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Abstract

A mechanistic understanding of dissolved organic phosphorus (DOP) utilization, and its role in the marine P
cycle, requires knowledge of DOP molecular composition. In this study, a recently developed approach coupling
electrodialysis and reverse osmosis with solution *'P-NMR analysis was used to examine DOP composition
within a tidally dominated salt-marsh estuary (North Inlet, South Carolina) over seasonal and tidal time frames.
The isolation technique allowed for near complete recovery of the DOP pool (90% =+ 13%; n = 12) with six
broad compound classes quantified: phosphonates, phosphomonoesters, phosphodiesters, pyrophosphate, di-
and tri-phosphate nucleotides (nucleoP,), and polyphosphate. Our results indicate that phosphomonoesters
(ca. 61%) and phosphodiesters (ca. 31%) comprise the majority of the DOP pool, with relatively small contribu-
tions from pyrophosphates (ca. 4%), phosphonates (ca. 2%), nucleoP, (ca. 1%), and polyphosphates (ca. 1%).
The study found no significant differences in DOP composition or concentration between tidal stages, despite
significant tidal changes in dissolved organic nitrogen (DON):DOP stoichiometry. Significant seasonal variation
was observed, with higher concentrations of phosphonates, nucleoP,, and monophosphates and lower
phosphomonoester concentrations in Fall relative to all other seasons. We hypothesize that these seasonal varia-
tions reflect the balance between specific compound class seasonal production, lability, and local P demands
associated with marine vs. terrestrial sources. Our results indicate that DOP composition exists at a dynamic
equilibrium that is strongly conserved across diverse marine environments.

The supply and composition of phosphorus (P) directly
impacts marine microorganism production and community
composition (Karl 2014). In turn, these communities shape
the magnitude and rate of numerous marine biogeochemical
cycles, ultimately affecting global climate and marine food
webs (Arrigo 2005). However, due to limitations in analytical
discrimination and differential biological capacity for dis-
solved organic P (DOP) uptake, the biologically available sup-
ply (i.e., bioavailability) of P to marine organisms has been
notoriously difficult to define (Karl and Bjorkman 2015). This
uncertainty prevents a mechanistic understanding of P utiliza-
tion and turnover on biological timescales, which affects the
accuracy of biogeochemical models of global carbon cycling
(Letscher and Moore 2015) and the scientific underpinning
for managing the consequences of eutrophication (Howarth
et al. 2011).

*Correspondence: doug.bell@noaa.gov

Additional Supporting Information may be found in the online version of
this article.

Defining P bioavailability across marine taxa is challenging
due to the diverse and species-specific physiological strategies
utilized in response to P concentration and composition
(Ruttenberg and Dyhrman 2005). To accommodate their rela-
tive P demand, phytoplankton and heterotrophic bacteria can
adjust their P acquisition through three predominant mecha-
nisms: differential expression of inorganic phosphate (P))
transport systems to adjust external P; uptake kinetics (Lin
et al. 2016), internal control of P requirements (Van Mooy
et al. 2009), and the utilization of DOP through compound-
specific hydrolytic enzymes (Cembella et al. 1982). In demon-
stration of the later strategy, Yamaguchi et al. (2005) observed
Chaetoceros ceratosporus to be the only phytoplankton species
(out of five evaluated) that was able to grow with DOP as the
sole P source, which was reinforced by high levels of
corresponding hydrolytic enzyme activity. The ability to uti-
lize DOP dramatically increases the potential supply of P and
an increasing number of studies continue to demonstrate the
potential demand for DOP, including a specificity in the type
of compound classes utilized (Luo et al. 2009; Martinez
et al. 2010). As a result, DOP utilization is a key biological trait
used to explain the complex trends of P stress, limitation, and
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co-limitation in the marine environment (Moore et al. 2013),
preferential remineralization of dissolved organic matter
(DOM,; Clark et al. 1998, Hopkinson et al. 2002), and rates of
DOP turnover, which range from less than a day to months in

the marine environment (Lgnborg and Alvarez-Salgado 2012;
Karl 2014). Given the selective utilization of certain com-
pound classes by microorganisms, a primary technical barrier
to defining P bioavailability has therefore been identifying the
composition of the DOP pool.

Despite technical advances in the identification and quan-
tification of P-containing compound and biomolecule classes
(Diaz et al. 2008; Van Mooy et al. 2009; Kujawinski et al. 2017),
there remains a significant lack of knowledge regarding the
composition of marine DOP at the molecular level scale. At
present, a complete picture of DOP composition is hindered
by overlapping compound reactivities inherent to each
method of analysis (Karl 2014). *'P-NMR spectroscopy, which
does not rely on reactivity, has been demonstrated to be an
effective tool for identification of different P compound clas-
ses in environmental biogeochemistry studies (Cade-
Menun 2005; Simpson et al. 2012). A major limitation of
DOP-specific 3'P-NMR spectroscopy, however, is the sample
mass required for a quantitative signal. The collection of DOP
from seawater, and to a broader extent, DOM, requires con-
centration and purification from an ionized salt matrix (Green
et al. 2014). Kolowith et al. (2001) used ultrafiltration-isolation
(molecular  weight >1000Da) to determine that
phosphoesters and phosphonates are the two dominant clas-
ses of the high molecular weight (HMW) fraction of marine
DOP (i.e., ultrafiltered or UDOP). Yet the majority fraction of
the DOP pool remained unexplored due to the inherent
molecular size bias of ultrafiltration (the HMW fraction com-
prises only ~ 20-40% of DOM). Since then, DOM isolation
has steadily improved due to advances in solid phase extrac-
tion resin techniques and the development of coupled electro-
dialysis and reverse osmosis techniques (ED/RO) (Chambers
et al. 2016). The ED/RO isolation procedure has been shown
to recover relatively large amounts of dissolved organic carbon
(DOC) relative to other techniques (ca. 68%; Chambers
et al. 2016, and sources therein), but equally important is the
technique’s conservation of sample compositional integrity
(Green et al. 2014). Recently, Young and Ingall (2010) applied
ED/RO to isolate and concentrate DOP for *'P-NMR character-
ization, updating current estimates of bulk DOP composition
by including the minor, but consistent presence of the phos-
phoanhydride class. However, this assessment employed solid-
state *'P-NMR spectrscopy, which has limited compound class
resolution due to broad overlapping resonances that are cau-
sed by the presence of paramagnetic ions (e.g., Fe) and large
chemical shift anisotropy (Cade Menun 2005).

Solution-state *'P-NMR achieves greater spectral resolution
while also requiring less sample material, presenting a rela-
tively unexplored opportunity for assessing marine DOP
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(Cade-Menun 2015). Solution *!'P-NMR accomplishes this by
use of an extraction step and solubilization during analysis.
Extraction reduces P complexation with paramagnetic ions,
while solubilization allows for non-static molecular behavior,
which enhances signal resolution. However, this technique
does come at the risk of compound hydrolysis and preferential
extraction (Cade-Menun 2005). Recently, we tested a coupled
ED/RO isolation and solution-state *'P-NMR approach to
determine its efficacy for DOP isolation and compositional
analysis (Bell et al. 2017). Our work demonstrated that ED/RO
recovers a significant majority (83.8% =+ 10.7%) of the DOP
pool with minimal isolation biases, while solution *'P-NMR
allowed for the semi-quantification of several newly resolved
molecular subclasses of DOP (Bell et al. 2017).

Here, we present an updated estimate on the molecular
composition of DOP using ED/RO and solution *'P-NMR. To
date, similar studies that have utilized *'P-NMR techniques
have reported a remarkable level of consistency across a broad
range of marine environments, including intra-water column
similarities. In this study, samples were collected at high and
low tide, twice per season, from a single collection site within
a tidally dominated salt-marsh estuary. The salt-marsh estuary
serves multiple purposes for this study. First, the study
occurred within a National Estuarine Research Reserve System
(NERRS) site, which provided accompanying water quality
monitoring data and a multi-decade history of biogeochemical
research. Second, tidal sampling provided an opportunity to
assess the potential transformation of DOP across the land-
ocean continuum, specifically, the source variability between
the Spartina-dominated salt marsh and an adjacent freshwater
swamp, with a near-shore coastal ocean. Finally, given the
accompanying monitoring data and site accessibility, this
study was able to evaluate the seasonal transition of light- and
temperature-sensitive processes (i.e., primary production,
microbial respiration), which ultimately shape the cycling
of DOP.

Methods

Sample collection

Water was collected at Oyster Landing (OL), a monitoring
site within a bar-built, tidally dominated estuary (North Inlet,
Georgetown County, South Carolina; Fig. 1). The tidal-creek
system sits within the greater North Inlet-Winyah Bay Estua-
rine Research Reserve, which is part of the NERRS. North Inlet
is minimally impacted by anthropogenic forcing and receives
relatively low inputs of freshwater, reflected by daily salinities
that range between 30 and 34 (Gardner et al. 2006). Sampling
was conducted twice per season from August 2014 through
August 2015 at slack high and low tide of the same tidal cycle
(n = 15). Samples were collected at 0.5 m below the surface
(OL depth = 2 m; mean semi-diurnal tidal range = 1.5 m;
Gardner et al. 2006) in acid-rinsed, high-density polyethylene
containers. Samples for DOP 3!'P-NMR analysis were
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Fig. 1. North Inlet — Winyah Bay National Estuarine Research Reserve
(NERR) located near Georgetown, South Carolina. Oyster Landing (NERR
monitoring site) is starred within Crab Haul Creek.

immediately filtered through an acid-rinsed 10.85 inch 0.2 ym
cartridge filter (Flotrex ™ FPN921EGV; GE Water Processes
and Technologies) and stored in the dark at 4°C until ED/RO
processing (1-4 d later). Samples for suspended particulates
were collected onto acid-washed, pre-combusted GF/F filters
(0.7-ym nominal pore size, Whatman). Aliquots from the fil-
trate were collected for dissolved nutrient analyses. Analytical
methods for water chemistry samples are further described
within the Supplemental Material.

Isolation

A detailed description of the ED/RO isolation process,
including instrument operation and an assessment of P recov-
ery, mass balance, and isolation biases is found in Bell
et al. (2017). Briefly, prior to isolation, the ED/RO system
undergoes an acidic and alkaline cleaning treatment. The sys-
tem was first preconditioned with 2 L of sample. The
remaining 12 L of sample was then added to the ED/RO sam-
ple reservoir and diluted with 3 L of 18.2 Q deionized water
(DIW) to reduce the initial electric potential of the ED process.
Sample isolation began exclusively with ED until the sample
reached a threshold conductivity of 5 mS, at which the
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coupled ED/RO process was performed until the sample vol-
ume was reduced to ca. 800 mL (minimal volume for circula-
tion). Electrodialysis was then repeated until sample
conductivity was reduced to ca. 1 mS. The isolated sample was
then drained from all ED/RO reservoirs, the ED/RO instru-
ment soaked and rinsed with a known volume of DIW
(~ 800 mL), and the solution added to the final isolated sam-
ple. This process was slightly modified from the first set of
samples collected during the fall (OL1-OL2). Instead of single
batch processing, sequential additions of sample were added
once the sample was reduced to the minimum circulation vol-
ume (totaling 6-8, 12 L batches). Sequential batch processing,
however, was a considerably longer process, taking nearly
30 h to complete the ED/RO isolation process per sample. Sin-
gle batch processing took roughly 8 h, a reasonable amount of
time for repetitive sample processing, which was a consider-
ation to facilitate adoption of ED/RO isolation. In addition,
sequential batch processing resulted in greater recovery uncer-
tainties due to analytical error propagation of the low P con-
centrations in each initial batch-sample.

Recovery estimates of the liquid isolate were determined by
colorimetric detection (Beckman Coulter DU640 spectropho-
tometer) of soluble reactive P (SRP) and total dissolved P (TDP)
using the Koroleff (1983) method and a modified Monaghan
and Ruttenberg (1999) technique. DOP was determined as the
difference between TDP and SRP (i.e., DOP = TDP — SRP). Lig-
uid sample isolates were then lyophilized in 35 mL aliquots
and dried material was measured for total particulate P and
particulate inorganic P (TPP and PIP, respectively) to assess the
concentration and P speciation prior to *'P-NMR dissolution.
Total particulate P and PIP concentrations were determined
using a modified Aspila et al. (1976) method. Particulate
organic P (POP) was operationally defined as the difference
between total and inorganic fractions (POP = TPP — PIP).

31P_NMR analysis

Sample preparation for solution 3'P-NMR is described in
detail by Bell et al. (2017) with the following amendments.
Lyophilized material (ca. 0.36 g) was dissolved in 275 uL of
deuterium oxide (D,O, Sigma-Aldrich), 275 L. NaOH-EDTA
(0.25 M and 0.05 M, respectively), and 275 uL of 10 M NaOH
(sample pH >12) in a 15 mL polypropylene centrifuge tube
(VWR), following the dissolution procedure described in
Cade-Menun (2015). Separate experimental testing (see Sup-
plemental Material) also examined potential changes in P spe-
ciation under simulated *'P-NMR experimental conditions
and the effect of different material loads on sample dissolu-
tion. Dissolved samples were vortexed for ~ 2 min, then cen-
trifuged for 5 min at 1500 rpm (r = 22.5 cm). Supernatant was
aspirated into a 1.5 mL polypropylene microcentrifuge tube
(USA Scientific) and the residual pellet was diluted with DIW,
neutralized, and frozen for TDP and SRP analysis. Subsamples
(50 uL) of the supernatant were also collected, diluted, and
neutralized for selected samples, and then frozen for TDP and
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Table 1. Isolation recovery estimates and integrity proxies for each analytical phase (organic phosphorus composition; %OP). “Recov-
ery” data includes the percent of dissolved organic P (DOP) recovered using electrodialysis-reverse osmosis (ED/RO) isolation, the total
mass of P, and the concentration of lyophilized isolate. The integrity of the isolate was tracked in the final ED/RO isolate phase (Iso),
after lyophilization (Lyo), upon immediate re-dissolution prior to 3'P-NMR analysis (Diss), and from the 3'P-NMR spectra (NMR). Individ-
ual error is included in parentheses, while the average error associated with the Iso, Lyo, Diss, and NMR phases was approximately 5%,
4%, 6%, and 3%.

Recovery Iso Lyo Diss NMR

ID Date Tide %DOP pmol P pmol P g_1 %O0P %O0P %O0P %O0P
OL1 30 Oct 2014 High . 7.5 (0.5) 10.4 (0.2) 93 (11) 95 (2) 96 (1) 95 (3)
Low . 9.5 (0.3) 8.5 (0.2) 91 (5) 94 (3) 96 (3)

oL2 19 Nov 2014 High ) 6.5 (0.1) 16.1 (0.2) 95 (2) 94 (2) 92 (3)
oL3 07 Feb 2015 High 86 (9) 2.8(0.2) 1.4 (0.0) 96 (12) 93 (2) 95 (10) 92 (3)
Low 106 (10) 4.9(0.3) 1.8 (0.0) 93 (8) 88 (1) 93 (17) 83 (3)

OoL4 27 Feb 2015 High 110 (5)° 2.0 (0.0) 3.7 (0.1) 80 (3) 89 (4) 87 (3)
Low 73 (4) 1.0 (0.0) 3.2(0.1) 82 (4) 92 (6) 84 (7) 80 (3)

oL5 28 Apr 2015 High 99 (11)° 3.4 (0.1) 2.5 (0.0) 91 (3) 87 (4) 89 (1) 86 (3)
Low 100 (6) 7.8 (0.3) 3.0(0.2) 88 (6) 84 (8) 82 (2) 84 (3)

oL6 18 May 2015 High 93 (8)" 2.5(0.1) 2.1 (0.1) 91 (8) 84 (8) 86 (3)
Low 81 (5) 6.9 (0.2) 3.2 (0.0) 84 (4) 85 (2) 90 (1) 89 (3)

oL7 17 Jul 2015 High 76 (10) 2.8 (0.0) 2.0 (0.1) 87 (1) 82 (6) 88 (7) 79 (3)
Low 97 (6) 9.3(0.2) 3.5(0.1) 86 (3) 86 (5) 89 (3)

oL8 06 Aug 2015 High 78 (9) 3.1(0.1) 2.5 (0.0) 91 (6) 89 (2) 87 (4) 82 (3)
Low 81 (8) 7.3(0.1) 2.5(0.1) 80 (3) 91 (6) 94 (10) 92 (3)

“Isolation procedure attempted sequential batch processing that produced large uncertainties with recovery estimates (80-160%).
TCalculations include near or below detection limit SRP and/or suspected incomplete initial circulation.

Table 2. Composition of dissolved organic phosphorus (DOP) from the North Inlet estuary. The P mass analyzed by solution 3'P-NMR
is given in the “Sample” column with the estimated percent that dissolved into the matrix (% diss). Quantifiable components were:
phosphonates (Pnate), monoesters (monoP), diesters (diP), pyrophosphate (pyroP), ester nucleotide-P (nucleo-P,), and long-chain
polyphosphate (polyP). The spectra shift(s) is below each component’s header (in ppm). The raw error of component estimates (i.e.,
instrumentation and post-processing) is approximately £+ 5%.

Pnate monoP diP pyroP nucleoP, polyP
Sample 27 to 23 5to02 2to -4 —4.1 —9to —12 -15to0 25
ID Tide pmol P % diss % % % % % %
OL1 High 2.42 (0.06) 79 (2) 10 51 36 3 0 0
Low 1.95 (0.05) 69 (2) 11 41 38 5 6 0
oL2 High 1.53 (0.04) 62 (2) 1 49 32 3 5 0
oL3 High 0.49 (0.01) 57.(19) 0 67 30 3 0 0
Low 0.42 (0.01) 67 (1) 0 63 26 5 0 7
oL4 High 0.31 (0.01) 66 (3) 0 68 25 7 0 0
Low 0.84 (0.05) 72 (5) 0 60 30 4 0 5
oLs5 High 0.88 (0.01) 46 (31) 0 68 25 6 0 0
Low 1.07 (0.05) 55(13) 0 63 33 4 0 0
oLé6 High 0.55 (0.04) 72 (6) 0 64 33 2 0 0
Low 0.73 (0.01) 63 (1) 0 70 27 3 0 0
oL7 High 0.38 (0.02) 55 (4) 0 59 41 0 0 0
Low 0.66 (0.04) 52 (4) 0 58 27 6 0 2
oL8 High 1.11 (0.04) 64 (5) 0 69 23 8 0 0
Low 0.60 (0.04) 55 (5) 0 64 32 3 0 0
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SRP analysis. Samples were chilled (4°C) for a maximum of
2 h prior to the 3'P-NMR experiment. The integrity of the iso-
late was thus tracked through P measurements in the final
ED/RO isolate phase (Iso), after lyophilization (Lyo), upon
immediate re-dissolution prior to *'P-NMR analysis (Diss) and
using the *'P-NMR spectra (NMR).

Solution *'P-NMR experiments were performed as described
by Bell et al. (2017) on a Bruker Avance III-HD 400 MHz using
a 5-mm broadband Prodigy cryoprobe. The T; relaxation times
(0.9-2.9 s) were determined for a series of DOP compound stan-
dards. Samples with unknown composition were run with a
10 s relaxation delay (i.e., slightly greater than 3x maximum
T;). Spectra were collected with inverse gated (i.e., nuclear
Overhauser effect suppressed) broadband decoupling and shifts
are reported in parts per million (ppm) compared to an external
standard (85% phosphoric acid). Bruker Topsin 3.5 was used for
post-processing results. Deconvolution was completed using
Mestrelab MNova v.10. Experiments were typically run for ~ 7
to 9 h, with two samples run for ~ 13 and ~ 20 h. Temperatures
were kept at 15°C throughout the experiments.

Compound classes were defined over the following spectral
shifts/peaks (similar to Cade-Menun 2005): phosphonate

monoP

(a) OL1 - Low

(b) OL7 - Low
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(27-23 ppm; Pnate), orthophosphate (ca. 5.5 ppm; orthoP),
orthophosphatemonoester-P  (ca. 5.5-2 ppm; monoP),
orthophosphatediester-P (2 to approximately —4 ppm; diP),
pyrophosphate (ca. —4.1 ppm; pyroP), nucleotide ester-linked
P (x group on di- or tri-phosphate chain; -9 to —12 ppm;
nucleoP,); long-chain polyphosphate (-15 to -25 ppm;
polyP). Previous compound-specific testing (Bell et al. 2017)
provided a reference shift library under similar analytical
(i.e., D,O and NaOH) and environmental (i.e., North Inlet
DOM) matrixes, while Cade-Menun (2015) provides an even
larger reference shift library in a matching analytical matrix.
The orthophosphate shift observed in each individual spec-
trum provides an independent reference point between both
compound libraries and individual samples.

To quantify each compound class, several post-processing tech-
niques (backward linear prediction, digital filtering, baseline cor-
rection) were applied to reduce background noise and establish a
corrected baseline. Peak and peak ranges were integrated over the
defined compound classes and defined by natural inflection points
when appropriate. This was often done with diP and pyroP where
peaks overlapped. Spectrum peaks or peak ranges that had a
signal-to-noise (S/N) ratio < 2 were excluded from integration. The

diP pyroP
——
i

nucleoP,

polyP
1 1

T T T T T T
30 25 20 15 10 5

T T T T T T

-5 -10 -15 -20 -25 ppm

Fig. 2. Two example 3'P-NMR spectra of samples taken during low tide in the October 2014 (OL1 — low; a) and July 2015 (OL7 — low; b). Abbreviated
names are referenced as: phosphonates (Pnate), monoesters (monoP), diesters (diP), pyrophosphate (pyroP), ester nucleotide-P (nucleo-P,), and long-
chain polyphosphate (polyP). Peaks i-iii within the diP component are representative of phospholipids, RNA, and DNA, respectively.
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Fig. 3. Mean composition of dissolved organic phosphorus (DOP) over a
year-long period (n = 15) from the North Inlet tidal-estuary. Abbreviated
names are referenced as: phosphonates (Pnate), monoesters (monoP),
diesters (diP), pyrophosphate (pyroP), ester nucleotide-P (nucleo-P,), and
long-chain polyphosphate (polyP). Error bars indicate one standard devia-
tion of the mean.

raw error of these estimates (i.e., instrumentation and post-
processing) is approximately + 5%.

Results

Isolation and solution *'P-NMR preparation

The average ED/RO isolation recovery of DOP was 90% +
13% and ranged from 73% to 110% (n = 12; Table 1). The first
three samples (OL1 - high, low and OL2 - high) used sequential
batch processing that produced large uncertainties of recovery
estimates (80-160%) and are thus not included in the recovery
average. The P mass recovered ranged between 1.0 and 9.5 ymol
P with concentrations of lyophilized material ranging between
1.4 and 16.1 ymol P g~'. Single-batch isolates (i.e., OL3-OLS8)
averaged 2.7 + 0.7 ymol P g~'. Organic P (OP) comprised on
average 88% =+ 5% of the isolated P (Iso, Table 1). Despite the

Resolving marine dissolved organic phosphorus

extensive processing between isolates, the %OP quantified in
31P.NMR analysis (NMR phase; determined as the percentage of
peak area that excludes the orthophosphate peak) was within
error of the initial isolate’s %OP for 12 of 15 samples (Table 1).
Additionally, when the %OP of all four phases (Iso, Lyo, Diss,
and NMR) was averaged for each sample, the variation was con-
sistently low (average %RSD of 15 samples was 4% =+ 2%). Over
the course of the simulated experimental redissolution condi-
tions, DOP was not significantly transformed into SRP
(t=0.691, df = 6, p=0.516; see Supplemental Material).

Molecular composition

Compositional analysis using solution *'P-NMR quantified
six classes of DOP: Pnate, monoP, diP, pyroP, nucleoP,, and
polyP (Table 2). Example spectra (OL1 — high and OL7 - low)
are given in Fig. 2. In all samples, monoP was the greatest con-
tributor to bulk DOP composition (60% =+ 9%), double that of
diP (31% =+ 5%) (Table 2; Fig. 3). PyroP was substantially
lower, comprising 4% =+ 2% of DOP (Table 2; Fig. 3). Pnate
was also a minor component, but highly variable, ranging
from below detection to 11% and averaging 2% =+ 5% of bulk
DOP (Table 2; Fig. 3). NucleoP, and polyP were often
undetectable, representing 1% + 2% and 1% + 2% of DOP,
respectively (Table 2; Fig. 3).

There were no significant differences in DOP composition
between tidal stages, but there was a significant seasonal dif-
ference for the Pnate, monoP, and nucleoP classes in the fall
compared to other seasons (Table 3). Additionally, the % diP
was positively correlated with the % POP (p =0.599, n = 15,
p =0.018; Table S3).

Discussion

Resolving bulk composition
The bulk composition of DOP (i.e., phosphoesters, pho-
sphonates, and phosphonahydrides), as assessed by coupled

Table 3. Averaged components of dissolved organic phosphorus (DOP) composition over seasonal and tidal timescales (shown as per-
centages). Abbreviated names are referenced as: phosphonates (Pnate), monoesters (monoP), diesters (diP), pyrophosphate (pyroP),
ester nucleotide-P (nucleo-P,), and long-chain polyphosphate (polyP). One standard deviation of the mean is included in parentheses.
Significant differences between factor levels (season, tidal stage) are provided from a univariate ANOVA (two-tailed).

Pnate (%) monoP (%) diP (%) pyroP (%) nucleoP, (%) polyP (%)

Fall (n = 3) 11 (1) 47 (6) 35(3) 4 (1) 4(3) —
Winter (n = 4) — 65 (4) 28 (8) 5(2) — 3(4)
Spring (n = 4) — 67 (4) 30 (4) 4(2) — 1(1)
Summer (n = 4) — 63 (5) 31 (8) 4 (4) — —
ANOVA ** ** N.S. N.S. * N.S.
High (n = 8) 3(5) 62 (8) 31 (6) 4 (3) 1(2) 1(3)
Low (n=7) 2 (4) 60 (10) 30 (4) 4 (1) 1(2) 1)
ANOVA N.S. N.S. N.S. N.S. N.S. N.S.
!}l.S., not significant.
p<0.05.

p<0.001.
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ED/RO and solution 3'P-NMR, was similar to past marine
DO?®'P-NMR observations (Kolowith et al. 2001; Sannigrahi
et al. 2006; Young and Ingall 2010; Repeta et al. 2016).
Phosphoesters dominated DOP composition ranging from
80% to 94% of EDOP (i.e., ED or ED/RO isolated DOP; Young
and Ingall, 2010; this study). This is a slightly greater propor-
tion than observed using UDOP (70-75%; UF isolation;
Kolowith et al. 2001; Sannigrahi et al. 2006; Repeta et al. 2016).
Phosphonates were among the smallest components of EDOP
(0-11%) (Young and Ingall, 2010; this study), compared to
UDOP (20-25%) (Kolowith et al. 2001; Sannigrahi et al. 2006;
Repeta et al. 2016). Phosphoanhydrides, while not detected in
open ocean UDOP (Clark et al. 1998; Kolowith et al. 2001),
were comparable to other studies assessments using advanced
isolation or analytical techniques (ca. 3-13%) (Young and
Ingall 2010; Repeta et al. 2016). Still, the primary limitation of
bulk classifications of DOP composition has been the inability
to refine the specific ecological roles and biomolecular sources
of DOP constituents.

From our assessment, five subclasses of P functional groups
were identified: monoP and diP (phosphoesters), pyroP and
polyP (phosphoanhydrides), and nucleoP, (phosphoester and
phosphoanhydride bonding). The phosphonates pool, how-
ever, could not be further resolved. The majority of these sub-
classes have been previously defined in other marine *'P-NMR
(Paytan et al. 2003; Cade-Menun and Paytan 2010), freshwater
3IP.NMR (Bai et al. 2015), and enzymatic characterization
studies (Monbet et al. 2009; Sato et al. 2013).

Phosphoesters

Phosphoesters are the most dominant P bond class mea-
sured in marine seston (Kolowith et al. 2001; Paytan et al. 2003,
Sannigrahi et al. 2006) and phytoplankton cultures (Dyhrman
et al. 2009; Cade-Menun and Paytan 2010), and mirrors the
large phosphoester pool within a typical cell (e.g., nucleic acids,
nucleotides, sugars, and lipids) (Geider and LaRoche, 2002). As
such, and given the overall dominance of phosphoesters within
the DOP pool (~ 90%; Table 2), resolving the bulk class has
been of long-standing interest.

The dominant subclass observed was monoP (60% =+ 9%;
Table 2), although this signal is likely an overestimate due to
the following two pieces of evidence. First, despite the consis-
tent proportions of % OP throughout isolation and analysis
(Table 1), Bell et al. (2017) found that the alkaline pre-
treatment for solution *'P NMR degrades ca. 70% of the diP
standard compound (RNA) and almost completely degraded a
phospholipid standard (L-a-phosphatidylcholine). Similar
levels of degradation have been observed in other solution
31p_NMR assessments (Turner et al. 2003; Cade Menun 2015),
although Turner et al. (2003) found differential degradation
across phospholipid compounds, with L-a-phosphatidyl-L-
serine withstanding degradation (88% intact over 24 h), while
L-a-phosphatidylcholine was degraded almost immediately
(similar to this study). Second, closer inspection of the 3'P
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NMR shifts indicate that monoP is dominated by monop-
hosphate nucleotide peaks (Cade Menun 2015), while phos-
pholipid degradation products (e.g., glycerophosphates) and
sugar phosphates (and possibly phytic acid) were identified
within the shoulder of the dominant monoP peak (Fig. 2a;
Cade Menun 2015).

Therefore, the average diP component measured in this
study (31% =+ 5%) should be considered closer to a minimum
bound. While the bulk diP fraction could be determined, spe-
cific diP compounds could not be routinely identified in the 3'P
NMR spectra (Fig. 2). However, when specific diP peaks were
apparent, they corresponded to, in order of decreasing abun-
dance (Fig. 2a [i-iii]), intact phospholipids (~ 0.9 ppm;
e.g., lipoteichoic acid and various phosphatidyl compounds),
RNA (~ 0.0 ppm), and DNA (~ —0.8 ppm) (Cade Menun 2015).
Notably, Turner et al. (2003) found RNA to degrade completely
after 24 h, while DNA appeared to withstand degradation from
alkaline pretreatment conditions, a similar finding of Cade
Menun (2015). Karl and Bailiff (1989) also observed RNA to
exceed DNA by 3-10 times within the DOP pool, adding sup-
port to our hypothesis that much of the monoP signal is due to
naturally or analytically degraded RNA. One caveat is that
monoP may not be as efficiently recovered using the ED/RO
technique relative to diP. While our isolation results indicated
almost complete recovery and characterization of the entire
DOP pool (Table 1), Bell et al. (2017) found a significant rela-
tionship between isolation recovery and MW. Smaller com-
pounds, such as phosphomethyl-glycine (MW = 169), were
recovered with 50% efficiency while larger compounds, such as
RNA (assumed MW = 3360), were recovered near 80%.

However, we argue that the magnitude of diP degradation
for RNA and other diP compounds outweighs the observed
difference in size-biased recovery as degradation has a double
effect on subclass proportions. Again, we believe our estimates
of diP should be considered a minimum bound, although it is
very possible that diP may be similar or an even greater pro-
portion of the phosphoester class, relative to monoP, as
suggested by several enzymatic characterization studies
(Monbet et al. 2009; Sato et al. 2013). Regardless of the pro-
portions between monoP and diP, the dominance of the
monophosphate nucleotide signal is not surprising given their
critical role as metabolic intermediaries and monomer compo-
nents of nucleic acids (Kujawinski et al. 2017), which are esti-
mated to comprise a large majority of cellular OP, particularly
RNA (Geider and LaRoche 2002).

Phosphoanhydrides

Phosphoanhydrides are comprised of a diverse collection of
compounds that exhibit an orthophosphate polymer, which
include nucleoside di- and tri-phosphates (e.g., ADP and ATP),
polyP, and pyroP, and are integral to a suite of metabolic func-
tions including energy transfer, storage, and metabolic regula-
tion (Kornberg et al. 1999). And while phosphoanhydrides are
not necessarily organically bound, they are operationally
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defined within the DOP fraction and require enzymatic cleav-
age to access P (Lin et al. 2016). Phosphoanhydrides, specifi-
cally polyP, have also received increased attention due to their
recent detection in marine POM, including marine algae
(Paytan et al. 2003), sediments (Diaz et al. 2008) and EDOP
(Young and Ingall 2010).

In our observations, polyP represented a minor component
of DOP, often below the detection limit (1% + 2%; Fig. 3),
while the pyroP class was consistently detected in all samples
at a slightly greater proportion (4% =+ 2%; Table 2; Fig. 3). Sim-
ilar to low MW monoP compounds, pyroP may also have been
under-recovered. Yet, it is also possible that alkaline dissolu-
tion impacted our results by degrading polyP (Bell et al. 2017),
although Turner et al. (2003) found their polyP standard to be
stable for 9 d in NaOH-EDTA. Terminal P from di- and tri-
phosphate mononucleotides could also be included in the
pyroP signal, although this would result in an ester bonded P
peak (i.e., nucleoP,) between -9 and —11 ppm (Figs. 2, 3).
NucleoP,, however, was only detected in two samples during
the fall (OL1 - low and OL2 - high; Table 2). This is not unex-
pected, as previous estimates have calculated ATP to be less
than 2% of the DOP pool (Bjorkman et al. 2018). While our
observed pyroP signal includes contributions from polyP and
nucleoP, classes, several other studies have found pyroP to
account for the majority of phosphoanhydrides in marine par-
ticulate material (Paytan et al. 2003), cellular cultures (Cade-
Menun and Paytan 2010), sediment (Sundareshwar et al. 2001),
and freshwater particulate and dissolved P (Bai et al. 2015).
Furthermore, work by Blake et al. (2005) has demonstrated the
significance of pyrophosphatase and pyroP, the later sourced
from triphosate nucleotides, in regulating the §'®0 signature
of P; in seawater. Therefore, the low, but consistent abundance
of pyroP observed in our samples encourages a closer examina-
tion of pyroP’s role in the microbial P cycle and the interplay
between phosphoanhydride subclasses.

Phosphonates

Phosphonates, which exhibit direct C—P bonding, exist in
cells as functional groups of proteins, lipids, and saccharides
(Horsman and Zechel 2017). The phosphonate class has been
consistently observed in all *'P-NMR DOP studies, and nota-
bly, at a high proportion (~ 20-25% of UDOP) relative to their
observed presence in particulate material (Clark et al. 1998;
Dyrhman et al. 2009). Young and Ingall (2010) demonstrated
that the larger proportion of phosphonates were likely specific
to the HMW portion of DOP, yet still, this class was consis-
tently observed at all study sites (7-10% of EDOP) from a
broad range of marine environments.

In this study, one of the most notable observations was the
low proportion and variable presence of the phosphonate
class, which was only observed during the fall season (similar
to the nucleoP, class). In comparison between dissolved and
particulate phases, the phosphonate class signal was detected
in only 3 of 12 particulate samples we collected and was never
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more than 3% of the TPP fraction (Table S$2). Unfortunately,
there was not enough SPM material collected during the fall
to achieve a reliable NMR spectrum for comparison with our
dissolved samples. In a survey of sinking particulate material
from six ecologically distinct regions, Paytan et al. (2003) also
found POP composition to vary, exhibiting regional differ-
ences, site-specific temporal variation, and the regional pres-
ence or absence of measurable phosphonate concentrations.
However, we do acknowledge that the seasonal presence of
phosphonates, as well as the nucleoP, class, may have been
influenced by the detection limits of the solution *'P-NMR
analyses (ca. 0.02 ymol P). Fall samples analyzed roughly four
times more material than other seasons and Pnate presence
was significantly correlated with the amount of P analyzed
(Table 2; Table S3). Given the diversity of compounds across
the Pnate spectrum shift range (demonstrated by Repeta
et al. 2016), it is possible that our observations were not able
to appropriately integrate the complete suite of individual
phosphonate compounds present, thus leading to an overall
lower detection of the bulk class. Similarly, nucleoP, may have
different spectral shifts depending on the nucleobase and
phosphorylation (i.e., ADP vs. ATP) making them harder to
identify (Cade Menun 2015). Nonetheless, given the lack of a
significant relationship between all other bond classes and
sample mass (Table S3), the consistently low proportions of
pyroP within all spectra (Table 2), and the resolution of spec-
tra with low isolate P (e.g., OL7 — low; Fig. 1b), our results indi-
cate that phosphonates and nucleoP, exist at very low
proportions (< 4%) and are moderately variable depending on
environmental conditions of North Inlet.

Environmental controls of DOP composition

To date, previous DO*'P-NMR studies have demonstrated
that bulk DOP composition exhibits a high degree of similar-
ity over time and space. However, it is possible that low ana-
lytical resolution and limited sampling repetition have
obscured variability in DOP composition thus far. Given the
considerable evidence of DOC compositional variability
(Aluwihare et al. 2002; Osburn et al. 2015), this behavior
seems also likely for DOP. Temporal variability in DOP com-
position is also supported by the seasonality observed in bulk
DOP concentrations and DOP components, such as ATP
(Bjorkman and Karl 2005, Lomas et al. 2010), as well as vari-
able seasonal turnover within the DOP pool (Benitez-Nelson
and Karl 2002). Such seasonal behavior is generally controlled
by the annual timing of SRP supply to a system, and subse-
quent production and preferential remineralization of organic
matter.

From an accompanying study in North Inlet, Bell
et al. (2018) observed significant seasonal dynamics for dis-
solved and particulate P fractions (SRP, DOP, TPP, POP), as
well as C:N:P stoichiometry. DOM stoichiometry indicated
that fall samples represented conditions of preferential
remineralization of P relative to C and N, although maximum
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DOM C:N:P ratios occurred in winter (Bell et al. 2018). Bell
et al. (2018) also determined material exchange for each tidal
cycle and for each dissolved constituent, including the stoichi-
ometry of C, N, and P tidal fluxes. During the fall, DOP was
exported from Crab Haul Creek, while SRP, DIN, DOC, and
dissolved organic nitrogen (DON) were imported. Net DOP
exchange, however, was minimal, with no significant varia-
tion in bulk DOP concentrations with tidal stage. Conversely,
significant tidal variation was observed for all other dissolved
nutrient concentrations measured (DIN, DON, SRP, and
DOC). Bell et al. (2018) also tracked changes to the phyto-
plankton community and found that diatoms dominated
community composition throughout the year. This indicates
that in North Inlet, autotrophic community composition does
not play a dominant role in shaping seasonal biogeochemical
behavior, unlike biomass growth and decomposition.

Considering the seasonal biogeochemistry found by Bell
et al. (2018) within our study site, as well as previous observa-
tions of P seasonal behavior, several hypotheses are proposed
to explain compound-specific and bulk DOP observations.
Assuming DOP turnover is greater during periods of decreased
SRP availability, we hypothesize that late-winter and early-
spring months could maintain relatively low concentrations of
DOP components, as all compounds would be subjected to an
increase in P demand and utilization, and thus be below analyt-
ical detection. Bell et al. (2018) found suspended particulate
material to be predominantly N-limited throughout the year,
although winter-spring months were likely co-limited due to
minimized benthic release of P under oxic-sediment conditions
(Lillebg et al. 2004). For the phosphonate class, we hypothesize
that a relatively higher proportion of phosphonate is produced
during the late summer and fall months under conditions of
secondary production when phosphonate biosynthesis may be
more common among marine bacteria (Horsman and
Zechel 2017) vs. eukaryotic phytoplankton (Dyhrman
et al. 2009). Despite the preferential remineralization of OM,
relatively high P supply allows the phosphonate class to accu-
mulate prior to mixing and export from the tidal creek. This is
consistent with Ilikchyan et al. (2009), who found pho-
sphonate hydrolytic-enzyme transcripts to be repressed during
periods of increased P supply. With respect to the nucleoP, sub-
class, ATP turnover is hypothesized to be rapid and more tightly
coupled under lower P; conditions (Bjorkman et al. 2018). We
argue that nucleoP, accumulation could have occurred during
the fall, when SRP was high, before decreasing in the winter
during low OM production and higher P demand. An invariant
pyroP signal likely reflects the importance of the ubiquitous
intracellular enzyme, pyrophosphatase, which as previously
mentioned, appears to be a significant regulating factor in the
apparent 8'®0 signature and turnover of P; in seawater (Blake
et al. 2005).

As for the two largest subclasses of DOP, monoP and diP
showed no statistically significant seasonal trend. However,
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monoP and diP were inversely correlated throughout the year,
with monoP consistently decreasing from winter to fall, while
diP increased (Table 3). One might expect that the diP compo-
nent to increase in relative proportion with organic matter
(or biomass), and indeed, a significant positive correlation was
observed between the diP subclass and the proportion of
organic P in TPP (i.e., %POP; Table S3). However, if a large
proportion of diP is RNA, an increase in the monoP signal
should also have occurred using our analytical method. The
decreased proportion of monoP in the fall may therefore also
reflect the high bioavailability of monoP nucleotides that are
utilized regardless of P availability. Another driver for the
potentially higher proportions of diP is an accumulation of
lipid-diP. Phospholipids have been reported to consist of both
labile and refractive components (Suzumura and Ingall 2004)
and serve a role in DOM preservation (Nagata and
Kirchman 1992). This may help explain why the most consis-
tent diP shift corresponds to phospholipid compounds
(Fig. 2a-i). Although the diP class has been estimated to have
longer relative turnover times (Sato et al. 2013), our results
suggest that within the entire phosphoester class, there exists
a continuum of labilities for each subclass that are likely regu-
lated under seasonal conditions. This may explain the lack of
significant seasonal variance between the two phosphoester
subclasses, although the analytical challenges brought upon
by solution *'P-NMR (i.e., degradation) and ED/RO isolation
(i.e., under recovery) further complicates confirming seasonal
variances. Moving forward, these results provide a useful and
direct comparison with enzymatic studies that focus on rela-
tive distributions and in situ utilization of phosphoester
subclasses.

DOP behavior across a land-ocean continuum

Nutrient-rich tidal creek systems, such as North Inlet
(Fig. 1), allow for significant mixing, turnover, and transfor-
mation of coastal ocean and salt-marsh OM (Childers
et al. 2002), significantly different from riverine dominated
systems that import large amounts of nutrient-depleted terres-
trial OM to the coastal zone (Hopkinson et al. 1998. With
respect to the DOP pool, our results indicated that tidal
mixing imparts no significant compositional differences
between high and low tidal stages, likely due to rapid physical
turnover and seasonal overprinting (Table 3). Volumetrically,
40% of this study site’s tidal creek (Crab Haul Creek; Fig. 1) is
exchanged over each tidal cycle, although incomplete mixing
maintains effectively longer residence times of biogeochemical
constituents (Gardner et al. 2006).

High intensity precipitation events, however, can influence
the magnitude of terrestrial material entering salt-marsh estua-
rine systems. By chance, one sampling event captured such a
precipitation event (54 mm over 24 h) during the late-winter
(OL4 — low). The 3'P-NMR spectra of OL4-low had a unique
diP signal with an elevated peak shift that corresponded to
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Fig. 4 3'P-NMR spectra for samples taken shortly after a major precipita-
tion event in the late winter (OL4 — Feb 2015). Peaks i-iii within the diP
(phosphodiester) component are representative of phospholipids, RNA,
and DNA, respectively. The sample taken during low tide (a) had an ele-
vated peak, relative to all other samples, at roughly —1 ppm, which is
indicative of intact DNA. The paired sample taken hours later during high
tide (b) shows the same peak area now depressed.

DNA, rather than to lipid-diP, which was the predominant diP
peak shift in the majority of other samples (Fig. 4a). This
observation is supported from wetland soil 3'P-NMR studies
that observed DNA as the dominant diP component
(Turner and Newman 2005). This fraction is assumed to be
mostly extracellular DNA, which can be adsorbed onto reac-
tive soil particles and stabilized against nuclease hydrolysis
(Pietramellara et al. 2009). The relative decrease in the
DNA-diP signal also occurred during high tide, likely due to
mixing, but also potentially due to hydrolysis following
desorption under saline conditions (Fig. 4b). During the
precipitation event, DOP and DON were imported to Crab
Haul Creek whereas DOC experienced its greatest individ-
ual tidal export (Bell et al. 2018). We suggest that this
uncoupling is due to the low nutrient availability that
occurred during the late-winter, where organic N and P
fractions were quickly utilized, while a surplus of humic-
dominated DOC was likely exported. As such, late-winter
precipitation events may facilitate a reset of the tidal mar-
sh’s annual biogeochemical cycle, importing DOM, which
is then desorbed in the tidal creek, and now available to
microbial groups that in turn release N and P for utilization
by autotrophic communities.
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Conclusion: The dynamic equilibrium of DOP

As originally phrased by Waksman and Carey (1935), the
DOM pool is in a “state of dynamic equilibrium” (Karl and
Bjorkman 2015). Indeed, DOP tidal exchange was observed to
be near a net balance and consistently decoupled from DOC
and DON behavior at our study site (Bell et al. 2018). Our
results demonstrated that estuarine DOP was dominated by
monomer and polymer components of nucleic acids. Given
their essential role in metabolism and cell operation, and the
demonstrated environmental potential for enzymatic hydroly-
sis, the composition of DOP represents an even tighter
dynamic equilibrium with its source material, than either
DOC or DON, rapidly turning over under periods of low P
supply. However, under reduced P demand, decoupling may
occur, allowing less reactive components to accumulate and
be subjected to increased physical controls. The consistent
proportion of phosphonates in HMW DOP observed in other
marine studies may reflect accumulation under such condi-
tions. Furthermore, the slightly greater proportion of pho-
sphonates in oceanic DOP, relative to observations in this
study, may also indicate more localized production.

Overall, the increased resolution of DOP composition,
coupled with the well-resolved biogeochemical context of the
tidal estuary, revealed new insights and highlight the poten-
tial for a better understanding of marine P cycling across
regimes. For example, the hypothesized seasonal shifts in DOP
composition enable further evaluation of the potential
changes in microbial source contribution (auto- and heterotro-
phic), while increased resolution allows specific biomolecular
class bioavailability to be (re)evaluated at the community and
species level. Comparisons at the bulk-level showed that
estuarine DOP composition exhibit similar abundances of
phosphoesters, phosphonates, and phosphoanhydrides, con-
sistent with previous work from the coastal and open ocean
(Kolowith et al. 2001; Sannigrahi et al. 2006; Young and
Ingall 2010). This degree of similarity indicates that the funda-
mental interactions (i.e., compound-specific production and
utilization) that drive the microbial P cycle are conserved
across all marine environments, although the fate of DOP
(i.e., utilization or export) and the degree of seasonal variabil-
ity for each DOP subclass, rely on local conditions of P
demand.
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