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Overview of 4 lectures 

June	
  1:	
  	
  	
  	
  	
  	
  Size	
  and	
  intro	
  to	
  Prochlorococcus	
  

June	
  6:	
  	
  	
  	
  	
  Prochlorococcus	
  and	
  its	
  phage	
  

June	
  9:	
  	
  	
  	
  	
  Prochloroccus	
  as	
  a	
  model	
  system	
  

July	
  2:	
  	
  	
  	
  	
  	
  	
  SyntheBc	
  biology	
  to	
  geoengineering	
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Lecture 1 – Guide to Readings 

Phytoplankton	
  Size:	
  
Chisholm	
  1992:	
  	
   	
  An	
  old	
  review	
  

Finkel	
  2010:	
  	
   	
  Excellent	
  overview,	
  including	
  stoichiometry	
  
Kempes	
  2011:	
  	
   	
  AnalyBcal	
  treatment	
  

	
  
Prochlorococcus	
  –	
  ancient	
  history	
  
Chisholm	
  et	
  al	
  1988:	
  	
   	
  the	
  “Discovery”	
  
Chisholm	
  et	
  al	
  1992:	
  	
   	
  the	
  “Naming”	
  
Chisholm	
  2011:	
  	
   	
  An	
  “easy	
  reading”	
  overview	
  of	
  the	
  whole	
  story	
  
	
  

Prochlorococcus	
  –	
  	
  Ecotypes	
  
Johnson-­‐Zinser	
  et	
  al	
  2006	
   	
  Ecotype	
  distribuBons	
  along	
  gradients	
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Finkel	
  et	
  al	
  J.	
  Plankton	
  Res	
  2010	
  
	
  

Ocean food webs and biogeochemistry 
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Finkel	
  et	
  al	
  J.	
  Plankton	
  Res	
  2010	
  
	
  

We have a hard time imagining log scales 
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(Size influences abundance, and distances between cells) 



Duarte	
  et	
  al	
  1987	
  
	
  

Challenge:	
  What	
  
does	
  it	
  look	
  like	
  if	
  

you	
  add	
  all	
  
organisms,	
  including	
  	
  

humans?	
  

Allometry:  The classic size-density 
relationship 
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Size and Chlorophyll 

Chisholm	
  1992	
  

<	
  1μ	
  

<	
  10μ	
  

<	
  3μ	
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Chisholm	
  1992	
  

Ecosystems add chlorophyll by adding 
bigger species 

(Or low chlorophyll oceans are dominated by small cells) 
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Chisholm	
  1992	
  

Gr
ow

th
	
  ra

te
	
  h
r-­‐1

	
   	
  

Cell	
  Size	
  pgC	
  per	
  cell	
  

Size and Growth Rate 
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Chisholm	
  1992	
  

Growth/size relationship falls apart for small cells 
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Kempes	
  et	
  al	
  PNAS	
  2011	
  	
  

Prokaryotes	
  

Eukaryotes	
  

Small	
  metazoans	
  

%
	
  o
f	
  M

et
ab
ol
ism

	
  
De

vo
te
d	
  
to
	
  g
ro
w
th
	
   “prokaryotes	
  spend	
  an	
  increasing	
  

fracBon	
  of	
  their	
  enBre	
  metabolism	
  
on	
  growth	
  with	
  increasing	
  cell	
  size,	
  
whereas	
  eukaryotes	
  devote	
  
a	
  diminishing	
  fracBon”	
  

Prokaryotes devote decreasing 
fraction of metabolism to 

growth as they get smaller 
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Size and nutrient acquisition: ���
 It’s all about surface/volume ratios���

(but how do very large cells compete?)	
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Chisholm	
  1992	
  

Size	
  and Nutrient Acquisition:  
At what N concentration would a cell of a particular size become diffusion 

limited if it were growing at 1 day-1? 
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Intro to Prochlorococcus 

•  The	
  early	
  evidence	
  

•  The	
  ‘rediscovery’	
  

• What	
  we	
  were	
  able	
  to	
  learn	
  pre-­‐genomics	
  

•  Intro	
  to	
  “ecotypes”	
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…The	
  BIG	
  discovery	
  -­‐	
  began	
  the	
  paradigm	
  shie	
  

Waterbury	
  et.	
  al.	
  	
  1979	
  

15	
  



Johnson	
  and	
  Seiburth	
  1979	
  
Chroococcoid	
  cyanobacteria	
  in	
  the	
  sea:	
  	
  
A	
  ubiquitous	
  and	
  diverse	
  phototrophic	
  biomass.	
  	
  
Limnology	
  and	
  Oceanography	
  24(5):928-­‐935.	
  
	
  

	
  

“Type	
  II	
  Synechococcus”	
  

1979	
  
	
  

That	
  same	
  year…	
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Gieskes	
  and	
  
Kraay,	
  1983	
  

Meanwhile,	
  a	
  few	
  years	
  later,	
  a	
  new	
  pigment	
  was	
  
discovered…	
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unfracBonated	
   <	
  1µm	
  fracBon	
  

Gieskes	
  and	
  
Kraay,	
  1983	
  

Chl	
  a	
  “derivaEve”	
  >	
  
Chl	
  a	
  in	
  small	
  fracEon	
  

And	
  that	
  pigment	
  is	
  enriched	
  in	
  the	
  <	
  1µm	
  fracBon	
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Cells	
  

Laser	
  

Forward	
  light	
  
scaker	
  detector 

Pigment	
  fluorescence	
  
detector	
  

DNA	
  
per	
  cell	
  

Enter Flow Cytometry….. 

…for	
  the	
  study	
  of	
  single	
  cells	
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And someone with the courage to take it to sea… 

Rob	
  Olson	
  	
  

What	
  was	
  I	
  
thinking?	
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1985	
  

Emerging	
  from	
  the	
  noise!	
  

	
  	
  The	
  noise	
  

We set out to study 
Synechococcus, and mess about 
with flow cytometry 
 
And noticed something else… 

Based on their fluorescence 
excitation/emission spectrum we 
suspected they had chl b, typical of 
green algae. 
Called them “Little Greens”  21	
  



Electronic	
  noise	
  or	
  living	
  cells?	
  	
  (some	
  ancient	
  unpublished	
  stuff)	
  
–	
  Collect	
  cells	
  from	
  1%	
  light	
  level	
  and	
  change	
  their	
  light	
  intensity.	
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But	
  do	
  they	
  photosynthesize?	
  
	
  
YES!	
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Photo	
  by	
  R.	
  Olson	
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Photo	
  by	
  R.	
  Olson	
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Finally,	
  and	
  electron	
  micrograph	
  –	
  
It’s	
  a	
  prokaryote!	
  

John	
  Waterbury	
  

“Likle	
  Greens”	
  Synechococcus	
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“Type	
  II	
  Synechococcus”	
  
1979	
  

CLOSURE	
  I:	
  	
  Johnson	
  and	
  Sieburth’s	
  
“Type	
  II	
  Synechococcus”	
  
was	
  the	
  same	
  as	
  our	
  cells	
  

1985	
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Ralph	
  Goericke	
  

Divinyl	
  Chl	
  
What is their pigment composition? 
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=	
  divinyl	
  chl	
  a	
  

=	
  divinyl	
  chl	
  b	
  



These pigment properties are restricted to the 
< 0.8 micron fraction 

Sample	
  from	
  Sargasso	
  Sea	
  80-­‐100m	
  	
  	
  	
  	
   Goreicke	
  thesis	
  1990	
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<	
  1µm	
  fracBon	
  

Gieskes	
  and	
  
Kraay,	
  1983	
  

Chl	
  a	
  “derivaEve”	
  >	
  Chl	
  a	
  
in	
  small	
  fracEon	
  

CLOSURE	
  II:	
  
	
  
Gieskes	
  and	
  Kraay’s	
  	
  
“chlorophyll	
  a	
  derivaBve”	
  	
  
was	
  the	
  divinyl	
  chlorophyll	
  a	
  
of	
  the	
  “Likle	
  Greens”	
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But	
  what	
  do	
  we	
  call	
  them?	
  
What	
  else	
  is	
  prokaryoBc	
  and	
  has	
  Chlorophyll	
  b?	
  

Prochloron	
   Prochlorothrix	
  

So	
  we	
  called	
  them	
  “Prochlorophytes”	
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33	
  

1988:	
  	
  The	
  Birth	
  Announcement	
  



Few	
  noBced	
  
except…	
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Chl	
  b/Divinyl	
  Chl	
  a	
  raBo	
  shows	
  photoacclimaBon	
  in	
  
Prochlorophytes	
  (in	
  hindsight,	
  the	
  two	
  ecotypes)	
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1992 Cultures 

Brian	
  Palenik	
  
Freddie	
  Valois	
  

John	
  Waterbury	
  

Mak	
  Saito	
  

SomeBme	
  later…..	
  

Lead to the name: Prochlorococcus 
 

(“coccoid prokaryote with chl b”) 
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Enter Molecular Phylogeny:  We were wrong! 

Ena	
  Urbach	
  

Mitch	
  Sogin	
  

Brian	
  Palenik	
  

It IS closely related to Synechococcus, and not to Prochloron or Prochlorothrix 

37	
  

Chl	
  b	
  trait	
  evolved	
  
independently	
  in	
  
these	
  three	
  
groups	
  



What is Prochlorococcus? 
   Smallest cell in the oceans that fluoresces red 

Ch
lo

ro
ph

yl
l (

Re
d)

 F
lu

or
es

ce
nc

e 

Forward Angle Light Scatter 
(Size) 

Syn 

Pro 

K. Bares 

  Oceanic cyanobacterium, 0.6 - 0.8 µm diameter 

  Contains Divinyl Chl a and Chl b 

MBL	
  

C.	
  Ting	
  

  Smallest (size and genome), and most abundant 
photosynthetic cell on Earth 

600	
  nm	
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A significant fraction of global chlorophyll ���
	



SeaWiFS	
  Project,	
  NASA	
  

Record concentration:    

   700,000 cells ml-1 

It	
  is	
  one	
  of	
  the	
  few	
  ocean	
  microbes	
  that	
  can	
  be	
  studied	
  readily	
  at	
  all	
  scales,	
  
and	
  is	
  found	
  in	
  abundance	
  over	
  vast	
  areas..	
  

36-70% 25-58% 

44-57% 
6-47% 

Global  
photosynthesis ≈ 5 Gt C yr-1 

 
 5 Gt  =  5 billion  
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It’s	
  basically	
  a	
  slightly	
  smaller	
  	
  
Synechococcus	
  with	
  a	
  different	
  light	
  

harvesBng	
  system	
  

Ting	
  et	
  al	
  	
   40	
  



Prochlorococcus and Synechococcus 
partition the “small size” niche 

DuRand	
  et	
  al	
  2001	
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  41	
  



log forward light scatter 
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log forward light scatter log forward light scatter 

MIT9313 MIT9312 

Moore et al. 1998 

Gulf Stream 
 
35 m sample 

Cultures 

We soon 
learned 
that they 
are not one 
thing… 
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Moore, Rocap et al…. 

Closely related, coexisting, isolates differ in their 
physiology 

Growth irradiance (µmol Q m-2 s-1) 

0 

0.2 

0.4 

0.6 

0.8 

1 
G

ro
w

th
 ra

te
 (d

ay
-1

) 

1 10 100 1000 

High Light 
adapted 

Low Light 
adapted 
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West	
  and	
  Scanlin,	
  1999	
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Still…Prochlorococcus is a single species by traditional microbial standards 

Lisa Moore 

Gabrielle  
Rocap 
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Light adaptation defines ecotypes…	



9312	
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NATL	
  

SS120	
  
9313/9303	
  

Moore, Rocap, Kettler and more, 1990 - 2006 

Low	
  Light	
  Adapted	
  	
  	
   Hi	
  Light	
  Adapted	
  Whole Genome Phylogeny 
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Johnson, Zinser et al, 2006 

Ecotype distributions in the wild are consistent 
with growth physiology	
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Temperature tolerance differentiates the two 
HL ecotypes	
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…leading to niche differentiation	
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  Size	
  makers	
  

  Small	
  cells	
  dominate	
  oligotrophic	
  oceans	
  

  “Discovery”	
  happens	
  in	
  chapters.	
  	
  Some	
  are	
  lucky	
  
enough	
  to	
  be	
  there	
  when	
  the	
  criBcal	
  chapter	
  is	
  
wriken	
  and	
  the	
  story	
  unfolds	
  

  A	
  “species”	
  can	
  have	
  many	
  phenotypes	
  	
  

  And	
  many	
  many	
  many	
  genotypes	
  (Coming	
  next	
  
week!)	
  

Take Home Messages	
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