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• The basics:
• P is important
• It is rapidly cycled
• It comes in organic forms - that are poorly characterized

• Tech advances
• Magic tells us that the inorganic form is at very low levels
• Distribution of bond classes in high molecular weight DOP

• Adaptation to low P is common
• Frequency and expression of pstS
• The emerging importance of polyphosphate
• Losing your phospholipids
• Metabolism of phosphonates

• Enduring mysteries
• Low molecular weight  DOP composition
• P machinery in the agal viruses
• Microbial metabolism of reduced P

The take home message



Why phosphorus?

In 1970, equal numbers of N and P citations.  By 1980, 4-fold
increase in N versus P



The importance of P broadly appreciated



The P cycle basics



Major P fluxes

Benitez-Nelson 2000



P turnover - can be fast



P pools and their analysis



HOT BATS

Time series observations pave the way



Low P in many ocean biomes

Wu et al. 2000



Ammerman et al. 2003

Phosphorus profiles in the Sargasso Sea
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Phosphonate

Esters

(C-P)

Mean profiles at BATS



The DOP revolution



A conceptual diagram of marine microbial
interactions with phosphorus

Dyhrman et al. 2007
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Alkaline phosphatase in the Sargasso Sea

Does DOP support primary production?



Seasonal DOP inventory declines at BATS



AP

Soluble Colorless Substrate                     Insoluble Fluorescent Precipitate

Dyhrman and Palenik 1999

Enzyme labeled fluorescence



Many microbes contributing to APA





Seasonal APA in the Sargasso Sea

June
DIP: 10.2 nM

August
DIP: 25.0 nM

October
DIP: 9.8 nM



P dynamics in the NASG

• DIP and DOP depletion in the NASG

• During the Spring up to 30% of the
production in the NASG may be
supported by DOP - corresponds to APA

• The bioavailability of DOP is important!!
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Scanlan and Wilson 2000

High affinity phosphate binding (pstS)



PstS - Synechococcus and Crocosphaera

Crocosphaera

Synechococcus• Multiple copies of pstS are present in
many of the cyanobacterial genomes

• In most  - but not all cases it is part of the
the pstSCAB system for the high affinity
transport of phosphate

• The gene and protein are typically up-
regulated by P deficiency as a part of the
pho regulon



Copyright ©2006 by the National Academy of Sciences

Martiny, Adam C. et al. (2006) Proc. Natl. Acad. Sci. USA 103, 12552-12557

pstS - Prochlorochoccus



NASG: SAR11 pstS



Sowell et al. 2008 ASM General Meeting

PstS - in the Sargasso Sea



Sowell et al. 2008 ASM General Meeting

PstS - dominant in the Sargasso Sea



South Pacific: Crocosphaera pstS

Thanks to Jon Zehr for supporting our cruise participation and for samples!



Crocosphaera pstS expression
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• St. 25 depth profile:

• Alkaline phosphatase
activity indicates P-
monoester hydrolysis

• Expression of pstS

• Both are possible
markers of P physiology
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Importance of polyphosphate in P cycling

• Is polyphosphate (polyP) common?

• How is polyphosphate accumulation and degradation regulated?

• Is polyphosphate important to overall P cycling?



• Linear chains of Pi ranging in length
from 3-1000s residues

• Can form large granules

• Functions:
– energy reserve
– ballasting
– metal chelator
– osmotic regulation
– short and long term reservoir for

P

• PolyP relatively understudied in
marine systems

(Bolier et al 1992)

PolyP granules in Anabaena spp.

Polyphosphate (polyP)



• PolyP dynamics not comprehensively addressed in marine
models

• Do Trichodesmium and Crocosphaera have the capacity to
synthesize and degrade PolyP?

• Do Trichodesmium and Crocosphaera metabolize PolyP in
culture?

• Does Trichodesmium produce PolyP in situ?
– Luxury uptake, P overplus, P mining?

Key questions

Thanks to Liz Orchard
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Extract DNA

Look for presence of
gene with PCR

Sequence gene
products

94%95%✔T. thiebautii

93%94%✔T. tenue

93%94%*✔T. spiralis

✔✔✔
Trichodesmium
erythraeum IMS101

✔✔✔
Crocosphaera
watsonii WH8501

ppXppAppK

Trichodesmium and Crocosphaera have the molecular machinery to
produce and degrade PolyP

Presence of genes in cultured models



Harvest Cells Solid-State
31P-NMR
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Detecting PolyP in cultures



• Few studies have looked at
PolyP in oligotrophic
environments

• NASG is a very low P
environment

• Is PolyP detectable in this
environment?

http://oceancolor.gsfc.nasa.gov/SeaWiFS/

PolyP in oligotrophic systems
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PolyP in oligotrophic systems



PolyP in oligotrophic systems

PolyP may be more important to P cycling and bioavailability - even in
oligotrophic environments than previously thought



Geologic P sequestration

• Calcium phosphate minerals (e.g. apatite) are common in marine sediments,
and a major P sink

• Yet, the formation of this mineral sink is not understood

• Is polyP the answer?



Diagenic transformation of polyP to apatite

A very recent - and previously unknown
transformation of P - that has cycling implications.
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Intracellular P distribution in microbes



Living organism (particulate debris) in seawater have similar overall compositions

Average plankton compositions determined by Redfield et al., 1963
⇒ “famous” Redfield-ratio for the production of generic marine organic matter:

106 CO2+16 HNO3 + H3PO4 + 122 H2O ⇒  ⇒  ⇒
(CH2O)106 (NH3)16 H3PO4 + 138 O2

Redfield - an average



Considerable plasticity among the phytoplankton



RKR is an “average” value

Many phytoplankton are not average and show considerable C:N:P
placticity

For example: C:N:P Ratios of Chlorella growing under different nutrient
regimes (Ketchum and Redfield, 1949)

312.975N-deficient

31130.9231P-deficient

615.647Normal

N:PPNC

Redfield plasticity



Flexible stoichiometry in Trichodesmium



Flexible stoichiometry - how?

• P is locked up in DNA, RNA, lipids, and other molecules which may or
may not be flexible

• One long term strategy would be to have a small genome, given the P
locked up in nucleic acids

• But that doesn’t explain short-term physiological plasticity

• Variable stores  of polyP are a possibility

• Another possibility is alternative molecules - serving to conserve P



• Phospholipids

– Are found primarily in cell membranes.

– Composed of a polar “head” group and a nonpolar “tail” group.

Flexible stoichiometry - how?

• Three basic types of
phospholipids in
phytoplankton.

– Phosphatidylglycerol
(PG).

– Phosphatidyl-
ethanolamine (PE).

– Phosphatidylcholine
(PC).



Phospholipids and some alternatives

Seawater was filtered on 0.2µm anodisc membrane, which was then extracted by Bligh and
Dyer. Intact polar lipids were identified and quantified by HPLC/MS.



Glycolipids

Sulfolipids
(SQDG)

Glycolipids

PG
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Phospholipid alternatives in Prochlorococcus



O O

O

O

O

O

O H

H O

H O

S

O

O

O

H O O

P

O H

O

O

O

O

O

O

O

SQDG

PG

SQDG and PG are the only anionic lipids in photosynthetic membranes, and may,
in principal, serve the same functions (Benning et al., Proc. Natl. Acad. Sci., 1993).

SQDG can be used as a “substitute” for PG…  



…but there are costs  for using SQDG instead of PG  

Hagio et al., Plant Cell Physiol., 2002.

• The recognition of PG/SQDG
interchangeability led to burst of
basic research with cyanobacteria
and plants in the 1990’s.

•PG composes >30% of total P in
corn.

•10-20 papers describing
numerous mutants defective in PG
and/or SQDG.

• Substituting SQDG for PG
negatively impacts both PS I and
PS II because PG is slightly more
effective at stabilizing chlorophyll
and pigments than SQDG (e.g. the
substitution incurs costs).



Lipid substitution in Synechococcus



Lipid substitution in Diatoms



Lipid substitution in coccolithophores too!



SQDG in the field
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31P NMR of UDOM in the Sargasso Sea

Kolowith et al. 2001
    OH    H
O=P–C–R
    OH   H

    OH       H
O=P–O–C–R
    OH       H

•  Phosphomonoesters

•  Phosphonates
Phosphonate

Esters



P bond class distribution

• DOP by solid state 31P NMR of
UDOM (high molecular weight
only)

– DOP is composed of primarily
of phosphoesters (75%).

– Also, phosphonates (25%).

– The ratio of phosphoesters to
phosphonates is fairly
constant regardless or
environment or depth

– Esters (C-O-P) are thought to
be much more labile then
phosphonates (C-P)     OH    H

O=P–C–R
    OH   H

    OH       H
O=P–O–C–R
    OH       H

•  Phosphomonoesters
Alkaline phosphatase

•  Phosphonates
C-P lyase



Pathways of phosphonate metabolism

phnA

phnX/W

phnG-M



• All phn genes required for C-P lyase mediated
phosphonate metabolism are present in the IMS101
genome

Dyhrman et al. 2006
Transport                Activity

P acquisition genes in Trichodesmuim erythraeum

Metcalf and White 2007



Dyhrman et al. 2006

Transport                Activity

P acquisition genes in Trichodesmuim

• The phnD and phnJ genes are present in other
Trichodesmium species.

• C-P lyase gene cluster is not represented in any of the
marine Syn, Pro or Croco genomes examined to date.

Species pstS phoA ppX phnD phnJ
T. erythraeum X X X X X
T. theibautii X X X X X
T. tenue X X X X X

* 98-100% identical



• The GC content is elevated in the phn cluster relative to
the rest of the genome

• The phnJ gene clusters with distantly related bacteria.

Possible gene transfer…?



(Dyhrman et al. 2006 - Thanks to Dr.  Eric Webb!)

phnJ phylogeny



• Expression studies
• Su et al. 2007 identify pho boxes for the phn and

pstS gene clusters.

• Target genes appear P-
regulated.

• Quantitative approaches
under development to
examine the timing of the
response.

P regulation



Sargasso Sea: Trichodesmium P acquisition



Wisniewski Jakuba et al.  In press

Sargasso Sea: P biogeochemistry



Does Trichodesmium express phosphonate
metabolism genes in the field?



phnJ and phnD are differentially expressed in
field populations



Sañudo-Wilhelmey 2006

Geochemical niche adaptation in Trichodesmium

Kolowith et al. 2001

Phosphonate

Esters
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• The composition of low molecular weight DOP?

Enduring mysteries…



• The composition of low molecular weight DOP?

• Viral pstS ?

Enduring mysteries…



• The composition of low molecular weight DOP?

• Viral pstS ?

• A P redox cycle ?

Enduring mysteries…



Metabolism of reduced P



Growth on hypophosphite



With the variety of pathways to oxidize phosphite to
phosphate…elucidation of a biological P redox cycle
may not be far off.

Growth on hypophosphite



• The composition of low molecular weight DOP?

• Viral pstS ?

• A P redox cycle ?

• Sources and sinks of marine phosphonates ?

• Phosphonates have been identified in a few marine invertebrates,
but but the source of phosphonates to the upper water column
remains a mystery

Enduring mysteries…
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