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Abstract

Polyphosphate (polyP) was examined within the upper water column (< 150 m) of Station ALOHA (22°
45'N, 158° 00'W) during two cruises conducted in May-June 2013 and September 2013. Phosphorus molar
ratios of particulate polyP to total particulate phosphorus (TPP) were relatively low, similar to previously
reported values from the temperate western North Atlantic, and did not exhibit strong vertical gradients,
reflecting a lack of polyP recycling relative to other forms of TPP with depth. Furthermore, relationships
among polyP:TPP, soluble reactive phosphorus (SRP), and alkaline phosphatase activity (APA) were also con-
sistent with previous observations from the Atlantic Ocean. To ascertain potential mechanisms of biological
polyP production and utilization, surface seawater was incubated following nutrient additions. Results were
consistent with polyP:TPP enrichment under opposite extremes of APA, suggesting diverse polyP accumula-
tion/retention mechanisms. Addition of exogenous polyP (45=*=35 P atoms) to field incubations did not
increase chlorophyll content relative to controls, suggesting that polyP was not bioavailable to phytoplank-
ton at Station ALOHA. To clarify this result, phytoplankton cultures were screened for the ability to utilize
exogenous polyP. PolyP bioavailability was variable among model diatoms of the genus Thalassiosira, yet
chain length did not influence polyP bioavailability. Thus, microbial community composition may influence
polyP dynamics in the ocean, and vice versa.

Phosphorus (P) is a vital nutrient present in major biomo-
lecules such as nucleic acids, phospholipids, and adenosine
S'-triphosphate (ATP). P is considered the ultimate limiting
nutrient in the ocean over geologic timescales (hundreds to
millions of years) because its abundance is regulated by rela-
tively slow processes such as continental weathering and the
burial of authigenic calcium phosphate minerals in marine
sediments. However, revised estimates of marine P removal
have decreased the residence time of P in the ocean (Rutten-
berg 1993; Benitez-Nelson 2000; Ruttenberg 2014), and
recent discoveries have revealed surprising aspects of micro-
bial P metabolism (Yang and Metcalf 2004; Dyhrman et al.
2006; Karl et al. 2008; Van Mooy et al. 2009; Martinez et al.
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2012; Van Mooy et al. 2015), which highlights a need and
growing interest to better understand the cycling of marine
P on a wide range of timescales (Karl 2014).

Polyphosphate (polyP) is a biopolymer consisting of at
least three and up to thousands of phosphate molecules
joined by phosphoanhydride (P—O—P) bonds. PolyP has his-
torically been under-recognized in the study of ocean bio-
geochemistry (Bjorkman 2014). However, recent evidence
suggests that polyP may play a key role in the marine P cycle
over both modern and geologic timescales. For example, in
sediments polyP may participate in long-term P sequestra-
tion by facilitating the formation of authigenic apatite
phases (Schulz and Schulz 2005; Diaz et al. 2008). Over
shorter timescales, polyP in surface waters may represent a
source of bioavailable P capable of supporting marine pri-
mary productivity (Moore et al. 2005; Martin et al. 2014).

PolyP can be organic or inorganic, but it is typically
detected, if not completely recovered, in operationally-
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defined organic P pools (Armstrong et al. 1966; Karl and
Tien 1992; Thomson-Bulldis and Karl 1998; White et al.
2006). PolyP can bind to organic moieties via P-ester
(P—O—C) bonds. ATP and other nucleotide triphosphates
(NTPs), which contain two phosphoanhydride bonds consist-
ent with tripolyphosphate (tripolyP), are therefore consid-
ered herein to be organic forms of polyP. Indeed, the
phosphoanhydride bonds found in NTPs are indistinguish-
able from other forms of polyP using *'P Nuclear Magnetic
Resonance (NMR) spectroscopy (Young and Ingall 2010).

In addition to NTPs, all major groups of life also synthe-
size inorganic polyP (Kornberg et al. 1999). Inorganic polyP
can occur as microscopically visible cell inclusions (Lieber-
man 1888; Meyer 1904; Wiame 1947) and exist in a range of
chain lengths (Kornberg et al. 1999). PolyP is utilized in
many biological processes, including energy storage, gene
expression, metal chelation, and stress responses (Kornberg
1995; Kornberg et al. 1999; Brown and Kornberg 2004; Rao
et al. 2009). In marine systems, inorganic polyP is primarily
considered to be a P storage molecule [see Solérzano and
Strickland (1968), and references therein], and P availability
is thought to drive biological cycling of inorganic polyP in
the ocean. For example, two models of polyP production by
marine microorganisms are luxury synthesis and polyP over-
plus (Karl and Bjorkman 2015). PolyP overplus involves the
synthesis of polyP from P that has become temporarily avail-
able after a period of P stress. P stress is a cellular metabolic
state caused by low P availability in the environment. P-
stressed cells typically exhibit elevated alkaline phosphatase
activities (APAs) and low cellular P quotas but are not neces-
sarily growth limited. In contrast to polyP overplus, luxury
synthesis of polyP occurs in the absence of any P stress, and
organisms are thought to synthesize and store polyP for
future utilization should P become limiting. However, the
presence of free phosphate in many surface waters of the
ocean (Benitez-Nelson 2000), suggests that there are controls
on luxury polyP synthesis that prevent depletion of dis-
solved phosphate, even when P is in excess supply. Recent
studies have also found that marine microbes increase the
ratio of polyP to total particulate phosphorus (polyP:TPP)
under persistent P stress (Orchard et al. 2010; Dyhrman et al.
2012; Martin et al. 2014), which may be dependent on the
presence of excess available energy. Although cellular polyP
quotas may decline in these cases, the decrease in cellular
total P quotas is more extreme, reflecting the preferential
retention of polyP relative to other P forms, such as P-lipids
(Van Mooy et al. 2009; Orchard et al. 2010; Dyhrman et al.
2012; Martin et al. 2014).

In addition to being a vital endogenous biomolecule,
polyP may also be an important exogenous source of bioa-
vailable P, as suggested by numerous studies. For example, in
the Sargasso Sea, particulate polyP is preferentially recycled
relative to TPP (Martin et al. 2014), which comprises P in liv-
ing and non-living material and thus likely reflects a combi-
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nation of exogenous and endogenous polyP utilization by
microorganisms. Furthermore, in culture studies, Moore
et al. (2005) found that inorganic tripolyP supported ample
growth of picocyanobacteria, including Synechococcus
WHS8102 and several strains of Prochlorococcus. Inorganic tri-
polyP was also bioavailable to coastal phytoplankton com-
munities examined in one field study (Bjorkman and Karl
1994). PolyP from NTPs appear to be widely bioavailable and
may be the most labile form of polyP (Moore et al. 2005;
Michelou et al. 2011; Mazard et al. 2012; Duhamel et al.
2014; Evans et al. 2015). Overall, previous studies suggest
that organic and inorganic short-chain polyP (tripolyP) are
bioavailable to laboratory-grown cyanobacteria and field
populations of coastal phytoplankton. However, the bio-
availability of exogenous polyP consisting of longer chain
lengths is largely unexplored. This knowledge gap may be
particularly important if long-chain polyP forms are com-
mon in the ocean. For example, long-chain polyP (> 15 P
atoms) could account for the total polyP content in a variety
of marine plankton, bacteria, and sinking particle samples
analyzed in one study (Diaz and Ingall 2010).

Despite the potential physiological and biogeochemical
importance of marine polyP, the composition, distribution,
and dynamics of polyP in the marine environment are not
well understood. An improved knowledge of polyP is crucial
to determine the potential role of polyP as a biological P
source capable of supporting marine primary production and
to advance the current understanding of potential mecha-
nisms regulating polyP-driven geologic P sequestration. In
this study, the biogeochemistry of long-chain polyP was
studied during two cruises conducted in May-June 2013 and
September 2013 at Station ALOHA, a long-term oceano-
graphic study site in the North Pacific subtropical gyre (Karl
and Church 2014). Laboratory-based experiments with
model phytoplankton cultures were also conducted as a
complement to field studies to further investigate potential
mechanisms of microbial polyP cycling.

Methods

Cruise sampling and field incubations

Sampling was conducted at Station ALOHA (22° 45'N,
158° O0'W) during two cruises in spring 2013 (May-June)
and fall 2013 (September) aboard the R/V Kilo Moana. In situ
seawater sampling was conducted on both cruises using a
Niskin rosette sampler equipped with a SBE 911plus CTD
(Sea-Bird Electronics). Mixed layer depths were determined
for each cast and were defined as the depth corresponding to
a density offset of 0.125 kg m > from the surface (1 dbar).
Large-volume incubations were performed during the spring
cruise. 20-L polycarbonate carboys (n=15) were filled with
surface seawater (~20 m) from the Niskin rosette. Three
whole carboys were immediately sampled for the time-zero
condition, and the remaining 12 carboys were spiked with
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one of the following nutrients (0.2 um sterile filtered):
nitrate (+N; 4 umol L' as NaNOs; n= 9), or phosphate (+P;
0.3 umol L' as NaH,PO, - H,O; n= 3). Bottles were incu-
bated on-deck in circulated seawater from the ship’s under-
way intake to maintain in situ temperature. To mimic in situ
light conditions (i.e., spectrum and intensity) at the sample
collection depth, incubators were covered with blue plastic
sheeting (30% light level, Rohm and Haas #2069). After S d,
whole carboys were sacrificed (+N: n=3; +P: n=3) by sam-
pling as described below, to track particulate polyP:TPP
dynamics. The remaining +N bottles (n=6), having been
preconditioned to P stress by incubation with nitrate, were
spiked at the same time with one of the following nutrients
(0.2 pum sterile filtered) to test the bioavailability of exoge-
nous polyP: no addition (n=2), phosphate (0.3 umol L™*
NaH,PO,4 - H,O; n=2), or polyP (0.3 umol L™' P; average
chain length =45+ 5 P atoms; Sigma-Aldrich S4379; n=2).
These bottles were incubated for an additional 3 d before
being sampled, as detailed below.

Particulate polyP

Four or eight liters of seawater were filtered onto replicate
25 mm or 47 mm GF/F filters, respectively (Whatman). The
GF/F filters (0.7 ym nominal pore size) had been previously
soaked overnight in 10% HCI, rinsed three times in nano-
pure water, and muffled (550°C, overnight). Samples were
flash frozen in liquid nitrogen and stored at —80°C until
analyzed. Samples were analyzed using previously described
fluorometric protocols. First, polyP was extracted using the
enzymatic protocol of Martin and Van Mooy (2013). Briefly,
each filter was subjected to a core extraction protocol con-
sisting of the following steps: (1) sonicate in HEPES buffer
(20 mmol L7!, pH=7), 15 s; (2) boil, 5 min; (3) sonicate,
15 s; (4) add DNase (20 U mL™!'; Ambion AM2238) and
RNase (205 U mL™'; Ambion AM2286), incubate 10 min,
37°C; (5) add proteinase K (0.4 mg mL™*'; Fisher BP1700),
incubate 30 min, 37°C while shaking at 300 rpm, (6) centri-
fuge (16,100 X g) and decant. The core extraction protocol
was repeated on each sample a total of four times. For each
sample, the supernatants generated from first three rounds
of the core extraction protocol were pooled to generate the
analytical extract, while the forth supernatant was used as
the background extract. Next, samples were diluted in HEPES
buffer, then DAPI (4’; 6-Diamidino-2-phenylindole; dihydro-
chloride, Anaspec 83210, 10 umol L~ ! final) was added. Sam-
ples were reacted for 7 min to allow complete complexation
with shorter polyP chain lengths, and fluorescence was
measured (ex: 415 nm, em: 550 nm) (Aschar-Sobbi et al.
2008) using a Shimadzu RF-5301PC spectrofluorometer. Sam-
ple signals were individually calibrated with the addition of
a synthetic polyP standard (chain length=45*=35 P atoms;
Sigma-Aldrich S4379). Signals were corrected using several
blanks, including the background extract + DAPI, as well as
DAPI-free fluorescence readings of the samples. PolyP meas-
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ured using the enzyme-based extraction approach (Martin
and Van Mooy 2013) can yield P molar ratios of
polyP:TPP > 1 because natural polyP is thought to fluoresce
brighter than the synthetic polyP standard under the condi-
tions of the method (Martin et al. 2014). Thus, polyP con-
tent measured with this technique is appropriate for
measuring relative, rather than absolute, quantities of polyP
[see Martin et al. (2014) for full discussion]. A similar fluoro-
metric method used to quantify polyP is insensitive to polyP
with chain lengths less than or equal to five P atoms (includ-
ing NTPs such as ATP) yet detects chain lengths greater than
or equal to fifteen P atoms (Diaz and Ingall 2010). Thus, polyP
data presented here do not include contributions from NTPs.
Rather, our polyP data indicate relative quantities of polyP
with chain lengths greater than or equal to approximately
15 P atoms. The in situ detection limits of polyP were differ-
ent for each sample, depending on the volume filtered as well
as the sample’s individual calibration, and were typically
~ 0.4 nanomole equivalents of P per liter (neq L™1).

Total particulate phosphorus

Samples for TPP analysis (4 L or 8 L) were collected and
stored in the same manner as polyP samples. Samples were
analyzed according to the ash-hydrolysis method of Aspila
et al. (1976). Briefly, filters were ashed (550°C, 2 h), acidified
(IN HCI, room temperature, overnight), and subsequently
analyzed as soluble reactive phosphorus (SRP) using the col-
orimetric molybdate method (Hansen and Koroleff 1999).
Duplicate samples typically agreed to within < 5%, and the
detection limit was approximately 3 nmol L™*.

Alkaline phosphatase activity

In situ samples (500 mL of seawater) or incubation sam-
ples (250 mL) were filtered onto 47 mm polycarbonate mem-
branes (0.2 ym) and stored at —20°C until analysis. APA was
assayed after Dyhrman and Ruttenberg (2006) using the fluo-
rogenic phosphatase substrate 6,8-difluoro-4-methylumbelli-
feryl phosphate.

Soluble reactive phosphorus

Seawater samples were collected from the Niskin rosette
bottles into acid cleaned, high density polyethylene bottles
and stored upright at —20°C until analysis. The samples were
thawed and processed using the MAGnesium Induced Co-
precipitation (MAGIC) protocol (Karl and Tien 1992) on trip-
licate 50 mL subsamples. The analytical precision was * 1
nmol L™}, with a detection limit of 3 nmol L™ .

Chlorophyll

In the dark, 250 mL of seawater was filtered onto each
GF/F filter (25 mm). Samples were stored in the dark at
—20°C until analyzed according to protocols adapted from
Strickland and Parsons (1972). Briefly, samples were
extracted in 90% acetone in the dark (4°C, 9 h) and meas-
ured using an AquaFluor fluorometer (Turner). Sample sig-
nals were calibrated using a chlorophyll-a standard (Sigma-
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Aldrich C6144) and were corrected for pheopigments by
accounting for the fluorescence of extracts before and after
acidification to 0.003 M HCI.

Laboratory bioavailability experiments

Thalassiosira oceanica CCMP1005, Thalassiosira weissflogii
CCMP1336, Thalassiosira pseudonana CCMP1335, and Emilia-
nia huxleyi CCMP374 were obtained from the National Cen-
ter for Marine Algae and Microbiota (NCMA, and formerly
the CCMP), Bigelow Laboratories, East Boothbay, Maine.
Organisms were grown in f/2 media (Guillard and Ryther
1962; Guillard 1975) prepared with silicic acid (Thalassiosira)
or without (E. huxleyi), using filtered (0.2 um) Sargasso surface
seawater as a base. Sargasso seawater typically has very low
total dissolved P concentrations in surface depths (< ~100
nmol L™'; Lomas et al. 2010) and was chosen on that basis
to minimize undefined P sources present in the media. Media
were prepared in three variations for each organism: no P
addition (—P), phosphate (+P; 36 uM P), or inorganic polyP
(+polyP; 36 uM P). These replete nutrient concentrations
were chosen to examine biological polyP dynamics in a con-
trolled system that yields ample biomass for analysis, rather
than to mimic in situ dynamics at Station ALOHA, where
natural nutrient levels are much lower. Media were auto-
claved (121°C, 20 min), but all vitamins (Guillard and Ryther
1962; Guillard 1975) and polyP sources were filter-sterilized
(0.2 ym) and added after autoclaving to avoid potential deg-
radation at high temperatures. PolyP sources had average
chain lengths of 130, 60, 45, 15, and 3 P atoms (130polyP,
60polyP, 45polyP, 15polyP, and 3polyP, respectively).
45polyP (S4379) and 3polyP (T5883) were purchased from
Sigma-Aldrich, while 130polyP, 60polyP, and 15polyP were
generously provided by Dr. Toshikazu Shiba and Dr. Yumi
Kawazoe (Regenetiss, Tokyo, Japan).

For every phytoplankton species tested, each media varia-
tion was inoculated, in triplicate, with an equal volume of
the same parent culture. This transfer was performed using
low culture volumes (~ 100-200 uL in 25 mL media) when
the parent culture was in late log or early stationary phase to
minimize carryover of dissolved P. Triplicate aliquots of ster-
ile +polyP media were incubated in parallel with each
experiment to quantify phosphate impurities in the polyP
standards, as well as the abiotic breakdown of polyP to phos-
phate over time. Subsequent to screening for polyP utiliza-
tion, a control experiment (+/—P) was performed by
cultivating each organism with the total phosphate concen-
tration resulting from the phosphate impurity and abiotic
hydrolysis of polyP (+/—P:4 or 5 uM P).

T. oceanica was incubated at 23°C, while E. huxleyi, T.
pseudonana, and T. weissflogii were incubated at 18°C. All cul-
tures were grown using 140 umol photons m % s™' on a
14:10 h light:dark cycle, and growth was tracked daily by
monitoring the relative fluorescence of chlorophyll with a
Turner fluorometer (10AU, AquaFlu0r®, or TD-700). Direct
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cell counts were performed under transmitted light using a
counting chamber. Cultures were confirmed axenic in sta-
tionary phase by inoculating ~200 uL into ~10 mL hetero-
trophic media, incubating in the dark at room temperature,
and monitoring for at least one week. Cultures were consid-
ered axenic if the media remained visibly clear throughout
this timeframe. Heterotrophic media consisted of an artificial
seawater base (van Waasbergen et al. 1993), 2 g L' tryptone
(Fisher BP1421), and 0.5 g Lt yeast extract (Fisher BP1422).

Statistical analysis

The effects of sampling season and depth on the water
column profiles of particulate polyP:TPP content were ana-
lyzed in IBM SPSS Statistics (Version 22) using two-way
between groups ANOVA. To identify potential patterns of
polyP production and utilization in shipboard incubations,
chlorophyll (chl), APA, polyP, TPP, polyP:TPP, polyP:chl, and
TPP:chl comparisons were performed with unpaired two-
sample T-tests assuming equal variance. To examine the bio-
availability of polyP in laboratory cultures, cell counts in
+polyP media were compared with +P, —P, and +/—P con-
trols using one-way between groups ANOVA (for T. oceanica
and T. pseudonana, since these organisms were grown on
multiple polyP chain lengths) or unpaired two-sample T-tests
assuming equal variance (for T. weissflogii and E. huxleyi,
which were grown on a single polyP chain length).

Results

Water column APA, SRP, polyP, and TPP

Mixed layer depths during the spring and fall cruises were
34+10 m (average = standard deviation; n=252) and
57+7 m (n=27), respectively. In the upper water column
(< 150 m), APA was similar during both cruises, ranging
from 0.07-0.13 nmol P L™ h™! in the spring and 0.05-0.12
nmol P L™! h™! in the fall (Fig. 1). SRP concentrations
ranged from 0.03 ymol L' to 0.18 ymol L™'; however the
depth trends in SRP were opposite between cruises (Fig. 1).
In the spring, SRP concentrations in the upper water column
(0-100 m) were unusually high (Karl and Tien 1997),
whereas the fall SRP profile was more typical, based on long-
term observations of SRP at Station ALOHA by the Hawaii
Ocean Time-series (HOT) program. Thus, these results do not
necessarily reflect a seasonal trend in SRP and are likely a
product of shorter-term variability.

Similar to other studies that employed the same polyP
extraction technique [e.g., Martin et al. (2014)], polyP con-
tent is expressed in relative rather than absolute units (see
Methods). Specifically, polyP is presented as nanomole
equivalents of phosphorus per liter (neq L™%), and polyP:
TPP is expressed as mole equivalents of phosphorus per mole
of TPP (eq mol '). PolyP data presented here indicate rela-
tive quantities of polyP with chain lengths greater than or
equal to approximately 15 P atoms (Diaz and Ingall 2010).
Particulate polyP content in the upper water column
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Fig. 1. Water column profiles of (a) particulate polyphosphate (polyP), (b) total particulate phosphorus (TPP), (c) polyP:TPP, (d) alkaline phosphatase
activity (APA), and (e) soluble reactive phosphorus (SRP) in the upper 150 m of Station ALOHA during cruises conducted in spring and fall 2013. Error
bars represent one standard error of the mean. Sample sizes: polyP, n=3-6; TPP, n=3-4; APA, n=2; SRP, n=2-4.

(< 150 m) was similar in both seasons and decreased with
depth: 1.1-8.1 neq L™ during the spring cruise and 2.1-6.1
neq L™' during fall (Fig. 1). TPP also exhibited decreasing
concentration with depth, which was similar in both sea-
sons: 7.5-20.2 nmol L™' during spring and 7.3-19.8 nmol
L' during fall (Fig. 1).

Although not indicative of absolute quantities, P molar
ratios of polyP:TPP were 0.16-0.44 eq mol ' during spring
and 0.27-0.40 eq mol ™' during fall (Fig. 1). PolyP:TPP con-
tent did not vary significantly with depth when data from
each cruise were considered together or separately (Fs,
55 = 1.32; p=0.28). PolyP:TPP values fell within the range of
expectation, given the APA and SRP at Station ALOHA and
the previous relationships among polyP:TPP, APA, and SRP
described for the Sargasso Sea and temperate western North
Atlantic (TWNA) (Fig. 2).

PolyP production in shipboard incubations

PolyP production mechanisms were examined in ship-
board incubations of surface seawater amended with nitrate
(+N) or phosphate (+P). In +P incubations, TPP and polyP

231

increased after 5 d by approximately 1.5- and 2-fold, respec-
tively, whereas chlorophyll decreased by roughly 40% (Fig.
3). PolyP:chl and polyP:TPP increased by a factor of ~4.0
and ~1.4, respectively. Although not statistically significant
(p>0.05), these average trends are consistent with a rise in
cellular polyP quotas driven by increased P availability.

In the +N treatment, polyP and TPP continually increased
(Fig. 3). On day five, polyP:TPP dropped by ~25% compared
with in situ levels, which was accompanied by a ~7-fold
increase in APA. These results are consistent with utilization
of polyP stores with increased P stress. By day eight, how-
ever, average polyP:TPP in +N treatments had increased by a
factor of ~1.7 above day five. This rise in polyP:TPP also
coincided with a dramatic increase in APA (~4-fold) and
chlorophyll (~6-fold). These trends are consistent with
observations of polyP:TPP enrichment under P stress
(Orchard et al. 2010; Dyhrman et al. 2012; Martin et al.
2014). In such cases, cellular polyP concentrations may
decline, but there is typically a larger decrease in cellular
TPP, reflecting the preferential retention of polyP relative to
other P-containing biochemicals (Martin et al. 2014), such as
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Fig. 2. Ratios of particulate polyphosphate to total particulate phosphorus (polyP:TPP), soluble reactive phosphorus (SRP), and alkaline phosphatase
activity (APA) from Station ALOHA (a-d) and previously reported from Sargasso Sea (SS) and temperate western North Atlantic (TWNA) (a and b)
(Martin et al. 2014). Error bars represent one standard error of the mean. Sample sizes for Station ALOHA data: polyP, n=3-6; TPP, n=3-4; APA,

n=2; SRP, n=2-4.

RNA and P-lipids, the latter of which can be substituted with
non-P-containing forms to reduce cellular total P quotas
(Van Mooy et al. 2009). For example, although not statisti-
cally significant (p>0.05), polyP:chl decreased by ~75%,
whereas TPP:chl decreased by ~83% between days five and
eight, suggesting that polyP:TPP enrichment could be
explained by a relatively more dramatic drop in cellular TPP
than polyP. The increase in chlorophyll observed throughout
the +N incubations (Fig. 3) is consistent with an increasing
abundance of phytoplankton yet may also involve some
degree of chlorophyll storage (i.e., increasing cellular chloro-
phyll quotas).

PolyP utilization in shipboard incubations

To examine the potential of the photosynthetic commu-
nity at Station ALOHA to utilize polyP as a P source for
growth, seawater was preincubated with nitrate to drive the
community to P stress. Indeed, nitrate amendments
increased APA above in situ levels after 5 d (Fig. 3). Follow-
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ing this preconditioning step, the addition of exogenous
polyP (average chain length=45+5 P atoms) only sup-
ported ~40% as much photosynthetic growth as experi-
ments that received the phosphate addition. In fact,
chlorophyll content in polyP-amended carboys was even
lower than in carboys that received no P addition (Fig. 4).
PolyP addition also did not lower APA. For example, APA in
polyP-amended bottles increased by a factor of approxi-
mately 3.0 after 3 d, similar to the unamended controls, in
which APA increased ~3.7 times (Fig. 4). APA also increased
after 3 d in response to phosphate addition, but only by
~1.7 times.

Bioavailability of exogenous polyP to lab cultures

Growth of T. oceanica and E. huxleyi cultivated using
polyP as a sole source of P was consistent with growth
observed using an equivalent P molar quantity of phosphate
(T. oceanica: Fs 11 =1.27; p=0.34; E. huxleyi: T=1.26, df =4,
p=0.28; Fig. 5; Table 1). In contrast, growth by
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Fig. 3. Polyphosphate (polyP) (a), total particulate phosphorus (TPP)
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phyll (e) in shipboard incubations amended with either nitrate (+N) or
phosphate (+P). Any two samples in the same panel are significantly dif-
ferent (p < 0.05) only if they lack a common letter. Error bars represent
one standard error of the mean, n=2-3.

T. pseudonana and T. weissflogii was significantly lower on
polyP than phosphate (T. pseudonana: Fs1,=8.97, p=1.00 X
1075 T. weissflogii: T=16.0, df=4, p=8.0 X 10~°; Fig. 5;
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Fig. 4. Chlorophyll (a) and alkaline phosphatase activity (APA) (b) in
shipboard incubations preconditioned to P stress with nitrate for 5 d and
subsequently amended with phosphate (+P), polyP (+polyP; average
chain length of 45 = 5 P atoms), or no P addition. Any two samples in the
same panel are significantly different (p <0.05) only if they lack a com-
mon letter. Error bars represent one standard error of the mean, n=2-3.

Table 1). Cell counts confirmed that growth in —P media
was significantly less than growth observed in all polyP cul-
tures (T. oceanica: Fs 11 =9.21, p=1.0 X 1073 T. pseudonana
F5, 12=8.65; p=1.0 X 1073 T. weissflogii: T=35.26, df =4,
p=6.20 X 1073 E. huxleyi: T=8.70, df =4, p=1.00 X 107?),
demonstrating that growth in +polyP media is attributable
to the polyP amendment rather than P in the media base or
carried over from the parent culture. In abiotic control
experiments with sterile +polyP media, SRP concentrations
at time-zero were 0.7 0.4 pmol L' (all chain lengths),
reflecting a phosphate impurity in the polyP standards. How-
ever, at the conclusion of culture experiments (15-26 d), SRP
concentrations in sterile +polyP media had increased to
3.5= 1.0 ymol L™}, which did not vary systematically with
chain length. This result indicated that ~8% of P originally
present as polyP had hydrolyzed to SRP by the end of the
culture experiments. Combined with the phosphate impurity
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Fig. 5. Growth yields of Thalassiosira spp. (a, b, and d) and E. huxleyi (€) cultivated with various polyphosphate (polyP) chain lengths ranging from
3-130 P atoms (36 umol L~ P), phosphate (+P =36 umol L™' P; +/—P =5 umol L' P for Thalassiosira spp.; +/—P =4 umol L™' P for E. huxleyi), or
no P amendment (—P). Any two samples in the same panel are significantly different (p < 0.05) only if they lack a common letter. Error bars represent

one standard deviation of the mean, n= 3.

Table 1. Growth capability of representative marine phyto-
plankton on various inorganic polyphosphate (polyP) sources.
+, growth; -, no growth; nt, not tested.

polyP chain length
(number of P atoms)

3 15 45 60 130
Prochlorococcus (MED4, MIT9312, + nt nt nt nt
MIT9313)*
Synechococcus WH8102* + nt nt nt nt
Emiliania huxleyi CCMP374 nt nt nt nt +
Thalassiosira oceanica CCMP1005 + + + + +
Thalassiosira pseudonana - - - - -
CCMP1335
Thalassiosira weissflogii CCMP1336 nt nt nt nt -

*From Moore et al. (2005).
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in the polyP standards, this hydrolysis likely supported some
growth. Indeed, final cell counts revealed that a comparable
level of phosphate (5 umol L™') could support growth simi-
lar to that observed in all +polyP cultures of T. pseudonana
and T. weissflogii (T. pseudonana: Fsi;=1.59, p=0.24; T.
weissflogii: T=-3.93, df=3, p=0.99). However, abiotic
polyP degradation was unlikely to explain growth of T. oce-
anica (Fs, 10=2.66; p=0.09) and E. huxleyi (T =5.43, df =3,
p=0.01) on exogenous polyP (Fig. 5). Overall, chain length
had no impact on growth (Table 1). In addition to T. oce-
anica and E. huxleyi, polyP (in the form of tripolyP) was also
bioavailable to picocyanobacteria, based on results from a
previous study (Table 1).

Discussion

PolyP is a key component of the marine P cycle, both as a
potentially bioavailable P source (Moore et al. 2005; Martin
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et al. 2014) and as a possible intermediate in geologic P
sequestration (Schulz and Schulz 2005; Diaz et al. 2008).
Despite the importance of marine polyP, its distributions and
dynamics are not completely understood. Much of what is
currently known about marine polyP has been learned from
3Ip.NMR spectroscopy. For example, based on 3IP-NMR, polyP
(inorganic + organic) represents ~1-11% of total P in plank-
ton, dissolved matter, particles, and sediments in a range of
ocean environments (Paytan et al. 2003; Sannigrahi and
Ingall 2005; Diaz et al. 2008; Young and Ingall 2010; Diaz
et al. 2012). However, the detection of natural polyP using
3IP.NMR is difficult due to high background signals from
more abundant P forms, and large sample requirements (e.g.,
~mg’s of dry material for solid state *'P-NMR) are often
impractical for high-resolution sampling. Indeed, polyP was
not detected in dissolved or particulate matter at Station
ALOHA using 3'P-NMR (Sannigrahi et al. 2006), despite the
presence of dissolved and particulate NTPs such as ATP (~1-
100 pmol L™'; Bjérkman and Karl 2005) and the presence of
particulate long-chain polyP described herein.

Recently developed fluorometric protocols have made the
detection of inorganic, long-chain polyP (> 15 P atoms)
more tractable (Aschar-Sobbi et al. 2008; Diaz and Ingall
2010; Martin and Van Mooy 2013). However, only relative
quantities of polyP can be measured using the most sensitive
extraction approach currently available (Martin and Van
Mooy 2013; Martin et al. 2014). Here, the application of this
technique revealed relative levels of particulate polyP:TPP
that ranged from 0.16 eq mol ' to 0.44 eq mol ' within the
upper water column (< 150 m) of Station ALOHA during
spring and fall 2013. These bulk measurements likely include
contributions from living and non-living particulate mate-
rial. For example, more than half of particulate carbon at
Station ALOHA is probably present as non-living detritus,
which may also account for a substantial amount of particu-
late P. If so, our results are likely indicative of combined
intracellular (living) and extracellular (non-living or detrital)
pools of polyP. Although these polyP:TPP levels do not
reflect absolute quantities, particulate inorganic polyP may
represent as much as ~10% of TPP at Station ALOHA, based
on the observation that NTPs represent ~0.9-2.4% of TPP
(Bjorkman and Karl 2005) and assuming that total polyP is
~1-11% of TPP, as observed in a number of other ocean
environments (Paytan et al. 2003; Diaz et al. 2008).

Profound differences in the relative quantities and
dynamics of particulate, long-chain polyP were recently
reported along a transect from the eutrophic TWNA to the
oligotrophic Sargasso Sea (Martin et al. 2014). PolyP:TPP was
much higher in the Sargasso Sea than the TWNA, tracking
directly with conventional indicators of P stress in the
microbial community (e.g., APA) and inversely with SRP
(Martin et al. 2014). PolyP:TPP levels at Station ALOHA are
consistent with the trends observed in the Atlantic. In partic-
ular, polyP:TPP values at Station ALOHA are similar to values
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reported from the eutrophic TWNA, yet they are distinct
from the ultra-oligotrophic (i.e., P-stressed) Sargasso Sea,
which exhibits particulate polyP:TPP values ~6-fold higher
than Station ALOHA (Martin et al. 2014). Furthermore, the
lack of chlorophyll stimulation by addition of phosphate to
shipboard incubations is consistent with a lack of in situ P
stress and thus relatively low polyP:TPP content at Station
ALOHA. Dramatic increases in polyP:TPP were previously
observed below the SRP threshold of 25 nmol L™ " in the Atlan-
tic Ocean (Martin et al. 2014). SRP was never this low during
either cruise in this study (minimum SRP =29 + 1 nmol L™!).
Moreover, historical data collected at Station ALOHA over 27
yr of the HOT program indicate that only ~15% of SRP meas-
urements within the upper 150 m (the maximum depth
sampled in this study) fall below 25 nmol L™ " (http://hahana.
soest.hawaii.edu/hot/hot-dogs/13 Feb 2015). Thus, if this SRP
threshold is truly an indicator of polyP content, then
polyP:TPP levels at Station ALOHA may only occasionally
reach levels comparable to the Sargasso Sea. Recent anthropo-
genic increases in nitrate at Station ALOHA, however, may
ultimately drive the system to P limitation (Kim et al. 2014),
which could eventually lead to elevated polyP:TPP levels simi-
lar to the Sargasso Sea.

Depth distributions of particulate polyP:TPP at Station
ALOHA did not change significantly within the top 150 m,
suggesting that long-chain polyP is preserved with depth rela-
tive to other forms of TPP. This result is in contrast to depth-
dependent decreases in bulk particulate polyP:TPP observed in
the Sargasso Sea, which were interpreted to indicate net bio-
logical polyP utilization in this P-stressed region primed to
scavenge P (Martin et al. 2014). Similarly, the absence of
strong depth-dependent polyP:TPP attenuation at Station
ALOHA may be an imprint of the lack of P stress in that sys-
tem, as other P sources (e.g., phosphate and NTPs) may be
sufficient to repress long-chain polyP utilization in situ. Con-
sistent with this possibility, results from shipboard incuba-
tions presented here and in previous studies (Duhamel et al.
2010) suggest that the in situ microbial community at Station
ALOHA is not P-stressed. However, these observations cannot
rule out the possibility that some portion of the microbial
population at Station ALOHA may be producing polyP while
others are hydrolyzing it at a similar rate. Indeed, the net con-
centration of NTPs does not change substantially with depth
within the upper 150 m, although these P sources are biologi-
cally utilized (Bjorkman and Karl 2005).

To help clarify potential pathways of biological polyP
cycling, shipboard incubations were performed. In bioavailabil-
ity experiments, the addition of dissolved polyP (average chain
length=45=35 P atoms) did not stimulate photosynthetic
growth, despite preconditioning the community to levels of P
stress that are associated with polyP utilization in the Sargasso
Sea (Martin et al. 2014). This result suggests that long-chain
polyP is not bioavailable to phytoplankton at Station ALOHA.
Long-chain polyP is likely degraded to phosphate extracellularly
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by surface-associated or cell-free enzymes (Young and Ingall
2010), potentially including alkaline phosphatases (Karl and Cra-
ven 1980). The bulk APA measured in these experiments includes
contributions from the entire microbial community (phyto-
plankton + heterotrophs), whereas polyP bioavailability was
only examined for phytoplankton. Yet regardless of the ultimate
microbial source of APA and its potential role in polyP degrada-
tion, the biological utilization of polyP would have led to the
reduction of APA. However, polyP did not lower the APA induced
in these incubations, reinforcing the conclusion that polyP is not
bioavailable to the microorganisms making the enzyme. Further-
more, phytoplankton species composition in these incubations
may have been different than the in situ microbial community,
as seen in previous studies (McAndrew et al. 2007; Mahaffey
et al. 2012), which may have influenced the bioavailability of
polyP.

The lack of polyP utilization by phytoplankton in field
incubations is surprising because tripolyP is bioavailable to
various strains of Procholorococcus marinus and Synechococcus
WHS8102 (Moore et al. 2005) as well as coastal phytoplank-
ton communities (Bjorkman and Karl 1994). To broaden the
diversity of model phytoplankton examined for polyP bio-
availability and to test the possible effects of polyP chain
length on bioavailability, several eukaryotic phytoplankton
cultures were screened for the ability to utilize multiple
polyP sources. Although less abundant than Prochlorococcus
and Synechococcus, diverse eukaryotic phytoplankton includ-
ing diatoms and haptophytes are ubiquitous and dynamic
members of the phytoplankton community at Station
ALOHA (Li et al. 2013). Furthermore, these groups are
known to dominate incubations enriched in nitrogen such
as those performed here (McAndrew et al. 2007; Mahaffey
et al. 2012). Laboratory cultivation experiments revealed
that the diatoms T. pseudonana CCMP1335 and T. weissflogii
CCMP1336 could not access exogenous polyP as a sole P
source, whereas the closely related diatom T. oceanica
CCMP1005 and the coccolithophore E. huxleyi CCMP374
can utilize polyP as a sole P source. Results also indicated
that polyP chain length does not affect its bioavailability.
The growth of T. oceanica and E. huxleyi in media prepared
with polyP probably cannot be explained by accelerated abi-
otic polyP hydrolysis through secondary reactions unac-
counted for in abiotic controls. For example, the main
factors determining the stability of polyP solutions are tem-
perature, pH, and polyP concentration (Rashchi and Finch
2000). Initial polyP concentration was identical in cultures
and abiotic controls, as was temperature. The pH of starting
media was in the typical range of natural seawater (~8-8.5)
and batch cultures of these organisms can reach pH ~9 by
stationary phase. However, abiotic polyP hydrolysis is at a
minimum at pH 9 (Rashchi and Finch 2000). Overall, these
data indicate that utilization of exogenous polyP may be
species-specific and that the biological recycling of exoge-
nous polyP, when present, may be dependent on microbial
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community composition. In turn, polyP may help determine
microbial community composition in areas where polyP utili-
zation is more likely to be an important mode of P acquisition
due to higher levels of P stress, such as in the Sargasso Sea.

In addition to potential pathways of exogenous polyP utili-
zation, shipboard incubations were conducted to investigate
polyP production dynamics at Station ALOHA. A constitutive
level of polyP is likely to be present in all cells, given its broad
and vital functions [see Martin et al. (2014) and references
therein], and this baseline state may change as a function of
physiological and biogeochemical conditions. For instance, in
marine systems such as the Sargasso Sea, as well as the phyto-
plankton Trichodesmium and T. pseudonana, strong polyP:TPP
enrichment has been observed in response to P-depleted sta-
tus (Orchard et al. 2010; Dyhrman et al. 2012; Martin et al.
2014). In these scenarios, reductions in P-rich biochemicals
like lipids and RNA decrease cellular TPP relative to cellular
polyP in response to P stress, resulting in elevated polyP:TPP
(Orchard et al. 2010; Dyhrman et al. 2012; Martin et al.
2014). Indeed, incubation results are consistent with P stress
mechanisms of polyP:TPP enrichment at Station ALOHA, as
well as shifting cellular P quotas observed in P-stressed phyto-
plankton cultures. Although APA levels in shipboard incuba-
tions were driven to Sargasso-like values (~2 nmol P L™' h™}),
the average polyP:TPP was still a factor of ~5 lower than the
average levels observed in the Sargasso Sea. This discrepancy
in polyP:TPP levels, despite similar APA, may reflect differen-
ces in community composition and/or bottle effects associ-
ated with nitrate addition and subsequent P stress in Station
ALOHA incubations, which is likely to be different than the
long term in situ response of a different microbial community
to P stress in the Sargasso Sea.

Beyond P stress mechanisms, other modes of polyP:TPP
enrichment include luxury and overplus strategies, which are
associated with P-replete status and the transition from P-
deplete to P-replete conditions, respectively. Incubation results
were also consistent with such polyP accumulation responses at
Station ALOHA. In fact, luxury/overplus polyP accumulation
has been hypothesized to occur in the North Pacific subtropical
gyre (Karl et al. 1992) when phytoplankton access nutrient-rich
deep waters during vertical migration through the water col-
umn (Villareal et al. 1993, 1999). Although polyP accumulation
under increased phosphate availability has been discounted in
the Sargasso Sea (Martin et al. 2014), these pathways cannot be
discounted here. Taken together, these data suggest that
increases in polyP:TPP at Station ALOHA may be driven by P
stress-induced changes in cellular P composition, as previously
observed in the Sargasso Sea, as well as luxury/overplus
synthesis.

In addition to polyP distributions and dynamics, results
from this study also have broad implications for polyP com-
position, which may affect the function and reactivity of
intra- and extracellular polyP. Microorganisms synthesize a
wide variety of polyP chain lengths, which range from three
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to several hundred P atoms in yeast and E. coli (Kornberg
et al. 1999), depending on the cellular localization and func-
tion of polyP (Rao et al. 2009), as well as external nutrient
availability (Vagabov et al. 2000). However, very little is cur-
rently known about the chain length distribution of polyP
and the biogeochemical processes that may alter polyP chain
lengths in marine systems. The polyP detection technique
used in this study is only sensitive to chain lengths greater
than 15 P atoms, thus indicating the presence of medium- to
long-chain polyP in particulate matter at Station ALOHA.
Shorter polyP chain lengths could be comparatively abun-
dant, but these forms are unlikely to alter the relative distri-
bution of polyP. The concentration of polyP as NTPs is
relatively low (< 3% TPP) and although NTPs are cycled rap-
idly (i.e., complete turnover in hours to days), the net con-
centration of NTPs does not change substantially with depth
within the upper 150 m (Bjorkman and Karl 2005). Further-
more, because polyP chain length does not affect its bioavaila-
bility in the test cultures herein, the chain length distribution
of exogenous polyP is unlikely to be heavily influenced by
biological utilization. Rather, biological production and per-
haps currently unknown abiotic polyP degradation mecha-
nisms are more likely to influence the chain length
distributions of particulate and dissolved polyP in the ocean.

Conclusions

Results from this study support the emerging paradigm
that bulk P availability affects the content and dynamics
(biological production and utilization) of particulate polyP
in the ocean, with lower polyP:TPP levels and less intense
production and utilization of polyP being characteristic of
systems with relatively higher P availability, including Sta-
tion ALOHA. PolyP is likely to support more primary produc-
tivity in areas with overall lower P availability compared to
areas with higher P availability, not only due to the absence
of more labile P sources (e.g., phosphate) but perhaps also
because of a higher bioavailability to the resident microbial
community. In the same way, polyP is more likely to be pre-
served in areas with overall higher P availability, due to the
presence of more labile P phases and perhaps a lower inher-
ent polyP bioavailability. Thus, polyP-driven mechanisms of
P sequestration [i.e., polyP-mediated apatite formation (Diaz
et al. 2008)] may be more prevalent in systems with higher P
content.
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