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Under conditions of fixed N-limitation, as with most oligotrophic systems, the
process of biological N, fixation (diazotrophy) is favored, provided the necessary trace
elements and vitamins are sufficient. Despite the well understood contributions of N,
fixation in oligotrophic regions, the nutritional and ecological controls of marine
diazotrophs have not been well characterized. The aim of this thesis is to explore the
role of phosphorus (P) in regulating productivity and nitrogen fixation rates of
diazotrophs and to examine the method of phosphorus fractionation as a proxy for P-
status. Phosphorus is an essential element required by all marine organisms for many
components of the cell. Herein, we demonstrate that P plays an important role in
regulating productivity and nitrogen fixation rates of diazotrophs. Chapter two
characterizes the spatial variation of nitrogen and carbon fixation rates and presents a
series of experiments designed to determine the role of inorganic and organic
phosphorus limitation in diazotrophic productivity. We present a spatially extensive
record of dinitrogen (N») fixation rates and distributions of N, fixing microorganisms
along with the results of exogenous P addition experiments conducted during a series
of cruises in the North Pacific Subtropical Gyre (NPSG). These experiments produced
three major findings: (1) methylphosphonate (MPn) and dissolved inorganic
phosphorus (DIP) were utilized with equal metabolic efficiency over a single

photoperiod, (2) the bulk of the enhanced N fixation rates were within the range



reported for the Hawaii Ocean Time-series (HOT) suggesting that P levels in this
region can be saturating but were not at the time of sampling and (3) MPn and DIP
additions stimulated C fixation rates beyond estimated contributions by diazotrophs,
and hence both DIP and bioavailable dissolved organic phosphorus (DOP) additions
could lead to enhancement of net primary productivity on short time-scales. Chapter
three presents an initial investigation into compartmentalization of phosphorus in
natural assemblages of Trichodesmium in relation to the bulk plankton community and
explores the use of a phosphorus fractionation method as a potential proxy for P-
status. We evaluated intracellular P compartmentalization by both the bulk natural
assemblage of plankton and isolated colonies of Trichodesmium from five cruises
within the North and South Pacific subtropical Gyres (NPSG and SPSG, respectively).
Using a trichloroacetic acid extraction method, samples were analyzed for total and
acid soluble fractions of particulate P. Field data suggest that natural populations of
Trichodesmium demonstrate a unique internal composition of primarily inorganic
phosphorus while the bulk plankton assemblage are composed of primarily organic P

pools.
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1 Introduction

"Without phosphorus there would be no thoughts.”
- Fredrich Karl Christian Ludwig Buchner

1.1 Phosphorus: sources and analysis

1.1.1 Phosphorus sources

Phosphorus (P) is an essential macronutrient required by all marine organisms
for structural and functional components of the cell. From a physiological and
biochemical perspective, P is fundamental to growth and uptake kinetics and microbial
production. Cytological adaptations such as the storage of P in inclusions and vacuoles
for later use are crucial to marine organisms in low P environments. The ecological
role of P in the marine environment in terms of both seasonal distributions and
bioavailability of P compounds is of great interest in understanding the adaptive
strategies of P utilization and the coping mechanisms of organisms during P depletion.

The role of P in phytoplankton productivity in the marine environment has
long been perceived as limiting over geological time scales (Codispoti, 1989),
however P also limits the productivity of specific functional groups, dinitrogen fixing
organisms in particular, on shorter time-scales as these organisms have the capacity to
acquire nitrogen from N, which is always available in excess in surface waters (Tyrell,
1999). In this respect, it is important to characterize P transformations from cellular to
ecosystem scales in order to better understand the role of P in regulation of marine
productivity. The primary oceanic source of P is riverine input via continental
weathering of the Earths’ crust, with smaller contributions from atmospheric
deposition and volcanic eruptions (Benitez-Nelson, 2000). The recycling of P in the
marine environment is a rapid process and regeneration of P can account for a
substantial portion of utilizable P within a system (Griffith et al. 1973). Figure 1-1
depicts a broad representation of the marine phosphorus cycle (provided by A.E.



White). Once P enters the marine environment it is cycled through intracellular,

organic and inorganic reservoirs as it is transformed by microorganisms.

1.1.2 Phosphorus: definitions and analysis

Phosphorus in the marine environment is present in many molecular forms and
is comprised of a dissolved and particulate pool, each of which includes an organic
and inorganic fraction. As with other methods of chemical analysis, phosphorus pools
are operationally defined. The total dissolved phosphorus (TDP) pool is defined as
both dissolved inorganic phosphorus (DIP) and dissolved organic phosphorus (DOP).
Inorganic P residues consist of orthophosphate (PO4) and pyrophosphates with PO4
widely accepted as the most readily bioavailable pool for photoautotrophs. The high
molecular weight fraction of the organic P pool is comprised of roughly 25%
phosphonates and 75% esters (Kolowith et al. 2001). Methodological limitations
restrict our ability to fully characterize the low molecular weight P pools. The
functional classes of DOP compounds are listed in Table 1-1 and include phosphate
monoesters and diesters (C-O-P bond class) and phosphonates (C-P bond). Also
included within this table is a summary of the marine diazotrophs capable of utilizing
the specific DOP compounds listed (adapted from White et al. 2010). Despite the
cryptic nature of the DOP pool, a growing body of literature has documented that both
inorganic and organic P are used to fuel primary productivity in the upper ocean
(Orchard et al. 2010; White et al. 2010; See Chapter 2). One study of note in this
canon is that of Bjorkman et al. (2003); these authors have demonstrated simultaneous
utilization of DOP and DIP occurring at equivalent specific rates per unit biomass in
the upper euphotic zone of the oligotrophic North Pacific.

As previously mentioned, the analytical methods available for the chemical
analysis of different conceptual phosphorus pools are operationally defined. The DIP
portion of the dissolved pool, further denoted as soluble reactive phosphorus (SRP), is
the portion of the TDP pool that is reactive to the molybdenum blue forming complex

(Murphy and Riley, 1962). During the analysis of SRP, it has been observed that a



fraction of inorganic condensed phosphates (polyphosphate and pyrophosphate) and
select organic P compounds may be hydrolyzed (Rigler, 1968; Thomson-Bulldis and
Karl, 1998). With this in mind, the DOP pool, also known as the soluble non-reactive
pool (SNP) is calculated as the TDP less the SRP. While the SRP pool contains some
organic phosphorus components, the SNP pool is not limited to DOP and may include
some inorganic condensed phosphates and particulate contaminants. Due to the
solubilization of compounds within each pool, SRP is considered roughly equivalent
to DIP while SNP is roughly equivalent to DOP (for further reviews refer to Baldwin
(1998) and Karl (2007)). While there are various oxidation procedures for TDP
analysis, herein, we employ the basic persulfate oxidation method of Valderramma
(1981) due to its efficiency in hydrolyzing a suite of commercially available
phosphonate compounds.

The particulate phosphorus (PP) pool, also termed the total particulate
phosphorus (TPP) pool, is divided into an inorganic (PIP) and organic (POP) fraction.
PP pools reflect the P investments in the cellular machinery necessary for basal
metabolism, growth and reproduction and include P bound in nucleic acids, mono- and
di-esters, polyphosphate, phospholipids and other molecular forms. In a broader
context, the PIP fraction includes dissolved phosphorus that has been adsorbed to
abiotic and biotic particles along with the acid-labile fraction of intracellular storage
components such as orthophosphate, polyphosphate and pyrophosphate. TPP also
includes living material and refractory components within detrital particles.

Several analytical procedures are available to quantify the TPP pool and
specifically the PIP and POP fractions within the total pool (Aspila et al. 1976; Miyata
and Hattori, 1986; Solorzano and Sharp, 1980; Yoshimura et al. 2007). Multiple
sequential extraction procedures are a very useful tool in determining the PIP and POP
fractionation in samples but require large volumes of water and extensive chemical
analysis. In our work, we have adopted a simpler acid-extraction method modified
from the method of Miyata and Hattori (1986). The analysis of these analytically
defined phosphorus pools through chemical fractionation of TPP to PIP and POP

allows us to better characterize the intracellular P composition of phytoplankton.



4

Given that PIP and POP pools are operationally defined by acid lability, we have used

commercially available inorganic and organic P compounds as external standards.
1.2 Phosphorus as a potential control of diazotrophy

Under conditions of fixed N-limitation, as with most oligotrophic systems, the
growth of organisms capable of utilizing the near limitless pools of N, (diazotrophs) is
favored, provided the necessary trace elements and vitamins are sufficient. The
process of nitrogen fixation entails the biological reduction of atmospheric N, to
ammonium (NH4"), ammonia (NH3) and dissolved organic nitrogen (DON). The
annual input of N via N, fixation ranges from 90 to 130 Tg N yr”' (Galloway et al.
2004). This range includes estimates based on direct measurements of nitrogen
fixation and geochemical approximations (Galloway et al. 2004; Bates and Hansell,
2004). The rate of nitrogen fixation throughout the marine environment varies
significantly on both temporal and spatial scales (Galloway et al. 2004). Recent
discoveries of previously unknown diazotrophs and expansion of the known spatial
boundaries of pelagic N, fixation have suggested that previous estimates of N, fixation
are low relative to actual global rates (Capone, 2001; Moisander et al. 2010; Montoya
et al. 2004).

Biological N,-fixation is an inefficient process with gross N, fixation in excess
of N demand and concomitant excretion or NH4 and DON, which may lead to short-
lived mitigation of community scale N-limitation (Karl, 2002; Karl et al. 1997).
However, under N-limiting conditions the growth of diazotrophs is ultimately limited
by other elements such as phosphorus (P), iron (Fe) and possibly inorganic carbon
(Karl et al. 1997; Safiudo-Wilhelmy et al. 2001; Hutchins et al. 2007). Numerous
studies have investigated potential controls of diazotrophic production in oligotrophic
systems, and have concluded that the intensity of water column stratification (White et
al. 2007), changes in surface N:P ratios via mixing events (Karl and Letelier, 2008)
and the role of spring iron deposition in relation to a shoaling of the mixed layer (Dore

et al. 2008) are all potential controls of diazotrophy. The previous work of Safiudo-



Wilhelmy et al (2001) has also suggested that phosphorus and iron may co-limit
nitrogen fixation. Chapter two examines P restriction on carbon and nitrogen fixation

rates in the North Pacific subtropical gyre.

1.3 Trichodesmium: unique adaptations in P-restricted
environments

The marine cyanobacterium Trichodesmium is a globally significant bloom
forming diazotroph residing primarily in the euphotic zone of subtropical and
oligotrophic waters (Capone, 2001; Karl et al. 2002). Recognition of Trichodesmium
as an ecologically important organism is a relatively recent phenomenon. While
observations date back to the days of Captain Cook (Ship logs in the 1700’s) and
Darwin (Observations in the Red Sea during the Voyage of the Beagle), only since the
1960’s has Trichodesmium truly become a focus of research. This diazotroph possess
several unique physiological adaptations to cope in oligotrophic environments such as
the ability to fix dinitrogen gas (N,) under aerobic conditions (Berman-Frank et al.
2001), hydrolyze a variety of dissolved organic phosphorus (DOP) compounds (White
et al. 2010), exhibit a broad C:P and N:P stoichiometry (White et al. 2006) and
regulate buoyancy through carbohydrate ballasting (Romans et al. 1994; Villareal and
Carpenter, 2003). The combination of these adaptations has undoubtedly contributed
to their often dominant presence in late summer within the North Pacific Subtropical
gyre (NPSG) (Carpenter, 1983; Carpenter et al. 1992).

In the context of the work presented in this thesis, Trichodesmium has evolved
mechanisms to deal with the chronically low levels of DIP (< 100 nmol L™") within the
NPSG including their ability to hydrolyze organic phosphorus compounds, their
ability to maintain maximal growth rates with low cellular P quotas and the ability to
store P in times of excess (White et al. 2010; White et al. 2006; Letelier and Karl,
1998). DOP concentrations in surface waters of the NPSG are two to three times
greater than that of DIP and therefore represent a large potential bioavailable P pool
(Bjorkman et al. 2000). The ability to hydrolyze DOP compounds may be crucial to

supplementing or fulfilling P requirements necessary for growth, particularly for an



organism such as Trichodesmium, which are characterized by a low affinity for DIP
(Sohm and Capone, 2006; Dyhrman et al. 2007).

Another unique adaptation of Trichodesmium is its ability to exhibit flexible
elemental stoichiometry. Trichodesmium in nature are characterized by a low internal
P cell quota relative to carbon or nitrogen (White et al. 2006; Sohm et al. 2006). The
ecological significance of a low cell quota implies that Trichodesmium is well-adapted
for survival in oligotrophic systems characterized by low P concentrations. The aim of
chapter three is to explore the intracellular phosphorus content of bulk seawater
samples in comparison to picked colonies of Trichodesmium and to investigate the
relationship between relative intracellular P content and the production of organic

matter by Trichodesmium.
1.4 Thesis objectives

The aim of this thesis is to contribute to the existing literature regarding
phosphorus regulation of carbon and nitrogen fixation in natural systems. Chapter two
provides insight into the spatial variation of nitrogen and carbon fixation rates in the
North Pacific and presents a series of experiments designed to examine the potential
role of inorganic and organic phosphorus limitation in diazotrophic productivity.
Chapter three presents an initial investigation into compartmentalization of
phosphorus in natural assemblages of Trichodesmium in relation to the bulk

phytoplankton community.
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Table 1-1. A list of organic phosphorus compound classes including the diazotrophs known to
be capable of metabolizing specific compounds (adapted from White et al. 2010)

Empirical Metabolizing
P-Compound Class P . =
Formula  Diazotroph
PHOSPHATE ESTERS [C-O-P BOND CLASS]
Glucose 6-phosphate (G6P) CH,; 0P
Adenosine 5'monophosphate (AMP) CH:N;O-P

Glycerophosphate (GP)

mye -Inositol hexakisphosphate (InsP6)
PHOSPHONATE [C-P BOND CLASS]

Methvlphosphonic Acid (MPN)

2-Aminoethyl phosphonic acid (2AEP)

Ethylphosphonate (EPN)

2-Amino-3 phosphonopropionic acid (2A3P)

C,H MgO,P sH,0
(various salts)

C,H,,Ca0, P,

CH,0,P
C,H,NO.P
C,H.O,P

C,HNO.P

Crocosphaera (1);
Trichodesmivm (2)

Crocosphaera (1)

(1)
no diazotrophs to date (4)

7 1. Dvhrman & Haley (2006) 2. Mulholland et al. (2002) 3. Karl et al. (2008) 4. White et al.
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2 Enhancement of nitrogen and carbon fixation in the
oligotrophic North Pacific via inorganic and organic
phosphorus additions

2.1 Abstract

We present a spatially extensive record of dinitrogen (N;) fixation rates and
distributions of N, fixing microorganisms along with the results of exogenous
phosphorus (P) addition experiments conducted during a series of cruises in the North
Pacific Subtropical Gyre (NPSG). We measured the N, and carbon (C) fixation rates
of natural plankton assemblages in response to the addition of methylphosphonate
(MPn), a dissolved organic phosphorus (DOP) compound, and dissolved inorganic
phosphorus (DIP). Results are compared to parallel unamended controls. These
experiments produced three major findings: (1) MPn and DIP were utilized with equal
metabolic efficiency over a single photoperiod, (2) the bulk of the enhanced N,
fixation rates were within the range reported for the Hawaii Ocean Time-series (HOT)
suggesting that P levels in this region can be saturating but were not at the time of
sampling and (3) MPn and DIP additions stimulated C fixation rates beyond estimated
contributions by diazotrophs, and hence both DIP and bioavailable DOP additions
could lead to enhancement of net primary productivity on short time-scales. Our
results suggest that the rate of N, fixation in our study region may have been restricted
by the availability and composition of the total P pool (inorganic and organic P)

during our field season.

KEY WORDS: Phosphorus - Nitrogen fixation - Dissolved organic matter
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2.2 Introduction

The surface mixed layer of subtropical oceanic gyres is typically characterized
by a deficit of dissolved inorganic nitrogen (DIN) relative to inorganic phosphorus (P),
where DIN concentrations are nearly always at or below the detection limit of standard
autoanalyzer technology (~30 nmol L™). For this reason the rate of primary
productivity in the oligotrophic subtropical gyres of the Pacific and Atlantic basins has
long been held to be restricted by the supply of reduced nitrogen (N) (Perry and
Eppley 1981; Wu et al. 2000; Karl 2002). Under such conditions biological dinitrogen
(N») fixation, the process by which select genera of marine microorganisms convert N
into cellular N, can act as a source of new N and support a significant fraction of net
primary productivity in DIN-limited systems (Capone 2001; Karl et al. 2002). Despite
the well understood contributions of N, fixation to productivity, elemental cycles and
particle export in oligotrophic regions, the nutritional and ecological controls of
marine diazotrophs have not been well characterized (Vitousek and Howarth 1991;
Zehr and Ward 2002).

While N fixation may lead to short-lived mitigation of community scale N-
limitation, the growth of diazotrophs is ultimately limited by other elements such as
phosphorus (P), iron (Fe) and inorganic carbon (Karl et al. 1997; Safiudo-Wilhelmy et
al. 2001; Hutchins et al. 2007). In the North Pacific subtropical gyre (NPSG), Karl et
al. (2001b) have described climate-driven shifts in the ecology of the NPSG early in
this century that led to enhanced N, fixation and a concomitant drawdown of P. The
authors further hypothesized that this ‘domain shift” would result in a progressive shift
from N-limitation to P-limitation of primary productivity (Karl et al. 2001b) and
eventually to P-limitation of diazotrophs. To address the potential P-limitation of any
functional group in pelagic ecosystems, one must also consider that while inorganic P
(phosphate) is often preferred for growth, a subset of P bound in organic complexes
are bioavailable (Cembella et al. 1982; Dyhrman et al. 2007) and potentially present
in greater concentrations than inorganic pools. In the NPSG, dissolved inorganic P

(DIP) concentrations in surface waters are low (<100 nmol L) relative to biological
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demand (Karl et al. 2001a; Karl and Bjorkman 2002) and relative to dissolved organic
P (DOP) pools which range from 200 to 300 nmol L™ and represent a large potentially
bioavailable P pool (Bjoérkman et al. 2000). Partial characterization of the high
molecular weight fraction of marine DOP by nuclear magnetic resonance (NMR)
spectroscopy reveals a resource comprised of esters and phosphonates in a ratio of 3:1,
respectively (Kolowith et al. 2001).While both of these compound classes are
bioavailable to microbes, including diazotrophs, considerable uncertainty remains
regarding the extent to which bioavailable P (inorganic + labile organic) regulates
diazotrophy, net productivity, and plankton community structure in the oligotrophic
ocean.

In the NPSG, Bjorkman et al. (2000) have shown that the addition of certain DOP
compounds to seawater samples resulted in hydrolysis rates 50 times or more in excess
of ambient P uptake rates. Later, using an isotope dilution technique, Bjorkman and
Karl (2003) demonstrated that the microbial community at Station ALOHA (22.45°N,
158°W), the sampling station for the Hawaii Ocean Time-series (HOT) program,
simultaneously utilized DOP and DIP for P nutrition, with rates of DOP uptake
equivalent to DIP uptake. This work and others (Karl et al. 2008; Duhamel et al. 2010)
elucidated the importance of DOP as a source of P supporting plankton nutrition in the
NPSG. Yet, to date studies examining how natural assemblages of diazotrophs
respond to additions of DOP relative to DIP are lacking.

In this study, we conducted a series of experiments aimed at (1) characterizing the
spatial variability of N, fixation and diazotroph community structure in the NPSG and
(2) assessing the short-term (24-hr) N, fixation and C productivity responses of natural
plankton populations to saturating additions of DIP and a model DOP compound, the
phosphonate methylphosphonate (MPn). MPn was selected as a target compound
based on previous laboratory and in situ studies confirming active MPn hydrolysis by
the diazotroph Trichodesmium (Dyhrman et al. 2006; Karl et al. 2008; White et al.
2010). The overarching objective of this work was to measure the response of
microbial communities to the addition of a potentially limiting nutrient (P) as a direct

test of contemporaneous resource limitation.
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2.3 Materials and Methods

In July through August of 2008, aboard the R/V Kilo Moana, a series of
experiments were conducted near (1) the frontal boundary separating the North Pacific
subtropical and subarctic gyres [Pacific Open Ocean Bloom (POOB) cruise (28°N to
32°N, July 2- July 16)] and (2) near the Hawaiian Islands [Ocean PERturbation
EXperiment (OPEREX) cruise (22°N to 26°N, July 30- August 14)]. The regional
mean satellite-derived sea surface temperature (SST) and chlorophyll a (Chl) fields for
these cruise periods were obtained from the 4-km, level-3 MODIS AQUA data
provided by NASA/Goddard Space Flight Center and accessed via
http://oceancolor.gsfc.nasa.gov. Each cruise track is shown relative to the mean July-
August SST and Chl fields averaged over the specific cruise duration (Fig. 2-1). The
sea surface height anomaly field relative to the POOB and OPEREX cruise efforts
(Fig. 2-2) was obtained from the 3° by /4° resolution, merged TOPEX/Poseidon and
ERS satellite altimetry data for July-August, 2008. These altimeter products were
produced by Ssalto/Duacs and distributed by AVISO, with support from Cnes.

2.3.1 Experimental design

Experimental manipulations were designed to examine the change in C and N,
fixation rates over a 24-hr period in response to additions of either KH,PO4 (Fisher
Scientific 7778, 99%, further denoted as DIP) or MPn (Sigma-Aldrich 64259, >
98%). The rates of N, and C fixation in these treatments were compared to rates
measured in parallel incubations with no added P. At all stations, water was collected
using a Sea-Bird CTD (conductivity, temperature and depth) rosette equipped with 24
PVC 12-L sampling bottles. Polycarbonate bottles (4.4 L) were filled to overflowing
with whole seawater (no pre-screening) collected from within the surface mixed layer.
Care was taken to ensure that no bubbles were present before carefully sealing each
bottle with a septum cap. All samples were collected from the upper 50 m of the

water where irradiance varied between approximately 20-60% of the surface flux.
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Incubation bottles were transferred to on-deck incubators plumbed with surface
seawater and shaded to approximate light levels from which the samples originated.
Two incubators were employed; one screened to ~30% surface irradiance and the
other screened to ~60% of the surface irradiance. Whenever possible, controls (no P
additions) as well as experimental treatments (MPn and/or DIP additions) were
incubated in duplicate. All incubations began as close to dawn as practically possible,

and lasted a full 24-hr period.

2.3.2 Nitrogen and carbon fixation rate determinations

All N, fixation rate measurements employed the '°N, isotopic tracer method
described by Montoya et al. (1996) in parallel with *C-productivity measurements
with rate calculations as per Legendre and Gosselin (1997). Using a gas tight syringe,
2.0 ml of "N, gas (99 atom %, Cambridge Scientific) was injected into each bottle and
the bottles were gently inverted several times. Immediately following '°’N; additions,
0.5 ml of 47 mM bicarbonate (NaH'>CO3) stock was injected into each bottle with a
plunger-type syringe and the bottles were again gently mixed by inversion. For
experimental treatments only, following the injection of both '°N, and NaH"*COs,
each 4.4 L polycarbonate bottle was spiked using a Leur-lock syringe with either DIP
or MPn to reach a final concentration of 5 uM above ambient P levels. The reported
half-saturation coefficients (Ks) for specific-uptake of DIP in natural populations of
Trichodesmium range from 0.4-9.0 umol L' (McCarthy and Carpenter 1979; Sohm &
Capone 2006); values of K for labile DOP uptake are presently unknown for in situ
populations of oceanic diazotrophs, as are DIP uptake kinetics for uncultured
diazotrophic phylotypes (including Group A and Crocosphaera unicellular
diazotrophs and Richelia/diatom symbioses). Given the low affinity for DIP reported
for Trichodesmium and the uncertainty of MPn uptake kinetics, we selected a level of
P addition (5 uM) intended to ensure that the full microbial assemblage was exposed

to saturating, but not inhibitory, concentrations of DIP or DOP. Controls were treated
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and incubated under identical conditions as manipulations but without an external
addition of P to approximate the ambient rate of C and N, fixation in surface waters.

At the termination of each incubation, bottles were filtered onto a 25 mm pre-
combusted glass fiber filter (GFF, Whatman) and stored in a -20°C freezer until later
analysis. Once ashore, samples were acid-fumed, dried overnight at 60°C and then
encapsulated in tin and silver capsules. Particulate C, N and the isotopic composition
of particulate material (SISNPN and 613CPC) were determined using a PDZ Europa
ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer in the University of California Davis stable isotope facility.

To contextualize our results, we also present rates of C and N, fixation rates
from unamended seawater samples measured at or around Station ALOHA during the
2004-2007 field seasons (Fong et al. 2008; Grabowski et al. 2008; Church et al. 2009).
These rate measurements were conducted using methodology similar to what has
been outlined above although a subset of samples were incubated using in Situ arrays
rather than on deck incubations (see Church et al. 2009). Lastly, during the OPEREX
cruise, as we crossed through mesoscale features that coincided with visible
Trichodesmium biomass, we collected duplicate samples from 25 m and 45 m for
subsequent size-fractionated C and N, fixation rate determinations. For these
measurements, two treatments were prepared: (1) whole water incubations filtered
onto a combusted GFF filter (total) and (2) incubations pre-filtered through a 10 um
polycarbonate with the filtrate subsequently retained onto a GFF filter (<10 pm). N,
fixation rates in the large (>10 pm) size fraction were calculated as the difference
between rate measurements in these two samples (>10 um = Total — <10 pm).
Determination of size-fractionated rates was intended to provide insight into the
distribution of N, fixation between small unicellular diazotrophs and large filamentous

diazotrophs along this section of our study region.
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2.3.3 Diazotroph distributions and nifH gene quantification during
POOB 2008

Distributions of several groups of diazotrophic cyanobacteria common to the
upper ocean waters of the NPSG were identified based on quantitative polymerase
chain (QPCR) amplification of nifH genes. Seawater samples for subsequent nifH
gene QPCR amplification were collected from the POOB 2008 cruise at 4 depths
representing the ~60%, ~20%, ~10%, and ~1% light levels (depths varied from 9-20
m, 33-47 m, 46-65 m, and 102-143 m, respectively). Water was subsampled from the
CTD rosette bottles into acid-washed 10 liter polyethylene carboys and filtered onto
0.22 um pore size Sterivex-GS (Millipore) filter capsules. Filters were capped, flash
frozen in liquid nitrogen and stored frozen at -80°C until extraction.

In the shore-based laboratory, 1 ml of a cell lysis buffer (20 mM Tris-HCL, pH
8.0; 2 mM EDTA, pH 8.0; 1.2% Triton X and 20 mg ml" lysozyme) was injected into
each filter capsule using a 5 ml syringe. Filters (with syringes still attached) were
placed into a hybridization oven at 37°C, vortexing at ~15 minute intervals for 1.5
hours. Filters were removed from the oven and the buffer was removed from the filter
capsule by syringe and dispensed into 2 ml microcentrifuge tubes; 42 ul of proteinase
K and 334 ul Buffer AL (Qiagen) was added to each sample and samples were
vortexed and placed in a hybridization oven at 70°C for 30 minutes. Following this
incubation, 700 pl of 100% ethanol was added to each sample, the microcentrifuge
tubes were vortexed and samples were transferred to the DNeasy spin columns
(Qiagen) where DNA was purified following the manufacturer’s recommended
protocols.

Abundances of nifH genes were determined using the QPCR assay described in
Church et al. (2005). For this study, we examined the spatial variability of 6
phylotypes frequently retrieved from PCR amplified nifH gene clone libraries at
Station ALOHA (Dominic et al. 1998; Zehr et al. 2001; Church et al. 2008). QPCR
primer and probe sets targeting the following nifH phylotypes were used:

Trichodesmium spp.; three groups of heterocystous cyanobacteria (termed Hetl, Het2,
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and Het3, respectively); and two groups of nifH containing unicellular cyanobacteria
including the uncultivated phylotype termed Group A and phylotypes whose nifH
sequences are 97-99% identical to Crocosphaera watsonii. Descriptions of the
primers and probes used for these reactions can be found in Church et al. (2005,
2008). All QPCR reactions were run in duplicate; the detection limit for these

reactions corresponded to ~30 gene copies L' of seawater.

2.3.4 Ancillary Measurements

Whole seawater samples were collected for nutrient analyses from each depth
sampled (all within the upper 50 m) in acid-washed polycarbonate bottles and stored at
-20°C until later analyses. In the laboratory, after thawing, subsamples of these
collections were transferred to acid-cleaned Teflon® digestion bombs and oxidized
via the alkaline persulfate digestion described by Valderrama (1981). After oxidation,
total dissolved P (TDP) was measured as described by Strickland and Parsons (1972).
Low level soluble reactive P (assumed to be equivalent to DIP) was measured via the
MAGIC (MAGnesium-Induced Coprecipitation) method of Karl and Tien (1992).
Dissolved organic phosphorus (DOP) concentrations were calculated as the difference
between TDP and DIP concentrations. Chlorophyll a concentrations were determined
fluorometrically using a Turner Designs 10-AU fluorometer. Samples were extracted

in 90% acetone for 24 hours at -20°C in the dark (Strickland and Parsons 1972).

2.3.5 Stock Purity

All liquid stocks used for manipulations including DIP (K,HPO,), MPn and
NaH"CO; were tested post-cruise for potential contamination of iron (Fe) and reactive
N concentrations. Total Fe concentrations in these stocks were determined by isotope
dilution (°"Fe) ICP-MS after pre-concentration and matrix removal using NTA (Lohan
et al. 2005). Nitrate + nitrite (N+N) and ammonium (NH4) concentrations in all stocks

were measured by standard colorimetric methods adapted to an autoanalyzer
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(Strickland & Parsons 1972). These analyses indicated that the addition of liquid
stocks (DIP+ *C and MPn + °C) to 4.4 L incubation bottles led to Fe enhancements
of 2.7 pmol L™ and 3.3 pmol L™ above ambient Fe concentrations, respectively. This
level of Fe contamination is minimal given that total Fe in the surface waters of the
NPSG region are generally between 0.5 — 1.0 nmol L™ (Boyle et al. 2005). Total N
contamination (N+N+NHy) in each 4.4 L incubation bottle (DIP + *C and MPn + °C)
was determined to be 0.30 nmol L™ and 0.38 nmol L™, respectively. For comparison,
the mean N+N concentrations (not including NHy) in the upper 45 m measured by the
Hawaiian Ocean Time-Series (HOT) program in July- August of 2008 were 2-3 nmol
L' (data from http://hahana.soest.hawaii.edu/hot/hot-dogs), again suggesting minimal
addition of N+N by the addition of stocks. The MPn stock was also tested for the
presence of DIP via the MAGIC method of Karl and Tien (1992); concentrations of
DIP were found to be below the detection limit (< 1 nmol L) of this technique. Thus,
despite the relatively high levels of P additions made in these experiments (5 pmol L™
final concentration above ambient levels), the relative purity of stocks as compared to
in situ Fe and N+N concentrations provides confidence that enhanced C or N, fixation

in experimental treatments derived from the amendment of P.

2.4 Results

2.4.1 Phytoplankton standing stock and P concentrations

Remote sensing chlorophyll retrievals indicate mesoscale surface
enhancements during the July-August 2008 period within each of our cruise regions
(Fig. 2-1 B and C). Shipboard determinations, summarized for both cruises in Table 2-
2, indicated in situ mixed layer chlorophyll concentrations were greatest at depths of
25 m and 45 m during August 2008 within a mesoscale patch proximate to the
Hawaiian Islands (0.10 to 0.18 pg L") Concentrations of satellite-derived chlorophyll
did not strictly match measured in situ chlorophyll, presumably stemming from offsets
in timing of sampling and the limitation of remote sensing chlorophyll retrievals to the

first optical depth (see White et al. 2007). In July 2008, in situ chlorophyll
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concentrations in the upper mixed layer (~45 m) near the subtropical front (28-32°N,
140-150°W) to the north-east of the Hawaiian Islands were generally lower than those
measured in August, with concentrations ranging from 0.06 to 0.10 pg L™. During this
period, chlorophyll concentrations were greatest (~0.10 pg L™) at stations 7, 15, 18,
and 19 (Table 2-2). DIP concentrations within the mixed layer of this region ranged
from 15 to 61 nmol L™, averaging 30 = 11 nmol L™ In contrast, DOP concentrations
were significantly greater (181 to 339 nmol L™, averaging 249 + 37 nmol L™"). No
significant differences were found in ambient P concentrations within the upper mixed
layer during the OPEREX and POOB stations (t-test p > 0.05, n = 34) despite these
studies occurring in hydrographically distinct regions of the NPSG (Fig. 2-1A).

2.4.2 Diazotrophic Community Structure

Diazotrophic community structure either was assessed via QPCR amplification
of nifH genes (POOB) or inferred from direct visual observations and size-fractionated
N, rate measurements (OPEREX, discussed in subsequent sections). For the July 2008
expedition (POOB), the spatial distributions of six nifH phylotypes were determined.
In the well-lit regions of the euphotic zone (~60% surface irradiance, 9-20 m) of this
region, nifH gene abundances ranged approximately an order of magnitude between
stations (1.1 x 10> to 1.6 x 10° gene L"), with roughly equal contributions from
unicellular and filamentous nifH-containing cyanobacterial phylotypes (Fig. 2-3A).
Among the unicellular N, fixing cyanobacteria the uncultivated Group A phylotype
(UCYN-A) dominated the nifH gene abundances (ranging 2.4 x 10 to 1.6 x 10° nifH
genes L), while the Het2 phylotype (identified as a symbiont of open ocean diatoms
belonging to the genera Hemiaulus spp.) was generally the most abundant filamentous
cyanobacterial phylotype (ranging from 4.0 x 10 to 7.5 x 10* of the nifH genes L™).
nifH gene abundances of the unicellular Group A phylotype increased more than an
order of magnitude (ranging 2.6 x 10° to 7.6 x 10* nifH genes L") in the deeper mid-
euphotic zone waters (33-65 m) where irradiance declined to ~5-10% of the surface

flux (Fig. 2-3B). In contrast, gene abundances of the filamentous cyanobacterial
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phylotypes decreased below the well-lit, near-surface waters. Relative to the balanced
contributions of unicellular and filamentous cyanobacterial phylotypes observed in the
well-lit upper ocean, the increase in UCYN-A and concomitant decrease in
filamentous phylotypes (specifically Het2) resulted in the numerical dominance of

unicellular N, fixers in the mid to deep euphotic zone waters.

2.4.3 Carbon and Nitrogen Fixation Rates: Controls

Significant variability in the magnitude of C and N, fixation rates of the
unamended controls was observed within and between cruises in our study region
(Table 2-1, Fig. 2-4A). The highest rates of N, and C fixation (8-21 nmol N L'd!
and 602-934 nmol C L™ d”' respectively) were recorded in the upper 25 m of waters
near the Hawaiian Islands, in a transition zone between a cyclonic and anticyclonic
eddy (Fig. 2-2B, Table 2-1). At select stations during this cruise (stations 41-45) size-
fractionated rate determinations (Fig. 2-5) indicated that N, fixation in the >10 uM
size fraction ranged from 4.92 to 15.34 nmol N L™ d”', with lower rates measured in
the <10 pM size fraction (2.24 to 5.52 nmol N L™ d1). The resulting rates of N,
fixation in > 10 pum size fraction accounted for ~63-80% of the total N, fixation at
these stations. This finding is consistent with the observation of visible
Trichodesmium biomass in this region. Total C fixation rates were also elevated along
this transect (744 + 163 nmol C L' d™") with the <10 pm size fraction accounting for
657 + 105 nmol C L™ d™' or 88% of the total C fixation (Fig. 2-5).

In contrast to the relatively high rates of N, fixation observed in the waters
near Hawaii, rates of N, and C fixation were substantially lower (0.02 to 2.37 nmol N
L' d'and 167- 647 nmol C L™ d”', see Fig. 2-4A and Fig. 2-5) in the northern NPSG
waters, along the edge of the subtropical front. Rates of N, fixation in this region were
greatest near the edge of an anticyclonic eddy (Stations 7, 10; Fig. 2-2A and Table 2-
1). Figure 2-4A shows the full range of N, fixation rates measured in the upper 45 m
for both cruises relative to > N fixation data obtained from the prior literature for the

NPSG region.
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2.4.4 Carbon and Nitrogen Fixation Rates: Treatments

Enhancement of C and N fixation rates in experimental treatments were
calculated by subtracting the rate measured in the manipulation (+DIP or +MPn) from
that measured in the control (no P-addition) (data are shown in Fig. 2-4B-C; Fig. 2-
5A-B and Table 2-1). Both DIP and MPn amendments displayed significantly
enhanced C and N, fixation relative to controls. Comparison of the responses to MPn
and DIP treatments within each cruise revealed no significant difference in N, fixation
stimulated by these exogenous P additions (POOB t-test p=0.91, n = 34; OPEREX t-
test, p = 0.99, n = 12). Similarly, enhancement in rates of C fixation were statistically
similar when treatments were compared for each cruise (POOB t-test p = 0.80, n = 34;
OPEREX t-test, p=0.55, n = 12). These data suggest that within a single photoperiod,
MPn and DIP contributed equally to the observed stimulation of N, and C fixation.
Within the POOB dataset, only station 1 did not demonstrate enhanced C fixation rates
in response to either MPn or DIP, albeit only DIP treatments and controls were
performed at stations 17 through 21. Notably, despite the high levels of P added, the
magnitude of enhanced N fixation rates was within the range (+/- 2.750) of historical
rate measurements for the NPSG measured at Station ALOHA (Fig. 2-5A).

By examining the C:N fixation ratios, our data lend insight into the relative
contribution of diazotrophs to total C production. Molar C: N fixation ratios (Fig. 2-6
A-C) were calculated as the absolute difference of C fixation rates (treatment less
control) divided by the absolute difference of N, fixation rates (treatment less control).
In the paired MPn and DIP treatments (n=6 pairs) conducted during the OPEREX
cruise, the ratio of C:N fixation ranged from 14-47 mol C : mol N for MPn treatments
and 13-59 mol C : mol N for DIP treatments. One station (the 45 m sample at station
36) exhibited an order of magnitude increase in C: N fixation ratios (346 and 293 mol
C:mol N for MPn and DIP treatments, respectively) driven by low rates of N, fixation
at this depth (Fig. 2-6C and Table 2-1). Within the POOB dataset for the frontal region
of the NPSG, the magnitude and variability of C fixation in response to MPn and DIP
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additions drove the ratio of C:N fixation (Fig. 2-6). The lowest C:N enhancement
ratios observed within this cruise region were at Stations 5-12 and 19-21 and
corresponded to the most significant enhancements of N, fixation (Fig. 2-5). At these
stations (5-12 and 19-21) the ratio of enhanced C:N fixation ranged from 2-70 mol
C:mol N with a mean of 3019 mol C : mol N for pooled DIP and MPn treatments.
For the remainder of the POOB dataset, where N, fixation rates were relatively low,

the ratio of enhanced C : N fixation exceeded 50 mol C : mol N (Fig. 2-6).

2.5 Discussion

Variability in volumetric N, fixation rates in nature is fundamentally driven by
changes in either cell specific growth rates, diazotrophic biomass, or both. The
diverse assemblage of microbes having the capacity to fix N, in the upper ocean span
a wide range of cell specific rates of N, fixation (Goebel et al. 2008) so that the
absolute rate of N, fixation measured at any one time and location is partially a
reflection of diazotrophic community structure. In the open ocean, three major classes
of diazotrophs have been identified to date: (1) species of the non-heterocystous,
filamentous cyanobacterium Trichodesmium (2) Richelia intracellularis, a
heterocystous endosymbiont of select diatom species and (3) groups of small
unicellular diazotrophs (Zehr and Ward 2002; Church et al. 2008). In this study, we
found the surface waters (< 20 m) of the northern edge of the NPSG (SST ~ 22°C) to
be dominated by both the unicellular Group A phylotype and heterocystous Richelia
with Group A becoming more abundant in the mid-euphotic zone (33-65 m, Fig. 2-3).
Visual observations of surface slicks and size-fractionated rate measurements indicate
that transects along the more central NPSG region near the Hawaiian Islands (SST ~
26°C) sampled in August 2008 were conversely dominated by large colony-forming
Trichodesmium spp. The salient differences in the size and physiology of each of these
diazotrophic phylotypes suggests that they may differentially impact primary
productivity and bulk N, fixation in the surface ocean. While we do not have any

reliable means to examine the total number of N, fixing cells and thus normalize our
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rate measurements, our results indicate that at the time of our sampling, the warmer
central NSPG supported a higher mean rate of N, and C fixation than the cooler
boundary waters to the north during our sampling period (Fig. 2-4 and 2-5).
Moreover, enhanced N fixation was observed in association with mesoscale features
(Fig. 2-2) a finding that is consistent with previous studies (Davis and McGillicuddy
2006; Fong et al. 2008; Church et al. 2009) and likely reflects physical aggregation of
diazotrophic cells.

Beyond observation of the variability of diazotrophic diversity and activity in
the NPSG, a central objective of this research was to determine if the known
heterogeneity of ambient N, and C fixation in this region was a consequence of
differential P resource limitation. To examine whether P concentrations limited natural
populations of diazotrophs, we conducted a series of P amendment experiments over a
spatially extensive area of the NPSG. In contrast to previous experiments in
oligotrophic surface waters that focused on DIP (and/or Fe) additions (e.g. Mills et al.
2004; Rees et al. 2006; Grabowski et al. 2008) we also sought to investigate the
response of N, and C fixation rates to the addition of a presumably bioavailable DOP
compound, MPn, relative to the response to DIP additions. MPn was selected as a test
compound since it is known to be readily utilized by the diazotroph Trichodesmium
(Karl et al. 2008; White et al. 2010). Relatively high doses of P (5 umol L") were
added to ensure that saturating but not inhibitory levels of P were achieved. These
experiments yielded three major findings: (1) when added in excess, MPn and DIP
stimulated approximately equal rates of C and N fixation over a single photoperiod
such that both compounds, when added in excess, can support primary productivity
and diazotrophy with equal efficiency; (2) resultant rates of N, fixation from the
experimental amendments were within the range reported for Station ALOHA (Fig. 2-
5), suggesting that despite observing stimulation of diazotrophy by additions of P in
the current study, P concentrations in this region may often be sufficient to support the
nutritional demands of diazotrophs, and (3) MPn and DIP additions stimulated C

fixation rates at levels exceeding the estimated contribution of diazotrophs and hence
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the availability of both DIP and DOP can regulate primary production and N, fixation
on daily time-scales in this ecosystem.

Several other investigators have examined the role of P in regulating N,
fixation in the subtropical gyres. Grabowski et al. (2008) conducted a series of
manipulation experiments (+DIP, +Fe, +DIP and Fe) in May 2004 to March 2005 at
Station ALOHA in the NPSG, the time-series station of the HOT program. In their
study, the addition of 160-320 nmol L™ P and/or 20 nmol L' Fe and following a 24 hr
incubation period, resulted in significant variability in the relative response of N
fixation rates to nutrient amendments, ranging from insignificant changes in N,
fixation to a near doubling of N fixation rates in response to Fe, DIP, and dual
amendments. Heterogeneity of the microbial response to nutrient amendments was
also observed in the North Atlantic where Mills et al. (2004) observed a doubling of
N, fixation rates at one site in response to both P and Fe additions while two other
sites sampled did not differ from that measured in unamended controls. These
previous studies, in conjunction with our results indicate that P availability can restrict
rates of N, fixation in the NPSG. Yet, our experimental manipulations also revealed
that MPn and DIP additions led to stimulation of C fixation rates (Fig. 2-6) in excess
of those that could be attributed to diazotrophic activity (C:N fixation ratios >>100).
Such uncoupling of C and N, fixation may reflect bulk community P limitation or
diazotroph-mediated production of bioavailable nitrogen (DIN or DON) which
stimulated plankton community growth, or both. We simply do not have sufficient
data to resolve this question. However, in complementary work Van Mooy and Devol
(2008) have shown that NH4 additions rather than DIP additions led to enhanced DIP
uptake in the > 2 um size fraction of plankton populations at Station ALOHA. This
observation coupled with similar results for Prochlorococcus specific RNA synthesis
rates (N rather than P stimulated a positive response) led the authors to conclude that
at the time of sampling (July 2003, 2004), the NPSG was in a state of proximate N-
limitation. If N, fixation rates in the NPSG are limited by P as our results suggest for
our sampling period, then it difficult to conceptualize a system where diazotrophy has

pushed the system to a state of prolonged P limitation. Rather P limitation of
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diazotrophs, would imply that new N inputs via N, fixation are restricted at times and
that the NPSG may indeed be in a state of N limitation as indicated by earlier results
of Van Mooy and Devol (2008). These inferences are of course subject to the spatial
and temporal limitations of our sampling protocols, however they do provide insight
into the complexities inherent in the ascription of the proximate growth limiting
resource in the contemporary oligotrophic ocean.

Addition experiments such as those described above provide a snapshot of
the nutritional status of resident microbial populations. To further contextualize these
vignettes, a historical record of the temporal and spatial variability of diazotrophy is
necessary and in our case available via the Hawaii Ocean Time-series record. The
majority of N, fixation rates achieved by either MPn or DIP additions fell within the
range of rates measured in the NPSG (Fig. 2-5, median enhancements for each cruise
are within 95% confidence intervals for HOT data). These results indicate that P
limitation may be a transitory occurrence in this region; i.e. P may be only one of
several factors regulating N, fixation in the NPSG. Other resources such as Fe as well
as food web dynamics (e.g. predation, lysis) and physical aggregation of diazotrophic
biomass by mesoscale forcing also likely constrain diazotroph biomass and rates of N,
fixation in this region. It is entirely likely that there is no single limiting factor driving
the order of magnitude variability observed for both N, fixation rates and the
abundance of N, fixing organisms (Dore et al. 2008; Church et al. 2009) in this region.
In summary, results of these P amendment experiments demonstrated that at the time
of sampling, the productivity of microbial communities in the NPSG was restricted by
the availability of bioavailable P. While we do not yet have a mechanistic model for
constraining the observed variability of oceanic N, fixation, the data presented here
indicate that the physical and biological processes that regulate DOP composition may

in turn play an important role in the regulation of C and N, fixation in the NPSG.
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Figure 2-1. A) Mean (July-August 2008) MODIS SST (°C) the solid black contour
denoting the 25°C isotherm and B) MODIS chlorophyll a (mg m™) averaged over the
duration of POOB (July 2- July 16) and C) OPEREX (July 30- August 14). Station

locations are shown as white circles.
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Figure 2-2. Weekly sea surface height anomaly field derived from AVISO for A) the week
of July 9™, 2008 during the POOB cruise and B) the week of August 6, 2008 during the
OPEREX cruise. All stations for which N fixation data were collected are shown with the
exception of Station 1-2 for POOB which were located at 30°N, 145-150°W. Sampling
efforts for OPEREX were focused where surface slicks of Trichodesmium were observed

along a transition between a cyclonic and anticyclonic eddy (Stations 41-45).
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Figure 2-3. nifH gene abundances for selected diazotrophs for two vertical regions of the
euphotic zone (60% and 20% surface irradiance isopleths, respectively) during the POOB
cruise. Top panel presents gene abundances measured along the POOB cruise transect in
the upper 9-20 m depth (60% surface irradiance); bottom panel depicts gene abundances
measured at the 20% surface irradiance isopleths (33-47 m). Unicellular Group A
phylotypes abbreviated as UCYN A; heterocystous includes sum of Hetl, Het2, and Het3
cyanobacteria phylotypes (see text for details)
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Figure 2-4. A) Bulk seawater N, fixation (no exogenous additions) measured during
OPEREX and POOB. Note different scales for each cruise as OPEREX rates were
notably higher than POOB and the P additions were markedly higher than controls. B)
N,-fixation rates in response to DIP additions and C) MPn additions for these same
cruises. The color of each dot represents the magnitude of N fixation corresponding to

the appropriate color bar. Values from duplicate incubations are shown.
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Figure 2-5. A) Summary of N fixation and B) carbon fixation rates from both POOB

and OPEREX control and manipulation experiments (manipulation less control) along

with (1-2) size-fractionated rate measurements (<10 pm and > 10 pum fractions
respectively) data from stations 41-45 of OPEREX and (3) historical data from the
HOT time series data presented in Grabowski et al. (2008), Fong et al. (2008) and
Church et al. (2009). Box edges represent the 25% and 75% percentile of data, the
median is shown as a solid line within each box, the notches represent 95% confidence
intervals, whiskers extend to +/- 2.7 standard deviations of each date set and outliers

are denoted by plus signs.
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Table 2-1. Summary of the magnitude of N and C fixation rates in control incubations
(no added P) and the enhanced rates measured after MPn and DIP additions (less the
values recorded in parallel controls). Values in parentheses are standard deviations of

duplicate measures.
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Table 2-2. Summary of the DIP, DOP and chlorophyll (Chl) concentrations measured

at stations where N or C fixation rates were measured. The range, mean and standard

deviations are presented. NA indicates that data are not available, as a sample was not

collected. ND indicates gene abundances below the limit of detection (~30 gene

copies L™).
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3 Intracellular phosphorus fractionation of natural
assemblages of phytoplankton and Trichodesmium

3.1 Abstract

We evaluated intracellular phosphorus (P) compartmentalization by both the
bulk natural assemblage of plankton and isolated colonies of Trichodesmium from five
cruises within the North and South Pacific subtropical Gyres (NPSG and SPSG,
respectively). Using a trichloroacetic (TCA) acid extraction method, samples were
analyzed for total and acid soluble fractions of particulate P. Field data suggest that
natural populations of Trichodesmium demonstrate a unique internal composition of
primarily inorganic phosphorus while the bulk plankton assemblage are composed of
primarily organic P pools. For all five cruises, the mean intracellular P content of
Trichodesmium biomass was 60% + 10% particulate inorganic P (PIP) with the
remaining fraction as 40% =+ 10% particulate organic P (POP). In the bulk
phytoplankton community, the ratios were primarily organic in composition with
mean POP concentration of 61% + 5% and a mean PIP concentration of 39% + 5%.
Variability of bulk PIP: POP ratios may be in part due to variable contributions of PIP
rich organisms such as Trichodesmium. Results from these cruises suggest that the
fractionation of total particulate phosphorus between PIP and POP in surface seawater
is relatively constant. In sum, our results suggest that Trichodesmium may be unique

in their allocation of P to primarily inorganic P pools.
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3.2 Introduction

Phosphorus (P) is an essential element for all living organisms and is an
important constituent of cellular material (phospholipids), nucleic acids (DNA and
RNA) as well as a source of energy (ATP). As with all elemental constituents in the
marine environment, P is formed, transformed and ultimately consumed by marine
phytoplankton; all of which are intrinsically linked to the internal composition and
fractionation of P within a cell. Studies investigating the role of the dissolved fractions
(dissolved inorganic phosphorus- DIP and dissolved organic phosphorus- DOP) of the
marine P pool suggest that P bioavailability may regulate primary production and in
the case of diazotrophs, rates of nitrogen fixation (Sanudo-Wilhelmy et al. 2001;
Grabowski et al. 2008; See Chapter 1). To enhance our present understanding of P
regulation of growth, we have sought to determine the relationship between P content
and intracellular P-compartmentalization within various phytoplankton species
(Miyata and Hattori 1986). Comparing P-compartmentalization in natural populations
of bulk phytoplankton assemblages to Trichodesmium colonies in the open ocean may
provide insight into the physiological adaptations and stoichiometric flexibility of
Trichodesmium and other phytoplankton and their capacity to thrive in P restricted
environments.

Some phytoplankton have the capacity to consume P in excess of growth
requirements and store these P residues for later use, in some cases in the form of
polyphosphate (Kuenzler and Ketchum, 1962; White et al. 2006; Orchard et al. 2010).
Studies of natural populations in Tokyo Bay have also linked the intracellular
compartmentalization of P in natural assemblages to variability in ambient DIP
concentrations, suggesting that internal P composition reflects response of microbial
populations to fluctuations of the external nutrient field (Miyata and Hattori, 1986).

Moreover, Trichodesmium cultures maintained in P-deplete conditions
demonstrated inorganic P uptake at nearly six times the rate of P-replete cultures
following exogenous P additions, further resulting in the uncoupling of growth and P

uptake rates (Fu et al. 2005). Another laboratory experiment under P-replete, P-
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restricted and light controlled conditions, showed that the Trichodesmium strain
IMS101 deviated six fold from the traditional Redfield ratio with growth capable at
C:N:P ratios of Csgsise:Noos10:P1 (White et al. 2006). Isolated colonies of
Trichodesmium from the Atlantic and Pacific maintained a low intracellular P quota in
relation to C and N (Letelier et al. 1996). In the field, trichomes and colonies yielded
PN:PP ratios three times higher than the estimated Redfield ratio, 45:1 to 16:1,
respectively, providing further evidence that Trichodesmium in the system were P-
limited and maintained a low P quota (Letelier and Karl, 1998). All of the above
results provide evidence that Trichodesmium has a low cellular P quota relative to C
and N and hence P deficient organic matter is not a reliable proxy for P-limitation.
This unique physiological capacity of Trichodesmium and potentially other
diazotrophs, to modulate internal P quotas will ultimately affect the productivity on an
organismal scale and affect the dynamics and availability of C, N and P of the overall
system. By measuring the PIP and POP fractions within the TPP pool we may begin to
understand how Trichodesmium allocates P resources under variable resource supply
rate. During a cruise where the autotrophic community structure was dominated by a
population of Skeletonema costatum Miyata and Hattori (1986) found that TPP was
comprised of primarily inorganic P in the form of orthophosphate. Another study
conducted in the North Pacific suggested that the TPP pool was primarily organic in
composition ranging from 80 to 90% of the total (Yoshimura et al. 2007). While
many studies have examined the fractionation of phosphorus in the bulk plankton
community, none to our knowledge have differentiated and attempted to look at the
fractionation of select organisms. In this study, we employed a simple fractionation
method to determine the intracellular composition of phytoplankton assemblages
within the North and South Pacific subtropical gyres and specifically with the marine
diazotroph, Trichodesmium. Our goal was to gain an understanding of the intracellular
allocation of P resources in Trichodesmium relative to the bulk phytoplankton

community.
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3.3 Materials and Methods

Field samples were collected during five cruises within the North and South
Pacific Subtropical gyres and include (1) the Ocean Perturbation Experiment
(OPEREX, 22°N to 26°N, July 30- August 14, 2008, further denoted N.Pac
Trichodesmium Rich), (2) Pacific Open Ocean Bloom (POOB, 28°N to 32°N, July 2-
July 16, 2008, further denoted N.Pac Front), (3) Bloom Ecological Reconnaissance
(BLOOMER, 22°N to 26°N, August 9- August 21, 2007, further denoted N.Pac), (4)
Biogeochemistry of the Upper Ocean: Latitudinal Assessment (BULA, 20°N to 15°S,
April 15- April 26, 2007, further denoted Equ) and (5) KM0703 (SPEEDO, 12°S to
30°S, March 39-April 14, 2007, further denoted S.Pac).

Bulk water plankton samples were collected using a Sea-Bird CTD
(conductivity, temperature and depth) rosette within the upper 50 m of the water
column. A total of 4-6 L of seawater were filtered onto an acid washed combusted
Whatman glass fiber filter (GF/F) for later analysis of intracellular P of the bulk
phytoplankton assemblage. Using a 202-pm mesh equipped with a 64-pm mesh cod
end and flow meter, horizontal surface net tows were performed in the upper 5- 10m
of the water column for the collection of Trichodesmium colonies. Individual colonies
were then isolated using a sterile transfer loop, placed in 0.2 um filtered seawater and
filtered onto an acid washed combusted GF/F filter for intracellular P fractionation.
Following filtration, all samples were stored in liquid nitrogen until transported to a -

80 freezer and further analyzed.

3.3.1 Phosphorus fractionation: Recovery and Sample analysis

Methods for phosphorus fractionation were modified from the trichloroacetic
acid (TCA) extraction protocol of Miyata and Hattori (1986). In short, sample filters
were placed in new 50 ml Falcon tubes and washed by streaming 17 ml of cold (-
20°C) 3% NaCl solution onto the filter to wash off cells. The sample was then

vortexed, placed in an ice bath and sonicated at 0° C for 3 minutes in order to lyse
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cells. Preliminary tests were done to show that P recovery via sonication was
maximal after 3 minutes (Table 3-1). Following sonication the filter was removed and
placed in an acid-washed combusted glass tube and covered with foil so residual
particulate phosphorus attached to the filter could be analyzed. After removing the
filter, tubes were centrifuged (0° C, 3000 rpm) for 30 minutes. 5 ml of the homogenate
was transferred into an acid-washed combusted glass tube for determination of total
acid insoluble phosphorus (further denoted TP4) via the Valderramma (1981)
persulfate oxidation method. In short, samples are oxidized via alkaline persulfate
oxidation and further measured as total dissolved phosphorus (TDP) as described by
Strickland and Parsons (1972). Sml of homogenate was placed into a clean 15 ml
Falcon tube to measure the acid insoluble inorganic phosphorus concentration (PiA).
From the remaining volume, Sml of the homogenate was then placed in a 15 ml
Falcon tube and 5 ml of cold 10% trichloroacetic acid (TCA) was added. Samples
were then vortexed and stored in the dark at 20°C for 2 hours. Using a 5 mg/L DNA
stock and Trichodesmium IMS101, nucleic acid solubilization was found to be
minimal after 2 hours (data not shown).

Following acid extraction, a 5 ml aliquot of the acid soluble (PiB) fraction was
transferred to a clean 15 ml Falcon tube where Sml of DI-water was added to dilute
the acid content. The sample was then vortexed and SRP was measured following the
method of Strickland and Parsons (1972). From the remaining volume, a 5 ml aliquot
was placed into a Teflon© digestion bomb, 5 ml of DI-water was added, the sample
was inverted and TDP was measured via Valderramma persulfate oxidation (1981).
DI-water was added following the acid extraction in order to ensure a proper pH range
for formation of the molybdenophosphoric blue complex in the SRP reaction step.
Rigorous testing of the recovery of different phosphorus compounds was tested via the
methodology outlined above in the absence of filters where stocks were added directly
to 3% NaCl at varying concentrations. A CARY-300 IU-VIS spectrophotometer was
used to measure absorbance at 880 nm for TPP and PIP analyses. A summary of the

fractionation method is depicted in Fig. 3-1.
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3.4 Results

The fractionation of total particulate phosphorus (TPP) between particulate
inorganic phosphorus (PIP) and particulate organic phosphorus (POP) was relatively
constant throughout the surface waters in all cruises (Fig. 3-2). Figure 3-3
demonstrates the internal P content of the bulk phytoplankton assemblage for all
samples during each cruise. Interestingly, all cruises show a relatively constant surface
water POP composition ranging from 53% to 66% with the exception of stations in the
N.Pac where high abundances of Trichodesmium were observed. We hypothesize that
the observed enhancement in the PIP composition during this cruise may be a result of
the significant presence of Trichodesmium observed at station 3 and crossing a
mesoscale feature (Stations 41-45). A summary of Trichodesmium PIP:POP ratios for

each cruise in Fig. 3-4 demonstrates a primarily inorganic internal P composition.
3.5 Discussion

In the event of phosphorus limitation, Trichodesmium, have demonstrated
adaptations preceding those of other organisms undoubtedly contributing to their often
dominant presence in late summer blooms within the NPSG. The ability to consume
and store phosphorus for later use provides a competitive advantage in an environment
where P concentrations are low (<100 nmol L™) relative to biological demand (Karl
and Bjorkman, 2002). The use of PIP:POP ratios as a potential index of phosphorus
limitation may prove to be a useful tool.

Ultimately, three major findings have arisen from this research: (1) for natural
populations of Trichodesmium, PIP pools are consistently greater than POP pool, (2)
the surface water bulk particulate phosphorus fraction is relatively constant and
composed primarily of POP, (3) the modified method outlined in this paper acts as a
simple and efficient way to analyze the components of the TPP pool. During the test
of commercially available P compounds we found that the majority of the recovered
inorganic fraction was in the form of orthophosphate. It should also be noted that we

did not find tested polyphosphates to be TCA soluble.



48

The next step in understanding fractionation of phosphorus within marine
organisms entails running samples from completed laboratory experiments examining
the internal phosphorus allocation in cultures of Thallassiosira pseudonana,
Trichodesmium theibautti (H-9) and Trichodesmium IMS101 and Prochlorococcus
marinus grown on either inorganic and organic phosphorus compounds over a growth
cycle. Further this data will be compared to the in situ bulk plankton samples along
with natural populations of isolated Trichodesmium within the North and South

Pacific Subtropical gyres.
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Figure 3-1. A simplified depiction of the phosphorus fractionation methodology.
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Figure 3-2. Percent of phosphorus in particulate inorganic P (PIP) and particulate
organic P (POP) in bulk surface water samples.
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Figure 3-3. A summary of all samples for each cruise, demonstrating a primarily bulk
POP composition with the exception of N.Pac Trichodesmium Rich stations 3 and 41-
45 where Trichodesmium biomass was observed in significant concentrations. The x-
axis represents the station number and includes multiple depths (ranging from 5 to
50m) while the y-axis represents the percentage of PIP or percentage of POP.



% PIFP or %WPOP in Trichodesmium and Bulk Phytoplankton

53

S.Pac . Equ N.Pac
61° 62% 63% 66%
560
I . o1 o 2 I
T 37% 38% [ 4% 50 I I
T
[ T b
| I i
N.Pac Front o N.Pac Trichodesmium Rich ale FOP
67% 5%
60% — ‘ .
47% - O Trichodesmium
1 40% I
I I l
[ I O Bulk Surface
Seawater
PIP pOP FIP POP
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Table 3-1. Sonication efficiency as a function of time.

remaining volume and

number of homogenate |filter resuspended in 3%
treatment samples TDP [M] NaCl: TDP [uM] % recovered
1 min. sonication 3 4.3 +-052 0.3 +-051 93%
3 min. sonication 3 9.2 +-1.84 2.1+-3.13 1%
5 min. sonication 3 55+-150 0.3 +-050 95%
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4 Conclusions

The role of phosphorus in regulating productivity in the marine environment is
undoubtedly important, especially in the regulation of diazotroph physiology. With the
variability reported in estimations and measurements of nitrogen fixation rates it is
important to not only understand the impact of phosphorus on rate processes but also
to gain perspective into the spatial and temporal variability of these rate processes. We
must also consider P cycling as significant on a small scale even at the level of
intracellular compartmentalization. Organisms, such as Trichodesmium, who have the
capacity to thrive in low-P environments and exhibit flexible elemental stoichiometry
may provide insight into the flow of elements within a system. The two chapters that
form the majority of this thesis barely scratch the surface of understanding how
phosphorus availability, albeit inorganic or organic, regulate rate processes in the
marine environment and how unique adaptations, such as those of Trichodesmium,
control the flow of elements, specifically P, within a system.

Overall, several conclusions can be drawn from this research. Within chapter
two we reported several significant findings. First, we have compiled a spatially
extensive record of N, and carbon fixation rates measured within the subtropical gyre
and subarctic fronts of the NPSG. Also, by adding exogenous dissolved organic
phosphorus, specifically the compound MPn, we have shown that select marine
organisms not only have the affinity for phosphonate utilization but utilization occurs
at the same rate as inorganic P over a single photoperiod. Further, both MPn and DIP
additions resulted in the stimulation of carbon fixation in excess of that which
diazotrophs can be responsible for ultimately leading the enhancement of net primary
productivity on short time-scales.

In chapter three, we presented several years worth of community and isolated
Trichodesmium phosphorus fractionation data in terms of intracellular P comprised of
inorganic or organic pools. The ratios of PIP:POP are relatively constant for the bulk
plankton community within the surface waters in both the NPSG and the SPSG further

suggesting that the results of isolated Trichodesmium colonies represent a unique,
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primarily inorganic composition. These results suggest that internal storage of
inorganic P in the form of orthophosphate may be a mechanism of coping in low-P
environments. In sum, the above research has provided insight into the role of
phosphorus availability, both inorganic and organic, on controlling rate processes and

the unique intracellular P composition of the marine diazotroph, Trichodesmium.
4.1 Future Directions

Much effort has gone into understanding phosphorus physiology and the role
phosphorus plays in regulating rate processes, however much is still unknown. Further
investigations into the role of phosphorus in regulating production should be
encouraged. The composition and bioavailability of the DOP pool is of great interest
as we enter a period of new advances in methods and technology. While we have seen
that natural populations of Trichodesmium are primarily composed of intracellular
inorganic P it is crucial that we perform laboratory experiments designed to identify
when inorganic phosphorus storage occurs under varying experimental conditions.
The next step in research concerning the intracellular compartmentalization is to run
the samples taken during growth experiments in different concentrations of
phosphorus (low-P, P-deplete, P-enriched) using a variety of phytoplankton cultures to
examine whether or not Trichodesmium are unique in their inorganic storage and when

inorganic versus organic composition is dominant over a growth cycle.
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