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The take home message…

• Coccolithophores are really cool - in part because the dynamics of this
one group can dramatically influence biogeochemical cycling

• Of the coccolithophores, Emiliania huxleyi is emerging as increasingly
important model for studies of …

- Paleo climate reconstruction
- S cycling
- Viral dynamics
- Carbon cycling

• Anatomy of a eukaryotic genome project “euks are challenging”

• Transcriptome profiling for aiding genome annotation and moving
beyond “capacity”

- Introduction to SAGE
- N and P scavenging in E. huxleyi

• What does the future hold? … The challenges of prediction in microbial
oceanography

- Two different CO2 responses



Coccolithophores are cool

Graphic: www.noc.soton.ac.uk



Cococlithophores - a rich natural history



• Ehrenberg (1795-1876) “the Founder
of Micropaleontology”

- First to discover and identify
fossils of what would be called
coccoliths
- 1836 First “coccolith”
observation in from chalk
deposits from the Baltic

• Thomas Huxley, naturalist  and
“Darwin’s Bulldog”

- 1857 coins the term coccolith
“spherical stone” for the mineral
bodies resembling coccoid cells
which he observed in sediments
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•    Wallich on HMS Challenger Expedition
- 1877 describes association of
coccoliths with single spherical
structures (cells) termed
coccospheres

•    Lohmann
-1902 introduces the term…
coccolithophore



Division:

Haptophyta

Cococlithophores - Google image



Haptophyte characteristics

• Molecular genetic data has
shown that the Haptophytes
are a discrete group from
other algal protists

• Diverged during the Pre-
Cambrian (>600Ma) protist
radiation and acquired
chloroplasts subsequently
(possibly in the Late
Palaeozoic, ca 300-400Ma)
as result of secondary
endosymbiosis

• Haptophytes are a+c chl
containing of the red algal
lineage



Haptophyte characteristics

• Haplo-diploid life
cycles  where both
haploid and diploid
are capable of
asexual reproduction
(differs from diploid
diatoms, haploid
dinoflagellates)

• Morphological
diversity between
life-history stages



• Emerging monophyletic identity of calcifying haptophytes has
no formal name, but subclass calcihaptophycidae was proposed
by DeVargas et al. (2006)

• Currently bout 280 morphologically distinct genera of calcifying
haptophytes or… coccolithophores

• Calcification is the distinguishing feature, but the process is
poorly understood

Haptophyte characteristics



• Emerging monophyletic identity of calcifying haptophytes has
no formal name, but subclass calcihaptophycidae was proposed
by DeVargas et al. (2006)

• Currently bout 280 morphologically distinct genera of calcifying
haptophytes or… coccolithophores

• Of those  … Emiliania huxleyi is an important representative

• E. huxleyi is virtually ubiquitous in surface waters
• Occurs at temperatures from near freezing to over 30°C
• Distribution spans equatorial to arctic latitudes
• Forms large blooms

Haptophyte characteristics



Emiliania huxleyi

Photos: www.noc.soton.ac.uk



The take home message…

• Coccolithophores are really cool - in part because the dynamics of this
one group can dramatically influence biogeochemical cycling

• Of the coccolithophores, Emiliania huxleyi is emerging as increasingly
important model for studies of …

- Paleo climate reconstruction
- S cycling
- Viral dynamics
- Carbon cycling

• Anatomy of a eukaryotic genome project “euks are challenging”

• Transcriptome profiling for aiding genome annotation and moving
beyond “capacity”

- Introduction to SAGE
- N and P scavenging in E. huxleyi

• What does the future hold? … The challenges of prediction in microbial
oceanography

- Two different CO2 responses



Paleoceanography

• Synthesize long-chain lipids = Alkenones

• Degree of saturation is dependent on the ambient temperature at the time of
synthesis

• Alkenones are well-preserved in sediments so fossil alkenones can be used as a
“thermometer” for ancient sea surface temperature.

• Pathways of biosynthesis not known

Graphic: http://farm3.static.flickr.com/2175/2070743773_7e05044bb8.jpg



Sulfur cycle

http://www.video.bluemicrobe.com/qt/56k/emilianiahuxleyi.mov



Emiliania huxleyi virus 86



Carbon cycle

Chisholm 2000



the CaCO3:POC “rain ratio”



Large blooms…



Large blooms…remotely sensed





Biomes to genomes

• Despite a growing and broad understanding of coccolithophore evolution,
biogeochemistry and ecology, many basic questions remain.

• What are metabolic pathways and preferred sources of N, P and C?

• Biosynthesis and stability of alkenones?

• Influence of virus infection on loss terms and the cycling of S, C, N, P ?

• How and why to they calcify?

• How will all of these processes influence their distribution and activity in a
future ocean?

• These questions and more were used to rationalize the sequencing of  a
coccolithophore genome sequence.



•   Diatom: Thalassiosira  (genome, EST) Armbrust et al. 2004

•    Prasinophyte: Ostreococcus (genomes) Palenik et al. 2007

•   Dinoflagellate:
- Karenia (EST)
- Alexandrium (EST)

•   Haptophyte: Emiliania (genome, EST) Read and Wahlund

•   Pelagophyte: Aureococcus (genome, EST)  Gobler and  Wilhelm

•   Limited genomic infrastructure relative to marine cyanobacteria

Selected sequencing efforts with marine eukaryotic
phytoplankton



Prasinophytes

Coccolithophores



E. huxleyi strain 1516 genome

• Isolated in 1992 from the South Pacific

• Calcifying in f/50

• Relatively slow growth rate

• DOE/JGI has sequenced 80,000 ESTs (e.g. Wahlund et al.
2004) and a draft of the genome (B. Read and T. Wahlund PIs)

• Assembly presented a an unexpectedly huge challenge for the
JGI.  We were told E. huxleyi  is the most difficult genome JGI
has ever tried to assemble!

• The genome size is ~168 MB with a GC content of 66%.  The
assembly resulted in 7,809 scaffolds with 94% sequence
completeness at 10X coverage

Graphic: CCMP



E. huxleyi strain 1516 genome



Emiliania huxleyiEmiliania huxleyi Genome Genome

Organization : Betsy Read
Host : Colomban de Vargas

SBR : Station Biologique de Roscoff

Pre-Annotation Jamboree

March 19-20, 2007



E. huxleyi strain 1516 genome



Manual annotation is underway



E. huxleyi strain 1516 annotation





Current model of CCM function in marine diatoms

NH3
AMT

NO3
- NRT

NH3

NO3
-

PO4

AP
DOP

PTA PO4

C metabolism:
CA
PEPC
PCKase
RuBP

N metabolism:
AMT
NRT

P metabolism:
AP
PTA

E. huxleyi strain 1516 gene annotation



Supports red algal lineage of the haptophyte plastid Sanchez
Puerta et al 2005

Comparative genomics



Biomes to genomes

• Despite a growing and broad understanding of coccolithophore evolution,
biogeochemistry and ecology, many basic questions remain.

• What are metabolic pathways and preferred sources of N, P and C?

• Biosynthesis and stability of alkenones?

• Influence of virus infection on loss terms and the cycling of S, C, N, P ?

• How and why to they calcify?

• How will all of these processes influence their distribution and activity in a
future ocean?

• These questions and more were used to rationalize the sequencing of  a
coccolithophore genome sequence.



The “oceanic genotype” represents only the potential biological
capacity and sets an upper constraint on possible pathways and
ecosystem rates.  The realized structure and function of marine
ecosystems, “oceanic phenotype”, reflects the complex
interactions of individuals and populations with their physical
and chemical environment and with each other.

Doney et al. 2004 Front. Ecol. Environ.
Capacity?

Transcription?

Activity?

Can studies at the genome level give predictive
insight into structure and function of ocean
ecosystems?



A changing ocean - predicting coccolithophore
nutritional physiology and ecology

Temperature
CO2

pH
N, P, Fe etc.

Ecology
Biogeochemistry

Climate

?

• Emiliania huxleyi (1516) responses to P and N
deficiency
• Validity of SAGE for gene expression profiling in the

absence of a complete genome sequence.
• Molecular understanding of N, P and C metabolism
• Physiological ecology of field populations

 photos: www.soes.soton.ac.uk, www.nasa.gov



Global gene expression analyses

• Serial analysis of gene expression -
SAGE

-  Velculescu et al. 1995 (14bp)
-  Saha et al. 2002 (21bp)
-  Pfiesteria Coyne et al. 2004
-  Emiliania Dyhrman et al. 2006

• Solexa/Illumina approach to SAGE has
dramatically influenced through-put
and cost.

• Analyses on Aureoccocus - and
diatoms pending

• E. huxleyi :  N and P stress responses

• Support the genome annotation
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Long-SAGE
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Long-SAGE: tag isolation



Long-Sage: library statistics

• Total tags sequenced ~ 55,000 across all libraries.

• Roughly 8,000 unique tags.

• Data suggests a unique tag count of ~ 30,000. Relationship
of tag count to transcriptome size difficult to predict.

- Multiple tags map
to a single gene.

- Single tag maps
to multiple genes.

- Gene lacks NlaIII
site. 0
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Long-SAGE: expression frequency
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Long-SAGE: E. huxleyi tags up-regulated in low
phosphorus conditions

http://gmod.mbl.edu/perl/site/emiliania04?page=intro
Dyhrman et al. 2006



Long-SAGE: E. huxleyi clustering

-N     Control    -P



Long-SAGE: annotation
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• Map tags to available E. huxleyi sequences for annotation
 - Direct match to the most 3’ NlaIII restriction site

Long-SAGE: E. huxleyi tag annotation

Tag doesn’t map to available sequence dataTag maps to EST or genome sequence with no annotationTag maps to EST or genome sequence with annotation



  -N    Cntrl    -P     +CO2

Up-regulated
Down-regulated

 - Up-regulated by P stress
Alkaline phosphatase*
Phosphate permease

 - Up-regulated by N stress
High affinity nitrate transporter
Amino acid transporter
Urease

-  Up-regulated by increased CO2

Many tags that map to genes with
unknown function

Long-SAGE: E. huxleyi tag annotation



P related
Inorganic pyrophosphatase
Phosphate-repressible permease
Polyphosphate synthetase
Alkaline phosphatase

N related
High affinity nitrate transporter*
Urease

C related
Carbonic anhydrase

Long-SAGE: E. huxleyi tag validation

Dyhrman et al. 2006



Beyond the transcriptome

• How do we get at genes with no known function?

• One of the E. huxleyi alkaline phosphatases has a very high Vmax but
no database homology.

• Only identified with molecular/biochemical characterization (Xu et al
2006, Landry et al. 2006)

• Development of a genetic system may be needed to identify genes involved
with calcification etc.

• So - what does the future hold?

• What are metabolic pathways and preferred sources of N, P and C?

• Biosynthesis and stability of alkenones?

• Influence of virus infection on loss terms and the cycling of S, C, N, P ?

• How and why to they calcify?



Back to the Future

• Coccolithophore responses to high CO2

• Decrease in calcification observed for Emiliania huxleyi, Gephyrocapsa
oceanica, negligble change observed for Coccolithus pelagicus.

Atmosphere

Surface Layer

Deep Sea

Organic Carbon
Pump

Calcium Carbonate
Pump

CO2 + H2O  CH2O + O2 Ca2+ + 2HCO3
-  CaCO3 +H2O + CO2

http://www.awi-bremerhaven.de/Carbon/calcif.html



Culture studies with variable CO2
concentrations generated by
adding acid



Similar results
observed for field
populations in the
subarctic North
Pacific.



Normal CO2

High CO2



Back to the Future

• Coccolithophore responses to high CO2

• Decrease in calcification observed for Emiliania huxleyi, Gephyrocapsa
oceanica, negligble change observed for Coccolithus pelagicus.

CO2 + H2O  CH2O + O2 Ca2+ + 2HCO3
-  CaCO3 +H2O + CO2



Negative feedback on CO2?

Atmosphere

Surface Layer

Deep Sea

Organic Carbon
Pump

Calcium Carbonate
Pump

CO2 + H2O  CH2O + O2 Ca2+ + 2HCO3
-  CaCO3 +H2O + CO2

http://www.awi-bremerhaven.de/Carbon/calcif.html



Back to the Future

• Coccolithophore responses to high CO2

• Decrease in calcification observed for Emiliania huxleyi, Gephyrocapsa
oceanica, negligble change observed for Coccolithus pelagicus

• But.. The carbonate system was modified by directly adjusting pH

• pH controls the relative proportions of the carbonate species while DIC
remains constant.

• Many researchers are suggesting that bubbling CO2 enriched air through sea
water (increasing both CO2 and DIC) is more realistic.

CO2 + H2O  CH2O + O2 Ca2+ + 2HCO3
-  CaCO3 +H2O + CO2



Back to the Future with CO2 bubbling…









Negative feedback on CO2??????
Or…Positive feedback on CO2

Atmosphere

Surface Layer

Deep Sea

Organic Carbon
Pump

Calcium Carbonate
Pump

CO2 + H2O  CH2O + O2 Ca2+ + 2HCO3
-  CaCO3 +H2O + CO2

http://www.awi-bremerhaven.de/Carbon/calcif.html



Linking the genome to physiological ecology



Takahashi et al., 2002

North Atlantic is a CO2 sink

Graphic: www.noc.soton.ac.uk, Brown and Yoder 1994
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Preliminary “ocean phenotype” data

Sample 5m niskins
Sample incubations

Collect 0.5-0.75L
onto GF/F

Store in RNA
extraction buffer

Examine gene
expression

St.+  +   -  -

St.+   -   -
CA

NRT

CO2



PhotosynthesisO2 evolving enhancer

C Metabolismδ Carbonic anhydrase

P MetabolismPyrophosphatase

N MetabolismNitrate transporter

Cell StructureActin

     # 57

 Incubation

 # 85 # 33Functional
Category

Transcript

Band Detected Band Not Detected

Gene targets and expression pattern

Special thanks to Dave Hutchins and Louie Wurch



The take home message…

• Coccolithophores are really cool - in part because the dynamics of this
one group can dramatically influence carbon cycling

• Of the coccolithophores, Emiliania huxleyi is emerging as increasingly
important model for studies of …

- Paleo climate reconstruction
- S cycling
- Viral dynamics
- Carbon cycling

• Anatomy of a eukaryotic genome project “euks are challenging”

• Transcriptome profiling for aiding genome annotation and moving
beyond “capacity”

- Introduction to SAGE
- N and P scavenging in E. huxleyi

• What does the future hold? … The challenges of prediction in microbial
oceanography

- Two different CO2 responses
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