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Polyphosphate goes from pedestrian to
prominent in the marine P-cycle
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Phosphorus plays a key role in all life (1),
from providing the energy that runs the cell
machinery, linking nucleotides in RNA and
DNA that form the “blueprint” of life, to
being an integral part of the cell membrane
lipid bilayer, making life possible by com-
partmentalizing biochemical processes. Poly-
phosphates (poly-P) are linear or cyclical
polymers of a few to many hundreds of phos-
phate molecules linked with the same type
of high-energy bond found in ATP, the key
molecule in energy transactions within living
cells, and poly-Pmay in fact act as a substitute
for ATP in some enzymatic reactions (2).
Poly-P was most likely present in prebiolog-
ical times of the Earth’s history as these poly-
mers spontaneously form during volcanic, or
hydrothermal vent, activity (3). Additionally,
it has been speculated that poly-P may have
played a role in the origins of life on our

planet (4). Although, poly-P appears to be
ubiquitous throughout the natural world (5)
and has long been recognized as a storage
molecule for phosphate, relatively little has
been known about its role and function
in cells until quite recently (6). As a result,
poly-P has sometimes been called amolecular
“fossil” (7) due to its obscure and presumably
pedestrian role in cell metabolism and hence
has not garnered much scientific interest in
the past. Nevertheless, over the last decades,
it has become increasingly clear that poly-P
may in fact be essential for a multitude of
cellular functions, including, but not limited
to, gene expression regulation, energy storage,
motility, and ultimately the survival of the
cell (4). However, the presence, distribution,
and significance of poly-P in the marine en-
vironment and to its microbial inhabitants
have been largely lacking, although recent

metagenomic studies have suggested their
potential importance to microorganisms in
the oligotrophic oceans (8). Here, Martin
et al. (9) present, to date, the most compre-
hensive study of poly-P content and distri-
bution in particulate material in the marine
environment. Their study transects the tem-
perate western North Atlantic (TWNA)
Ocean, which is relatively rich in nutrients,
across the Gulf Stream and into the severely
phosphorus-limited subtropical Sargasso Sea.
Along this transect, which provides a natural
gradient in nutrient regimes, they measure
the poly-P content, among other phosphorus-
relevant parameters, of the microbial commu-
nities in the upper water column, as well as
the amount of poly-P in particles sinking
out of the upper ocean into its deep interior.
In the world’s oceans, the availability

of phosphorus is critical to phytoplankton
growth and production and may be the ele-
ment that ultimately limits marine produc-
tivity over geological timescales (10). As the
result of frequently suboptimal concentra-
tions of inorganic phosphate, which consti-
tutes the most readily available form of
phosphorus, microorganisms have developed
a great many strategies to cope with the pe-
rennially low nutrient field typical for the
subtropical oceans. This includes high affin-
ity phosphate uptake systems, specific cross-
membrane transporters, and a variety of
hydrolytic enzymes, of which alkaline phos-
phatase is arguably the most well studied
(11, 12). These enzymes facilitate the utili-
zation of organically bound phosphorus
within the chemically diverse, but typically
much larger, dissolved organic phosphorus
pool (12). Furthermore, it was recently dis-
covered that, during phosphate limitation,
some phytoplankton, including the most
abundant phototrophic organism on our
planet, Prochlorococcus, could alter their cell
membrane lipid composition by substituting
a portion of their P-lipids with sulfolipids (13),
presumably to spare phosphorus for other
critical metabolic functions. Consequently,
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Fig. 1. Relative changes in select properties between the nutrient-enriched TWNA Ocean and the nutrient-
impoverished Sargasso Sea. Inorganic phosphate (Pi) concentrations were ∼10×, TPP was ∼9×, and polyphosphate
(poly-P) was ∼2× higher in the TWNA than in the Sargasso Sea. The ratio between sulfolipids and phospholipids
(S-lipids:P-lipids) was ∼10×, and the ratio of poly-P to TPP (poly-P:TPP) was ∼5× higher in the Sargasso Sea than in the
TWNA. Also shown is the relative export of poly-P:TPP in sinking particulate materials in either the TWNA or the
Sargasso Sea.
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when phosphate is in short supply relative
to microbial demands, it has long been as-
sumed that poly-P, viewed as a mere phos-
phate reserve molecule, would most likely
not be present. This has been proposed to be
the case for nutrient-impoverished marine
environments such as the subtropical gyres
(14), or if poly-P were to be present, intra-
cellular poly-P stocks would be transient,
the result of luxury, or alternatively, so-
called over-plus uptake of ephemeral nutri-
ent spikes (12), to quickly be mobilized as
P-limiting conditions returned. In addition
to the hitherto little excitement about ma-
rine poly-P, the field of biogeochemical
oceanography has been hampered by analyt-
ical limitations in the measurement of the
very small amounts of phosphorus found in
these environments. Consequently, it has
posed even greater challenges to identify
and quantify specific phosphorus-containing
compounds, such as poly-P. Only very re-
cently have techniques with the sufficient
sensitivity become available that are capable
of teasing poly-P apart from the bulk P con-
tained within microorganisms in the sea (15–
17). These improvements in analytical pro-
cedures have revived the interest in and
renewed the appreciation for poly-P in the
marine phosphorus cycle and have led to
several recent studies that showed that poly-P
is indeed a much more common commodity
than previously anticipated (15–18).
Along the TWNA to Sargasso Sea transect,

Martin et al. show that the inventories of all
measured phosphorus pools decline, includ-
ing poly-P. Additionally, they find that the
ratio of membrane sulfolipids to phospholi-
pids and alkaline phosphatase activity, both
indicators of phosphate limitation, increased
from the TWNA to the Sargasso Sea (Fig. 1).
This gradient in phosphorus concentrations,
as well as membrane lipid composition, from
high to low phosphate across the latitudinal
transect also resembles the more local distri-
bution of inorganic phosphate with depth,
with the lowest concentrations found at the
surface within the sunlit productive layer and
increasing at the deep chlorophyll maximum
and beyond. However, when examining the
relative contribution of poly-P to the total
particulate P (TPP) pool, Martin et al. un-
expectedly discovered an inverse relation-
ship between the concentrations of readily
available inorganic phosphate and the pro-
portion of poly-P to TPP of the cells. That
is to say, a relatively larger proportion of
the total cellular P-pool was found as poly-P
in seawater containing the least amount of
inorganic phosphate (Fig. 1). Furthermore,

this same inverse relationship was mirrored
in the poly-P:TPP content of Synechococcus,
an important cyanobacterial taxon in these
marine environments, both across the latitu-
dinal space and with depth in the Sargasso
Sea. Here, Martin et al. propose that
phosphate stress may in fact lead to the

Martin et al. present, to
date, the most compre-
hensive study of poly-P
content and distribution
in particulate material in
the marine environment.
accumulation of poly-P in the Sargasso Sea
rather than to the mobilization of any ex-
tant poly-P stores in times of P-limitation.
Similar to these observations, a recent study
using diatom cultures demonstrated a mul-
titude of changes occurring in response to
P-starvation including membrane sulfolipid
substitutions for P-lipids and increases in
P-acquisition molecules and structures
(phosphatases, transporters), and also, in-
triguingly, P-deficiency appeared to induce
pathways that promoted poly-P storage
rather than degradation of these reserves
(19). This response to P-limitation may
therefore be widespread among marine
microbes and argues strongly that poly-P
in the oligotrophic Sargasso Sea plays a
fundamentally different role than that of
a P-buffer.
Furthermore, Martin et al. explored the

fate of poly-P in sinking particulate material,

collected using sediment traps deployed in
both the TWNA and the Sargasso Sea. They
found that in the nutrient-replete TWNA,
poly-P was exported in the same relative
proportion to other phosphorus compounds,
whereas in the Sargasso Sea, poly-P appeared
to be selectively recycled. Hence, the poly-P:
TPP content diminished with depth in the
sinking particles in the Sargasso Sea but re-
mained unchanged in the TWNA region.
Martin et al. speculate that such preferen-
tial recycling of poly-P in the oligotrophic
Sargasso Sea may constitute a feedback loop
that retains phosphorus within the produc-
tive zone of the water column. Such a pathway
would then constitute an important mecha-
nism for sustaining productivity in the upper
ocean in P-starved marine ecosystems by pre-
venting phosphorus from being exported into
the ocean’s interior. However, by what mech-
anism poly-P is selectively retained over other
P-compounds in the Sargasso Sea remains
to be fully understood.
Poly-P has certainly emerged from obscu-

rity to shed its former fossil status (7) and
must now be recognized as a much more
dynamic part of the oceanic phosphorus pool
and an essential component of the marine
microbial P-cycle. Clearly, we are only just
beginning to comprehend the true nature of
poly-P and its role in marine microbial ecol-
ogy. Indeed, our understanding of the oceanic
P-cycle is rapidly evolving (20) and we are
undoubtedly bound for new exciting discov-
eries in the near future.
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