	  	  	  25	  
	  =269	  Tg/yr	  
	   	  	  



The	  nitrogen	  cycle	  is	  also	  inextricably	  linked	  to	  
trace	  metal	  cycling	  

Morel	  and	  Price	  2003,	  Science	  



Nitrogen	  exists	  in	  mulKple	  redox	  states	  

from Gruber 2008	
 gray = reactions in low/no oxygen environments, black = oxic	




Canfield	  et	  al.	  2010,	  Science	  	  

Many	  ‘funcKonal	  
genes’	  available	  
to	  study	  the	  
nitrogen	  cycle	  

But,	  always	  
remember	  that	  
genes	  come	  
from	  cells.	  



Another	  great	  thing	  about	  nitrogen:	  
	  stable	  isotopes	  

NH4
+ pool:	


14NH4
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15NH4
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15k	
 δ15NNO3 	


KineKc	  isotope	  effect:	  
ε	  =	  (14k/15k	  -‐	  1)	  x	  1000	  

Small	  differences	  in	  reacKon	  rates	  leave	  an	  isotopic	  “signature”	  on	  
compounds	  in	  the	  environment	  



Stable	  isotopes	  can	  also	  be	  experimentally	  
added	  to	  environmental	  systems	  as	  a	  tracer	  
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See	  also	  Dugdale	  and	  Goering	  1967;	  Lipschultz	  2008	  



Vast	  majority	  of	  N	  in	  the	  ocean	  is	  N2	  

Gruber 2008	

Nitrogen in the Marine Environment	




DIN	  increases	  with	  depth,	  DON	  is	  
highest	  at	  the	  surface	  

Karl et al. 2008	




The	  primary	  nitrite	  maximum	  is	  a	  ubiquitous	  
feature	  

Santoro et al. 2010	




Santoro	  et	  al.	  2013;	  Biogeosciences	  



SpaKal	  distribuKon	  of	  the	  nitrogen	  cycle	  
in	  the	  marine	  water	  column	  

Karl	  2008	  NME	  



EsKmaKng	  export	  from	  N	  uptake:	  
The	  new	  producKon	  paradigm	  

Biota	  

NO3
-‐	  

Dugdale	  and	  Goering	  1967;	  Eppley	  and	  Peterson	  1979	  

PON	  

=	


NH4
+	  

A	  net	  increase	  in	  phytoplankton	  
biomass	  can	  only	  be	  supported	  

by	  new	  NO3-‐	  entering	  the	  
euphoKc	  zone.	  

ComplicaKons:	  
	  
•  N2	  fixaKon:	  a	  source	  of	  non-‐

NO3-‐	  ‘new’	  nitrogen	  

•  NitrificaKon:	  a	  non-‐new	  
source	  of	  NO3

-‐	  

•  DON:	  release	  as	  DON	  is	  not	  
true	  export	  



A	  condensed	  N	  cycle	  for	  today	  
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Images by Angel White, downloaded from C-MORE website.  	




Nitrogen	  fixaKon:	  Acquiring	  N	  in	  an	  N-‐limited	  
ocean	  

• Though	  thermodynamically	  favorable,	  not	  
coupled	  to	  energy	  generaKon,	  and	  very	  energy	  
intensive	  (16-‐29	  ATP	  per	  N2)	  

• Widespread	  among	  prokaryotes,	  and	  occurs	  in	  
oxic	  and	  anoxic	  environments	  

• Diazotroph	  =	  “two	  nitrogen	  eater”	  =	  nitrogen-‐
fixing	  organism	  

	  

N2	
 NH3	




Nitrogenase:	  Breaking	  the	  N-‐N	  triple	  bond	  

• Nitrogenase	  enzyme	  complex	  
=	  an	  Fe-‐enzyme	  
(dinitrogenase	  reductase)	  
and	  Fe-‐Mo-‐enzyme	  
(dinitrogenase).	  	  AlternaKve	  
forms	  contain	  Vanadium.	  

• Generates	  H2	  

Brock,	  13th	  ed.	  



nifH	  and	  rRNA	  
phylogenies	  are	  
congruent.	  	  
	  
Suggests	  that	  nif	  
genes	  are	  ancient,	  
inherited	  verKcally	  
over	  evoluKonary	  
Kme,	  and	  lost	  in	  
some	  organisms	  
	


Great	  story!	  Zehr,	  
Tripp,	  Thompson	  
and	  coworkers	  



O2	  is	  released	  by	  photosynthesis,	  but	  O2	  
irreversibly	  inhibits	  nitrogenase.	  	  How	  
can	  organisms	  that	  do	  both	  cope?	  

Oxygen	  is	  bad	  for	  N2	  fixaKon	  



Dealing	  with	  O2:	  SpaKal	  segregaKon	  

•  Heterocysts:	  specialized	  cells,	  lack	  PSII.	  	  Common	  
in	  freshwater	  cyanobacteria	  (Anabena)	  but	  
relaKvely	  uncommon	  in	  marine	  waters,	  except	  in	  
symbiosis	  with	  diatoms	  :	  Richelia	  intracellularis.	  	  

•  Intracellular	  segregaKon:	  Trichodesmium	  (Finzi-‐
Hart	  et	  al.,	  2009);	  Polysaccharide	  capsule	  in	  
aerobic	  heterotrophs	  that	  maintain	  a	  low	  internal	  
oxygen	  concentraKon.	  





15N/14N	


13C/12C	


NanoSIMS	  used	  to	  track	  the	  site	  of	  N2	  fixaKon	  

Finzi-‐Hart	  et	  al.	  2009	  



Unicellular	  Cyanobacteria	  fix	  nitrogen	  at	  night	  
when	  there	  is	  no	  photosynthesis	  and	  cellular	  
oxygen	  is	  low.	  	  

Dealing	  with	  O2:	  Temporal	  segregaKon	  



N2 fixation	

 proteins	


Photosynthetic	

 proteins	


Crocosphaera	  
watsonii	  makes	  
N2	  fixaKon	  
proteins	  at	  
night	  and	  
photosyntheKc	  
proteins	  during	  
the	  day	  to	  save	  
Fe.	  

Saito et al. 2011	




N2	  fixaKon	  can	  occur	  in	  the	  presence	  of	  DIN	  

Dekaezemaker	  and	  Bonnet	  2011;	  see	  
also	  Knapp	  2013	  



A	  condensed	  N	  cycle	  for	  today	  
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A	  condensed	  N	  cycle	  for	  today	  

NH4
+ 

NO3
- N2O 



NitrificaKon	  is	  a	  two	  step	  process	  

No	  organisms	  (yet?)	  known	  that	  can	  catalyze	  the	  
complete	  oxidaKon	  of	  NH3	  to	  NO3

-‐.	  	  	  
	  
Some	  contenKon	  about	  whether	  NH3	  or	  NH4

+	  is	  
transported	  into	  the	  cell	  and	  is	  the	  actual	  
enzymaKc	  substrate.	  

	  
Model	  organisms	  are	  all	  autotrophic	  .	  .	  .fussy,	  slow	  

growing,	  bastards.	  
	  
	  

ammonia	  oxidaKon:	  	  	  	  NH3	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  NH2OH	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  NO2
-‐	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

nitrite	  oxidaKon:	  	  	  	  	  	  	  	  	  NO2
-‐	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  NO3

-‐	  

AMO HAO 

Arp 2002	




NYT,	  5/25/14	  



The	  primary	  nitrite	  maximum	  is	  a	  ubiquitous	  
feature	  

Santoro et al. 2010	




NitrificaKon	  =	  nitrogen	  remineralizaKon	  







Nitrifiers	  perform	  a	  very	  specific	  task	  	  

• Fix	  CO2	  or	  bicarbonate	  for	  anabolic	  reacKons,	  
oxidize	  NH3	  for	  energy	  	  	  

• Slow	  growth	  and	  somewhat	  inflexible	  nutriKonal	  
requirements	  (more	  on	  this	  in	  next	  lecture)	  

• Historic	  view	  of	  nitrifiers	  in	  the	  ocean	  as	  being	  
inhibited	  by	  light	  due	  to	  photobleaching	  of	  
cytochrome	  c	  

	  



amoA	  phylogeny	  of	  AOB	  is	  highly	  congruent	  with	  
16S	  tree	  

Purkhold et al, AEM, 2000; image: Dennis Kunkel Microscopy 

β-Proteobacteria γ-Proteobacteria 



Archaea can 
oxidize NH3

 	


Konneke et al. (2005), Nature �

The first culture of a mesophilic marine 
crenarchaeon, isolated from gravel at the 
Shedd Aquarium.	




Ecology	  of	  ammonia	  oxidizers	  	  

•  amoA	  phylogeny	  is	  congruent	  with	  16S	  rRNA	  phylogeny.	  	  Not	  
much	  lateral	  gene	  transfer.	  

•  At	  low	  O2	  tension	  ammonia	  oxidizers	  produce	  N2O.	  Some	  
ammonia	  oxidizers	  contain	  nirK	  genes	  (dissimilatory	  nitrite	  
reductase)	  

•  PotenKally	  inhibited	  by	  light	  (photobleaching	  of	  cytochrome	  
C).	  	  Hypothesis	  that	  NOB	  are	  more	  inhibited	  than	  AOB.	  



AOA	  and	  AOB	  have	  different	  life	  history	  
strategies	  

AOB	

Larger cells	

Easier to culture	

High Km for NH3	

Faster growth	

Big genomes	

Fe-based electron transport	

Very light sensitive	

	


AOA	

Small cells	

Difficult to culture	

Low Km for NH3	

Slow growth	

Reduced genomes	

More tolerant of low O2	

Cu-based electron transport	

Highly efficient C fixation pathway	

	




modified	  from	  Karner	  et	  al.,	  Nature,	  2001	  

PutaKve	  ammonia	  oxidizers	  are	  among	  the	  most	  abundant	  cells	  in	  
the	  deep	  ocean.	  
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N2O	  is	  a	  greenhouse	  gas	  whose	  concentraKon	  
in	  the	  atmosphere	  is	  increasing	  

From IPCC Report 2007	




N2O	  is	  supersaturated	  in	  most	  of	  the	  ocean	  

Central	  California	  Current	  Santoro	  et	  al.	  2010,	  EM	  
	  



Ammonia	  oxidaKon	  is	  a	  potenKal	  source	  of	  
marine	  N2O	  

NH3	  

N2O	  

NO	  

AOB:	  

AOA:	  

	  NH2OH	   	  NO2-‐	  

NH3	   	  NH2OH	   NO	   	  NO2-‐	  



Nitrite	  oxidizers	  carry	  out	  the	  second	  
step	  of	  nitrificaKon	  

•  Limited	  to	  only	  a	  few	  genera	  (Nitrospira,	  Nitrospina,	  
Nitrobacter)	  

•  Mostly	  autotrophs,	  but	  some	  capacity	  for	  
mixotrophy	  

•  Growing	  as	  autotrophs,	  they	  are	  living	  near	  the	  
threshold	  for	  life	  (∆G0’	  =	  -‐74	  kJ/mol)	  

NO2
-	
 NO3

-	




CovariaKon	  of	  ammonia	  oxidizers	  (AOA)	  
and	  nitrite	  oxidizers	  (NOB)	  

NOB	   AOA	  
Mincer	  et	  al.	  2007	  



CovariaKon	  of	  AOA	  and	  NOB	  

data	  from	  
CA	  current	  

Santoro	  et	  al.	  2010	  



A	  condensed	  N	  cycle	  for	  today	  
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DenitrificaKon	  is	  a	  mulK-‐step	  process	  

•  The	  dissimilatory	  reducKon	  of	  nitrogen	  oxides	  to	  
gaseous	  products	  under	  low-‐oxygen	  condiKons	  

•  A	  series	  of	  one	  electron	  transfers,	  not	  necessarily	  
carried	  out	  by	  a	  single	  organism	  

•  Frequently	  found	  in	  organisms	  capable	  of	  using	  
other	  electron	  acceptors,	  including	  oxygen	  

NO3
-	
 NO2

-	
 NO	
 N2O	
 N2	

Nap	


Nar	
 NirS	


NirK	


Nor	
 Nos	




DenitrificaKon	  genes	  are	  a	  “necklace”	  
Genes	  are	  not	  congruent	  with	  16S	  rRNA	  
phylogeny	  (laterally	  transferred)	  

	  

Maybe it’s more of a charm bracelet . . 	


from Zumft 1997	






Anaerobic	  ammonia	  oxidaKon	  
(anammox)	  solves	  a	  marine	  conundrum	  (?) 

•  Based on stoichiometric breakdown of Redfield 
organic matter, there should be a lot more NH4

+ in 
anoxic environments then there actually is.	


•  ‘Discovered’ in 1985, but the responsible bacteria 
were not identified until 1999	


	

•  Chemoautotrophic organisms with an enormous 

iron requirement.	


NH4
+ + NO2

-                N2	




Kuypers et al. 2003	




Kuenen 2008	




Marine anammox ‘discovered’ in the Black Sea	




Anammox	  bacteria	  are	  highly	  divergent	  
from	  their	  nearest	  neighbors	  

Kuenen 2008	




Several	  funcKonal	  gene	  targets	  for	  
anammox	  bacteria	  

Candidates: hao (hydrazine oxidoreductase); nirS	




Pusng	  it	  all	  together:	  SyntheKc	  studies	  
of	  the	  marine	  nitrogen	  cycle	  

Stramma et al. 2008	


O
xygen (µM

)	




Oxygen	  minimum	  zones	  
were	  ripe	  for	  integrated	  
molecular	  and	  
biogeochemical	  studies.	  





Lam	  et	  al.	  2009	  

But	  beware	  the	  ‘invisible	  present’	  .	  .	  .	  



Ward	  et	  al.	  2009	  



Organic	  mater	  C:N	  sets	  nitrogen	  loss	  
pathway	  

Ward	  2013	  


