LIMNOLOGY A

and s

O C E AN O G RAPHY Limnol. Oceanogr. 61, 2016, 2222-2233

© 2016 Association for the Sciences of Limnology and Oceanography
doi: 10.1002/In0.10367

4||m
==

Understanding marine dissolved organic matter production:
Compositional insights from axenic cultures of Thalassiosira
pseudonana

Emily M. Saad,' Amelia F. Longo," Luke R. Chambers,' Rixiang Huang,' Claudia Benitez-Nelson,?

Sonya T. Dyhrman,? Julia M. Diaz,* Yuanzhi Tang,' Ellery D. Ingall*'

!School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, Georgia

2Marine Science Program and Department of Earth and Ocean Sciences, University of South Carolina, Columbia, South
Carolina

3Department of Farth and Environmental Sciences and the Lamont-Doherty Earth Observatory, Columbia University,
Palisades, New York

“Department of Marine Sciences, Skidaway Institute of Oceanography, University of Georgia, Savannah, Georgia

Abstract

Marine dissolved organic matter (DOM) is a key source of carbon and nutrients to microbial life in the
oceans, but rapid biological utilization of labile DOM confounds its compositional characterization. In order
to characterize potentially bioavailable DOM produced by phytoplankton, DOM from axenic cultures of Tha-
lassiosira pseudonana cultivated in phosphorus (P) replete and low P conditions was extracted using high-
recovery electrodialysis (ED) techniques, which resulted in an average dissolved organic carbon (DOC) recov-
ery of 76% = 7% from all cultures. Low P concentrations resulted in greater cell-normalized production of
DOC relative to P replete culture controls at the same growth phase. Despite the different nutrient condi-
tions, DOC composition and DOM molar ratios of carbon to nitrogen (C : N) were similar in all cultures. In
contrast, low P concentrations influenced DOM molar carbon to phosphorus (C : P) ratios and dissolved
organic phosphorus (DOP) composition. Under P replete and low P conditions, DOM C : P ratios were 130
(+ 22) and 2446 (*+ 519), respectively. *'P Nuclear Magnetic Resonance (NMR) spectroscopy identified P
esters (> 90% of DOP) as the dominant P species in DOM produced under P replete conditions, with small or
negligible contributions from phosphonates or glycerol P and polyphosphates. However, based on direct fluo-
rometric analysis, DOP from low P cultures was greater than 8 times enriched in dissolved polyphosphate
compared to DOP from replete cultures, which is consistent with the growing evidence that polyphosphate is
a dynamic component of total P in low P ocean regions.

Dissolved organic matter (DOM) is a source of bioavail-
able carbon (C) and nutrients, including nitrogen (N) and
phosphorus (P). In the ocean, DOM supports the growth of
marine bacteria (Azam et al. 1983) and phytoplankton
(Bronk et al. 2007; Duhamel et al. 2010), especially in oligo-
trophic ocean regions (Thomas 1971; Fogg 1983; Ducklow
et al. 1995; Karl et al. 1998; Agusti and Duarte 2013). Fur-
thermore, DOM composition influences marine microbial
community structure (Neogi et al. 2011; Gomez-Consarnau
et al. 2012; Nelson and Carlson 2012; Dinasquet et al. 2013)
and ultimately carbon remineralization and export (Letscher
and Moore 2015). Despite its critical role in ocean
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biogeochemistry, the composition of DOM remains poorly
understood (Benner 2002).

DOM is produced via degradation of non-living organic
matter and is also actively produced by living organisms
(Carlson and Hansell 2014) including phytoplankton, which
are considered a source of labile DOM (Cole et al. 1982;
Norrman et al. 1995). Labile DOM is preferentially utilized,
predominantly by marine heterotrophs (Jensen 1983; Kirch-
man et al. 1991; Reinthaler and Herndl 2005; Carlson and
Hansell 2014), over timescales of minutes to weeks (Amon
et al. 2001; Carlson 2002). However, ambient pools of
marine DOM, which are typically characterized in composi-
tional studies (Benner 2002), have radiocarbon ages in the
range of thousands of years (Williams and Druffel 1987;
Bauer et al. 1992; Loh et al. 2004; Karl and Bjorkman 2014;
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Druffel and Griffin 2015) and, thus, may not reflect freshly
produced, labile DOM.

Ambient pools of marine DOM contain dissolved organic
forms of C (DOC), P (DOP), and N (DON), including biomo-
lecules and their derivatives (Repeta 2014). Of these forms,
this study focuses on DOP in order to better understand
intriguing compositional observations in the ocean. Diverse
regions and depths of the ocean contain relatively consistent
proportions of polyphosphates (molecules with at least three
P atoms joined by P-O-P bonds), 8-13% of DOP; phospho-
nates (direct C-P bonds), 5-10%; and P esters (P-O-C bonds),
80-85% (Young and Ingall 2010). This uniform composition
of DOP, which is distinct from that of marine organisms,
has been attributed to microbial decomposition processes
(Clark et al. 1998, 1999; Kolowith et al. 2001; Karl and Bjork-
man 2014; Young and Ingall 2010). However, despite the
critical role of these P forms as potential P sources (Martin
et al. 2014; Van Mooy et al. 2015) and as possible drivers of
climate (Diaz et al. 2008; Karl et al. 2008), the composition
of DOP initially produced by microorganisms remains largely
unexplored.

In order to characterize the DOM fraction initially sup-
plied to marine systems, previous studies have examined
DOM produced in controlled cultures of marine phytoplank-
ton (Helebust 1965; Myklestad 1977; Obernosterer and
Herndl 1995; Biddanda and Benner 1997; Biersmith and Ben-
ner 1998; Aluwihare and Repeta 1999; Granum et al. 2002).
DOM compositional characterization in these studies focused
on either specific compounds, such as polysaccharides, or
bulk analysis of the high molecular weight fraction of DOM.
Compositional differences between phytoplankton-derived
DOM and ambient ocean DOM identified in these studies
were attributed to selective utilization of certain compounds
by bacteria (Biddanda and Benner 1997; Biersmith and Ben-
ner 1998; Aluwihare and Repeta 1999). In fact, the composi-
tion of phytoplankton-derived DOM can be altered by
heterotrophic processing on timescales of days to weeks due
to preferential consumption of not only specific compound
classes, but also of specific molecules within compound
classes (Amon et al. 2001).

Limited evidence based on analysis of specific compounds
or bacterial utilization of DOM produced in culture studies
suggests that nutrient availability influences the composition
of phytoplankton-derived DOM (Myklestad and Haug 1972;
Myklestad 1977; Obernosterer and Herndl 1995; Puddu et al.
2003). For example, phytoplankton growth under low P con-
ditions can result in the production of DOM that supports a
distinct microbial community compared to DOM produced
under P replete conditions (Puddu et al. 2003), which may
reflect bioavailability differences and, thus, compositional
differences between DOM pools produced under different P
regimes. Although N is often the limiting nutrient over vast
marine areas, spatial and temporal increases in N abundance
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may shift systems to P limitation (Karl et al. 1995, 1997;
Moore et al. 2013). Phytoplankton alter cellular P allocation
in response to P scarcity, specifically through the substitu-
tion of sulfolipids for phospholipids (Van Mooy et al. 2009;
Martin et al. 2011) and modulation of cellular phosphorus
pools like polyphosphate compounds (Dyhrman et al. 2012;
Martin et al. 2014; Diaz et al. 2016). Whether these P-
dependent particulate dynamics translate to similar composi-
tional shifts within the DOP pool remain unknown.

For all DOM studies, there are difficulties associated with
obtaining a representative sample for chemical analysis
(Hedges 1992; Benner 2002). Most chemical characterization
techniques require naturally low concentrations of marine
DOM (~ 1 ppm) to be isolated from the high salt content of
seawater (~ 35,000 ppm) (Repeta 2014). Isolation difficulties
traditionally limit DOM studies to the analysis of a small
number of molecules that can be directly measured in a high
salt matrix or to the characterization of the partial DOM
fractions that can be recovered. For example, many studies
have isolated DOM via ultrafiltration, which recovers the
high molecular weight fraction of DOM (> 1 kDa) (see refer-
ences in Benner 2002). Thus, low molecular weight, poten-
tially bioavailable molecules typically escape characterization
(Kujawinski 2011). In fact, phytoplankton-derived DOM is
dominated by low molecular weight molecules (Jensen 1983;
Lancelot 1984), which have been suggested to have a com-
position distinct from molecules in the high molecular
weight fraction (Benner et al. 1992; Biddanda and Benner
1997).

Recently developed electrodialysis (ED) extraction techni-
ques have improved DOM recoveries by approximately three
times compared to ultrafiltration (Koprivnjak 2009; Green
et al. 2014). Higher recovery yields a final sample that is
more representative of bulk DOM by diminishing the bias
towards the high molecular weight DOM fraction recovered
using ultrafiltration (Vetter et al. 2007; Koprivnjak et al.
2009). Thus, ED techniques offer the potential for new
insights into the marine DOM composition. For example,
the application of ED has recently revealed the presence of
dissolved polyphosphates in diverse marine waters (Diaz
et al. 2008; Young and Ingall 2010), which typically go
undetected in ultrafiltration studies (e.g., Clark et al. 1998,
1999; Kolowith et al. 2001; Sannigrahi et al. 2006).

In previous culture studies, the low DOM extraction effi-
ciencies of ultrafiltration required processing large volumes
to obtain analytically relevant quantities for studies of bulk
DOM composition (Biddanda and Benner 1997). Large vol-
umes made it difficult to evaluate the composition of
phytoplankton-derived DOM in the absence of bacteria and
fungi (axenic conditions), which can consume the most bio-
available fractions on time scales of minutes to hours (Carl-
son 2002). The larger recoveries of ED permit the use of
smaller culture volumes to obtain analytically useable DOM
quantities for bulk compositional analyses. Additionally,
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smaller culture volumes simplify the creation and mainte-
nance of axenic conditions and allow for greater levels of
replication and evaluation of key influences on DOM com-
position, such as nutrient availability. Thus, ED offers the
opportunity to characterize labile DOM that is rapidly uti-
lized. Here, ED techniques were used to extract DOM pro-
duced under P replete and low P conditions in triplicate,
axenic cultures of the marine diatom, Thalassiosira pseudo-
nana, in order to provide insight into the composition of
freshly produced, potentially bioavailable DOM supplied to
marine systems.

Methods

Cultures

Axenic T. pseudonana CCMP1335 was obtained from the
National Center for Marine Algae and Microbiota (NCMA),
Bigelow Laboratories, East Boothbay, ME. T. pseudonana was
grown in f/2 medium (Guillard and Ryther 1962) prepared
in an artificial seawater base (Kester et al. 1967). Artificial
seawater without sodium biocarbonate was autoclaved before
the addition of filter-sterilized (0.22 ym) sodium bicarbonate,
nutrients, vitamins, and trace metals. For P replete cultures,
the phosphate and nitrate concentrations were 36 uM and
880 uM, respectively, yielding a molar N : P ratio of 24. Cul-
tures grown under the low P conditions were cultivated with
a ~ 30 fold reduction in inorganic P in culture media. For
low P cultures, phosphate was reduced to 1 uM (N : P = 880).
Cultures (2.5 L) for each nutrient regime were grown in trip-
licate at 22°C on a 12 h : 12 h light : dark cycle at 100 pE
m ™2 s~ ! light intensity in 4 L borosilicate glass flasks. All cul-
tures were inoculated with cells at the same growth phase
grown under nutrient replete conditions. Growth of each
replicate was monitored daily by measuring chlorophyll a
(Chl a) fluorescence (excitation: 440 nm, emission: 680 nm;
Shimadzu RF-5301PC Spectrofluorophotometer) (Lorenzen
1967). During early logarithmic phase, cell abundances were
calculated using our empirically determined relationship
between Chl a fluorescence and direct microscopic counts.
In late logarithmic phase, cells were counted directly to
reduce the uncertainty associated with using Chl a as a
proxy for biomass under different nutrient regimes. In order
to reduce the potential for differences in the rate of DOM
release and DOM composition as a function of growth
phase, DOM was harvested in the late logarithmic phase of
growth for each nutrient condition (Fig. 1) (Myklestad et al.
1989; Urbani et al. 2005; Barofsky et al. 2009). Harvesting in
the late logarithmic phase also limits the degree of DOM
recycling and alteration by T. pseudonana, which would
likely increase late into stationary phase as inorganic
nutrients are depleted and DOP hydrolytic enzymes are
induced (Dyhrman et al. 2012). Specifically, alkaline phos-
phatase activity increases in stationary phase cultures of Emi-
liania huxleyi (Dyhrman and Palenik 2003) and Escherichia
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Fig. 1. Growth curves for P replete and low P T. pseudonana cultures.
Stars indicate the time of harvest. During early logarithmic phase, cell
abundances were calculated using our empirically determined relation-
ship between Chl a fluorescence and direct microscopic counts. In late
logarithmic phase, cells were counted directly. Average and standard
deviation cell density measurements (cells mL™") of triplicate cultures for
each nutrient condition at the time of harvest were as follows: P replete
(1 X 10°=1 x 10°%) and low P (6 X 10° =5 x 10%). Error bars indicate
standard deviation of triplicate cultures for each condition.

coli (Chou et al. 2005), indicating a rise in the enzymatic
hydrolysis of dissolved organic P, which is necessary to avoid
in the current study. Harvesting DOM at this stage of growth
should also mitigate additional DOC inputs due to cell lysis
during stationary phase (Puddu et al. 2003). In order to con-
sistently sample cultures, late logarithmic phase was defined
to occur 24 h before the maximum cell density was reached
for each nutrient condition. This experimental design was
modeled after previous work focused on examining the
physiological impact of low P on phytoplankton (Dyhrman
and Palenik 1999, 2003; Wurch et al. 2014) including T.
pseudonana (Dyhrman et al. 2012). Previous work has shown
that T. pseudonana, grown in N : P> 800 and sampled in late
logarithmic phase, exhibits a multifaceted physiological
response to low P at the transcript, protein, and activity level
(Dyhrman et al. 2012). Axenic conditions were confirmed
for all cultures through plating on LB medium agar
(DeBrouwer et al. 2002) and/or inoculating the culture into
the heterotrophic K-medium and incubating in the dark. A
T. pseudonana culture grown under non-sterile conditions
was used as a positive control in our tests for axenic
conditions.

Dissolved organic matter isolation
DOM produced by T. pseudonana was harvested by asepti-
cally separating biomass from the media via centrifugation
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(2.2 x 103 g, 7 min) and subsequent filtration (< 0.85 bars;
Whatman GF/F, 0.7 pm nominal). This sample was then
processed with ED within 24 h. This study used solely ED
techniques to desalt DOM in contrast to previous studies
that used ED in conjunction with reverse osmosis (Vetter
et al. 2007; Koprivnjak et al. 2009; Green et al. 2014). With
the system used in this study, the approximately 3 L starting
volume is directly freeze-dried after ED processing, removing
the need for water volume reduction by reverse osmosis.
Thus, DOM losses that typically occur during reverse osmosis
processing were avoided. ED was performed using Deukum
electrodialysis stack (Deukum GmbH, Frickenhausen, Ger-
many) coupled to a circulation system built in our lab. To
condition the ED stack for sample processing, it was first
rinsed with ultrapure water (18 MQ cm), followed by sterile
/2 media. The electrodialysis stack consists of 10 cell pairs
of alternating Neosepta anion AMX and cation CMX
exchange membranes (Astom Corp., Tokyo, Japan) held
between a cathode and anode situated at opposite ends of
the stack. The electric potential across the stack was supplied
by a 1.2 kW Sorensen DCS150-8EM1 power supply. Three
pumps and associated valves control the flow and pressure
of the sample, referred to as the diluate, the concentrate,
which is the water reservoir that receives ions from the sam-
ple, and electrode rinse, which is a sodium sulfate solution
that maintains ionic balance between the cathode and
anode. During the ED process, anions are pulled through the
AMX membranes toward the anode, while cations are pulled
through CMX membranes toward the cathode. As the ions
are pulled to their respective electrodes, they move from the
diluate flow into the concentrate flow. The conductivity of
the sample and the applied amperage were continuously
monitored to keep the system below the limiting current
density, which prevents large excursions in pH during sam-
ple processing (Vetter et al. 2007; Young and Ingall 2010).
During ED processing, the concentrate was changed once
when the conductivity of the sample was reduced to approx-
imately 4.0 mS cm™!. When changing the concentrate, the
ED process was paused and 5/6 of the concentrate replaced
with fresh, ultrapure water. This approach allows desalina-
tion to continue without causing a drastic salinity differen-
tial between the concentrate channel and the diluate
channel, which improves DOM recoveries. Samples were
processed from an initial conductivity ~ 5 X 10* uS cm™! to
a conductivity of ~ 150 xS cm™!. The resulting desalinated
sample was freeze-dried, homogenized using an agate mortar
and pestle, and stored at —20°C until analysis.

Extraction and concentration of DOM using ED resulted
in an average DOC recovery of 76% * 7% from all cultures.
These DOC recoveries are much greater than the highest
recoveries obtained using the previously applied techniques
including solid phase extraction, ultrafiltration, and ED
coupled with reverse osmosis (Benner et al. 1992; McCarthy
et al. 1993; Guo et al. 2000; Dittmar et al. 2008; Walker
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et al. 2011; Stubbins et al. 2014; Hertkorn et al. 2013; Green
et al. 2014; Arrieta et al. 2015). The unrecovered DOC likely
consists of surface-reactive molecules that are adsorbed to
ED membranes. In other studies, such surface reactive mole-
cules are desorbed from membranes using a strong base rinse
of the system (Koprivnjak et al. 2011; Green et al. 2014).
Because the use of strong base confounds characterization
methods and likely alters DOM composition, it was avoided
in this study. ED optimization experiments testing the recov-
ery of specific compounds dissolved in artificial seawater
achieved a 90.2% *2.1% recovery of glucose (molecular
weight 180.2 g mol™ '), a 67.5% +9.9% recovery for ethyl-
enediamine tetraacetic acid (EDTA, molecular weight 292.2 g
mol’l), and a 98.3% * 1.6% recovery for vitamin By, (molec-
ular weight 1355.4 g mol ). The difference between glucose,
EDTA, and vitamin B;, recoveries is consistent with the idea
that charged molecules, like EDTA, are more likely to be
sorbed to ED membranes relative to neutral molecules, like
glucose and vitamin B;, (at the ED operating pH).

Dissolved phase analysis

Sample aliquots collected at the beginning and end of ED
process were characterized with several methods to quantify
the recoveries associated with the desalination process. DOC
was measured using high temperature catalytic oxidation on
a Shimadzu TOC-V (Benner and Strom 1993; Sharp et al.
2002). Dissolved inorganic carbon was measured with a flow
injection analysis system by conductivity detection (Analyti-
cal Instruments Systems, Inc. LCC100 integrator) (Hall and
Aller 1992). Dissolved inorganic nitrogen (nitrate and nitrite)
was measured using anion chromatography (Metrohm A
Supp 5 150.0/4.0 mm) coupled to ultraviolet detection (Beck-
man Coulter DU 720 detector) with a sodium chloride eluent
(Beckler et al. 2014). Soluble reactive phosphorus was meas-
ured by spectrophotometry (Murphy and Riley 1962).

Solid phase analysis

Total carbon, nitrogen, and phosphorus were measured in
freeze-dried DOM samples. Total phosphorus was measured
by utilizing high temperature combustion (550°C for 2 h)
followed by extraction in 1 N HCI agitated for 24 h (Solo-
rzano and Sharp 1980) prior to spectrophotometric analysis
(Murphy and Riley 1962). Carbon and nitrogen concentra-
tions were measured using a CHNSO analyzer (Costech
instruments) (Hedges and Stern 1984). Polyphosphate was
quantified using a slightly modified version of the enzymatic
extraction and fluorometric quantification method described
in Martin and Van Mooy (2013). For these samples, nucle-
ases were used to remove nucleic acid interference, as
nucleic acids will also fluoresce in the presence of 4',6'-dia-
midino-2-phenylindole (DAPI), the fluorometric stain used
to quantify polyphosphate.
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13C NMR analysis

13C cross polarized (CP) NMR spectra of freeze dried DOM
samples were collected on a Bruker AVANCE III 400 spec-
trometer equipped with a Bruker double-channel 4-mm
probe and operated at a '*C frequency of 100.6 MHz. A
variable-amplitude CP (VACP) sequence pulse was used with
a 1.0 ms contact time. The samples were packed into a
4 mm diameter zirconia rotor with Kel-F Caps (Wilmad, New
Jersey) and spun at 10 kHz. Chemical shifts for '*C spectra
were externally referenced using adamantane. The spectrum
for each sample was phased, baseline-corrected, and inte-
grated using Bruker’s Topspin 3.0 software. The '*C NMR
spectral data were entered into a mixing model to estimate
the molecular composition of the DOM in terms of non-
specific amino acid, carbohydrate, and lipid content (Nelson
and Baldock 2005; Sannigrahi et al. 2005). The relative inten-
sity of seven chemical shift regions from the spectrum of
each sample was fit and the C : N ratio of each sample was
used as a constraint on compositional identifications. The fit-
ting was performed using the average, upper, and lower limits
of the C : N ratios representing the average and = standard
deviation of DOM C : N ratios from triplicate cultures.

31P NMR analysis

Solid-state *'P  NMR spectra on solid samples were
recorded on a Bruker AVANCE III-HD 500 spectrometer oper-
ating at 202.489 MHz using a 1.9 mm magic angle spinning
(MAS) double resonance probe. SPINAL64 (McGeorge et al.
1999) proton dipolar decoupling with a field strength of
145 kHz was applied during acquisition, and a MAS speed of
20 kHz was used. Bloch decays of 50 ms were collected with
a 200 parts per million (ppm) window after 30 degree excita-
tion pulses. The number of transients collected varied,
depending on the amount of material and ranged from
50,000 to 100,000 scans per sample (24-48 h).

Spectra were fit with up to 5 Lorentzian lines at 18 to 20
ppm (phosphonate or glycerol 1,2-cyclic phosphate), 0 to 2
ppm (orthophosphate), —10 to —12 ppm (diesters), and —22
to —24 ppm (polyphosphate) to determine percentage of
each compound in total P. The NMR peak observed in the
18 to 20 ppm region of the NMR spectra has been tradition-
ally attributed to the presence of phosphonates, however
some *'P NMR studies of T. pseudonana suggest that glycerol
1,2-cyclic phosphate, a biomolecule associated with phos-
pholipid metabolism, is also found in this spectral region
(Boyd et al. 1987; Tesson et al. 2008). Values reported have a
technical error of = 5%, similar to solid-state 3'P NMR studies
in other systems (Diaz et al. 2008).

Results

Average cell-normalized concentrations of DOC (pg
cell™!) in the unprocessed culture media were twice as high
under low P compared to P replete control conditions: P
replete, 3 (= 1) and low P, 6 (= 1). Extraction and
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Table 1. ">C NMR speciation results of different biomolecules
as a percent of total DOC

Biomolecule P replete Low P
Carbohydrates 308 303
Amino acids 70+ 8 69*5
Lipids 0x0 <1=*2

Table 2. DOP and relative quantities of dissolved polyphos-
phate (polyP) content

Species P replete Low P

DOP 13.0+x0.4 0.6 0.4
(nmol mg™")

polyP 548 + 39 252+27
(peqmg ™)

polyP:DOP (eq mol™") 42+1.8 38+8

concentration of DOM using ED resulted in an average DOC
recovery of 76 (£ 7)% from all cultures. DOC recoveries for
P replete controls and low P cultures were 76 (+ 7)% and 75
(= 9)%, respectively. The unrecovered DOC likely consists of
surface-reactive molecules that are adsorbed to ED mem-
branes (see Methods). The exact composition of surface
adsorbed molecules cannot be determined, but the consis-
tency of recovery among nutrient regimes suggests that a
quantitatively and compositionally similar fraction was lost
from all nutrient regimes. ED effectively removed inorganic
C (> 95%), which was consistently below the detection limit
(150 pM) in all samples after ED processing. ED also removed
inorganic N (99.79% = 0.01%), and P (95.8% = 0.9%) from
all samples confirming that the material recovered by ED
was dominantly composed of organic material.

DOM molar C : N ratios were similar for both the low P
treatment and the control despite differences in growth (Fig.
1). Under P replete and low P conditions, DOM molar C : N
ratios were 5.2 (£ 0.6) and 5.2 (% 0.4), respectively. In con-
trast to the C : N ratios, DOM molar C : P ratios exhibited
greater variability among nutrient conditions. Under P
replete and low P conditions, DOM molar C : P ratios were
130 (% 22) and 2446 (= 519), respectively.

Under both nutrient conditions, '*C NMR spectra
revealed that amino acids were the dominant C-containing
compound class in DOM (~ 70% of total C), followed by car-
bohydrates (~ 30%) and minor amounts of lipids (< 1%)
(Table 1). With respect to P composition of P replete cul-
tures, *'P NMR spectroscopy identified P esters (90% *+ 15%)
as the dominant phosphorus species, followed by phospho-
nates or glycerol P (10% = 15%) and polyphosphates (< 5%).
In low P samples, all P compound classes were below detec-
tion under the conditions of our *'P NMR analysis due to
low total P content. The relative abundance of
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Fig. 2. Average C : N ratios (a) and C : P ratios (b) of cultured and ambient ocean DOM. Error bars represent standard deviation around average val-
ues. Biddanda and Benner (1997) report DOM C : N ratios from the marine species Synechococcus bacillaris, Phaoecystis sp., Emiliania huxleyi, and Skel-
etonema costatum grown under nutrient replete conditions. The extrapolated labile DOM C : N and C : P ratios are estimated by Hopkinson and
Vallino (2005) from decomposition stoichiometry of DOM from four ocean regions. Average surface ocean DOM C : N ratios are reported from P
replete (Hansell and Waterhouse 1997) and low P (Hansell and Carlson 2001) regions. Average surface ocean DOM C : P ratios are reported from P
replete (Loh and Bauer 2000; Hopkinson and Vallino 2005) and low P regions (Lomas 2016).

polyphosphate, which was below detection with NMR, was
quantified with direct fluorometric analysis. Because the flu-
orometric polyphosphate quantification method cannot
measure absolute quantities (i.e., molar ratios of
polyphosphate : total P> 1 are possible with this technique
(Martin et al. 2014)), polyphosphate is reported in units of
mole equivalents (eq), similar to previous studies that have
used the same method (Martin et al. 2014; Diaz et al. 2016).
In DOM collected from replete cultures,
polyphosphate : DOP was <5 eq mol !, but in low P sam-
ples, polyphosphates comprised approximately 38 eq mol '
of DOP (Table 2). These results indicate that DOP was more
than ~ 8 times enriched in polyphosphate in low P com-
pared to P replete cultures, even though total DOP content
was much lower under low P conditions.

Discussion

In this study, ED techniques were applied in order to
examine the bulk composition of freshly produced DOM in
T. pseudonana cultures from a low P treatment relative to a
control. DOM production in the ocean is certainly influ-
enced by organisms other than T. pseudonana, and
phytoplankton-derived DOM does exhibit some species-
specific compositional differences (Myklestad 1974; Biddanda
and Benner 1997). In addition to compositional differences
of various phytoplankton species, other DOM sources, such
as the decomposition of particulate matter, grazer mediated
release, and release from prokaryotes (Carlson and Hansell
2014; Thornton 2014), may also play important roles in con-
tributing to marine DOM composition. Nevertheless, T. pseu-
donana, a model diatom that is readily grown in culture,
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provides an excellent starting point to examine the composi-
tion of freshly produced, phytoplankton-derived DOM.

The C : N ratios of DOM produced from axenic cultures
of T. pseudonana were approximately 5.2 for both the low P
treatment and the control. Biddanda and Benner (1997)
characterized DOM C : N ratios averaged over an entire
growth curve for non-axenic cultures grown under nutrient
replete conditions of several common marine phytoplank-
ton, Synechococcus bacillaris (4.1), Phaoecystis sp. (7.0), Emilia-
nia huxleyi (6.3), and Skeletonema costatum (14.1), collected
using ultrafiltration. C : N ratios of surface ocean DOM in
diverse P replete ocean regions average 13 (= 2) (Hansell and
Waterhouse 1997), while dissolved C : N in the low P Sar-
gasso Sea is 14 (= 2) (Hansell and Carlson 2001) (Fig. 2a).
Based on the decomposition stoichiometry of DOM from
diverse ocean regions, Hopkinson and Vallino (2005) extrap-
olated a C : N ratio for labile DOM of 10.7 (* 2.4). The low
DOM C : N ratios observed in axenic T. pseudonana cultures
in this study are consistent with the lower ratio extrapolated
for labile DOM relative to ambient surface ocean DOM.
Additionally, a greater abundance of amino acids was
observed in DOM produced by T. pseudonana (~ 70%) rela-
tive to ambient surface ocean DOM (~ 24%) (Sannigrahi
et al. 2005). Enrichment in amino acids and associated low
C : N ratios in DOM from our cultures relative to surface
ocean DOM is consistent with the idea that N rich molecules
are preferentially utilized in ocean surface waters (Williams
et al. 1980; Hopkinson et al. 1997; Hopkinson et al. 2002).
In fact, some freshly produced phytoplankton-derived pro-
teins have turnover times of hours to days in marine sys-
tems, which suggests rapid utilization (Keil and Kirchman
1993). Similarly, amino acids have been observed to have a
higher utilization rate relative to carbohydrates in
phytoplankton-derived DOM in various surface ocean set-
tings (Williams and Yentsch 1976; Ittekkot 1982; Cherrier
and Bauer 2004).

Although C : N ratios and '*C NMR DOC composition
did not vary, C : P ratios and DOP composition varied
between the low P treatment and control. DOM derived
from T. pseudonana in the P replete control exhibited C : P
ratios of 130 (= 22), which is lower than ratios observed in
surface waters that are typically considered P replete, 299 (+
72) (Fig. 2b) (Loh and Bauer 2000; Hopkinson and Vallino
2005). Based on an extrapolation of the decomposition stoi-
chiometry of DOM from diverse ocean regions, labile DOM
is hypothesized to have a mean C:P ratio of 199 (= 37)
(Hopkinson and Vallino 2005). The low DOM C : P ratios
observed in axenic T. pseudonana cultures under P replete
conditions in this study are consistent with the lower ratio
extrapolated for labile DOM relative to ambient surface
ocean DOM and reaffirm the suggestion that P is preferen-
tially utilized during DOM decomposition (Loh and Bauer
2000; Kolowith et al. 2001; Hopkinson and Vallino 2005;
Letscher and Moore 2015). Furthermore, under P replete

T. pseudonana-derived DOM

conditions, P esters dominated P composition of T. pseudo-
nana-derived DOM (~ 90%) with smaller amounts of DOM
with a chemical shift suggestive of phosphonates and/or
glycerol P (~ 10%) and polyphosphates (< 5%). Composi-
tional dominance of P esters has been similarly observed in
the high molecular weight fraction of DOM from non-axenic
cultures of Synechococcus bacillaris, Phaoecystis sp., Emiliania
huxleyi, and Skeletonema costatum grown under nutrient
replete conditions (Clark et al. 1999). However, ambient
ocean DOP contains a higher proportion of polyphosphates
(8-13%) and phosphonates (5-10%) and a lower proportion
of P esters (80-85%) relative to the DOP composition
observed in phytoplankton cultures (Young and Ingall 2010).
Thus, preferential utilization of dissolved P esters may pro-
duce the higher dissolved C : P ratios and higher relative pro-
portions of dissolved polyphosphate and phosphonates
observed in ambient marine DOM. This preferential utiliza-
tion is consistent with a previously hypothesized mechanism
to explain the composition of ambient ocean DOP (Clark
et al. 1999; Kolowith et al. 2001; Young and Ingall 2010).
Low P concentrations had a strong effect on dissolved
C : P ratios and DOP composition, which, along with
reduced growth rates under low P conditions (Fig. 1), sug-
gests that P concentrations resulted in a physiological
response of T. pseudonana. Low P resulted in an average C : P
ratio of 2446 (+ 519), which is consistent with a DOM C : P
ratio of approximately 2000 observed in the Sargasso Sea
(Lomas 2016), a low P region (Martin et al. 2014) (Fig. 2b).
Furthermore, low P conditions resulted in a distinct DOP
composition. Based on direct fluorometric analysis, DOP
contained ~ 8 times more polyphosphate in the low P cul-
tures compared to P replete cultures, even though total DOP
content was much lower. As a metabolic response to low P,
increases in phytoplankton polyphosphate content relative
to other P containing biomolecules have been observed in
the particulate fraction of T. pseuodonana (Dyhrman et al.
2012), Trichodesmium (Orchard et al. 2010), and Synechococ-
cus (Martin et al. 2014). The relative increase in polyphos-
phates may reflect substitution of molecules, such as
phospholipids, with non-P-containing forms like sulfolipids
(Van Mooy et al. 2009). The high relative levels of dissolved
polyphosphates in DOM observed under low P conditions in
our cultures may be linked to the above previously reported
metabolic responses of organisms to low P availability.

Conclusions

Nutrient ratios, DOC, and DOP composition of freshly
produced, potentially bioavailable phytoplankton-derived
DOM is compositionally distinct from ambient surface ocean
DOM. The preferential utilization of N and P relative C dur-
ing decomposition may lead to observed ambient surface
ocean DOM C : N and C : P ratios. Furthermore, DOC and
DOP compositional differences suggest preferential
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utilization of amino acids and P esters relative to other C
and P containing compounds. DOM production by T. pseu-
donana is strongly altered by low P concentrations resulting
in increases in the ratio of dissolved polyphosphate to DOP.
This increase is consistent with growing observations of pol-
yphosphate enrichment in marine particulates (Martin et al.
2014) and increased polyphosphate gene abundance (Tem-
perton et al. 2011) in low P ocean regions. Forecasted shifts
towards P limitation in some ocean regions (e.g., the North
Pacific (Kim et al. 2014)) may lead to higher dissolved C : P
ratios and dissolved polyphosphate content, which may ulti-
mately alter the species-specific bioavailability of DOP (Diaz
et al. 2016) and microbial species composition.

References

Agusti, S., and C. M. Duarte. 2013. Phytoplankton lysis pre-
dicts dissolved organic carbon release in marine plankton
communities. Biogeosciences 10: 1259-1264. doi:10.5194/
bg-10-1259-2013

Aluwihare, L. I., and D. J. Repeta. 1999. A comparison of the
chemical characteristics of oceanic DOM and extracellular
DOM produced by marine algae. Mar. Ecol. Prog. Ser.
186: 105-117. doi:10.3354/meps186105

Amon, R. M. W., H. P. Fitznar, and R. Benner. 2001. Linkages
among the bioreactivity, chemical composition, and diage-
netic state of marine dissolved organic matter. Limnol.
Oceanogr. 46: 287-297. doi:10.4319/10.2001.46.2.0287

Arrieta, J. M., E. Mayol, R. L. Hansman, G. J. Herndl, T.
Dittmar, and C. M. Duarte. 2015. Dilution limits dissolved
organic carbon utilization in the deep ocean. Science
348: 331-333. doi:10.1126/science.1258955

Azam, F., T. Fenchel, ]J. G. Field, J. S. Gray, L. A. Meyerreil,
and F. Thingstad. 1983. The ecological role of water-
column microbes in the sea. Mar. Ecol. Prog. Ser. 10:
257-263. doi:10.3354/meps010257

Barofsky, A., C. Vidoudez, and G. Pohnert. 2009. Metabolic
profiling reveals growth stage variability in diatom exu-
dates. Limnol. Oceanogr.: Methods 7: 382-390. doi:
10.4319/1om.2009.7.382

Bauer, J. E., P. M. Williams, and E. R. M. Druffel. 1992. C-14
activity of dissolved organic carbon fractions in the North
Central Pacific and Sargasso Sea. Nature 357: 667-670.
doi:10.1038/357667a0

Beckler, J. S., D. B. Nuzzio, and M. Taillefert. 2014. Develop-
ment of single-step liquid chromatography methods with
ultraviolet detection for the measurement of inorganic
anions in marine waters. Limnol. Oceanogr.: Methods 12:
563-576. doi:10.4319/lom.2014.12.563

Benner, R. 2002. Chemical composition and reactivity, p. 59—
90. In D. A. Hansell and C. A. Carlson [eds.], Biogeochem-
istry of marine dissolved organic matter. Academic Press.

Benner, R., J. D. Pakulski, M. Mccarthy, ]J. I. Hedges, and P.
G. Hatcher. 1992. Bulk chemical characteristics of

T. pseudonana-derived DOM

dissolved organic matter in the ocean. Science 255: 1561-
1564. doi:10.1126/science.255.5051.1561

Benner, R., and M. Strom. 1993. A critical evaluation of the
analytical blank associated with DOC measurements by
high-temperature catalytic-oxidation. Mar. Chem. 41:
153-160. d0i:10.1016/0304-4203(93)90113-3

Biddanda, B., and R. Benner. 1997. Carbon, nitrogen, and
carbohydrate fluxes during the production of particulate
and dissolved organic matter by marine phytoplankton.
Limnol. Oceanogr. 42: 506-518. doi:10.4319/10.1997.
42.3.0506

Biersmith, A., and R. Benner. 1998. Carbohydrates in phyto-
plankton and freshly produced dissolved organic matter.
Mar. Chem. 63: 131-144.  doi:10.1016/s50304-
4203(98)00057-7

Boyd, R. K., A. S. W. DeFreitas, J. Hoyle., A. W. McCulloch,
A. G. McInnes, A. Rogerson, and J. A. Walter. 1987. Glyc-
erol 1,2-cyclic phosphate in centric diatoms-Observation
by *'P NMR in vivo, isolation, and structural determina-
tion. J. Biol. Chem. 262: 12406-12408.

Bronk, D. A., J. H. See, P. Bradley, and L. Killberg. 2007.
DON as a source of bioavailable nitrogen for phytoplank-
ton. Biogeosciences 4: 283-296. doi:10.5194/bg-4-283-
2007

Carlson, C. A. 2002. Production and removal processes, p.
91-151. In D. A. Hansell and C. A. Carlson [eds.], Biogeo-
chemistry of marine dissolved organic matter. Academic
Press.

Carlson, C. A., and D. A. Hansell. 2014. DOM sources, sinks,
reactivity, and budgets, p. 65-126. In C. A. Carlson and
D. A. Hansell [eds.], Biogeochemistry of marine dissolved
organic matter. Academic Press.

Cherrier, J., and J. E. Bauer. 2004. Bacterial utilization of
transient plankton-derived dissolved organic carbon and
nitrogen inputs in surface ocean waters. Aquat. Microb.
Ecol. 35: 229-241. do0i:10.3354/ame035229

Chou, J., J. Morse, S. Omeis, and E. S. Venos. 200S. Esche-
richia coli C29 alkaline phosphatase enzyme activity and
protein level in exponential and stationary phases. J. Exp.
Microbiol. Immunol. 7: 1-6.

Clark, L. L., E. D. Ingall, and R. Benner. 1998. Marine phos-
phorus is selectively remineralized. Nature 393: 426. doi:
10.1038/30881

Clark, L. L., E. D. Ingall, and R. Benner. 1999. Marine
organic phosphorus cycling: Novel insights from nuclear
magnetic resonance. Am. J. Sci. 299: 724-737. doi:
10.2475/ajs.299.7-9.724

Cole, J. J., G. E. Likens, and D. L. Strayer. 1982. Photosyn-
thetically produced dissolved organic carbon-An impor-
tant carbon source for planktonic bacteria. Limnol.
Oceanogr. 27: 1080-1090. do0i:10.4319/10.1982.27.6.
1080

DeBrouwer, J. F. C., K. Wolfstein, and L. J. Stal. 2002. Physi-
cal characterization and diel dynamics of different

2229


http://dx.doi.org/10.5194/bg-10-1259-2013
http://dx.doi.org/10.5194/bg-10-1259-2013
http://dx.doi.org/10.3354/meps186105
http://dx.doi.org/10.4319/lo.2001.46.2.0287
http://dx.doi.org/10.1126/science.1258955
http://dx.doi.org/10.3354/meps010257
http://dx.doi.org/10.4319/lom.2009.7.382
http://dx.doi.org/10.1038/357667a0
http://dx.doi.org/10.4319/lom.2014.12.563
http://dx.doi.org/10.1126/science.255.5051.1561
http://dx.doi.org/10.1016/0304-4203(93)90113-3
http://dx.doi.org/10.4319/lo.1997.42.3.0506
http://dx.doi.org/10.4319/lo.1997.42.3.0506
http://dx.doi.org/10.1016/s0304-4203(98)00057-7
http://dx.doi.org/10.1016/s0304-4203(98)00057-7
http://dx.doi.org/10.5194/bg-4-283-2007
http://dx.doi.org/10.5194/bg-4-283-2007
http://dx.doi.org/10.3354/ame035229
http://dx.doi.org/10.1038/30881
http://dx.doi.org/10.2475/ajs.299.7-9.724
http://dx.doi.org/10.4319/lo.1982.27.6.1080
http://dx.doi.org/10.4319/lo.1982.27.6.1080

Saad et al.

fractions of extracellular polysaccharides in an axenic cul-
ture of a benthic diatom. Eur. J. Phycol. 37: 37-44. doi:
10.1017/s0967026201003419

Diaz, J., and others. 2008. Marine polyphosphate: A key
player in geologic phosphorus sequestration. Science 320:
652-655. doi:10.1126/science.1151751

Diaz, J. M., K. M. Bjorkman, S. T. Haley, E. D. Ingall, D. M.
Karl, A. F. Longo, and S. T. Dyhrman. 2016. Polyphos-
phate dynamics at Station ALOHA, North Pacific subtropi-
cal gyre. Limnol. Oceanogr 61: 227-239. doi:10.1002/
Ino.10206

Dinasquet, J., T. Kragh, M. L. Schroter, M. Sondergaard, and
L. Riemann. 2013. Functional and compositional succes-
sion of bacterioplankton in response to a gradient in bioa-
vailable dissolved organic carbon. Environ. Microbiol. 15:
2616-2628. doi:10.1111/1462-2920.12178

Dittmar, T., B. Koch, N. Hertkorn, and G. Kattner. 2008. A
simple and efficient method for the solid-phase extraction
of dissolved organic matter (SPE-DOM) from seawater.
Limnol. Oceanogr.: Methods 6: 230-235. doi:10.4319/
lom.2008.6.230

Druffel, E. R. M., and S. Griffin. 2015. Radiocarbon in dis-
solved organic carbon of the South Pacific Ocean. Geo-
phys. Res. Lett. 42: 4096-4101. doi:10.1002/2015g1063764

Ducklow, H. W., C. A. Carlson, N. R. Bates, A. H. Knap, and
A. F. Michaels. 1995. Dissolved organic carbon as a com-
ponent of the biological pump in the North Atlantic
Ocean. Philos. Trans. R. Soc. B 348: 161-167.

Duhamel, S., S. T. Dyhrman, and D. M. Karl. 2010. Alkaline
phosphatase activity and regulation in the North Pacific
Subtropical Gyre. Limnol. Oceanogr. 55: 1414-1425. doi:
10.4319/10.2010.55.3.1414

Dyhrman, S. T., and B. Palenik. 1999. Phosphate stress in
cultures and field populations of the dinoflagellate Proro-
centrum minimum detected by a single-cell alkaline phos-
phatase assay. Appl. Environ. Microbiol. 65: 3205-3212.

Dyhrman, S. T., and B. Palenik. 2003. A Characterization of
ectoenzyme activity and phosphate-regulated proteins in
the Coccolithophorid Emiliania huxleyi. J. Plankton Res.
25: 11. doi:10.1093/plankt/fbg086

Dyhrman, S. T., and others. 2012. The transcriptome and
proteome of the diatom Thalassiosira pseudonana reveal a
diverse phosphorus stress response. PLoS One 7: 10. doi:
10.1371/journal.pone.0033768

Fogg, G. E. 1983. The ecological significance of extracellular
products of phytoplankton photosynthesis. Bot. Mar. 26:
3-14. doi:10.1515/botm.1983.26.1.3

Gomez-Consarnau, L., M. V. Lindh, J. M. Gasol, and ]J.
Pinhassi. 2012. Structuring of bacterioplankton commun-
ities by specific dissolved organic carbon compounds.
Environ. Microbiol. 14: 2361-2378. doi:10.1111/j.1462-
2920.2012.02804.x

Granum, E., S. Kirkvold, and S. M. Myklestad. 2002. Cellular
and extracellular production of carbohydrates and amino

T. pseudonana-derived DOM

acids by the marine diatom Skeletonema costatum: Diel var-
iations and effects of N depletion. Mar. Ecol. Prog. Ser.
242: 83-94. doi:10.3354/meps242083

Green, N. W, and others 2014. An intercomparison of three
methods for the large-scale isolation of oceanic dissolved
organic matter. Mar. Chem. 161: 14-19. doi:10.1016/
j.marchem.2014.01.012

Guillard, R. R., and J. H. Ryther. 1962. Studies of marine
planktonic diatoms. I. Cyclotella nana Hustedt and Deto-
nula confervacea (Cleve) Gran. Can. J. Microbiol. 8: 229-
239. d0i:10.1139/m62-029

Guo, L., L.-S. Wen, D. Tang, and P. H. Santschi. 2000. Re-
examination of cross-flow ultrafiltration for sampling
aquatic colloids: Evidence from molecular probes. Mar.
Chem. 69: 75-90. doi:10.1016/50304-4203(99)00097-3

Hall, P. O., and R. C. Aller. 1992. Rapid, small-volume flow
injection analysis for CO, and NH; in marine and fresh
waters. Limnol. Oceanogr. 37: 1113-1119. doi:10.4319/
10.1992.37.5.1113

Hansell, D. A., and T. Y. Waterhouse. 1997. Controls on the
distributions of organic carbon and nitrogen in the east-
ern Pacific Ocean. Deep-Sea Res. Part 1 44: 843-857. doi:
10.1016/50967-0637(96)00128-8

Hansell, D. A., and R. A. Feely. 2000. Atmospheric intertropi-
cal convergence impacts surface ocean carbon and nitrogen
biogeochemistry in the western tropical Pacific. Geophys.
Res. Lett. 27: 1013-1016. doi:10.1029/1999g1002376

Hansell, D. A., and C. A. Carlson. 2001. Biogeochemistry of
total organic carbon and nitrogen in the Sargasso Sea:
Control by convective overturn. Deep-Sea Res. II 48:
1649-1667. doi:10.1016/S0967-0645(00)00153-3

Hedges, J. 1. 1992. Global biogeochemical cycles: Progress
and problems. Mar. Chem. 39: 67-93. d0i:10.1016/0304-
4203(92)90096-s

Hedges, J. 1., and J. H. Stern. 1984. Carbon and nitrogen
determinations of carbonate containing solids. Limnol.
Oceanogr. 29: 657-663. d0i:10.4319/10.1984.29.3.0657

Hertkorn, N., M. Harir, B. P. Koch, B. Michalke, and P.
Schmitt-Kopplin. 2013. High-field NMR spectroscopy and
FTICR mass spectrometry: Powerful discovery tools for the
molecular level characterization of marine dissolved
organic matter. Biogeosciences 10: 1583-1624. doi:
10.5194/bg-10-1583-2013

Hopkinson, C. S., B. Fry, and A. L. Nolin. 1997. Stoichiome-
try of dissolved organic matter dynamics on the continen-
tal shelf of the northeastern USA. Cont. Shelf Res. 17:
473-489. doi:10.1016/50278-4343(96)00046-5

Hopkinson, C. S., J. J. Vallino, and A. Nolin. 2002. Decom-
position of dissolved organic matter from the continental
margin. Deep-Sea Res. Part 11 49: 4461-4478. doi:10.1016/
$0967-0645(02)00125-x

Hopkinson, C. S., and J. J. Vallino. 2005. Efficient export of
carbon to the deep ocean through dissolved organic mat-
ter. Nature 433: 142-145. doi:10.1038/nature03191

2230


http://dx.doi.org/10.1017/s0967026201003419
http://dx.doi.org/10.1126/science.1151751
http://dx.doi.org/10.1002/lno.10206
http://dx.doi.org/10.1002/lno.10206
http://dx.doi.org/10.1111/1462-2920.12178
http://dx.doi.org/10.4319/lom.2008.6.230
http://dx.doi.org/10.4319/lom.2008.6.230
http://dx.doi.org/10.1002/2015gl063764
http://dx.doi.org/10.4319/lo.2010.55.3.1414
http://dx.doi.org/10.1371/journal.pone.0033768
http://dx.doi.org/10.1515/botm.1983.26.1.3
http://dx.doi.org/10.1111/j.1462-2920.2012.02804.x
http://dx.doi.org/10.1111/j.1462-2920.2012.02804.x
http://dx.doi.org/10.3354/meps242083
http://dx.doi.org/10.1016/j.marchem.2014.01.012
http://dx.doi.org/10.1016/j.marchem.2014.01.012
http://dx.doi.org/10.1139/m62-029
http://dx.doi.org/10.1016/S0304-4203(99)00097-3
http://dx.doi.org/10.4319/lo.1992.37.5.1113
http://dx.doi.org/10.4319/lo.1992.37.5.1113
http://dx.doi.org/10.1016/s0967-0637(96)00128-8
http://dx.doi.org/10.1029/1999gl002376
http://dx.doi.org/10.1016/S0967-0645(00)00153-3
http://dx.doi.org/10.1016/0304-4203(92)90096-s
http://dx.doi.org/10.1016/0304-4203(92)90096-s
http://dx.doi.org/10.4319/lo.1984.29.3.0657
http://dx.doi.org/10.5194/bg-10-1583-2013
http://dx.doi.org/10.1016/s0278-4343(96)00046-5
http://dx.doi.org/10.1016/s0967-0645(02)00125-x
http://dx.doi.org/10.1016/s0967-0645(02)00125-x
http://dx.doi.org/10.1038/nature03191

Saad et al.

Ittekkot, V. 1982. Variations of dissolved organic matter dur-
ing a plankton bloom-Qualitative aspects based on sugar
and amino acid analyses. Mar. Chem. 11: 143-138. doi:
10.1016/0304-4203(82)90038-x

Jensen, L. M. 1983. Phytoplankton release of extracellular
organic carbon, molecular weight composition, and bacte-
rial assimilation. Mar. Ecol. Prog. Ser. 11: 39-48. doi:
10.1016/0304-4203(82)90038-X

Karl, D. M., R. Letelier, D. Hebel, L. Tupus, J. Dore, J.
Christian, and C. Winn. 1995. Ecosystem changes in the
North Pacific subtropical gyre attributed to the 1991-92 El
Nino. Nature 373: 230-234. doi:10.1038/373230a0

Karl, D., R. Letelier, L. Tupas, J. Dore, J. Christian, and D.
Hebel. 1997. The role of nitrogen fixation in biogeochem-
ical cycling in the subtropical North Pacific Ocean. Nature
388: 533-538. d0i:10.1038/41474

Karl, D. M., D. V. Hebel, K. Bjorkman, and R. M. Letelier. 1998.
The role of dissolved organic matter release in the productiv-
ity of the oligotrophic North Pacific Ocean. Limnol. Ocean-
ogr. 43: 1270-1286. doi:10.4319/10.1998.43.6.1270

Karl, D. M., and K. M. Bjorkman. 2014. Dynamics of dis-
solved organic phosphorus, p. 233-334. In D. A. Hansell
and C. A. Carlson [eds.], The biogeochemistry of marine
dissolved organic matter. Academic Press.

Keil, R. G., and D. L. Kirchman. 1993. Dissolved combined
amino acids: Chemical form and utilization by marine
bacteria. Limnol. Oceanogr. 38: 1256-1270. doi:10.4319/
10.1993.38.6.1256

Kester, D. R., I. W. Duedall, D. N. Connors, and R. M.
Pytkowicz. 1967. Preparation of artificial seawater. Lim-
nol. Oceanogr. 12: 176. doi:10.4319/10.1967.12.1.0176

Kim, I. N., L. Kitack, N. Gruber, D. M. Karl, J. L. Bullister, S.
Yang, and T.-W. Kim. 2014. Increasing anthropogenic
nitrogen in the North Pacific Ocean. Science 346: 1102-
1106. doi:10.1126/science.1258396

Kirchman, D. L., Y. Suzuki, C. Garside, and H. W. Ducklow.
1991. High turnover rates of dissolved organic carbon
during a spring phytoplankton bloom. Nature 352: 612-
614. doi:10.1038/352612a0

Kolowith, L. C., E. D. Ingall, and R. Benner. 2001. Composi-
tion and cycling of marine organic phosphorus. Limnol.
Oceanogr. 46: 309-320. doi:10.4319/10.2001.46.2.0309

Koprivnjak, J. F., and others 2009. Chemical and spectro-
scopic characterization of marine dissolved organic matter
isolated wusing coupled reverse osmosis-electrodialysis.
Geochim. Cosmochim. Acta 73: 4215-4231. doi:10.1016/
j-gca.2009.04.010

Kujawinski, E. B. 2011. The impact of microbial metabolism
on marine dissolved organic matter, p. 567-599. In C. A.
Carlson and S. J. Giovannoni [eds.], Annual review of
marine science, v. 3. Annual Review of Marine Science.
Annual Reviews.

Lancelot, C. 1984. Extracellular release of small and large
molecules by phytoplankton in the Southern Bight of the

T. pseudonana-derived DOM

North Sea. Estuar. Coast. Shelf Sci. 18: 65-77. doi:
10.1016/0272-7714(84)90007-6

Letscher, R. T., and J. K. Moore. 2015. Preferential remineral-
ization of dissolved organic phosphorus and non-Redfield
DOM dynamics in the global ocean: Impacts on marine
productivity, nitrogen fixation, and carbon export. Global
Biogeochem. Cycles 29: 325-340. doi:10.1002/
2014gb004904

Loh, A. N,, and J. E. Bauer. 2000. Distribution, partitioning
and fluxes of dissolved and particulate organic C, N and P
in the eastern North Pacific and Southern Oceans. Deep-
Sea Res. Part I. 47: 2287-2316. doi:10.1016/50967-
0637(00)00027-3

Loh, A. N,, J. E. Bauer, and E. R. M. Druffel. 2004. Variable age-
ing and storage of dissolved organic components in the
open ocean. Nature 430: 877-881. doi:10.1038/nature02780

Lomas, M. W. 2016. Biogeochemical Stoichiometry of the
Sargasso Sea. 2016 Ocean Sciences Meeting Abstract.

Lorenzen, C. J. 1967. Determination of chlorophyll and
pheo-pigments - spectrophotometric equations. Limnol.
Oceanogr. 12: 343-346. do0i:10.4319/10.1967.12.2.0343

Martin, P.,, B. A. S., Van Mooy, A. Heithoff, and S. T.
Dyhrman. 2011. Phosphorus supply drives rapid turnover of
membrane phospholipids in the diatom Thalassiosira pseu-
donana. ISME J. §: 1057-1060. doi:10.1038/ismej.2010.192

Martin, P., and B. A. S. Van Mooy. 2013. Fluorometric quan-
tification of polyphosphate in environmental plankton
samples: Extraction protocols, matrix effects, and nucleic
acid interference. Appl. Environ. Microbiol. 79: 273-281.
doi:10.1128/aem.02592-12

Martin, P., S. T. Dyhrman, M. W. Lomas, N. J. Poulton, and
B. A. S. Van Mooy. 2014. Accumulation and enhanced
cycling of polyphosphate by Sargasso Sea plankton in
response to low phosphorus. Proc. Natl. Acad. Sci. USA
111: 8089-8094. doi:10.1073/pnas.1321719111

McCarthy, M. D., J. I. Hedges, and R. Benner. 1993. The
chemical composition of dissolved organic matter in sea-
water. Chem. Geol. 107: 503-507. doi:10.1016/0009-
2541(93)90240-

McGeorge, C., D. W. Alderman, and D. M. Grant. 1999.
Resolution enhancement in C-13 and N-15 magic-angle
turning experiments with TPPM decoupling. J. Magn.
Reson. 137: 138-143. doi:10.1006/jmre.1998.1664

Moore, C. M., and others. 2013. Processes and patterns of
oceanic nutrient limitation. Nat. Geosci. 6: 701-710. doi:
10.1038/ngeo1765

Murphy, J., and J. P. Riley. 1962. A modified single solution
method for the determination of phosphate in natural
waters. Anal. Chim. Acta. 27: 31-36. doi:10.1016/S0003-
2670(00)88444-5

Myklestad, S. 1974. Production of carbohydrates by marine
planktonic diatoms. I. Comparison of 9 different species
in culture. J. Exp. Mar. Biol. Ecol. 15: 261-274. doi:
10.1016/0022-0981(74)90049-5

2231


http://dx.doi.org/10.1016/0304-4203(82)90038-x
http://dx.doi.org/10.1016/0304-4203(82)90038-X
http://dx.doi.org/10.1038/373230a0
http://dx.doi.org/10.1038/41474
http://dx.doi.org/10.4319/lo.1998.43.6.1270
http://dx.doi.org/10.4319/lo.1993.38.6.1256
http://dx.doi.org/10.4319/lo.1993.38.6.1256
http://dx.doi.org/10.4319/lo.1967.12.1.0176
http://dx.doi.org/10.1126/science.1258396
http://dx.doi.org/10.1038/352612a0
http://dx.doi.org/10.4319/lo.2001.46.2.0309
http://dx.doi.org/10.1016/j.gca.2009.04.010
http://dx.doi.org/10.1016/j.gca.2009.04.010
http://dx.doi.org/10.1016/0272-7714(84)90007-6
http://dx.doi.org/10.1002/2014gb004904
http://dx.doi.org/10.1002/2014gb004904
http://dx.doi.org/10.1016/s0967-0637(00)00027-3
http://dx.doi.org/10.1016/s0967-0637(00)00027-3
http://dx.doi.org/10.1038/nature02780
http://dx.doi.org/10.4319/lo.1967.12.2.0343
http://dx.doi.org/10.1038/ismej.2010.192
http://dx.doi.org/10.1128/aem.02592-12
http://dx.doi.org/10.1073/pnas.1321719111
http://dx.doi.org/10.1016/0009-2541(93)90240-j
http://dx.doi.org/10.1016/0009-2541(93)90240-j
http://dx.doi.org/10.1006/jmre.1998.1664
http://dx.doi.org/10.1038/ngeo1765
http://dx.doi.org/10.1016/S0003-2670(00)88444-5
http://dx.doi.org/10.1016/S0003-2670(00)88444-5
http://dx.doi.org/10.1016/0022-0981(74)90049-5

Saad et al.

Myklestad, S. 1977. Production of carbohydrates by marine
planktonic diatoms. II. Influence of N/P ratio in growth
medium on assimilation ratio, growth rate, and produc-
tion of extracellular carbohydrates by Chaetoceros Affinis
var. willei (Gran) Hustedt and Skeletonema costatum (Grev.)
Cleve. J. Exp. Mar. Biol. Ecol. 29: 161-179. doi:10.1016/
0022-0981(77)90046-6

Myklestad, S., and A. Haug. 1972. Production of carbohydrates
by the marine diatom Chaeticeris affinis var. willei. Part 1
Effect of the concentration of nutrients in the culture
medium. J. Exp. Mar. Biol. Ecol. 9: 125-136. doi:10.1016/
0022-0981(72)90041-x

Mpyklestad, S., O. Holmhansen, K. M. Varum, and B. E. Volcani.
1989. Rate of release of extracellular amino acids and carbo-
hydrates from the marine diatom Chaetoceros affinis. ]. Plank-
ton Res. 11: 763-773. doi:10.1093/plankt/11.4.763

Nelson, P. N., and J. A. Baldock. 2005. Estimating the molecu-
lar composition of a diverse range of natural organic mate-
rials from solid-state (13)C NMR and elemental analyses.
Biogeochemistry 72: 1-34. doi:10.1007/s10533-004-0076-3

Nelson, C. E., and C. A. Carlson. 2012. Tracking differential incor-
poration of dissolved organic carbon types among diverse line-
ages of Sargasso Sea bacterioplankton. Environ. Microbiol. 14:
1500-1516. doi:10.1111/j.1462-2920.2012.02738.x

Neogi, S. B., B. P. Koch, P. Schmitt-Kopplin, C. Pohl, G. Kattner,
S. Yamasaki, and R. ]J. Lara. 2011. Biogeochemical controls on
the bacterial populations in the eastern Atlantic Ocean. Bio-
geosciences 8: 3747-3759. doi:10.5194/bg-8-3747-2011

Norrman, B., U. L. Zweifel, C. S. Hopkinson, and B. Fry.
1995. Production and utilization of dissolved organic car-
bon during an experimental diatom bloom. Limnol. Oce-
anogr. 40: 898-907. doi:10.4319/10.1995.40.5.0898

Obernosterer, 1., and G. J. Herndl. 1995. Phytoplankton
extracellular release and bacterial growth: Dependence on
the inorganic N/P ratio. Mar. Ecol. Prog. Ser. 116: 247-
257. d0i:10.3354/meps116247

Orchard, E. D., C. R. Benitez-Nelson, P. J. Pellechia, M. W.
Lomas, and S. T. Dyhrman. 2010. Polyphosphate in Tricho-
desmium from the low-phosphorus Sargasso Sea. Limnol.
Oceanogr. 55:2161-2169. doi:10.4319/10.2010.55.5.2161

Puddu, A., A. Zoppini, S. Fazi, M. Rosati, S. Amalfitano, and
E. Magaletti. 2003. Bacterial uptake of DOM released from
P-limited phytoplankton. FEMS Microbiol. Ecol. 46: 257-
268. d0i:10.1016/50168-6496(03)00197-1

Reinthaler, T., and G. J. Herndl. 200S5. Seasonal dynamics of
bacterial growth efficiencies in relation to phytoplankton
in the southern North Sea. Aquat. Microb. Ecol. 39: 7-16.
doi:10.3354/ame039007

Repeta, D. J. 2014. Chemical characterization and cycling of
dissolved organic matter, p. 21-63. In D. H. Hansell and
C. A. Carlson [eds.], Marine dissolved organic matter. Aca-
demic Press.

Sannigrahi, P., E. D. Ingall, and R. Benner. 2005. Cycling of
dissolved and particulate organic matter at station Aloha:

T. pseudonana-derived DOM

Insights from C-13 NMR spectroscopy coupled with ele-
mental, isotopic and molecular analyses. Deep-Sea Res.
Part I 52: 1429-1444. doi:10.1016/j.dsr.2005.04.001

Sannigrahi, P., E. D. Ingall, and R. Benner. 2006. Nature and
dynamics of phosphorus-containing components of
marine dissolved and particulate organic matter. Geo-
chim. Cosmochim. Acta 70: 5868-5882. doi:10.1016/
j.gca.2006.08.037

Sharp, J. H., C. A. Carlson, E. T. Peltzer, D. M. Castle-Ward,
K. B. Savidge, and K. R. Rinker. 2002. Final dissolved
organic carbon broad community intercalibration and
preliminary use of DOC reference materials. Mar. Chem.
77: 239-253. doi:10.1016/s0304-4203(02)00002-6

Solorzano, L., and J. H. Sharp. 1980. Determination of total
dissolved phosphorus and particulate phosphorus in natu-
ral waters. Limnol. Oceanogr. 25: 754-757. doi:10.4319/
10.1980.25.4.0754

Stubbins, A., J. F. Lapierre, M.Berggren, Y. T. Prairie,
T.Dittmar, and P. A. del Giorgio. 2014. What's in an
EEM? Molecular signatures associated with dissolved
organic fluorescence in boreal Canada. Environ. Sci. Tech-
nol. 48: 10598-10606. doi:10.1021/es502086e

Temperton, B., J. A. Gilbert, J. P. Quinn, and J. W. Mcgrath.
2011. Novel analysis of oceanic surface water metage-
nomes suggests importance of polyphosphate metabolism
in oligotrophic environments. PLoS One 6: 14. doi:
10.1371/journal.pone.0016499

Tesson, B., and others. 2008. Contribution of multi-nuclear
solid state NMR to the characterization of the Thalassio-
sira pseudonana diatom cell wall. Anal. Bioanal. Chem.
390: 1889-1898. doi:10.1007/5s00216-008-1908-0

Thomas, J. P. 1971. Release of dissolved organic matter from
natural populations of marine phytoplankton. Mar. Biol.
11: 311. doi:10.1007/bf00352449

Thornton, D. C. O. 2014. Dissolved organic matter (DOM)
release by phytoplankton in the contemporary and future
ocean. Eur. J. Phycol. 49: 20-46. doi:10.1080/
09670262.2013.875596

Urbani, R., E. Magaletti, P. Sist, and A. M. Cicero. 200S.
Extracellular carbohydrates released by the marine dia-
toms Cylindrotheca closterium, Thalassiosira pseudonana and
Skeletonema costatum: Effect of P-depletion and growth sta-
tus. Sci. Total Environ. 383: 300-306. doi:10.1016/
j.scitotenv.2005.09.026

Van Mooy, B. A. S., and others. 2009. Phytoplankton in
the ocean use non-phosphorus lipids in response to phos-
phorus scarcity. Nature 458: 69-72. doi:10.1038/
nature07659

Van Mooy, B. A. S., and others. 2015. Major role of plank-
tonic phosphate reduction in the marine phosphorus
redox cycle. Science 348: 783-785. doi:10.1126/
science.aaa8181

Vetter, T. A., E. M. Perdue, E. Ingall, J. F. Koprivnjak, and P.
H. Pfromm. 2007. Combining reverse osmosis and

2232


http://dx.doi.org/10.1016/0022-0981(77)90046-6
http://dx.doi.org/10.1016/0022-0981(77)90046-6
http://dx.doi.org/10.1016/0022-0981(72)90041-x
http://dx.doi.org/10.1016/0022-0981(72)90041-x
http://dx.doi.org/10.1093/plankt/11.4.763
http://dx.doi.org/10.1007/s10533-004-0076-3
http://dx.doi.org/10.1111/j.1462-2920.2012.02738.x
http://dx.doi.org/10.5194/bg-8-3747-2011
http://dx.doi.org/10.4319/lo.1995.40.5.0898
http://dx.doi.org/10.3354/meps116247
http://dx.doi.org/10.4319/lo.2010.55.5.2161
http://dx.doi.org/10.1016/s0168-6496(03)00197-1
http://dx.doi.org/10.3354/ame039007
http://dx.doi.org/10.1016/j.dsr.2005.04.001
http://dx.doi.org/10.1016/j.gca.2006.08.037
http://dx.doi.org/10.1016/j.gca.2006.08.037
http://dx.doi.org/10.1016/s0304-4203(02)00002-6
http://dx.doi.org/10.4319/lo.1980.25.4.0754
http://dx.doi.org/10.4319/lo.1980.25.4.0754
http://dx.doi.org/10.1021/es502086e
http://dx.doi.org/10.1371/journal.pone.0016499
http://dx.doi.org/10.1007/s00216-008-1908-0
http://dx.doi.org/10.1007/bf00352449
http://dx.doi.org/10.1080/09670262.2013.875596
http://dx.doi.org/10.1080/09670262.2013.875596
http://dx.doi.org/10.1016/j.scitotenv.2005.09.026
http://dx.doi.org/10.1016/j.scitotenv.2005.09.026
http://dx.doi.org/10.1038/nature07659
http://dx.doi.org/10.1038/nature07659
http://dx.doi.org/10.1126/science.aaa8181
http://dx.doi.org/10.1126/science.aaa8181

Saad et al.

electrodialysis for more complete recovery of dissolved
organic matter from seawater. Sep. Purif. Technol. 56:
383-387. doi:10.1016/j.seppur.2007.04.012

Walker, B. D., S. R. Beaupré, T. P.Guilderson, E. R. M.Druffel,
and M. D. McCarthy. 2011. Large-volume ultrafiltration
for the study of radiocarbon signatures and size vs. age
relationships in marine dissolved organic matter. Geo-
chim. Cosmochim. Acta 75: 5187-5202. doi:10.1016/
j-gca.2011.06.015

Williams, P. J. L., and C. S. Yentsch. 1976. An examination
of photosynthetic production, excretion of photosyn-
thetic products, and heterotrophic utilization of dissolved
organic compounds with reference to results from a
coastal subtropical sea. Mar. Biol. 35: 31-40. doi:10.1007/
BF00386672

Williams, P. M., A. F. Carlucci, and R. Olson. 1980. A deep
profile of some biologically important properties in the
central North Pacific gyre. Oceanol. Acta 3: 471-476.

Williams, P. M., and E. R. M. Druffel. 1987. Radiocarbon in
dissolved organic matter in the central North Pacific
Ocean. Nature 330: 246-248. doi:10.1038/330246a0

Waurch, L. L., Gobler, C. J., and S. T. Dyhrman. 2014. Expres-
sion of a xanthine and phosphate transporter in cultures

T. pseudonana-derived DOM

and field populations of the harmful alga Aureococcus ano-
phagefferens: Tracking nutritional deficiency during brown
tides. Environ. Microbiol. 16: 3444-3457. doi:10.1111/
1462-2920.12374

Young, C. L., and E. D. Ingall. 2010. Marine dissolved
organic phosphorus composition: Insights from samples
recovered using combined electrodialysis/reverse osmosis.
Aquat. Geochem. 16: 563-574. doi:10.1007/s10498-009-
9087-y

Acknowledgments

This material is based upon work supported by the National Science
Foundation under Grant OCE 1357375 (EDI), OCE 1316036 (STD), and
NASA CAN7 (YT). The data used to produce these results is available
upon request to the corresponding authors. Any opinions, findings, and
conclusions or recommendations expressed in this material are those of
the authors and do not necessarily reflect the views of either the
National Science Foundation or NASA.

Submitted 23 November 2015
Revised 08 February 2016; 31 May 2016
Accepted 2 June 2016

Associate editor: Thomas Anderson

2233


http://dx.doi.org/10.1016/j.seppur.2007.04.012
http://dx.doi.org/10.1016/j.gca.2011.06.015
http://dx.doi.org/10.1016/j.gca.2011.06.015
http://dx.doi.org/10.1007/BF00386672
http://dx.doi.org/10.1007/BF00386672
http://dx.doi.org/10.1038/330246a0
http://dx.doi.org/10.1111/1462-2920.12374
http://dx.doi.org/10.1111/1462-2920.12374
http://dx.doi.org/10.1007/s10498-009-9087-y
http://dx.doi.org/10.1007/s10498-009-9087-y

