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Plan
ÅExamples of marine prokaryote genomics

ïProchlorococcus

ïSAR11 and the microbial loop

ïDiazotrophs

ÅWhat evolutionary concepts do we need ?

ïEvolvability, modularity and major transitions

ïHGT, descent-with-modification, and core+shell

ÅRepresenting evolution in ecosystem models

ï! ΨōƭƻŎƪ ŘƛŀƎǊŀƳΩ ƭŜǾŜƭ ƳƻŘŜƭ ŀǎ ŀƴ ŜǾƻƭǾŀōƭŜ 
system

ïPhysiology: size, resource investment vsmetabolic 
benefit

Oligotrophic ecosystem 

as a model system



Marine (meta)genomics of 
oligotrophicecosystems

30 ɛM

ɛM 

N2 fixation Deutsch etal (2007)

http://upload.wikimedia.org/wikipedia/commons/f/f4/Prochlorococcus_TEM.jpg


Prochlorococcusniche 
differentiation is beginning to 
be understood at the genetic 

level
Rocapetal (2003), Coleman etal (2007)

Johnson etal (2006) niche partitioning 
along N Atlantic environmental gradient

http://upload.wikimedia.org/wikipedia/commons/f/f4/Prochlorococcus_TEM.jpg


Prochlorococcus shows genomic streamlining and a 
pan-ƎŜƴƻƳŜ ǿƛǘƘ ŎƻǊŜ ŀƴŘ ƎŜƴƻƳƛŎ ΨƛǎƭŀƴŘǎΩ

Kettler etal (2007)

Å1273 core genes shared amongst all 12 

strains, only 40%-67% of genes in any one 

isolate !

ÅGenome size varies 1.6 ï2.7 Mbp due 

ógenomic streamliningô and gene loss from 

LL to HL adapted strains.

ÅLight and T adaptation correlates with 

rRNA phylogeny

ÅNutrient, phage-related genes occur in 

óislandsô and follow environment not rRNA

Åeg [P] < 0.1 ɛM have phoBR and 

alkaline phosphotase (Martiny etal

2009)

Kettler etal (2007) GOS



SAR11 / P. Ubiqueis a dominant 
heterotrophin oligotrophicsurface 

regions

ÅSmall size ! 
ïCell volume 0.025 ς0.045 ˃ m3

ï Periplasmicspace 25 ς35% volume

ï Nucleoidtakes up approx half volume 

ÅTransport functions dominate proteome (Sowell etal 2009)

ÅStreamlined metabolism 
ïCan synthesize all 20 amino acids, Giovannonietal (2005)

ÅEcotypes show local environmental adaptations
ïRequirements for reduced sulphur egDMSP (Tripp etal 2009)

ïProteorhodopsin(light-dependent proton pump) Giovanonnietal
(2005)

ïGlycolysis(ability to use sugars) preferentially found in richer coastal 
regions Schwalbachetal (2009) 
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Three SAR11 ecotypes are 
seen at BATS, physiology 

not yet characterised

Carlson etal (2009)



Diazotrophssupply ~50% of 
N to photiczone in 
subtropical gyres

ALOHA Church etal (2009)

ÅN2 -> NH3 exclusively prokaryote-

mediated by nitrogenase (nifH genes)

ÅDiazotroph community structure (at 

ALOHA) is highly dynamic

ÅFilamentous / heterocyst Trichodesmium, 

Richelia well known pre-genomics

ÅTwo groups of unicellular cyanobacterial

diazotrophs initially discovered from gene 

transcripts

ÅUCNY-A óGroup Aô  < 1 ɛm 

uncultured, (some) lack PSII (Zehr

2008) !

ÅGroup B crocosphaera w.

Å(As well as diverse proteobacteria)



Prochlorococcus+ SAR11 + diazotrophsprovide a 
model oligotrophicecosystem, demonstrating multi-

nutrient limitation (including Fe)

Zubkov etal (2007) phosphate 

in N Atlantic subtropical gyre

ÅConcentration 2.2 +/- 1.1 nM

ÅRapid uptake 2.2 +/- 2.4 nM

day-1

ÅProchlorococus and 

óheterotrophic bacteriaô uptake 

45% each ie 90% of total

ÅSAR11 ~ 60% of 

heterotrophic bacteria

UCYN-A
?

http://upload.wikimedia.org/wikipedia/commons/f/f4/Prochlorococcus_TEM.jpg


Surface ocean oligotrophs show metabolic 
diversity beyond autotrophy and heterotrophy

Light harvesting CO2 N2 Hetertro
phy

N 
uptake

P 
uptake
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¸ ¸ ¸ ¿ ¿ ¸ ¿ ¸ ¿ Prochlorococcus

synechocuccus
Chisholm
(1998)

¿ ¿ ¸ ¸ ¸ ¿ P.Ubique(SAR11) Giovanno
ni (2005)

¿ ? ¸ ? Proteobacteria Bela
(2002)

¸ ¸ ¸ ¸ Trichodesmium Dugdale
(1961)

¿ ¸ ¿ ¸ ? ? ? ? UCYN-A Zehr
(2001)



hƭƛƎƻǘǊƻǇƘǎ ŘŜƳƻƴǎǘǊŀǘŜ ΨƎŜƴƻƳƛŎ ǎǘǊŜŀƳƭƛƴƛƴƎΩ

Giovannoni etal (2005)



What evolutionary concepts do we 
need?

http://upload.wikimedia.org/wikipedia/commons/3/32/Lego_Color_Bricks.jpg
http://upload.wikimedia.org/wikipedia/commons/e/ed/Ideal_feedback_model.svg


T. M. Lenton et al. (Working Group 1) 91st Dahlem Workshop on Earth System Analysis for Sustainability (2003)

Ages in Ga 

(109 yr BP)

Environment

Life

Prokaryotes

Eukaryotes

Multicellular

Language

Pre-life

Progenotes

Evolvable platform Major transition

Evolution proceeds by major transitions in organisation, 

separating phases of adaptation

Body plans



Molecular-biological level 

understanding shows how beak 

morphology can be an 

independent trait that responds 

easily to selection.

Metazoan gene expression and adaptation: CaM and BMP4 
ǎƛƎƴŀƭƭƛƴƎ ŎƻƴǘǊƻƭ ōŜŀƪ ƳƻǊǇƘƻƭƻƎȅ ƛƴ 5ŀǊǿƛƴΩǎ ŦƛƴŎƘŜǎ

Abzhanov etal 2006

Grant & Grant (2002)

Beak morphology (and body 

size) adapt to environmental 

change (eg drought)

Flexible modification of a 

conserved body plan



The process of prokaryote evolution is 
different to that of multicellularlife

Surface-

dwelling 

archaea ! 

Proteorhodopsin

HGT

Multicellular

Meiotic sex

Complex form

Simple metabolisms

Prokaryotes

Pan-genome and HGT

Simple form

Flexible metabolisms

http://mcb.illinois.edu/faculty_research/images/woese.gif


Understanding what is conserved and what is evolved is 
key to representing evolution in models

ÅYŜȅ ŦƻǊ ǇǊƻƪŀǊȅƻǘŜǎΥ ΨaƻŘǳƭŀǊƛǘȅΩΥ

ïConserved core metabolic processes

ïFlexible linkage

ÅKey for multicellularlife:

ïConserved body plans, modular variation

ïCompartmentalisation

ïExploratory behaviour & self organisation

ïΨ.ŀƭŘǿƛƴ ŜŦŦŜŎǘΩΥ ŀŎŎƭƛƳŀǘƛƻƴ ŀƴŘ ŀŘŀǇǘŀǘƛƻƴ both 
exercise the same mechanisms and pathways

http://upload.wikimedia.org/wikipedia/commons/3/32/Lego_Color_Bricks.jpg
http://upload.wikimedia.org/wikipedia/commons/e/ed/Ideal_feedback_model.svg


9ǾƻƭǾŀōƭŜ ΨǇƭŀǘŦƻǊƳǎΩ ŀǊŜ ǎŜǇŀǊŀǘŜŘ ōȅ ƳŀƧƻǊ 
transitions in organisation

Progenote Prokaryotes Unicellular 
eukaryotes

Multicellular
eukaryotes
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No!
RNA world ?
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proteins
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Markets 
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? One cell! Cell 
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Body plans Competition
law

Exploratory
behaviour

? Membrane 
self-assembly

Cytoskeleton Circulatory 
system, 
nervous 
system, ...

Scientific 
method
Commercial
innovation



Evolvable Model organism
-Genetic code
-Physiology and modular 
metabolism
(traits with trade-offs)
- Major clades

Physical environment
-Light, T

- Nutrients
- Trace elements

Selection

Emergent properties
-Ecotypes

- Metabolic functions (autotroph
ҭ ƳƛȄƻǘǊƻǇƘҭƘŜǘŜǊƻǘǊƻǇƘ)

--Biogeography and community 
structure

Replication with 
variation:
HGT / Sex
Mutation

Representing evolution in marine 
ecosystem models

(diagram after 

Follows etal)



Evolvable representations of 
marine microbes for ADAM

Whole 
cell

Metabolic 
sectors

Pathways

Individual 

reactions

Palsson (2006)

Shuter(1979)

Prochlorococcus SS120 Annotated genome

Dufresne etal (2003)

Ross & Geider(2009)

Bruggeman(2007)



Artificial genome controls resource 
investment in modular metabolic blocks 

and cell structure

Shared 
gene 
pool

Autot
roph

Hete
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oph

Genome 

represents 

resource 

investment in 

metabolic blocks 

and cell structure

Physiological model 

determines growth 

rate given light, 

nutrients

Mutation, 

HGT, and 

ómobilomeô 

generate 

variation
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as environment 
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Physiology: size determines diffusion-limited 
nutrient uptake

Measured P uptake vs diffusion 

limit Tambi etal (2009)

Diffusion-limited uptake  ֞ c r

Cell quota                       ֞ r3

Growth rate ֞ c / r2

NH4 or amino-acid (eg leucine)

0.34 nM for 0.35 ɛm at 1 d-1

PO4

0.05 nM for 0.35 ɛm at 1 d-1

NH4

det lim

leu obs

0.1 nM

AMT

Lowest

PO4 obs

0.1 nM

E Med

Moutin (2002)



Physiology: structural constraints determine 
minimum size

P. Ubique !

Autotroph optimal growth d-1, 250ɛE PAR

(with additional thyakloid membrane) 

Consistent with Sowell (2009) ï

transport functions dominate 

SAR11 metaproteome

0.8          1.6

NH4 nM

http://upload.wikimedia.org/wikipedia/commons/f/f4/Prochlorococcus_TEM.jpg


Cellular economics: Cost-benefit 
determines ecotypes and adaptations

Proteorhodopsin

27 kDa

1.1x104 ATP equiv 

biosynthesis cost

10nm

H+hɜ

biomass in an enzyme pathway m

reaction rate                             m R(E)

metabolic energy yield               P

growth rate                                 g

Enzyme biosynthesis cost     = B m

Lifetime metabolic benefit      = P R(E) m / g

Cost / benefit                        = B g / ( P R(E) )

m R(E)

m P R(E)

m

B m

Cell 

interior



Ψ¢ƘŜ ŜǾƻƭǳǘƛƻƴŀǊȅ ǊŜǎǇƻƴǎŜ ƻŦ ƳŀǊƛƴŜ 
ƳƛŎǊƻōƛŀƭ ŜŎƻǎȅǎǘŜƳǎ ǘƻ Ǝƭƻōŀƭ ŎƘŀƴƎŜΩ

How much of prokaryote ecotypes, physiology 
and ecology can we explain as emergent 
properties of conserved metabolic blocks and 
structural constraints?

ÅReproduce ecotypes as emergent properties

ÅCapture ecotype distribution

ÅExamine HGT and viral impacts

ÅReproduce known biogeochemical patterns

Ҧ evolutionary response



Additional discussion points (not 
covered in talk)



Copiotrophs vs oligotrophs can be classifed 
based on (meta)genomes alone (Lauro etal 2009)



Can detailed understanding help?

ÅShows how beak morphology can be an 

independent trait that responds easily to selection

ÅPredict initial adaptation rate? (depends on 

heritability vs plasticity of existing observed phenotype 

variation).

ÅRange of adaptation? (genetic architecture and 

physiology)

ÅMaintenance of genetic variation (by environmental 

variation, mutation)?

Metazoan gene expression and adaptation: CaM and BMP4 
ǎƛƎƴŀƭƭƛƴƎ ŎƻƴǘǊƻƭ ōŜŀƪ ƳƻǊǇƘƻƭƻƎȅ ƛƴ 5ŀǊǿƛƴΩǎ ŦƛƴŎƘŜǎ

Abzhanov etal 2006

Grant & Grant (2002)

Is evolution (micro & 

macro) predictable?

Beak morphology (and body 

size) adapt to environmental 

change (eg drought)



! ΨaƻŘǳƭŀǊƭȅ ǾŀǊȅƛƴƎ 
ŜƴǾƛǊƻƴƳŜƴǘΩ Ŏŀƴ 

produce modularity

Kashtan & Alon (2005)
see review Wagner etal (2007) 

and recent papers from Alon 

group


