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Scientific Significance Statement

Polyphosphate (polyP) is a phosphate polymer that many aquatic microorganisms produce as part of their biomass. Microor-
ganisms can accumulate polyP to store phosphorus (P), a key nutrient for their growth and metabolism, and use it as an inter-
nal P reserve to survive in low P environments. However, the contribution of polyP to P stocks and its roles in ecosystem-scale
P cycling are not well quantified. This work shows that polyP accounts for up to 30% of total P in the Great Lakes. PolyP is
decomposed more rapidly compared with other P compounds and thus enhances P recycling. By compiling data within and
across diverse systems of various nutrient levels, we show that low P environments have higher polyP and smaller planktons
accumulate more polyP compared with larger ones.

Abstract

Polyphosphate (polyP) is important to phytoplankton ecology, but a unified view of its variability and
roles in ecosystem-scale phosphorus (P) cycling is lacking. We study polyP in the world’s largest freshwater
ecosystem, the Laurentian Great Lakes, covering pelagic to nearshore areas across a wide nutrient gradient.
We show that polyP (average 10.99 + 3.90 nmol L") constitutes 3.8-30.2% (average 18.1 + 7.2%) of total
particulate P (TPP). PolyP accumulation is higher in low-P pelagic waters compared with more productive
nearshore areas. PolyP is preferentially degraded in the water column of the Great Lakes, enhancing P
recycling and relieving the nitrogen (N) : P imbalance. Our data enables a coherent large-scale freshwater-
to-oceanic comparison. We show that while different plankton groups accumulate different levels of polyP
with smaller plankton accumulating more, P availability is the key driver of polyP variability within and
across systems.

Phosphorus (P) commonly limits primary productivity in availability of P, therefore, controls the cycles of vital ele-
freshwater ecosystems (Hecky and Kilham 1988). The ments such as carbon (C) and nitrogen (N), and determines
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the functioning of the ecosystem. Phosphorus availability
in water is commonly estimated as the concentration of
soluble reactive phosphorus (SRP), consisting of dissolved
orthophosphate (PO4) and easily degradable dissolved
organic P (Duhamel et al. 2021). In addition to these
ambient dissolved P, which can be readily accessed by
microorganisms, an intracellular P pool, in the form of
polyphosphate (polyP), is increasingly receiving attention
as a dynamic component of the total P pool. It has been
demonstrated to be important not only for phytoplankton
ecology but also for P recycling on ecosystem scales (Martin
et al. 2014; Li and Dittrich 2019; Li et al. 2019; Sanz-Luque
et al. 2020).

Polyphosphate is a group of long-chain phosphate poly-
mers that is accumulated by microbes as part of their bio-
mass. PolyP has many cellular functions and is tightly
related to nutrient availability (Rao et al. 2009; Li and
Dittrich 2019). Phytoplankton can accumulate polyP as
P-storage compounds when P is abundant, a process called
“luxury uptake” (Li and Dittrich 2019; Jentzsch et al. 2023);
they can then use polyP when experiencing acute P stress
(Li and Dittrich 2019; Li et al. 2019; Jentzsch et al. 2023).
Conditions of chronic P deficiency can also cause the phyto-
plankton to increase their polyP content to high levels,
sometimes higher than those obtained via luxury uptake, a
process termed “P deficiency response” (Martin et al. 2014).
The mechanism of P deficiency response remains unclear,
but it has been hypothesized to enhance P cycling in low-P
marine environments: polyP in phytoplankton can be
recycled faster compared with other P forms thus keeping
bioavailable P in the water column (Diaz et al. 2012, 2016;
Martin et al. 2014, 2018; Li et al. 2019).

Despite the potential importance of polyP as a dynamic
P stock in aquatic systems, we still don’t have a good esti-
mate of the size of this P pool. A comprehensive and uni-
fied view of what roles it plays in ecosystem-scale P cycling
is lacking. This is largely because of the challenges in quan-
tifying polyP and the corresponding scarcity of data
(Martin and Mooy 2013; Bru et al. 2016). PolyP concentra-
tions have been reported in very few marine environments
(Orchard et al. 2010; Diaz et al. 2012, 2016; Martin
et al. 2014, 2018; Hashihama et al. 2020). Data from fresh-
waters are even rarer (Li et al. 2019), especially in oligotro-
phic systems where P is often the limiting nutrient. Here,
we present the first study of polyphosphate in the world’s
largest freshwater ecosystem, the Laurentian Great Lakes.
We quantify polyP in Lakes Superior, Michigan, and
Huron, covering pelagic (oligotrophic) to nearshore (meso-
trophic) regions. We show that polyP is an important P
stock in these lakes, and phytoplankton accumulate more
polyP in the oligotrophic pelagic waters compared with the
productive nearshore. Our data help bridge the existing
polyP data gap and compile a global view across systems of
a range of trophic states and microbial regimes. We
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examine the causes of the variability in polyP accumula-
tion, discuss the effects of polyP metabolisms on whole-
system P cycling, and propose several critical future direc-
tions to explore.

Methods

Samples were collected from 13 locations in Lakes Superior,
Michigan, and Huron aboard the R/V Blue Heron in the sum-
mer of 2018 (Table S1; Fig. 1) (Li et al. 2024). Temperature,
oxygen, light transmission, and chlorophyll were measured
using a Seabird 911plus conductivity-temperature-depth
(CTD)probe. Water samples were collected at the surface
(1 m), the chlorophyll maximum (deep chlorophyll layer,
DCL), and 1 m above the bottom using Rosette Niskin bottles.
Suspended particles were collected on three sizes of filters,
including 0.2 and 2.0 pm Millipore PC and 0.7 pm Whatman
GE/F filters. The filters can separate picoplankton (0.2-2.0 pm)
from larger phytoplankton; picoplankton consists of bacter-
ioplankton (< 0.7 pm), picocyanobacteria (0.7-3 pm), and
picoeukaryotes (0.7-2 pm). Filtration was conducted onboard
upon sample collection, and particles and the filtrate were
stored frozen at —20°C until further analyses.

Particulate phosphorus (PP) was quantified using the
molybdenum blue method after persulfate digestion
(Grasshoff et al. 1999; Suzumura 2008); the molybdenum
blue method was also used to measure SRP in the water
(after 0.2 ym filtration). PP on the 0.2 ym filters was consid-
ered total PP (TPP). PolyP in the particles was extracted
using an enzyme digestion and boiling method (Martin and
Van Mooy 2013). The extracted PolyP was fluorometrically
quantified using 4/,6-diamidino-2-phenylindole (DAPI)
staining (Aschar-Sobbi et al. 2008; Diaz and Ingall 2010). The
extraction and quantification methods are commonly
used for polyP in natural planktonic samples, and the
results can be compared with literature data (see Results).
However, the DAPI method only quantifies polyP relatively,
thus the results are reported in conventional equivalent
units, e.g., nmol eq. L™' (Martin et al. 2014). To quantify
polyP more accurately, we used a polyP-specific dye JC-D7
(Angelova et al. 2014), which was tested to produce consis-
tent results compared with those measured by exo-
polyphosphatase (PPX) (see Data S2), an enzyme that
exclusively hydrolyzes polyP to PO, and provides absolute
polyP quantification (Bru et al. 2016; Christ et al. 2020). We
thus use absolute concentration units (e.g., nmol LY for
polyP results obtained using JC-D7. Total particulate N
(PN) and total particulate carbon (PC) were determined
on 0.7 pm GEF/F filters using a CHNS Elemental Analyzer
(Vario EL Cube, Elementar). Chlorophyll a (Chl a) was
extracted from the particles collected on 0.2 ym filters using
90% acetone and determined fluorometrically (APHA, 1998).
Alkaline phosphatase activity (APase), which is a proxy
for P stress, was determined using a fluorogenic substrate
3-O-methylfluorescein phosphate (Martin et al. 2018).
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Fig. 1. (A) Sampling locations in the upper Great Lakes (Lakes Superior, Michigan, and Huron), (B) Vertical distributions of temperature (T),
dissolved oxygen (O,), light transmission, chlorophyll a (Chl a), total particulate phosphorus (TPP), polyP, and the ratios of polyP: TPP (quantified by
DAPI method) in the three representative stations in Lakes Superior (S-140), Michigan (M-195), and Huron (H-85). Profiles from all sites are shown in
Figs. S3-S5. PolyP and TPP concentrations decreased with depth due to their decomposition during the settling of particles.

All methods are described in further detail in supporting
materials (S1-S3). Results of replicate samples are averaged
and standard deviations from the mean are reported as uncer-
tainties. Linear correlations are conducted between parameters
when appropriate (see Results). Nonmetric multidimensional
scaling (NMDS) analyss are performed for the phytoplankton
community data from the Great Lakes Environmental Data-
base (GLENDA) collected by the US Environmental Protection
Agency Great Lakes National Program Office (EPA GLNPO)
and their relationships with other parameters (see Data S3 for
the description and treatment of the data).

Results and discussion

PolyP is an important P stock in the Great Lakes

PolyP was detected in the water column at all sites in the
upper Great Lakes, covering nearshore to pelagic areas from
the mesotrophic Green Bay to the most oligotrophic basins in
Lake Superior (Fig. 1; Tables S1-2). At the time of sampling,
the water column was stratified with DCL located at
~15-50 m except for in shallower Green Bay (Figs. 1, S3-S5).
At the surface and DCL where particles are mostly fresh plank-
tonic biomass, polyP ranged f2.02-19.1 nmol L™' (averaged
10.99 + 3.90 nmol L™!). Previous studies have estimated
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polyP in aquatic environments (Martin et al.,, 2014; Diaz
et al. 2016; Rier et al. 2016; Martin et al., 2018; Li et al. 2019;
Hashihama et al. 2020), but the DAPI method they used
severely overestimated polyP for reasons that we discuss in
Data S2. Our JC-D7 method eliminated the interference that
causes overestimation by the DAPI method and accurately
quantified polyP. Our results show that polyP is a ubiquitous
and substantial P stock in the Great Lakes: polyP accounted
for 3.8-30.2% of TPP, averaging 18.1 £+ 7.2% (Table S2). Com-
paring our results obtained by using JD-D7 vs. DAPI shows
that the DAPI method overestimates polyP concentrations by
an average of 35% (Fig. S6).

Increased polyP accumulation in oligotrophic waters

Our results suggest a strong sensitivity of polyP to P avail-
ability in the Great Lakes (Fig. 2). PolyP accumulation is
enhanced in oligotrophic waters, increasing from ~10% in
nutrient-rich productive regions to ~30% in the nutrient-
depleted oligotrophic regions (Fig. 2). Consistently, polyP : PP
increases with increasing PN : PP and APase, which are indica-
tors of P stress (Fig. 2B,D) (Downing and McCauley 1992;
Vandergucht et al. 2013). High PN : PP indicates low P avail-
ability and high APase : Chl a suggests high P stress (also see
correlations between APase:Chl g, SRP, and PN:PP in
Fig. S7). This phenomenon of storing more polyP under P
stress is termed “P deficiency response,” which has also been
observed in the ocean and has received increasing attention
for its potential effects on phytoplankton ecology and ecosys-
tem P cycling (Martin et al. 2014, 2018; Li et al. 2019) (also
see discussion later). Yet because of the severe overestimation
of polyP by these studies (see Data S2), it is not unreasonable
to question whether the observation is true polyP variability
or artifact caused by nucleic acid interference. Under P depri-
vation, the amounts of other P-compounds can decrease, and
nucleic acids can become more abundant in proportion
because cells must maintain a certain level of nucleic acids to
function (Van Mooy et al. 2009). Our results show a strong
positive correlation between the DAPI-quantified and the
absolute polyP concentrations (Fig. S6), suggesting that the lit-
erature data may still provide a good estimate of the trend.
Therefore, our data validates the “P deficiency response”
theory.

Temporal changes in water column P levels should affect
polyP concentrations. PolyP can be more important in the
summer when the surface water is more P-limiting due to
higher productivity and the stronger stratification restricting
the transport of nutrients from the deeper water. PolyP can
also become more important over the long term. The Great
Lakes have been experiencing drastic changes in their chemis-
try and ecology over the past century: pelagic primary produc-
tivity and total P (TP) in the water columns have declined due
to the reduced external P loading and the expansion of inva-
sive mussels (Fig. S8) (Dove and Chapra 2015; Li et al. 2021).
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Fig. 2. The ratios of polyP to particulate P (polyP : PP) in the surface
and deep chlorophyll maximum layers measured in samples collected
on filters of different sizes (0.2, 0.7, and 2.0 um) vs. (A) total particulate
phosphorus (TPP), (B) ratio of particulate N to particulate P (PN : PP;
>0.7 pm fraction), (€) chlorophyll a (Chl a), and (D) the activity of alka-
line phosphatase normalized to Chl a (APase : Chl a). The polyP : PP of
the >2.0 pm fractions presented in (A) are results from DAPI methods
corrected to absolute values using a factor of 1/1.35=0.74 (see
Fig. S6) so that they can be comparable to the values of other size frac-
tions (>0.2 and >0.7 pm) measured by the JC-D7 method. The dashed
lines in (B-D) represent the linear regressions, with the squared Pearson
correlation coefficients r? and p-values listed in the figures. In (D), the
and p-value presented in the brackets are for Spearman’s correlation,
which is less sensitive to the strong outliers observed in the tail of the
samples.
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We expect that if the Great Lakes continue to become more
oligotrophic in the future, particularly for Lakes Michigan and
Huron as quagga mussels continue expanding (Li et al. 2021),
polyP accumulation and its relative contribution to the TP
pool will continue to increase due to the increasing P stress.

PolyP enhances P recycling and relieves N : P imbalance
The Great Lakes have been experiencing nutrient imbal-
ances: the ratio of dissolved N : P has reached >650 in Lakes
Michigan and Huron and >1600 in Lake Superior (Dove and
Chapra 2015), about 40-100 times higher than the
classic Redfield ratio 16 N : 1P (Redfield 1958) or the PN : PP
of ~16-35 in the Great Lakes (Table S3). Interestingly, the
ratios of PC:PP and PN:PP decrease with depth (Fig. 3;
Table S3; also Sterner 2011). This may be a result of the
high dissolved N:P leading to the production of more
degradable organic C and N compared with organic P and
thus the preferential recycling of C and N over P during the
particle settling, providing positive feedback to the high
dissolved N : P ratio in the water column (Sterner et al. 2007).
The increase in polyP, on the contrary, enhances P
recycling: polyP : TPP decreases with depth in the water col-
umn (Fig. 3), suggesting that polyP is preferentially recycled
compared with other P forms. Preferential polyP recycling
could strongly control productivity dynamics in the Great
Lakes as sedimentation is the major sink of the productivity-
limiting nutrient P (Katsev 2017; Li et al. 2018). This effect is
likely amplified by the invasion of quagga mussels because
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Fig. 3. Vertical distributions of (A) the ratio of particulate carbon to par-
ticulate phosphorus (PC : PP) and PC to particulate N (PC: PN) and (B)
the ratio of polyP to particulate P (polyP : PP) in the upper Great Lakes.
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their feeding on sedimenting materials now dominates the P
cycle in the mussel-colonized Great Lakes (Li et al. 2021). We
think that the continuing oligotrophication of the pelagic
Great Lakes and the projected increase of polyP accumulation
will decrease P removal and relieve the water column N:P
imbalance by recycling polyP.

A global view: oligotrophic vs. eutrophic systems

We compare polyP levels across ecosystems by compiling lit-
erature polyP data together with our Great Lakes results (Fig. 4).
Consistently, there is a general trend of higher polyP accumula-
tion in oligotrophic systems (i.e., Sargasso Sea, subtropical
N. Pacific Ocean, and Tropical Indian Ocean) compared with
mesotrophic and eutrophic systems (e.g., temperate western
N. Atlantic Ocean, Green Bay, and Hamilton Harbor) (Fig. 4).
Interestingly, this pattern becomes weaker across the meso-
to-eutrophic systems (TPP > ~ 0.1 pmol L™'; Fig. 4). This may
be a result of other polyP mechanisms in high-nutrient waters,
such as overplus and luxury uptake (Li et al. 2019). Overplus
uptake is the accumulation of polyP to support recovery when
P-stressed microorganisms experience a P resupply, but the
effect is transient (Li et al. 2019). Luxury uptake occurs when
dissolved P is abundant and plankton take up more P than
required for growth to store as polyP (Li et al. 2019). These
mechanisms can cause polyP fluctuations, especially in systems
with strong temporal variability in nutrient availability, such as
shallow bays and nutrient-rich coastal regions experiencing
seasonal upwelling (Lin et al. 2016; Li et al. 2019; Mulholland
et al. 2019).

In addition, oligotrophic and eutrophic systems possibly
differ in their threshold levels of P that can trigger a P defi-
ciency response. In a eutrophic system, P deficiency can occur
at a much higher P level (Li et al. 2019), because the commu-
nities there may be less tolerant to low P levels than those
adapted to low-P conditions in oligotrophic systems. For
example, an SRP level of ~0.1 pmol L' in Hamilton Harbor
(Lake Ontario) could trigger P-deficiency accumulation of
polyP (Li et al. 2019), whereas this level of P may be sufficient
for the communities in the oligotrophic Great Lakes and open
oceans.

Physiological response or taxonomic shifts

It is important to understand whether polyP variability is
caused by plankton physiological responses to nutrient avail-
ability or changes in the community compositions that differ
in their polyP levels. Our results show cell-size fractionation
of polyP level, suggesting that the latter is possible (Fig. 2).
The smallest size plankton (0.2-0.7 pm) seem to accumulate
the highest proportion of polyP, with bacterioplankton likely
dominating this size fraction because the smallest phyto-
plankton Prochlorococcus (also <0.7 pm) is not an important
member of Great Lakes communities. Compared with the
smallest plankton (0.2-0.7 pm), the plankton of size 0.7-2 pm
accumulate less polyP (Fig. 2). This group may consist of
picocyanobacteria (e.g., Synechococcus) and picoeukaryotes.
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Fig. 4. Comparison of polyP levels and the major taxonomic groups of phytoplankton across ecosystems including the upper Great Lakes open water
stations (this study), Green Bay (Lake Michigan; this study and Stasio et al. 2014), Tropical Indian Ocean (Martin et al. 2018), Sargasso Sea (Martin
et al. 2014; Mojica et al. 2021; Kramer 2022), Subtropical North Pacific Ocean (Hashihama et al. 2020), ALOHA station (Campbell et al. 1994; Diaz
et al. 2016; Karl and Church 2017), Temperate Western North Atlantic Ocean (Martin et al. 2014; Kramer 2022), and Hamilton Harbor (Lake Ontario)
(Dermott et al. 2007; Saati 2016; Li et al. 2019). PolyP results shown in the figure are all obtained using the DAPI method for consistency.

The nanoplankton (>2 pm) and larger phytoplankton accumu-
late even less polyP (Fig. 2). The reasons for polyP variability in
plankton of different size ranges are not known. We speculate
that smaller cells may respond more rapidly to ambient P vari-
ability. For example, bacteria are known to have higher rates of
P uptake and more variable P content compared with algae due
to their higher surface-to-volume ratios and thus higher P affin-
ity (Currie and Kalff 1984; Mindl et al. 2005). Whether such
fractionation occurs in marine ecosystems is not known but is
possible. Thus, the common practice of using a filter size of 0.7
pm in polyP studies may have led to sampling bias and
obscured polyP variability, especially in regions where small
phytoplankton dominate (e.g., Prochlorococcus in oligotrophic
oceans) (Fig. 4).

The variability of polyP across ecosystems coincides with
that of the size of the dominant phytoplankton (Fig. 4):
whereas oligotrophic oceans with high polyP are dominated by
the picocyanobacteria Prochlorocuccus and Synechococcus, high-P
regions are dominated by larger diatoms, dinoflagellates,
chlorophytes, and cyanobacteria (e.g., Microcystis in Green Bay
and filamentous Planktothrix and Lyngbya in Hamilton Harbor;
Fig. 4). Picocyanobacteria are known to better survive low-
nutrient environments whereas larger phytoplankton are often
associated with relatively nutrient-replete conditions (Sommer
et al. 2016). Shifts of the phytoplankton community from
picocyanobacteria to diatoms and dinoflagellates often occur
during the upwelling of deep nutrient-rich waters to the surface
water (Mahaffey et al. 2012; Fujiki et al. 2016). The agreement
between phytoplankton distributions and size-fractionated
polyP accumulation, however, does not necessarily suggest that
polyP variability is caused by taxonomic differences. It is possi-
ble that nutrient variability triggers polyP dynamics via both

physiologic responses of the phytoplankton and the shifting of
groups that can accumulate different levels of polyP. Moreover,
polyP can be accumulated by bacterioplankton, and their vari-
ous contributions to polyP in different systems are not known
(Figs. 2, 4).

We analyzed the GLENDA data to investigate possible links
between polyP and phytoplankton community structures in
the Great Lakes. While correlations between polyP and taxa
abundances do not necessarily suggest cause-and-effect rela-
tionships, these analyses can show how the different phyto-
plankton respond to P levels, which is the major determinant
of polyP variability. Our analysis shows 8 diatom genera
(Achnanthes, Navicula, Anomoeoneis, Asterionella, Tebellaria,
Gomphonema, Cymbella, and Fragilaria) that correlate posi-
tively with polyP and negatively with P levels. On the other
hand, genera correlating negatively with polyP level spread
across various phyla, including diatom (Stephanodiscus, Syn-
edra, and Diatoma), chrysophytes (Kephyrion and Rhizosolenia),
cyanobacteria (Merismopedia), dinoflagellate (Glenodinium),
and cryptophyte (Rhodomonas) (Table S4). Analysis at the spe-
cies level shows consistent results, with most species correlat-
ing positively with polyP being diatoms (Table S5). NMDS
analyses show that in addition to the taxa identified by the
correlation analysis, the presence of some cyanobacteria (Aph-
anothece and Anabaena), chlorophytes (Sphaerocystis and
Franceia), and chrysophytes (Spiniferomonas, Chrysosphacerella,
and several species of Dinobryon) may be related to P stress
(Figs. 5, S9). We suggest that future work should investigate
and compare polyP levels and metabolisms in the phyto-
plankton with different responses to P levels.

In addition to studying phytoplankton polyP, more under-
standing is needed for polyP in bacterioplankton, an
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important component of picoplankton that is known to accu-
mulate higher levels of polyP than larger-size phytoplankton
(Fig. 2). While phytoplankton polyP can be a direct nutrient
reserve for primary productivity, polyP in heterotrophic bacte-
ria may have complicated ecological effects. By competing
with phytoplankton for P and accumulating polyP, heterotro-
phic bacteria may increase P stress for the phytoplankton,
while at the same time relying in their growth on phytoplank-
ton production of organic matter as carbon and energy
sources. It was hypothesized that bacteria can degrade their
polyP to benefit phytoplankton via P exudation and get car-
bon and energy in return (Li et al. 2019). These competing or
synergistic interactions remain speculative but may have
important impacts on ecosystem P cycling.

In summary, polyP is an important P pool in the Great
Lakes, accounting for up to 30.2% of TPP in the water column
during the summer. More polyP is accumulated in oligotro-
phic waters, and polyP is preferentially recycled. Continuing
oligotrophication of the Great Lakes thus should lead to
increased importance of polyP and enhanced P recycling, as
its preferential decomposition over other PP components
regenerates bioavailable P, which otherwise would leave the
surface water in the settling particles and become unavailable
on short time scales. Our data suggest that the “P deficiency
response” is the primary mechanism causing polyP variability
within the Great Lakes and across ecosystems. Picoplankton,
particularly bacterioplankton, respond more strongly to P
scarcity by accumulating polyP. Teasing apart the effects of
community shifts from individual physiological responses
remains a major challenge in understanding polyP variability.

In addition to studying bulk polyP concentrations and their
spatial variability, we propose that future work should explore
temporal polyP variability, e.g., seasonal changes, and study
polyP metabolisms in specific plankton groups with various
sensitivities to P stress, for example, by using culture studies.
Our present knowledge of polyP, particularly the results
obtained from DAPI quantification in both natural and cul-
tural studies, needs to be updated by conducting more work
using methods that allow accurate polyP quantification. The
development of new polyP-specific dyes may allow detecting
dynamics of both polyP and community structures at the
same time by using microscopy and flow cytometry tech-
niques. These efforts will help understand the ecological
importance of polyP, such as whether polyP accumulation
affects plankton competing/synergistic interactions, how
polyP helps different communities in various systems adapt to
P availability, and the roles of polyP dynamics in ecology and
ecosystem P cycling.
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