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Challenges	  of	  studying	  ecosystem	  and	  
biogeochemical	  changes	  

	  
•  The	  oceans	  are	  vast:	  Difficult	  to	  extrapolate	  from	  
limited	  spa6al	  and	  temporal	  sampling	  	  

•  Poten6al	  for	  mul6ple	  stressors	  

•  Developed	  a	  new	  method:	  Targeted	  Metaproteomics	  
–  Can	  contribute	  significantly	  to	  these	  challenges	  
Described	  in	  two	  recent/upcoming	  papers:	  
–  Saito	  et	  al.,	  Mul6ple	  nutrient	  stresses	  at	  intersec6ng	  Pacific	  Ocean	  Biomes	  detected	  by	  

proteomic	  biomarkers.	  Science	  2014	  
–  Saito	  et	  al.,	  Targeted	  Metaproteomics:	  Finding	  sub-‐species	  needles	  in	  the	  vast	  blue	  sea.	  

Proteomics	  in	  press.	  
	  	  



Circle	  Interior=primary	  limi6ng	  nutrient;	  Circle	  Exterior=secondary	  limi6ng	  nutrient	  	  	  
Red=Iron;	  Green=Nitrogen;	  Black=Phosphate;	  Purple=B12;	  Yellow=Cobalt;	  Cyan=Zn	  

Moore	  et	  al.,	  Nature	  Geosciences	  2013	  

Observa6ons	  of	  Mul6ple	  Nutrient	  Stressors	  on	  Marine	  Primary	  Produc6vity	  
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Can	  we	  measure	  biomarkers	  that	  can	  measure	  nutrient	  stresses?	  
Proteomics	  –	  the	  measurement	  of	  many	  proteins	  simultaneously	  

(typically	  by	  mass	  spectrometry)	  

Lyse	  Cells/Biomass	  
Extract	  Proteins	  

Digest	  Proteins	  into	  	  
smaller	  pep6des	  

Separate	  pep6des	  
by	  HPLC	  

Measure	  pep6de	  masses	  
and	  fragment	  ions	  

Proteome	  Reconstruc6on	  by	  	  
comparison	  with	  (meta)genomes	  

Addi6on	  of	  stable	  isotope	  labeled	  	  
pep6des	  for	  absolute	  quan6ta6on	  	  

and	  standardiza6on	  



Nature	  Methods	  Jan	  2013	  

“Targeted	  Metaproteomics”	  
Meta’omics	  –	  the	  study	  of	  diverse	  environmental	  popula6ons	  

Saito	  et	  al.,	  Targeted	  Metaproteomics:	  Finding	  sub-‐species	  	  
needles	  in	  the	  vast	  blue	  sea.	  Proteomics	  in	  press.	  

	  	  

	  
	  



Transla6ng	  protein	  quan6ta6on	  technology	  for	  the	  oceans	  
This	  startup	  uses	  the	  same	  technology	  applied	  to	  tumors…	  



How	  will	  microbes	  respond	  to	  environmental	  changes?	  
Prochlorococcus	  –	  Abundant	  primary	  producer	  in	  the	  oceans	  
Trichodesmium	  –	  Major	  nitrogen	  fixer	  in	  oligotrophic	  oceans	  

Prochlorococcus	  

Trichodesmium	  



Prochlorocccus	  steady	  
state	  pCO2	  experiment	  
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•  Two	  acclima6on	  transfers	  
•  Biological	  triplicates	  
•  Carbonate	  chemistry	  



Prochlorocccus	  steady	  
state	  pCO2	  experiment	  
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Discovery	  of	  a	  novel	  B12	  transporter	  	  
and	  biomarker	  -‐	  Bertrand	  et	  al.,	  2013	  PNAS	  

B12	  response	  in	  marine	  diatoms	  



Prochlorocccus	  steady	  
state	  pCO2	  experiment	  
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Discovery	  of	  a	  novel	  B12	  transporter	  	  
and	  biomarker	  -‐	  Bertrand	  et	  al.,	  2013	  PNAS	  Phosphorus replete
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P-‐response	  in	  a	  Marine	  Diatom	  (Dyhrman	  et	  al.,	  2012)	  





Ocean	  acidifica6on	  decreases	  iron	  stress	  in	  Prochlorococcus	  

Carbonate	  Chemistry	  by	  Bill	  Mar6n,	  WHOI	  
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N2 fixation rates of Trichodesmium  
380- and 750- adapted cell lines  
over the subsequent 15 months 

Hutchins  
et al. 
in revision Day since switch
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N2 fixation rates of Trichodesmium  
380- and 750-adapted and 750 to 380 switch cell lines  

over the subsequent 15 months 

Constitutive up-regulation of N2 fixation rates  
in all six 750 to 380 switch cell lines… 

Hutchins  
et al. 
in revision 
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Growth rates over the subsequent 15 months 

32% 
increase 

In evolutionary terms, a 32% increase in fitness- 
But what is unprecedented is that they are more fit in the  
ancestral environment, not in the selection environment! 

Hutchins  
et al. 
In revision 



And	  an	  enzyme	  that	  methylates	  DNA	  and	  so	  plays	  a	  
role	  in	  epigene6c	  gene	  expression	  is	  highly	  ac6ve	  in	  

the	  750	  to	  380	  switch	  cell	  lines	  

380 ppm-adapted
750 ppm-adapted 
750 to 380 ppm switch

Hutchins  
et al. 
In revision 



Targeted	  Metaproteomics	  in	  the	  Oceans	  
	  

METZYME	  Expedi6on	  2011	  	  
(Chief	  Scien6sts	  Carl	  Lamborg	  and	  Mak	  Saito)	  
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Profiles	  of	  Prochlorococcus	  nutrient	  stress	  biomarkers	  

Nitrogen	  
	  stress	  

Iron	  
	  stress	  

SEM	  by	  Anne	  Thompson	  

Saito,	  McIlvin,	  Moran,	  Goepfert,	  DiTullio,	  Post,	  Lamborg,	  Science	  2014	  



Compile	  Suites	  of	  Protein	  Profiles	  into	  ~4500km	  Biochemical	  Sec6ons	  

Saito,	  McIlvin,	  Moran,	  Goepfert,	  DiTullio,	  Post,	  Lamborg	  Science	  2014	  



Compile	  Suites	  of	  Protein	  Profiles	  into	  ~4500km	  Biochemical	  Sec6ons	  

Saito,	  McIlvin,	  Moran,	  Goepfert,	  DiTullio,	  Post,	  Lamborg	  Science	  2014	  

Moore,	  Doney,	  and	  Lindsey	  GBC	  2004	  



Stoichiometry:	  Nitrogen	  Use	  in	  5	  key	  proteins	  associated	  with	  iron	  and	  N	  
metabolism	  (IdiA,	  flavodoxin,	  urea	  transporter,	  urease,	  glutamine	  synthetase)	  

N	  stress	  Fe	  Stress	  



An	  Ocean	  Ecosystem	  Diagnosis	  Capability	  



Fimy	  targets	  of	  proteins	  in	  the	  Pacific:	  
Towards	  a	  biochemical	  assessment	  of	  the	  microbial	  community	  
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Stn	  1	  
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Fimy	  targets	  of	  proteins	  in	  the	  Pacific:	  
Towards	  a	  biochemical	  assessment	  of	  the	  microbial	  community	  

Stn	  1	  	  	  	  Stn	  3	  	  
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Fimy	  targets	  of	  proteins	  in	  the	  Pacific:	  
Towards	  a	  biochemical	  assessment	  of	  the	  microbial	  community	  

Stn	  1	  	  	  	  Stn	  3	  	  	  Stn	  5	  



Carboxysome	  Abundance	  and	  pCO2	  flux	  gradients	  in	  the	  Pacific	  Ocean	  

•  Increased	  carboxysome	  shell	  protein	  Cso1	  in	  the	  North	  Pacific	  Subtropical	  Gyre	  
•  pCO2	  flux	  increases	  in	  Equatorial	  Upwelling	  
•  What	  controls	  carboxysome	  distribu6ons?	  How	  do	  we	  reconcile	  with	  culture	  

studies?	  

	  Feely	  et	  al.,	  
	  1999	  

Saito	  –	  NSF	  Report	  2014	  1220484	  
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23C	   18C	   15C	   13C	  

Synechococcus	  8102	  Carboxysomes/
Cell	  	  

Growth	  rate	  is	  a	  controller	  of	  carbon	  acquisi6on	  machinery:	  
A	  decrease	  in	  carboxysomes	  with	  temperature	  in	  Synechococcus	  

	  
	  

	  
	  
	  
	  
	  
Electron	  micrographs	  from	  13C	  and	  23C	  treatments	  at	  27ppt	  
salinity.	  OM=outer	  membrane.	  CM=cytoplasmic	  membrane.	  
EL=external	  layer.	  The	  external	  layer	  is	  associated	  with	  the	  
swmA	  protein	  (McCarren	  et	  al.	  2005).	  The	  external	  layer	  is	  not	  
visibly	  present	  in	  the	  13C	  treatment	  correla6ng	  with	  swmA	  
protein	  absence/	  abundance.	  

	  	  

Saito	  –	  NSF	  Report	  2014	  1220484	  
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Clio:	  A	  New	  Biogeochemical	  Ver6cal	  AUV	  
Chip	  Breier,	  Mike	  Jakuba,	  Daniel	  Gomez-‐Ibanez,	  Mak	  Saito,	  Greg	  Dick	  

Enable	  ship-‐based,	  full	  depth,	  high-‐throughput	  acquisi6on	  of	  filtered	  biochemical,	  
genomics,	  	  transcriptomics,	  and	  chemical	  samples	  on	  ocean	  sec6ons	  and	  6me	  series	  

Contains	  upto	  4	  SUPR	  samplers:	  
In	  situ	  McLane	  pump-‐style	  carousel	  filtra6on	  system	  
With	  16	  depths,	  in	  situ	  RNAlater	  preserva6on	  possible	  



Present:	  Ocean	  Sec6ons	  of	  Micronutrients	  (GEOTRACES)	  
In	  the	  Future:	  Ocean	  Sec6ons	  of	  Biochemical	  Biomarkers	  

Dissolved	  Iron	  in	  the	  Atlan6c	  (www.egeotraces.org)	  
Nitrogen	  	  Stress	  	  in	  	  
Prochlorococcus	  

Poten6al	  to	  connect	  geochemistry	  with	  biochemistry	  on	  global	  scales	  



Conclusions	  
•  OA	  relieves	  iron	  stress	  at	  night	  in	  Prochlorococcus	  
–  	  Evidence	  of	  ferrous	  iron	  use	  

•  Increased	  N	  fixa6on	  in	  Trichodesmium	  does	  not	  revert	  
– Likely	  caused	  by	  epigene6c	  or	  post-‐transla6onal	  
modifica6ons	  

•  Targeted	  metaproteomic	  analyses	  in	  the	  Pacific	  detects	  
mul6ple	  stressors	  for	  Prochlorococcus	  

•  Emerging	  proteomics	  methods	  applicable	  to	  any	  
biological	  system	  with	  genomic	  data	  
	  



Quan6ta6ve	  Protein	  Measurements	  -‐	  Pipeline	  

•  In	  situ	  pumping	  by	  suite	  of	  McLane	  Pumps	  
•  Development	  of	  AUV	  Clio	  

•  Total	  protein	  extrac6on	  (detergent-‐based)	  

•  Iden6fica6on	  &	  rela6ve	  quan6ta6on	  of	  10,000’s	  of	  proteins	  
•  Mapping	  to	  metagenomes	  and	  genome	  by	  HPC	  

•  Measurement	  by	  Selected	  Reac6on	  Monitoring	  (QQQ)	  
•  Calibra6on	  by	  isotope	  labeled	  pep6de	  standards	  

•  Many	  possible	  applica6ons…	  	  
•  Diagnosis	  using	  nutrient	  stress	  biomarkers;	  stoichiometry	  
•  Iden6fy	  biogeochemical	  reac6ons	  by	  enzyme	  abundances	  

Sampling	  	  
High-‐Throughput	  

Discovery	  
Proteomics	  

Targeted	  
Proteomics	  

Protein	  
Extrac6on	  and	  

Diges6on	  

Ocean	  Profiles	  
and	  Sec6ons	  
of	  Proteins	  
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1	  E	  coli	  GCA	  
2	  HIMB114	  
3	  HIMB59	  
4	  Nitrobacter	  311	  
5	  Nitrobacter	  defluvii	  
6	  Nitrobacter	  winogradski	  
7	  Nitrobacter	  Nb-‐211	  
8	  UCYN-‐A	  
9	  cenarchaeum_symbiosumA	  
10	  Crocosphaera	  8501	  
11	  Kuenenia	  
12	  Peligibacter	  1002	  
13	  Peligibacter	  1062	  
14	  Pelagibacter72111	  
15	  Prochlorococcus	  1986	  
16	  Prochlorococcus	  9211	  
17	  Prochlorococcus	  9215	  
18	  Prochlorococcus	  	  9301	  
19	  Prochlorococcus	  	  9303	  
20	  Prochlorococcus	  	  9312	  
21	  Prochlorococcus	  	  9313	  
22	  Prochlorococcus	  	  9515	  
23	  Prochlorococcus	  	  AS9601	  
24	  Prochlorococcus	  	  1375	  
25	  Prochlorococcus	  	  NATL1A	  
26	  Prochlorococcus	  NATL2a	  
27	  Pseudomonas	  PA7	  
28	  Pseudomonas	  pu6da	  
29	  RoseoMED193	  
30	  roseodenitrificans114	  
31	  roseolit149	  
32	  sulfitobacter_ee36	  
33	  sulfitobacter_gai101	  
34	  sulfitobacter_nas14	  
35	  Synechococcus	  	  5701	  
36	  Synechococcus	  	  7803	  
37	  Synechococcus	  7805	  
38	  Synechoccocus	  	  8102	  
39	  Synechococcus	  	  9916	  
40	  Synechococcus	  	  9917	  
41	  Synechococcus	  	  bl107	  
42	  Synechococcus	  	  cc9311	  
43	  Synechococcus	  	  cc9605	  
44	  Synechococcus	  	  9902	  
45	  Synechocys6s	  	  pcc6803	  
46	  Synechcooccus	  	  ja23ba	  
47	  Synechococcus	  ja33ab	  
48	  Synechococcus	  	  pcc7942	  
49	  Synechococcus	  	  rcc307	  
50	  thiomicrospira_crunogena	  
51	  Tricho	  IMS101	  Saito	  et	  al.,	  Proteomics,	  in	  press	  
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9	  cenarchaeum_symbiosumA	  
10	  Crocosphaera	  8501	  
11	  Kuenenia	  
12	  Peligibacter	  1002	  
13	  Peligibacter	  1062	  
14	  Pelagibacter72111	  
15	  Prochlorococcus	  1986	  
16	  Prochlorococcus	  9211	  
17	  Prochlorococcus	  9215	  
18	  Prochlorococcus	  	  9301	  
19	  Prochlorococcus	  	  9303	  
20	  Prochlorococcus	  	  9312	  
21	  Prochlorococcus	  	  9313	  
22	  Prochlorococcus	  	  9515	  
23	  Prochlorococcus	  	  AS9601	  
24	  Prochlorococcus	  	  1375	  
25	  Prochlorococcus	  	  NATL1A	  
26	  Prochlorococcus	  NATL2a	  
27	  Pseudomonas	  PA7	  
28	  Pseudomonas	  pu6da	  
29	  RoseoMED193	  
30	  roseodenitrificans114	  
31	  roseolit149	  
32	  sulfitobacter_ee36	  
33	  sulfitobacter_gai101	  
34	  sulfitobacter_nas14	  
35	  Synechococcus	  	  5701	  
36	  Synechococcus	  	  7803	  
37	  Synechococcus	  7805	  
38	  Synechoccocus	  	  8102	  
39	  Synechococcus	  	  9916	  
40	  Synechococcus	  	  9917	  
41	  Synechococcus	  	  bl107	  
42	  Synechococcus	  	  cc9311	  
43	  Synechococcus	  	  cc9605	  
44	  Synechococcus	  	  9902	  
45	  Synechocys6s	  	  pcc6803	  
46	  Synechcooccus	  	  ja23ba	  
47	  Synechococcus	  ja33ab	  
48	  Synechococcus	  	  pcc7942	  
49	  Synechococcus	  	  rcc307	  
50	  thiomicrospira_crunogena	  
51	  Tricho	  IMS101	  

Prochlorococcus	  

Synechococcus	  

Saito	  et	  al.,	  Proteomics,	  in	  press	  
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20	  Prochlorococcus	  	  9312	  
21	  Prochlorococcus	  	  9313	  
22	  Prochlorococcus	  	  9515	  
23	  Prochlorococcus	  	  AS9601	  
24	  Prochlorococcus	  	  1375	  
25	  Prochlorococcus	  	  NATL1A	  
26	  Prochlorococcus	  NATL2a	  
27	  Pseudomonas	  PA7	  
28	  Pseudomonas	  pu6da	  
29	  RoseoMED193	  
30	  roseodenitrificans114	  
31	  roseolit149	  
32	  sulfitobacter_ee36	  
33	  sulfitobacter_gai101	  
34	  sulfitobacter_nas14	  
35	  Synechococcus	  	  5701	  
36	  Synechococcus	  	  7803	  
37	  Synechococcus	  7805	  
38	  Synechoccocus	  	  8102	  
39	  Synechococcus	  	  9916	  
40	  Synechococcus	  	  9917	  
41	  Synechococcus	  	  bl107	  
42	  Synechococcus	  	  cc9311	  
43	  Synechococcus	  	  cc9605	  
44	  Synechococcus	  	  9902	  
45	  Synechocys6s	  	  pcc6803	  
46	  Synechcooccus	  	  ja23ba	  
47	  Synechococcus	  ja33ab	  
48	  Synechococcus	  	  pcc7942	  
49	  Synechococcus	  	  rcc307	  
50	  thiomicrospira_crunogena	  
51	  Tricho	  IMS101	  

Prochlorococcus	  

Synechococcus	  Syn	  vs	  Pro	  

Pro	  vs	  Syn	  

Saito	  et	  al.,	  Proteomics,	  in	  press	  
	  


