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The nutritionally available pool of dissolved organic phosphorus (DOP) supports marine
primary productivity in a range of ocean ecosystems but remains poorly resolved. Here,
the relative lability of model phosphorus (P) compounds representing the major P(V)
bond classes of marine DOP — phosphomonoesters (P-O-C) and phosphoanhydrides
(P-O-P) — was assessed in diatom cultures of the genus Thalassiosira, as well as
coastal field sites of the western North Atlantic. In diatom samples, maximum enzymatic
hydrolysis rates revealed that the P-anhydride bonds of inorganic tripolyphosphate
(3poly-P), followed by the P-anhydride bonds of adenosine 5'-triphosphate (ATP), were
preferentially degraded relative to the P-monoesters adenosine 5'-monophosphate
(AMP) and 4-methylumbelliferone phosphate (MUF-P). Consistent with these rate
measurements, targeted proteomics analysis demonstrated that the underlying
phosphatase diversity present in diatom samples was dominated by P-anhydride
degrading enzymes (inorganic pyrophosphatases and nucleoside triphosphatases).
Furthermore, biomass-normalized rates of ATP degradation were always suppressed
under P-replete conditions in diatom cultures, but the effect of overall P availability on
3poly-P degradation was inconsistent among diatom strains, suggesting that inorganic
polyphosphate (poly-P) degradation may persist irrespective of prevailing P levels in the
marine environment. Indeed, the majority of field sites examined in the P-replete coastal
western North Atlantic exhibited significantly higher maximum rates of inorganic poly-P
hydrolysis relative to P-monoester hydrolysis, which was largely driven by phytoplankton
dynamics. Based on these results, the possibility that P-anhydride utilization may
contribute comparably or even more substantially than P-esters to community-level P
demand, phytoplankton growth, and primary productivity should be considered.

Keywords: dissolved organic phosphorus, alkaline phosphatase activity, polyphosphate, phosphoester,
phosphoanhydride, phosphorus stress, Thalassiosira, diatom
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INTRODUCTION

Marine primary productivity is fundamentally constrained
by the availability of nutrients such as phosphorus (P). P
is incorporated into vital biomolecules that play essential
roles in cellular structure (phospholipids), the storage and
transmission of genetic information (DNA and RNA), energy
transduction (adenosine 5'-triphosphate; ATP), metabolic
signaling (inositol trisphosphate, (de)phosphorylated proteins
and metabolites), as well as stress response and homeostasis
(inorganic polyphosphate; poly-P) (Kornberg et al., 1999; Gray
and Jakob, 2015). Although marine primary production is
principally limited by either nitrogen or iron over most of the
global surface ocean (Moore et al., 2013), P can be present at low
or limiting concentrations in many marine systems, from the
vast oligotrophic gyres (Rivkin and Swift, 1979; Wu et al., 2000;
Moore et al., 2008; Moore et al., 2013) to coastal seas (Berland
et al, 1972; Fahmy, 2003; Thingstad et al., 2005; Hardison
et al., 2013). Rising anthropogenic inputs of nitrogen have also
led to an increasing prevalence of P limitation in many ocean
environments, especially in near-shore zones (Harrison et al.,
1990; Fisher et al., 1992, 1999; Huang et al., 2003; Kemp et al.,
2005; Zhang et al., 2007; Xu et al., 2008; Fu et al., 2012; Laurent
et al.,, 2012; Turner and Rabalais, 2013; Kim et al., 2014). Yet
even when P is not limiting, it can be sufficiently scarce to shape
microbial physiology and community composition (Moore et al.,
2008).

Marine plankton communities can access a variety of P
sources to satisfy nutritional P demands. Orthophosphate is
considered the most biologically preferred P source, but in the
open ocean where orthophosphate is scarce, ie., <1-10% of
total dissolved P (Wu et al, 2000; Lomas et al, 2010), the
recycling of dissolved organic P (DOP) supports approximately
90% of gross primary productivity (Karl, 2014). Even in coastal
systems that are replete with orthophosphate, a highly labile
fraction of the DOP pool is rapidly recycled to support primary
production (Benitez-Nelson and Buesseler, 1999). The cycling
and biological utilization of DOP is therefore fundamentally tied
to the productivity and function of marine ecosystems on a global
scale (Letscher and Moore, 2015) across extremes in trophic
status.

Natural marine DOP is an operationally defined assemblage
of organic, inorganic, and polymeric P-containing molecules.
Despite a high degree of heterogeneity at the molecular level,
marine DOP contains consistent proportions of three major
P-bond classes: P-esters, P-anhydrides, and phosphonates (Young
and Ingall, 2010). P-esters contain P in its most common + V
oxidation state, typically in the form of the P-O-C (monoester)
or C-O-P-O-C (diester) bonds. Representative P-monoesters
include nucleotides and phosphosugars, while P-diesters include
phospholipids and nucleic acids. Overall, P-esters are the most
abundant DOP compound class, representing ~80% of total
marine DOP (Young and Ingall, 2010). Another P(V) bond class
is the P-anhydrides, which are characterized by P-O-P bonds
like those present in nucleoside di- and triphosphates, inorganic
pyrophosphate, and poly-P. P-anhydrides account for ~10% of
total marine DOP and are the most recently recognized DOP

bond class, based on advances in techniques to recover the low
molecular weight fraction of dissolved organic matter (Diaz et al.,
2008; Young and Ingall, 2010). Finally, phosphonates make up
~10% of DOP (Young and Ingall, 2010). In phosphonates, P is
present in its + III oxidation state bound directly to carbon. The
identities of natural marine phosphonates are not fully known
but may include phosphonolipids and low molecular weight
metabolites (Repeta et al., 2016).

The composition of DOP helps determine its bioavailability.
For example, while phosphonate utilization may be restricted to
certain prokaryotic taxa (Dyhrman et al., 2006; Ilikchyan et al.,
2009; Beversdorf et al., 2010; Martinez et al., 2010), P-esters are
generally recognized as the major nutritional source of DOP
in the ocean (Lin et al., 2016). The widespread importance of
P-esters is based on the quantitative dominance of this pool
(Young and Ingall, 2010), as well as the environmental prevalence
of alkaline phosphatase (AP) (Luo et al., 2009, 2011; Sebastian
and Ammerman, 2009). APs are well-known P-esterases, which
are active throughout the ocean (Hoppe and Ullrich, 1999;
Hoppe, 2003; Mahaffey et al,, 2014) and play a vital role in
phytoplankton P nutritional physiology, especially in P-deplete
environments (Dyhrman and Ruttenberg, 2006; Lin et al., 2016).
P-anhydrides may also be a critical, yet under-characterized
source of P. For instance, nucleoside triphosphates such as
ATP are highly labile P sources (Moore et al., 2005; Alonso-
Saez and Gasol, 2007; Michelou et al.,, 2011; Mazard et al.,
2012; Duhamel et al., 2014) in which two-thirds of the available
P is contained in P-anhydride bonds. At Station ALOHA in
the oligotrophic North Pacific Subtropical Gyre (NPSG), the
turnover of dissolved ATP exceeds that of the bulk DOP pool,
indicating that it may be preferentially utilized over other DOP
sources (Bjorkman and Karl, 2005). Similarly, depth profiles of
inorganic poly-P in the Sargasso Sea suggest that this P-anhydride
is preferentially utilized over other forms of P (Martin et al.,
2014). Indeed, inorganic poly-P is bioavailable to a diversity
of microorganisms, including Prochlorococcus, Synechococcus
(Moore et al., 2005), eukaryotic marine phytoplankton (Diaz
etal,, 2016), and natural phytoplankton communities (Bjérkman
and Karl, 1994).

Despite the widespread importance of DOP and the
strong compositional control over its utilization, the relative
contribution of specific DOP pools to microbial P demand and
primary productivity remains unclear at the community level.
Therefore, an improved understanding of compound-specific
DOP dynamics is necessary to advance a mechanistic view
of overall marine ecosystem productivity and functioning. In
particular, a growing appreciation of inorganic poly-P cycling
(Diaz et al, 2008; Martin et al, 2014; Saad et al., 2016)
brings into question the importance of this P-anhydride source
relative to more traditionally recognized P-esters. Therefore,
in this study, the relative lability of model P-esters and
P-anhydrides was assessed in representative diatom cultures
of the genus Thalassiosira, as well as natural samples from
the coastal western North Atlantic. To identify underlying
mechanisms involved in the compound-specific utilization of
DOP, targeted proteomic analysis of diatom culture samples was
also conducted.
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MATERIALS AND METHODS

Model Diatoms, Growth Conditions, and
Culture Sampling

Thalassiosira oceanica CCMP1005, Thalassiosira pseudonana
CCMP1335, and Thalassiosira pseudonana CCMP1014 were
obtained from the National Center for Marine Algae and
Microbiota (NCMA), Bigelow Laboratories, East Boothbay,
Maine. Diatoms were grown in batch cultures on autoclaved
(121°C, 20 min) f/2 media (Guillard and Ryther, 1962) prepared
using filtered (0.2 jwum) natural seawater from the South Atlantic
Bight. To examine the effect of overall P availability on the
degradation of model DOP sources, diatoms were grown under
P-replete (4+P) and P-deplete (—P) conditions. In +P media,
phosphate was provided at an initial concentration of 36 WM.
In —P cultures, no phosphorus source was added. Molar N:P
ratios were ~24 and >882 in +P and —P media, respectively.
T. oceanica and T. pseudonana were cultivated at 23°C and
18°C, respectively, on a 14 h:10 h light:dark cycle (340 pmol
photons m~2 s~ !). Phytoplankton growth was monitored daily
by measuring in vivo chlorophyll fluorescence with an AquaFluor
handheld fluorometer (Turner Designs). Cell counts were
conducted using a hemocytometer counting chamber (Karlson
etal., 2010).

P hydrolysis rates from a variety of model DOP substrates
(see below) were investigated in diatom cultures with two types
of experiments. In the first experiment type, the degradation
of P sources was monitored in +P and —P cultures of
each diatom strain by subsampling the cultures every 3 days
across 30 days of cultivation. On a given sampling day, each
subsample (6 mL) was directly filtered (0.2 pwm, 33 mm)
to produce the cell-free filtrate, which was then incubated
with a variety of P sources for up to 24 h to determine
substrate-specific P hydrolysis rates for that day, as detailed
below. In the second type of P hydrolysis experiment, +P
cultures of each diatom strain were sampled after 30 days
of cultivation, and P hydrolysis rates for each substrate were
determined, as detailed below, in whole cultures and cell-free
filtrates.

To generate samples for exoproteome analysis, ~140 mL of
cell-free filtrate was sampled from +P cultures after 30 days of
growth. These filtrate samples were concentrated and exchanged
twice into 20 mM Tris (pH = 8.0) using a 10 kDa Centricon®
Plus-70 centrifugal filter device (Millipore), to a final volume
0.5 mL.

Field Sampling

Surface seawater (5-35 m) was collected in September 2016
during two sampling campaigns in the coastal western
North Atlantic (Supplementary Table S1). Three sites were
sampled aboard the R/V Endeavor using a Niskin rosette
sampler and incubated immediately in order to determine
rates of P hydrolysis. Two sites accessible by small boat in
Woods Hole Harbor and Buzzards Bay, MA, were sampled
utilizing a peristaltic pump. These samples were transported
on ice packs and analyzed for P hydrolysis rates within

5-6 h of collection. Additional samples were preserved
and analyzed for chlorophyll, bacteria and phytoplankton

abundance, and soluble reactive P (SRP), as detailed
below.
Chlorophyll

In the dark, 250 mL of seawater was filtered onto 25 mm GF/F
filters. 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 measured using a 10AU fluorometer (Turner).
Sample signals were calibrated using a chlorophyll-a standard
(Sigma) and were corrected for pheopigments by accounting for
the fluorescence of extracts before and after acidification to 0.003
M HCI.

Abundance of Bacteria and
Phytoplankton

Seawater samples were preserved for flow cytometry with 0.5%
glutaraldehyde (final concentration), flash frozen in liquid
nitrogen and stored at —80°C until analysis. Bacteria and
group-specific phytoplankton counts were conducted on a Guava
EasyCyte HT flow cytometer (Millipore). Instrument-specific
beads were used to calibrate the cytometer. Samples were
analyzed at a low flow rate (0.24 pL s~ for 3 min. To
enumerate bacteria, samples were diluted (1:100) with filtered
seawater (0.0l pm). Samples and filtered seawater blanks
were stained with SYBR Green I (Invitrogen) according to
the manufacturer’s instructions and incubated in a 96-well
plate in the dark at room temperature for 1 h. Bacterial
cells were counted based on diagnostic forward scatter vs.
green fluorescence signals. Major phytoplankton groups
were distinguished based on plots of forward scatter vs.
orange fluorescence (phycoerythrin-containing Synechococcus
sp.), and forward scatter vs. red fluorescence (eukaryotes).
Size classes of eukaryotic phytoplankton were further
distinguished based on forward scatter (pico-, nano- and
large eukaryotes).

Soluble Reactive P

Seawater samples were collected into acid cleaned, high
density polyethylene bottles. Samples used for determining
in situ SRP concentrations were frozen and stored upright
at —20°C until analysis. Field samples and diatom filtrates
were both analyzed for SRP using a standard colorimetric
method (Hansen and Koroleff, 1999). To determine in
situ  SRP concentrations in field samples, SRP analysis
was conducted using a 4 cm glass spectrophotometry cell
on triplicate subsamples, and the detection limit, defined
as three times the standard deviation of replicate blank
measurements, was 115 nmol L™! SRP. For incubations to
determine P hydrolysis rates (see below), replicate samples
were analyzed in clear 96-well plates on a multimode
plate reader (Molecular Devices) with a detection limit of
800 nmol L™ ! P.
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P-hydrolysis of Model DOP Substrates

Field and culture samples were incubated with a variety of
model DOP substrates to determine P hydrolysis rates. Model P
substrates were selected to represent the major P(V) bond classes
present in natural marine DOP (Figure 1). The fluorogenic probe
4-methylumbeliferone phosphate (MUF-P) and the nucleotide
adenosine 5-monophosphate (AMP) were utilized as model
P-esters. ATP was used as both a representative P-ester and
an organic P-anhydride. Finally, two inorganic polyphosphate
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FIGURE 1 | Model P substrates utilized in this study represent the major P(V)
bond classes of natural marine DOP. (A) Adenosine monophosphate (AMP), a
P-monoester. (B) Adenosine triphosphate (ATP), a P-monoester and
P-anhydride. (C) Inorganic polyphosphate (poly-P), a P-anhydride, n > 1.
(D) 4-methylumbelliferyl phosphate (MUF-P), a fluorogenically labeled
P-monoester.

compounds with an average chain length of 3 or 45 P
atoms (3poly-P and 45poly-P, respectively), were utilized as
representative inorganic P-anhydrides. All P compounds were
obtained from Millipore Sigma.

P hydrolysis rates were determined in whole cultures
(MUE-P only), cell-free culture filtrates (MUF-P, AMP, ATP,
and 3poly-P), and whole seawater samples (MUEF-P, 3poly-P,
and 45poly-P). Samples were amended with each substrate at
a final concentration of 20 WM P. This concentration was
assumed to be rate-saturating based on preliminary experiments
with natural samples. Thus, the rates of P hydrolysis reported
herein represent maximum hydrolysis rates, consistent with
many previous investigations of P-monoester degradation (or
alkaline phosphatase activity, APA) in the marine environment
[see Mahaffey et al. (2014) and references therein]. P hydrolysis
rates were determined through one of the following two
methods. In the first method, which was applied to all P
substrates, the production of SRP was monitored over time
using the colorimetric protocol outlined above. In the second
method, the time-dependent hydrolysis of the fluorogenic
probe MUF-P was monitored using a standard fluorescence
technique (Duhamel et al., 2011). Briefly, hydrolysis of MUF-P to
4-methylumbellierone (MUF) was measured (excitation: 359 nm,
emission: 449 nm) and calibrated with a multi-point standard
curve of MUF (10-500 nmol L™!). In both methods, samples
were corrected for substrate autohydrolysis by accounting for
negative controls, which were filtered (0.2 pm) and boiled (99°C,
15 min) prior to P amendment in order to eliminate enzyme
activity.

In culture and field experiments, replicate samples and
controls were incubated at room temperature (~25°C) in
a transparent (SRP method) or black (fluorescence method)
96-well plate. To ensure linearity of the hydrolysis rates, samples
and controls were measured at multiple time points during
the incubation period on a multimode plate reader (Molecular
Devices). Overall incubation times were optimized depending on
the sample type, P substrate, and the detection method employed.
The SRP and fluorescence techniques were characterized by
substantial differences in sensitivity. For example, the lower limit
of detection, defined as three times the standard deviation of
replicate blank measurements, was 800 nmol P L~! for the SRP
method and 2 nmol P L™! for the fluorescence method. The
upper limits of detection for the fluorescence method, defined
as the P concentration above which the calibration curves begin
to lose linearity, was 500 nmol L™! P. Thus, samples exhibiting
MUF-P hydrolysis rates within the limits of detection of the
fluorescence method had to be incubated at least 1.6 times
and up to 400 times longer before reaching detectable levels of
SRP. The actual incubation times for the various sample types
and analytical methods were as follows: whole seawater samples
(fluorescence method: 12-15 h, SRP method: 24-65 h), cell-free
culture filtrates (fluorescence method: 1-2 h, SRP method: 30 min
to 24 h), whole culture samples (fluorescence method: 5 min
to 1h).

The SRP method was not used with whole culture samples
due to interferences associated with the uptake/adsorption of
enzymatically released phosphate by the cultures, which was
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problematic at high cell densities. To verify the lack of such
interference in whole seawater samples, SRP calibration curves
(2-20 wM P) were prepared in each sample and analyzed at
multiple time points throughout the incubation period.

Genome Searches

Putative APs were identified in the translated genomes of
T. pseudonana CCMPI1335 (taxid: 296543) and T. oceanica
CCMP1005 (taxid: 159749) with NCBI's BLASTP search tool.
The following protein sequences were used as queries: PhoA
from Escherichia coli (GenBank: AAA83893), PhoD from
Bacillus subtilis (UniProt: P42251), and PhoX from Pseudomonas
fluorescens (Protein Data Bank: 4A9V). Only hits with an
E-value < 1 x 10~* are reported.

Proteomics

Concentrated exoproteome samples were digested using an in-
solution tryptic digestion kit (ThermoScientific), according to
the manufacturer’s instructions. Peptide samples were analyzed
at the Proteomics and Mass Spectrometry (PAMS) facility at the
University of Georgia on a Thermo-Fisher LTQ Orbitrap Elite
mass spectrometer coupled with a Proxeon Easy NanoLC system
(Waltham, MA, United States).

The enzymatic peptides were loaded into a reversed-phase
column (self-packed column/emitter with 200 A 5 M Bruker
MagicAQ C18 resin), then directly eluted into the mass
spectrometer. Briefly, the two-buffer gradient elution (0.1%
formic acid as buffer A and 99.9% acetonitrile with 0.1% formic
acid as buffer B) starts with 5% B, holds at 5% B for 2 min, then
increases to 25% B in 60 min, to 40% B in 10 min, and to 95% B
in 10 min.

The data-dependent acquisition method was used to acquire
MS data. A survey MS scan was acquired first, and then the top
5 ions in the MS scan were selected following collision-induced
dissociation (CID) and higher-energy collisional dissociation
(HCD) MS/MS analysis. Both MS and MS/MS scans were
acquired by the Orbitrap mass spectrometer at resolutions of
120,000 and 30,000, respectively. Data were acquired using
Xcalibur software (version 2.2, Thermo Fisher Scientific).

Protein identification was performed using Thermo Proteome
Discoverer (version 1.4) with Mascot (Matrix Science). The
reference database for T. oceanica CCMP1005 consisted of the
translated whole genome (NCBI Bioproject PRJNA36595)
(Lommer et al, 2012) amended with a list of common
contaminants, such as human keratin. The T. pseudonana
CCMP1335 database was compiled from the translated
nuclear (Bioproject PRJNA191), chloroplast (Bioproject
PRJNA20561), and mitochondrial (Bioproject PRJNA15818)
genomes (Armbrust et al., 2004; Oudot-Le Secq et al., 2007),
and was also amended with common contaminant sequences.
Databases included a reversed ‘decoy’ version for false discovery
rate (FDR) analysis. The FDR of identified peptides was ~2%.
Protein matches were also filtered to exclude hits with fewer
than two unique peptide identifications. Gene ontology (GO)
annotations were integrated into results using the ProteinCenter
Annotation node.

Statistical Analysis

P hydrolysis rates in diatom cell-free filtrates were measured
throughout the growth curve of each species cultivated in
replete (4P) or P-deficient (—P) media. Differences in hydrolysis
rates among the three P sources under each growth condition
were assessed using repeated measures analysis of variance
(ANOVA) and post hoc testing with Tukey’s honest significant
difference (HSD) method. Average ratios of ATP and 3polyP
hydrolysis were compared using a one-sample T-test. To test
whether the degradation of each P source was P-regulated,
cell-normalized rates of P hydrolysis were compared in +P
and —P cultures using repeated measured ANOVA. Average
P hydrolysis rates measured in whole cultures and in cell-free
filtrates with different quantification methods were compared
using Tukey’s HSD test. MUF-P hydrolysis rates determined
by the SRP vs. fluorescence methods were assessed using
simple linear regression. Field-based rates of polyphosphate
and MUF-P hydrolysis were compared at each site using
an independent two-sample T-test assuming equal variance.
Potential relationships between P hydrolysis rates and in situ
chlorophyll concentrations were explored with simple linear
regression. All statistical analyses were performed in Microsoft
Excel® or JMP® Pro (V13.0).

RESULTS

Degradation of Model P Sources by

Diatom Cultures

Relative Lability of P Sources in Cell-Free Filtrates

In order to explore the DOP nutritional preferences of
Thalassiosira spp., the labilities of model P sources representing
the major P(V) DOP bond classes (Figure 1) were tested
in whole cultures and cell-free filtrates grown in P-replete
(4+P) and P-deficient (—P) media. Because P hydrolysis rates
were quantified based on the production of SRP, cell-free
filtrates were primarily utilized instead of whole cultures in
order to avoid technical challenges associated with the analysis
of SRP at high cell densities (see Discussion). All model P
sources were degraded in diatom filtrates (Figures 2-4) and
showed negligible hydrolysis (below detection) in boiled controls,
consistent with enzymatic P-hydrolysis. In —P cultures, P
hydrolysis rates were substantial within 1 week (T. oceanica and
T. pseudonana CCMP1014) (Figures 2B,F) or after 2 weeks
(T. pseudonana CCMP1335) (Figure 2D). In +P cultures,
DOP degradation increased dramatically after about ~2 weeks
(Figure 2). Hydrolysis rates increased in all cultures over time,
consistent with the depletion of SRP and the eventual onset
of stationary phase (Figures 2A,C,E). Degradation rates among
the three P sources were significantly different in each diatom
culture and media condition throughout the growth curves
(Figure 2). In every case, regardless of the diatom strain and
the initial level of P availability, the rate of inorganic 3poly-P
hydrolysis was significantly highest, followed by ATP, and finally
AMP (Figure 2). Over the entire growth curve, ATP and
AMP hydrolysis rates were statistically similar for both strains
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FIGURE 2 | P hydrolysis rates of model DOP compounds in diatom cell-free filtrates. (A,B) T. oceanica CCMP1005, (C,D) T. pseudonana CCMP1335, and (E,F)
T. pseudonana CCMP1014. (A,C,E) P-replete media, and (B,D,F) P-deficient media. Soluble reactive phosphorus (SRP) concentrations were below detection
(800 nmol L= ") in =P cultures and are not depicted. Error bars indicate one standard deviation (SD) of the mean of three biological replicates. Statistical results from
repeated measures ANOVA are provided above each plot and indicate the overall effect of P sources on hydrolysis rates. Results from the pairwise post hoc
comparison of each P source via Tukey’s honest significant difference test are provided next to the legend entries. P sources lacking a shared letter are significantly
different (o < 0.05). nd, no data.

of T. pseudonana (Figures 2C-E), except for T. pseudonana
CCMP1014 cultivated in —P media (Figure 2F). On the other
hand, T. oceanica always hydrolyzed ATP significantly more than
AMRP, regardless of prevailing P availability (Figures 2A,B).

A maximum of three orthophosphate molecules can be
released from ATP and 3poly-P. However, the complete
degradation of phosphoanhydride bonds would produce three
orthophosphate groups from 3poly-P but only two from ATP,
since the final orthophosphate is bound to the adenosine
moiety by a P-monoester linkage (Figure 1). Therefore, if the
P-anhydride bonds of ATP are degraded, and the P-monoester
bond remains intact, the ratio of ATP:3polyP hydrolysis should
be 2/3 (or ~66.7%). However, ratios of ATP:3poly-P hydrolysis
over the last 1-2 weeks of growth were significantly less than 2/3

(Table 1 and Figures 2A,C-F), except in the case of T. oceanica
(—P) (Table 1 and Figure 2B), in which ATP degradation was
statistically similar to 66.7% of 3poly-P degradation.

The Effect of Overall P Availability on
Substrate-Specific DOP Hydrolysis in Cell-Free
Filtrates

The lability of 3poly-P, ATP, and AMP was assessed in the cell-free
filtrates of diatoms cultivated in P-replete and P-deficient media.
To account for differences in biomass, P hydrolysis rates were
normalized to total cell counts in cultures at the respective
sampling time. ATP hydrolysis was significantly upregulated
under —P conditions in all diatom cultures (Figures 3G-I).
On the other hand, P availability did not significantly affect
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FIGURE 3 | The effect of overall P availability on DOP hydrolysis rates. (A-C) Growth curves and hydrolysis rates of (D-F) 3poly-P, (G-I) ATP, and (J-L) AMP in the
cell-free filtrates of T. oceanica CCMP1005 (A,D,G,J), T. pseudonana CCMP1335 (B,E,H,K), and T. pseudonana CCMP1014 (C,F,1,L) cultivated under P-replete
(+P) and P-deficient (-P) conditions. Error bars represent one standard deviation of the mean of three biological replicates. Statistical results from repeated measures

ANOVA are provided above each plot and indicate the overall effect of P availability on hydrolysis rates.

AMP hydrolysis in any culture (Figures 3J-L). P-deficient
conditions induced significant upregulation of 3poly-P hydrolysis

by T. oceanica CCMP1005,

significant downregulation by

T. pseudonana CCMP1014, and no change by T. pseudonana
CCMP1335 (Figures 3D-F).

Comparison to Fluorescence-Based MUF-P
Hydrolysis Measurements
For all diatoms, 3poly-P hydrolysis in cell-free filtrates was
significantly higher than MUF-P hydrolysis in whole cultures

(Figure 4). ATP degradation by T. oceanica CCMP1005 cell-free
filtrates was also significantly higher than whole culture MUF-P
hydrolysis (Figure 4A). Rates of P-ester hydrolysis in the
cell-free filtrates of all diatoms reflected strong methodological
agreement. For example, AMP and MUF-P (fluorescence and
SRP methods) were degraded at similar rates (Figure 4). In
fact, SRP-based estimates of MUF-P hydrolysis systematically
underestimated fluorescence-based measurements of MUF-P
degradation by about ~17% (p = 0.0008) in culture filtrates
(Figure 5).
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FIGURE 4 | P hydrolysis rates of model DOP compounds in the presence
(whole culture) and absence (filtrate) of cells and using different detection
methods. (A) T. oceanica CCMP1005, (B) T. pseudonana CCMP1335, and
(C) 7. pseudonana CCMP1014. All rates were quantified by measuring the
accumulation of phosphate over time (SRP method), except where MUF-P
degradation was quantified via the standard fluorometric method (Fl.).
Cultures were analyzed after 30 days of growth. Error bars represent one
standard deviation of the mean of three (A,B) or two (C) biological replicates.
P hydrolysis rates lacking a shared letter are significantly different (p < 0.05;
Tukey’s honest significant difference).

Substrate-Specific P Hydrolysis Rates in
the Coastal Western North Atlantic

Maximum hydrolysis rates of inorganic poly-P were measured
in whole seawater samples from the coastal North Atlantic
(Figure 6A) using the SRP method with two substrates:

3poly-P and 45poly-P. Poly-P chain length had no effect
on P-hydrolysis rates, and the results from both poly-P
sources were therefore combined into single average rates of
inorganic poly-P hydrolysis. These rates were compared to
maximum MUE-P hydrolysis rates determined via fluorescent
detection. Average volume-normalized P hydrolysis rates ranged
from 3.8-19.3 nmol P L™! hr™! and 1.4-50.6 nmol P
L=! hr~! for inorganic poly-P and MUF-P, respectively
(Figure 6B). Chlorophyll-normalized rates ranged from 5.6-
7.7 nmol P g chl=! hr=! and 2.5-20.1 nmol P pg chl™! hr™!
for inorganic poly-P and MUF-P, respectively (Supplementary
Table S1). SRP levels were above ~700 nmol L™}, except in a
phytoplankton bloom along the New Jersey Coast, where SRP
was 150 + 15 nmol L~! (avg + SD, n = 3; Supplementary
Table S1).

Inorganic poly-P hydrolysis rates were significantly higher
than rates of MUF-P hydrolysis (p < 0.05) in four out of the
five field sites sampled, by a factor of ~1.5 to ~2.7 (Figure 6B
and Table 2). However, in one field site (Buzzard’s Bay), MUF-P
hydrolysis was ~2.5-fold higher than inorganic poly-P hydrolysis
(p < 0.05; Figure 6B and Table 2). Inorganic poly-P hydrolysis
rates exhibited a significant linear correlation with chlorophyll
levels (p = 0.01; Figure 6C), which was also evident for rates of
MUEF-P hydrolysis when the Buzzard’s Bay outlier was excluded
(p = 0.04; Figure 6C). However, P hydrolysis rates did not
exhibit a significant relationship with bacterial abundance counts
(Figure 6D). Bacteria cell counts (cells mL™!) were ~125
times higher than phytoplankton counts at the Buzzard’s Bay
site, yet only ~17 to ~45 times higher at all other locations
(Supplementary Table S1).

SRP uptake/adsorption by whole seawater samples can
potentially lead to the underestimation of P hydrolysis rates
made by the SRP method. The degree of SRP uptake/adsorption
was therefore assessed with standard additions of Na,HPO,4
(P = 2-20 pM). Phosphate levels in these amended
samples did not change over the course of the 24-65 h
incubations.

Phosphatase Diversity in Diatom

Cultures

The full genome data of two model diatom strains utilized in this
study, T. oceanica CCMP1005 and T. pseudonana CCMP1335,
are publicly available, enabling the analysis of phosphatase
diversity in these two species. First, the genomes were searched
for putative homologs of three bacterial alkaline phosphatase
isoforms (PhoA, PhoD, and PhoX) using BLASTP analysis. In
T. oceanica CCMP1005, results revealed the presence of two
putative PhoD homologs, one putative PhoX homolog, but no
homologous PhoA sequences (Table 3). On the other hand,
T. pseudonana CCMP1335 possesses one putative homolog each
of PhoA and PhoD, but no homologous sequences to PhoX
(Table 3).

Since cell-free filtrates were the primary focus of substrate-
specific P hydrolysis measurements, the diversity of phosphatases
was investigated in cell-free filtrates of T. oceanica CCMP1005
and T. pseudonana CCMP1335 (under +P conditions for each
culture only). Excluding contaminant sequences (i.e., keratin),
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TABLE 1 | Comparison of ATP and 3poly-P hydrolysis rates in diatom cell-free filtrates from Figure 2.

Diatom Days Media ATP:3poly-P (%) T df P
Avg SE

T. oceanica CCMP1005 18-30 +P 52.9 3.2 4.3 14 0.0007
—-P 70.3 4.0 0.9 14 0.38

T. pseudonana CCMP1335 21-30 +P 9.2 1.6 35.8 11 <0.0001
—P 20.3 1.4 32.8 11 <0.0001

T. pseudonana CCMP1014 17-30 +P 6.1 0.4 167.2 14 <0.0001
—-P 23.8 1.6 26.7 14 <0.0001

T-scores (T, reported as absolute values) are calculated by subtracting from average experimental ATP:3polyP hydrolysis ratios (Avg) the proportion of ATP:3polyP
hydrolysis expected from the complete degradation of phosphoanhydride bonds (66.7%), according to the following equation:

T

_Avg-66.7
N SE

where SE is the standard error of the average ATP:3poly-P hydrolysis ratio, and df is the degrees of freedom. Two-tailed p-values are reported.
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FIGURE 5 | Comparison of MUF-P hydrolysis rates obtained by the SRP
quantification method and the fluorometric method in cell-free culture filtrates.

a total of 309 and 133 proteins were identified in extracellular
proteomes of T. oceanica CCMP1005 and T. pseudonana
CCMP1335,  respectively  (Supplementary Tables S2, §3).
Among these hits, 24 from T. oceanica CCMP1005 and
9 from T. pseudonana CCMP1335 possess conservative
domains consistent with phosphatase activity. The majority
of these hits were shared among biological triplicates of each
diatom (Figure 7). None of the putative bacterial alkaline
phosphatase homologs identified through genome searches
(Table 3) were detected in the cell-free culture filtrates,
however. Rather, results indicated a diversity of other putative
phosphatases, including P-anhydride- and P-ester-degrading
enzymes. In fact, P-anhydride-degrading enzymes dominated
the phosphatase diversity in the cell-free filtrates of both
microorganisms, including inorganic pyrophosphatase and
nucleoside triphosphates (Figure 7).

DISCUSSION

The goal of this study was to assess the relative lability of model
P sources that represent the major marine DOP bond classes.
The focus here was on the P(V) DOP bond classes — P-esters
and P-anhydrides - because of the potential role that these
compound classes have in P utilization by the bulk phytoplankton
community. Maximum potential hydrolysis rates of model
P-esters and P-anhydrides were assessed in the cell-free filtrates
of representative diatom cultures and coastal field sites, while
phosphatase diversity was also investigated in model diatom
filtrates. Overall, results revealed that an innate capacity for the
preferential utilization of P-anhydrides was prevalent across all
of these sample types.

Degradation of Model P Sources by

Diatom Cultures

In model diatoms, maximum rates of P hydrolysis were examined
in cell-free filtrates that were prepared via syringe filtration
of culture samples. Cell-surface and intracellular phosphatases
may have been adventitiously released through the potential
disruption and lysis of some cells during this process. Thus,
P hydrolysis rates in these cell-free filtrates may overestimate
truly dissolved rates of P hydrolysis. However, the aim here was
not to quantify cell-free P hydrolysis rates per se, but to avoid
technical barriers associated with analyzing the degradation of
unlabeled P sources in the presence of cells. In particular, tracking
P hydrolysis through the production of SRP becomes difficult
at high cell densities because microorganisms have a strong
ability to adsorb (Sanudo-Wilhelmy et al., 2004) and assimilate
dissolved P.

Cell-free filtrates can only provide a glimpse into the overall
DOP preferences of a culture because most DOP degradation
takes place in the presence of cells. Thus, MUF-P hydrolysis
in whole cultures was measured with a standard fluorometric
protocol in order to help contextualize the P dynamics observed
in cell-free filtrates. Surprisingly, inorganic 3poly-P degradation
in the filtrates vastly exceeded MUF-P hydrolysis levels in
whole cultures (p < 0.05), by at least ~3-fold (T. pseudonana
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(B) Substrate-specific P hydrolysis comparison. The diagonal line depicts the 1:1 ratio of P hydrolysis rates. (C) Relationship of P hydrolysis rates to chlorophyll
levels. For inorganic poly-P hydrolysis, the regression analysis was performed on the entire dataset (note the two overlapping data points at ~3 ug L~"). For MUF-P
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TABLE 2 | Comparison of inorganic poly-P and MUF-P hydrolysis rates in field samples from Figure 6.

Field site PHMmuF-p PHpoly—P SEp°°|ed T df P

nmol L= hr-1

Buzzard's Bay 50.6 19.3 2.2 141 9 <0.0001
Long Island 1.4 3.8 0.9 2.8 9 0.02
Narragansett Bay 4.4 6.7 0.7 3.2 9 0.01
New Jersey Coast 7.8 17.3 1.2 7.9 9 <0.0001
Woods Hole Harbor 10.0 17.5 1.0 7.5 9 <0.0001

T-scores (T; reported as absolute values) are calculated using an independent two-sample T-test assuming equal variance, according to the following equation:

T PHpoly-p—PHmuUF-P
- SEpooled

where PHp,o,.p is the average P hydrolysis rate for inorganic polyhosphate, PHwur—p is the average P hydrolysis rate for MUF-P, and SEpooleq is the pooled standard error
of PHpoly-p and PHyur-p. Two-tailed p-values are reported.

CCMP1014) and up to ~9-fold (T. oceanica CCMP1005; removed by filtering the cells out. Indeed, MUF-P hydrolysis
Figure 4). This finding is probably not a result of artificially — was significantly lower in cell-free filtrates than in whole cultures
elevated 3poly-P hydrolysis due to a filtration artifact, because (p < 0.05; Figure 4). Nor are the large differences between
most extracellular DOP-degrading enzymes localize on the cell ~whole-culture MUF-P hydrolysis and filtrate-based 3poly-P
surface and thus, most of the DOP degradation capacity is degradation rates a consequence of the different detection
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TABLE 3 | Putative homologs of bacterial alkaline phosphatase in the genomes of
T. oceanica CCMP1005 and T. pseudonana CCMP1335.

Diatom Query Hit E-value % % Query
Identity Coverage
T. oceanica PhoA  No hits of any E-value
CCMP1005 PhoD  EJK73971 1x10°1° 25 46
EJKB8987 1x 1079 28 70
PhoX  EJK47006 1 %1075 25 48
T. pseudonana  PhoA  EED95980 4 x 10715 25 58
CCMP1335 PhoD EED88143 2 x 10~ 26 56
PhoX  No hits with E-value below 0.011

Hits are listed by the GenBank accession number.

methods used. In fact, the SRP method is the more conservative
approach (Figure 5) yet still shows remarkable correspondence
with the MUEF-P fluorescence method (Figure 4), especially given
the large difference in sensitivity between these two techniques.
Relatively low levels of P hydrolysis were detected in the
cell-free filtrates of actively growing and late log-phase cultures
(Figure 2A, days 6-18; Figure 2C, days 6-15; Figure 2E, days
9, 17; Figures 3D-I). However, P hydrolysis rates were highest
during the later stages of cultivation, including stationary phase
and crash (Figures 2, 3). In fact, the hydrolysis of 3poly-P and
ATP increased as the cultures matured, even after accounting for
increases in biomass through the growth curve (Figures 3D-I).
These results may be a consequence of differences in the
release, stability, or activity of cell-free P hydrolases over the
life of the culture. For example, one interpretation is that active

P-hydrolyzing enzymes can be released from healthy, growing
cells, but these enzymes may be more extensively released
from aging and senescent cells. This release could be actively
driven by the diatoms themselves and/or mediated by physical
mechanisms such as turbulence (e.g., daily culture mixing) or
filtering. Like natural seawater, the cell-free filtrates examined
in this study likely contain a mixture of actively and passively
released proteins. If cell-free P hydrolysis is indeed linked to cell
aging and senescence, as our data suggest, then the dissolved
P hydrolase activity of seawater may be highest under certain
environmental conditions, such as the collapse of phytoplankton
blooms.

All P substrates examined (MUF-P, AMP, ATP, and 3poly-P)
were actively degraded in diatom filtrates, but inorganic 3-polyP,
followed by ATP, were the most rapidly transformed, regardless
of overall P availability (Figures 2, 3). Rates of ATP hydrolysis
were lower (most cases) or approximately equal (one case) to that
expected from the complete degradation of P-anhydride bonds
(Table 1). Thus, P-ester hydrolysis may not have played a role
in ATP degradation, even though P-ester hydrolysis lead to a
relatively small level of AMP degradation in the same samples.
Assuming that only terminal phosphate groups are enzymatically
labile (Huang et al., 2018), we speculate that P-anhydrides may
block P-esterases from accessing the P-O-C bond of ATP. Overall,
these findings suggest that Thalassiosira spp. may preferentially
hydrolyze inorganic poly-P compared to other DOP sources
under a wide range of prevailing P availability. A variety of
potential mechanisms may underlie the preferential degradation
of P-anhydrides in diatom cell-free filtrates, including differences
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FIGURE 7 | Diversity and distribution of phosphatases in replicate cell-free filtrates of (A) 7. oceanica CCMP1005 and (B) 7. pseudonana CCMP1335. Each circle
represents one biological replicate. GenBank accession numbers are provided. For ease of comparison to a previous study by Dyhrman et al. (2012), the JGI PID’s
for the T. pseudonana CCMP1335 phosphatases identified in this study are as follows: Genbank EED91276 (JGI PID 269148); ACI64758 (41256); EED90008
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in the amount, substrate versatility, stability, and diversity of
P-hydrolyzing enzymes.

Thalassiosira oceanica exhibited the most versatile response
to P amendments, consistent with a diverse nutrient utilization
profile expected in this isolate from the P-limited Sargasso Sea.
For example, T. oceanica had the broadest potential to utilize
both 3poly-P and ATP, regardless of overall P status (Figure 2).
Furthermore, every culture upregulated the degradation of
ATP under P-deplete conditions, but T. oceanica was the
only one that also increased its capacity to degrade 3poly-
P in response to P scarcity (Figure 3). These results suggest
that while enhanced ATP utilization may be a widespread
adaptation to low P availability among Thalassiosira spp., elevated
3poly-P utilization may not be. Rather, in T. pseudonana,
active P-anhydride degradation may be constitutive. Overall,
the P utilization potential of T. pseudonana CCMP1014, an
oceanic isolate from the NPSG, exhibited more similarity
toward T. pseudonana CCMP1335 than T. oceanica. This
finding may indicate that species- rather than habitat-level
factors may be a more prevalent control over DOP cycling
by these diatoms, although each of these strains has been in
culture for over 40 years and some genetic drift has likely
occurred.

P Hydrolysis of Model DOP Sources in

the Coastal Western North Atlantic

Although some SRP uptake probably occurred in our field
incubations, the results suggest that it was too slow to decrease
SRP concentrations by more than the detection limit of
800 nmol L™!. This outcome is consistent with SRP uptake
rates observed in other coastal systems with similar chlorophyll
concentrations as our field sites (Harrison et al,, 1977). SRP
uptake therefore did not affect measured rates of inorganic poly-P
hydrolysis.

Degradation rates of inorganic 3poly-P and 45poly-P were
similar in field samples, which is consistent with the chain
length-independent utilization of poly-P by some eukaryotic
phytoplankton observed in a previous study (Diaz et al., 2016).
Maximum rates of inorganic poly-P hydrolysis determined by the
SRP method were significantly higher than fluorescence-based
measurements of MUF-P hydrolysis in four out of five field
sites examined in the coastal North Atlantic (Figure 6B and
Table 2). These differences may be even more extreme, based
on the finding that the SRP method for P hydrolysis is
systematically conservative relative to the fluorescence-based
approach (Figure 5).

The majority of studies on marine DOP hydrolysis have
focused on P-monoester degradation in oligotrophic waters,
where DOP hydrolysis is thought to function primarily as a
phosphate-inhibitable phytoplankton response to P depletion
(Duhamel et al., 2010; Lin et al., 2016). Above the threshold SRP
level of ~30 nmol L~!, P-monoester hydrolysis is typically less
than ~1 nmol L™! hr™! (~20 nmol pg chl™! hr!) in these
systems (Mahaffey et al., 2014). Consistent with this finding,
chlorophyll-normalized rates of MUF-P and inorganic poly-P
hydrolysis are less than ~20 nmol jLg chl™! hr~! in the relatively
high-P coastal sites examined here (SRP > ~150 nmol L™1).

However, because total chlorophyll levels are much higher in the
waters examined in this study, the volume-normalized rates are
much higher (~4- to ~20-fold) than in the oligotrophic ocean.
Similar rates of volume-normalized P-ester hydrolysis have been
previously reported from coastal systems and deep waters (Li
et al., 1998; Dyhrman and Ruttenberg, 2006; Nicholson et al.,
2006; Davis et al., 2014).

The strong correlation of P hydrolysis rates with chlorophyll
levels (Figure 6C), and the lack of correlation with bacterial
abundance (Figure 6D), suggests that the observed P dynamics
were driven by phytoplankton. MUF-P hydrolysis (but not
inorganic poly-P degradation) at the Buzzards Bay site was
inconsistent with the overall relationship to chlorophyll,
which suggests additional, non-phytoplankton associated
mechanisms of P-monoester degradation, such as contributions
from heterotrophic bacteria. Heterotrophic bacteria utilize
phosphatases to remineralize and acquire the carbon and
nitrogen contained in DOP (Wilkins, 1972; Wanner and
McSharry, 1982; Hoppe and Ullrich, 1999). Because the
degradation of inorganic poly-P yields no carbon or nitrogen,
heterotrophic bacteria may not contribute extensively to
the degradation of inorganic poly-P sources. Thus, in a
system dominated by bacterially driven DOP hydrolysis, the
inorganic poly-P and P-ester dynamics may be decoupled,
such that P-ester hydrolysis rates are substantially higher than
inorganic poly-P degradation, consistent with results from
the Buzzard’s Bay site. In agreement with this hypothesis,
the ratio of bacteria to phytoplankton cells was ~3-
fold higher in Buzzards Bay than at any other location
(Supplementary Table S1). Furthermore, White et al
(2012) found that 3poly-P was less extensively degraded
than P-esters like AMP and glucose-6-phosphate in seawater
incubations that had been pre-conditioned to favor bacterial
growth.

Phosphatase Diversity in Diatom

Cultures

Enzymes modulating the P-hydrolysis reactions observed in
diatom cultures and coastal Atlantic field samples may include
phosphatases such as AP, inorganic pyrophosphatase, and
nucleoside triphosphatases. AP’s are the best-known group of
enzymes involved in DOP utilization by phytoplankton (Lin et al.,
2016). These P-esterases are widely distributed in prokaryotic
and eukaryotic microorganisms yet show only limited homology
across these two groups (Lin et al., 2012). Furthermore, AP’s
are much better characterized in prokaryotes than microbial
eukaryotes (Shaked et al., 2006; Xu et al., 2006, 2010; Lin et al,,
2011, 2013, 2015, 2016). For example, major prokaryotic AP
isoforms include PhoA, PhoX, and PhoD (Luo et al., 2009,
2011). All of these have been detected in seawater, with PhoD
being the most prevalent, followed by PhoX (Luo et al., 2009;
Sebastian and Ammerman, 2009; Kathuria and Martiny, 2010;
Luo et al, 2011). Substrate specificities of the AP isoforms
are not completely characterized, but they may exhibit a wide
degree of flexibility. For example, E. coli PhoA is also a
polyphosphatase (Lorenz and Schroder, 2001; Huang et al,
2018).
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Multiple putative AP’s have been recognized in the genome,
transcriptome, and proteome of T. pseudonana CCMP1335
(Armbrust et al., 2004; Dyhrman et al,, 2012), and at least
one of these has been recognized for its resemblance to
bacterial PhoA (Lin et al, 2016). Using BLASTP translated
genome searches of T. pseudonana CCMP1335 and T. oceanica
CCMP1005 with bacterial PhoA, PhoD, and PhoX queries,
additional putative AP homologs were identified herein
(Table 3). However, none of these sequences were apparent
in the exoproteome data of either diatom species (Figure 7),
suggesting that these enzymes may be exclusively cell-associated
and ruling them out from participating in the P-hydrolysis
dynamics observed in culture filtrates. Exoproteome samples
revealed a number of other putative phosphatases, the diversity
of which was biased in favor of P-anhydride degradation
(Figure 7), consistent with the observed preferential hydrolysis of
P-anhydrides in culture filtrates (Figures 2-4). The mechanisms
leading to the appearance of these phosphatases in the
exoproteome remain unclear, but may potentially include
active secretion, passive dislodging of cell surface-associated
enzymes during cultivation, and/or adventitious release during
filtrate preparation.

Nearly all of the phosphatase hits present in the T. pseudonana
CCMP1335 exoproteome (Figure 7) were also detected in its
cell-associated transcriptome and proteome, which were
reported in a previous study (Dyhrman et al, 2012). The
only exception was the P-diesterase (GenBank EED94265).
However, this sequence also could not be found in the JGI
translated genome assemblies for T. pseudonana CCMP1335
utilized by Dyhrman et al. (2012). The absence of a protein
sequence from the reference database precludes its identification
in the experimental data. Thus, the absence of EED94265
in the proteome data from this previous study is at least
partially a result of the different methods employed. As for
the other putative phosphatases detected in the present study,
none were upregulated in the T. pseudonana CCMP1335
transcriptome or proteome under P-deplete conditions
(Dyhrman et al,, 2012). In fact, three hits were upregulated
under P-replete conditions: two GTPases (EED91276 in
the proteome only; EED90008 in the transcriptome only)
and one ATPase (transcriptome and proteome: EED92744).
These results are consistent with the lack of upregulation
of 3poly-P hydrolysis in the cell-free filtrate of this species
under -P conditions (Figure 3E). On the other hand,
ATP degradation was enhanced (~2.5-fold) under low P
availability in T. pseudonana CCMP1335 cell-free filtrates
(Figure 3H), but this activity may not be regulated or
sufficiently resolved at the transcriptional or translational
levels.

Some of the exoproteome hits identified in this study
may exhibit phosphatase activities by operating in the reverse
direction of their annotated functions (e.g., ATP synthase
components). Sequence information can identify candidate
enzymes for a given biochemical function, however, these
hits must be purified and assessed in vitro to verify their
actual enzymatic reactivity. Furthermore, the presence of some
protein hits in the exoproteomes may be unexpected. For

example, an abundance of proteins affiliated with the ATP
synthase complex were found in the exoproteomes of both
diatom species. However, in some microorganisms, ATP synthase
localizes in the cell membrane, utilizing the proton-motive force
produced by the light activated proton-pump proteorhodopsin
to generate ATP (Lin et al., 2016). In fact, proteorhodopsin
expression may be an active aspect of diatom physiology
(Marchetti et al., 2012; Marchetti et al., 2015). The potential
localization of ATP synthase on the plasma membrane suggests
that it could potentially become adventitiously dislodged without
substantial cellular disruption or lysis (e.g., through daily
physical mixing of cultures). Indeed, the release of cell-associated
material was likely minimal during the preparation of diatom
cell-free filtrates, as only 133 protein hits were detected in
T. pseudonana CCMP1335 exoprotomes out of 1264 total
protein hits reported in a prior study (Dyhrman et al,
2012).

Synthesis and Perspectives

The P-anhydride bond is essential to life. It serves as the
universal basis of cellular energy transduction through the
formation and hydrolysis of ATP and also plays diverse
regulatory roles in the form of inorganic polyphosphates that
are made by every cell in nature. As a widespread and labile
constituent of marine DOP, P-anhydrides may also represent
a bioavailable P source capable of supporting phytoplankton
growth and productivity in the ocean. This P-anhydride pool
has largely been overshadowed by the prevailing assumption
that the much more abundant standing stock of marine P-esters
is the most important DOP source. Based on results from
this study, however, the possibility that P-anhydrides support
a high degree, maybe even a majority, of DOP turnover
and assimilation in diverse marine environments should be
considered.

If P-esters are less preferred than P-anhydrides, then
APA measurements may underestimate levels of P stress in
oligotrophic systems, where phosphatase activity primarily
functions in the acquisition of P by P-starved phytoplankton.
In high-nutrient coastal systems, P-anhydrase activity may be
constitutively expressed regardless of prevailing orthophosphate
availability (Ammerman and Azam, 1991), suggesting that
P-anhydrides may be a part of the highly labile DOP pool that
is rapidly cycled in these environments (Benitez-Nelson and
Buesseler, 1999). For example, in T. pseudonana, degradation
of inorganic 3poly-P was just as high or higher under replete
P conditions (Figures 3E,F). Furthermore, in T. pseudonana
CCMP1335, this trend was consistent at the protein level, where
each of the potential enzymes involved in 3poly-P degradation
(Figure 7) were just as prevalent or more prevalent under
P-rich conditions examined in a previous study (Dyhrman et al,,
2012).

The degradation of dissolved P-anhydrides may be cryptic,
with the relatively low abundance of this pool (Young and
Ingall, 2010) masking rapid recycling rates. In situ P-anhydride
degradation rates are dependent on the inherent degradation
kinetics of the bulk P-anhydrase pool, as well as the in
situ concentration of P-anhydride substrates. The maximum
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hydrolysis rates reported herein do not necessarily reflect in
situ degradation rates, because actual P-anhydride levels may
not be rate-saturating. In situ DOP utilization rates have
been estimated based on standing stock DOP concentrations
(Duhamel et al.,, 2011), but cryptic cycling commonly evades
detection by concentration-based approaches (Canfield et al.,
2010; Hansel et al, 2015; Berg et al, 2016). Rather, cryptic
transformation rates may be more readily quantified by using
high-sensitivity radiotracers amended at levels similar to in situ
substrate concentrations. Biologically mediated cryptic pathways
can also be illuminated by investigating the community-level
metabolic potential, as manifest in environmental genome,
transcriptome, and proteome sequence data. As a step toward this
goal, the present study has identified a diversity of diatom-derived
phosphatases that may drive P-anhydrase reactions in the marine
environment.

In addition to radiotracers and bioinformatics approaches,
the study of P-anhydride degradation in marine systems would
also be advanced by the availability of representative labeled
substrates. For example, P-ester degradation (conventionally
referred to as APA) is routinely assessed using sensitive
fluorogenic and chromogenic substrates (Hoppe, 2003; Dyhrman
and Ruttenberg, 2006; Mahaftey et al., 2014; Davis and Mahaffey,
2017). By quantifying the inert, signal-bearing probe that is
released during P hydrolysis, these substrates can be used to
track P-hydrolysis rates independently of P dynamics, which is
especially important at high cell densities. Synthesis of labeled
inorganic poly-P has been described (Choi et al., 2010; Hebbard
et al, 2014), but these substrates were unreactive in positive
controls tested in this study (data not shown).

Future work should focus on methods to assess the P
hydrolysis of diverse DOP compounds by whole cells. The
application of such methods should confirm whether the
DOP dynamics observed here in diatom cell-free filtrates
reflect broader DOP nutritional preferences. For example,
the P hydrolytic potential of diatom cell-free filtrates implies
that these microorganisms have a capacity, and potentially a
preference in the case of 3poly-P, to utilize a diversity of P sources
for growth. If cultures had been amended with 3poly-P during
stationary phase, the elevated potential for 3polyP hydrolysis
(Figure 2) may have helped the cultures avoid crashing, although
this was not tested. The P-hydrolysis of DOP sources is not
necessarily coupled to the biological assimilation of enzymatically
released P, however (Ammerman and Azam, 1985; Duhamel
et al., 2017). For instance, heterotrophic bacteria are thought
to degrade organic P sources as a carbon and/or nitrogen
utilization strategy, and phosphate may accumulate in seawater
as aresult (Hoppe and Ullrich, 1999; Hoppe, 2003). Furthermore,
if phosphatases are not actively degraded, then their activity
can lead to the accumulation of dissolved inorganic P when
other factors besides P availability limit plankton growth. In
such a case, the accumulation of enzymatically released P may
have other implications for marine ecosystem functioning. For
example, the primary pathway for long-term P removal is the
authigenic (or in situ) formation of marine calcium phosphate

minerals (Ruttenberg, 2014). The direct precipitation of these
minerals is kinetically inhibited in most marine environments but
may involve inorganic poly-P as a reactive intermediate (Schulz
and Schulz, 2005; Diaz et al., 2008). In fact, the inherently high
capacity for P-anhydride degradation documented in diatom
cultures and natural samples in this study suggests that pulsed
or spatially-heterogeneous poly-P inputs could lead to the
formation of transient, submicron-scale “hotspots,” which may
be kinetically conducive to the formation of authigenic calcium
phosphate minerals.
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