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ABSTRACT

Polyamines are a group of short-chain aliphatic compounds containing multiple primary
or secondary amine groups. They are ubiquitous in aquatic environments with concentrations in
the sub-nanomolar range, while concentrations in cells are at millimolar levels. They are
commonly regarded as important osmolytes, synthesized or assimilated by osmotrophs, like
bacterioplankton. They play a key role in cellular growth and synthesis of nucleic acids and
proteins. However, few studies have examined the role of polyamines in oceanic N cycling.

In this study, I hypothesized that polyamines contributed a significant amount of nitrogen
to bacterial N production because of greater N: C ratio in polyamines than other labile organic
nitrogen compounds. [ determined turnover rates of three polyamines (putrescine, spermidine
and spermine) in water samples using *H-labeled compounds and measured their concentrations
by HPLC in the South Atlantic Bight (SAB) and in salt marsh estuaries. The data showed that
polyamines were rapidly assimilated by bacterioplankton, especially in samples from salt
marshes and the inner-shelf of the SAB. However, low ambient concentrations of polyamines
limited their contribution to bacterioplankton C and N demands compared to dissolved free

amino acids that were used as controls. My study of polyamine metabolism in phytoplankton



suggested that bacterial uptake of polyamines was limited by sources of polyamines. I found low
concentrations (nmol L") of dissolved polyamine pools in media of phytoplankton cultures,
similar to concentrations measured in the field. My data suggested that the composition and
concentration of dissolved polyamines was a result of low diffusion from intracellular pools,
selective release and uptake by healthy phytoplankton cells, as well as modifications by
bacterioplankton uptake.

Thaumarchaeota have been shown to oxidize polyamine nitrogen. This dissertation
investigated the spatial and seasonal variability of abundances and activity of Thaumarchaeota in
the SAB by quantitative PCR of Thaumarchaeota 16S rRNA and Archaea ammonia
monooxygenase subunit A (amoA) genes and simulated in situ incubations with "NH,CL. I found
a peak in Thaumarchaeota abundance (>1000-fold increase) in mid-summer at inshore and
nearshore stations, but rapid ammonia oxidation was constrained to the inner-shelf at the mouth

of the estuaries, probably driven by the substrate availability.

INDEX WORDS: Polyamines, Putrescine, Spermidine, Spermine, Turnover rates, Uptake
rates, HPLC, Bacterial Production, Phytoplankton, Diatom, Environmental
variables, Thaumarchaeota, Ammonia-oxidizing Archaea, Nitrification,

South Atlantic Bight
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Nitrogen is a common factor limiting the primary and secondary productivity in the upper
ocean (Carpenter and Capone 1983). Concentrations of inorganic nitrogen (DIN) are low in
surface waters due to the high assimilation by phytoplankton. In coastal waters, DIN can be
supplied by upwelling and runoff, stimulating high primary productivity (Zehr and Ward 2002).
In less productive open ocean, the processes of microbial degradation of organic nitrogen
compounds provide regenerated N to the environment to fuel productivity (Dugdale and Goering
1967, Azam et al. 1983). Although heterotrophic bacteria can also use DIN (Kirchman 1994,
Allen et al. 2001), their roles in assimilating and degrading organic nitrogen to recycle DIN is
their most important contribution to the N cycle in the upper ocean (e.g. Diaz and Raimbault
2000, Kerner and Spitzy 2001, Varela et al. 2003). The nitrogen regeneration by bacteria or
microzooplankton grazing depends on the availability of these substrates as well as the ratio of
carbon to nitrogen in labile organic matter (Caron and Goldman 1990, Kirchman 2000).
Therefore, regenerated nitrogen provided by heterotrophic bacteria may have spatial and
seasonal variability (Kirchman 2000). Heterotrophic bacteria can use a variety of dissolved
organic nitrogen compounds, such as proteins, amino acids, urea, taurine, glycine betaine and
polyamines (Hollibaugh and Azam 1983, Hofle 1984, Fuhrman 1987, 1990, Suttle et al. 1991,
Keil and Kirchman 1991, Lee 1992, Lee and Jorgensen 1995, Moran et al. 2004, Poretsky et al.
2010, Mou et al. 2010, Williams et al. 2012). Dissolved free amino acids (DFAA) are readily

used by bacteria and the turnover of DFAA is rapid, proceeding within only a few hours



(Fuhrman 1987, 1990, Suttle et al. 1991). However, DFAA can supply < 40% of the nitrogen
required by bacterioplankton, and the remaining requirement is assumed to be met by uptake of
other organic nitrogen compounds or DIN, based on the detection of transporters and
assimilation genes in genomes of bacterioplankton and from field experiments (Hofle 1984, Lee
and Jergensen 1995, Kirchman 2000, Allen et al. 2001, Williams et al. 2012).

The small organic nitrogen compounds found in seawater, such as taurine, glycine
betaine and polyamines, have similar intracellular concentrations (mmol L) to amino acids and
their biogeochemical characteristics in seawater are assumed to resemble the amino acids. I
focused on the role of polyamines, a group of organic nitrogen compounds, in bacterial nitrogen
demand in different regions of the SAB since 1) the high N content (C:N > 2) of polyamines
makes them ideal as organic nitrogen sources for bacterioplankton; 2) genes for polyamine
transporters and catabolic pathways are widespread in marine bacterioplankton such as SAR 11
(Moran et al. 2004, Poretsky et al. 2010, Mou et al. 2010); 3) the assimilation of putrescine has

been detected previously in waters with high productivity (Hofle 1984, Lee and Jorgensen 1995).

Polyamine Characteristics

Polyamines are a group of short-chain aliphatic organic compounds containing multiple
amine groups. They have been found in all domains of life (Tabor and Tabor 1985). Polyamines
include 1,3 diaminopropane (DAP), 1,4 diamino butane (putrescine, PUT), 1,5 diamino pentane
(cadaverine, CAD), spermidine (SPD), spermine (SPM), norspermidine (NSPD) and
norspermine (NSPM). Their chemical structures are given in Table 1.1 with pKa values for each
amine group. PUT, SPD and SPM are the most common polyamines found in living cells and

environment (Tabor and Tabor 1985, Rodriguez-Garay et al. 1989, Hamana and Matsuzaki 1992,



Marian et al. 2000, Nishibori et al. 2001a, 2001b, Lu and Hwang 2002, Kusano et al. 2007,
Incharoensakdi et al. 2010). Their functions have been studied in different organisms, from
bacteriophages to mammals. They are cations at physiological pH and contribute to stabilizing
cells membranes and aid the syntheses of DNA, RNA and proteins (Tabor and Tabor 1985).
They affect the syntheses of proteins and DNA by decreasing polypeptide elongation rate and
synthesis and translation of mRNA, and slowing the rate of movement of the DNA replication
fork, respectively (Morris and Hansen1973, Geiger and Morris 1980). They have been shown to
enhance growth because the growth rate of mutant of E. coli strains lacking polyamines is 70%
lower than in wild type cells (Hafner et al. 1979, Tabor et al. 1980). Long-chain polyamines
induce rapid silica precipitation and interact with silica-precipitating proteins to form species-
specific patterns of biomineralization in diatom cell walls (Krdger et al. 2000). Long-chain or
branched polyamines are also synthesized in the thermophilic bacterium Thermus thermophiles
as well as by thermophilic and hyperthermophilic Crenarchaeota to protect cells from the
denaturing effects of high temperature (Oshima 1979, 1982, Oshima and Baba 1981, Carteni-
Farina et al. 1985, Knott 2007). Polyamines also serve as osmolytes, playing an important role in
preventing cell lysis in hypotonic medium. They are also synthesized in cells living in hypertonic
environments (e.g. seawater, salt lakes) to maintain normal physiological functions of these cells
(Tabor 1960, Tabor and Tabor 1985). Polyamine synthesis responds to environmental stresses.
Genes of polyamine synthesis pathways are overexpressed under conditions of extreme
temperature, drought, salinity and toxicity (Kasukabe et al. 2004, Urano et al. 2004, Kusano et al.

2007).



Polyamine Metabolism in Microorganisms

Polyamines can be produced by de novo biosynthesis in the cell or taken up from the
environment. The de novo biosynthesis of polyamines starts with the synthesis of PUT by two
different metabolic pathways, either from ornithine via ornithine decarboxylase (ODC, EC
4.1.1.17), which is mostly used by eukaryotes (e.g. fungi and algae) (Theiss et al. 2002, Kusano
et al. 2007), or from arginine via arginine decarboxylase and agmatine ureohydrolase (ADC,
EC4.1.1.19), found mostly in prokaryotes and plants (Fig. 1.1; Tabor and Tabor 1985,
Incharoensakdi et al. 2010). PUT is used as a substrate to form SPD via SPD synthase (EC
2.5.1.16), and then converted to SPM or thermospermine by SPM synthase (EC 2.5.1.22) by the
addition of aminopropyl groups from decarboxylated S-adenosyl methionine (Fig. 1.1).
Oxidation of SPD or SPM produces DAP, which is subsequently converted to the triamine
NSPD, and then the tetraamine NSPM (Tabor et al. 1958, Tabor and Tabor 1966, 1985, Bagga et
al. 1991, Fuell et al. 2010).

Uptake systems for polyamines have been identified in many different microorganisms
(Tabor and Tabor 1966). Uptake systems for putrescine (PotFGHI) and spermidine (PotABCD)
have been found in E. coli, yeast, cyanobacteria and most of marine bacterial groups (Igarashi
and Kashiwagi 1999, Moran et al. 2007, Incharoensakdi et al. 2010, Mou et al. 2010, 2011),
suggesting the use and selective uptake of exogenous polyamines. SAR 11 and roseobacter taxa
have been identified as the significant contributors to polyamine uptake by marine
bacterioplankton because a large number of polyamine transporter genes from these groups were
detected in metatranscriptomes of polyamine-amended coastal marine bacterioplankton samples

(Poretsky et al. 2010, Mou et al. 2010). These organisms degrade polyamines through a



transamination pathway and produce succinate, an intermediate of TCA cycle, while the nitrogen
assimilated from polyamines may be used to synthesize amino acids (Mou et al. 2011).

Holfe (1984) found that most of the carbon from PUT and CAD amendments was not
incorporated into bacterial cells (< 10%) and growth was not enhanced by the addition of
putrescine; thus, most of the carbon in putrescine may be respired or excreted and not contribute
to biomass production. The fate of polyamine nitrogen in these cells is not clear, but may depend
on nitrogen availability in the water column. PUT has been studied most thoroughly so far, but
all data suggest that the low concentrations of polyamines in the environment could be a result of

bacterial uptake (Hofle 1984, Lee and Jergensen 1995, Mou et al. 2011).

Polyamine Distributions in Marine Environments

Concentrations and the composition of polyamine pools have been determined by high
performance liquid chromatography (HPLC) in both cells and seawater. Intracellular polyamines
pools are much larger (mmol L") in bacteria and algae (Hamana and Matsuzaki 1985, 1992,
Nishibori et al. 2006, Nishibori and Nishijima 2007, Incharoensakdi et al. 2010) than in the water
column (nmol L'l; Lee and Jargensen 1995, Nishibori et al. 2001a, 2001b, Nishibori et al. 2003).
As discussed above uptake by bacteria may be responsible for maintaining low concentrations of
polyamines in seawater. Most of the few studies of polyamine concentrations in seawater have
been conducted in coastal waters or salt ponds with high primary productivity. These studies
found that dissolved polyamine concentrations ranged from undetectable to hundreds of nmol L
!, with high concentrations corresponding to algal blooms or high primary production (Lee and
Jorgensen 1995, Nishibori et al. 2001a, 2001b, Nishibori et al. 2003). PUT and SPD are the most

common polyamines detected in seawater, while other polyamines are detected only occasionally



(Nishibori et al. 2001a, 2001b, 2003). In order to better assess the significance of polyamines in
the ocean, more studies of polyamine distributions in oligotrophic offshore waters were

necessary.

Ammonia-oxidizing Archaea Proposed to Oxidize Reduced N in DON Compounds

Detection of mesophilic Archaea in the ocean has changed our view that they only live in
extreme environments (Delong 1992, Fuhrman et al. 1992). Karner et al. (2001) found that the
relative abundance of Archaea increased from surface to the bottom of the ocean (~ 40% of total
prokaryotes), comparable to the abundance of bacteria at depth. Archaea can also take up organic
compounds, such as amino acids, as nutrient and energy sources (Ouverney and Fuhrman 2000).
However, in recent decades, physiological and genomic studies of Archaea have shown that one
clade, the marine group I Archaea, can grow as chemoautotrophs, oxidizing ammonia to nitrite to
generate the reducing equivalents needed to fix carbon through the 3-hydroxypropionate/4-
hydroxybutyrate pathway (Schleper et al. 2005, Kénneke et al. 2005, Hallam et al. 2006a, 2006b,
Berg et al. 2007, Martens-Habbena et al. 2009). Previously only two clades of Bacteria were
considered to be capable of oxidizing ammonia, the first step of nitrification; however, since
Archaea ammonia monooxygenase (amo) genes were detected in DNA sequences retrieved from
the Sargasso Sea (Venter et al. 2004), the role of Archaea in nitrification has been investigated
widely. These studies have shown that ammonia-oxidizing Archaea (now called
Thaumarchaeota) outnumbered ammonia-oxidizing Bacteria (AOB) in most marine
environments by up to 1000-fold (Wuchter et al. 2006, Mincer et al. 2007, Santoro et al. 2010,

Newell et al. 2013). Moreover, Thaumarchaeota have a high affinity for ammonia and can



outcompete AOB for the substrate (Martens-Habbena et al. 2009), suggesting that
Thaumarchaeota are the dominant ammonia-oxidizer in the ocean.

Although Thaumarchaeota can survive in the water column with extremely low
ammonium concentrations (10 nmol L™'; Martens-Habbena et al. 2009), it has been suggested
that Thaumarchaeota can use urea as an alternative source of reduced N to fuel nitrification
(Hallam et al. 2006b, Alonso-sdez et al. 2012, Connelly et al. 2014, Tolar 2014). The ureC gene,
which is found widely distributed in bacteria and phytoplankton (Collier et al. 2009, Baker et al.
2009, Su et al. 2013), is used as an indicator of the potential to use urea. ureC genes have been
identified in the genome of ‘Cenarchaeum symbiosum’ and in the environment, suggesting the
significance of this gene to Thaumarchaeota (Hallam et al., 2006b, Alonso-saez et al. 2012, Tolar
2014). In high latitude environments, some evidence has suggested that Thaumarchaeota are
involved in uptake of urea, hydrolyzing urea and subsequently oxidizing ammonia (Alonso-saez
et al. 2012, Connelly et al. 2014). However, in Georgia coastal waters, urea oxidation is low and
it has been suggested that urea hydrolysis happens extracellularly and the released ammonium is
then oxidized by Thaumarchaeota (Tolar 2014). Preliminary experiments performed by
amending coastal seawater samples with '*N-labeled urea and putrescine have shown that the
oxidation of "°N supplied as putrescine could be 2-order of magnitude larger than the oxidation
of ammonium and urea, and polyamine-N appeared to be oxidized directly to NOx (Hollibaugh
lab, unpublished). This did not occur in amino acid-N and urea-N; thus, polyamine oxidation
changed our traditional view that bacteria are mainly responsible for polyamine removal. Low
polyamine concentrations (sub-nmol L level, ~1-order of magnitude lower than dissolved free

amino acids) may also be explained by the direct oxidation by Thaumarchaeota.



OBJECTIVES

The first objective of my work was to determine the distribution and composition of
dissolved polyamines in the SAB. A second objective was to determine their turnover rate in situ
by measuring uptake by bacteria. A third objective was to determine the contribution of
polyamines to bacterial N demand. These objectives are addressed in Chapter 2, which reports
turnover rates and concentrations of putrescine, spermidine and spermine in the South Atlantic
Bight (SAB), from inner shelf to the shelf-break. These data were used to calculate polyamine
uptake rates. I determined the same variables for two dissolved free amino acids (glutamate and
arginine) to better understand the relative contributions of polyamines to bacterial carbon and
nitrogen demands, which were estimated from L-leucine incorporation. Environmental variables
(e.g. T, S, dissolved oxygen, light attenuation and DIN concentrations) were measured to
evaluate the impact of environmental conditions on the cycling of polyamines in seawater.

Previous studies (Lee and Jorgensen 1995, Nishibori et al. 2003), and the results
described in Chapter 2 suggested that the abundance and composition of phytoplankton control
the concentration and composition polyamines in the water column. My fourth objective was to
determine the composition and concentration of intracellular pools of polyamines in 4
representative phytoplankton (a cyanobacterium, 2 different centric diatoms and a
dinoflagellate), while the 5™ objective was to determine how environmental conditions (stress,
nutrient limitation) affected polyamine pools in phytoplankton and the 6" was to evaluate uptake
or loss of polyamines from phytoplankton into the culture medium. Experiments to address these
objectives are described in Chapter 3. I designed experiments using laboratory cultures of pure
phytoplankton species (diatoms Thalassiosira pseudonana and Chaetoceros sp.; the

cyanobacterium Synechococcus sp. and the dinoflagellate Amphidinium carterae Hulburt) to



determine the intracellular concentration and composition of polyamines in these species. [ used
the model diatom species 7. pseudonana for more detailed studies of variation of polyamine
pools in different growth phases of 7. pseudonana. Another set of experiments with 7.
pseudonana manipulated environmental (T and S) conditions and nutrient limitation to observe
the changes of the intracellular and extracellular polyamine pools. Since phytoplankton have
been reported to take up DON in the ocean (Bronk et al. 2007), we used '*C-labeled PUT to track
the uptake of PUT by 7. pseudonana. The information on polyamine synthesis, release and
uptake by phytoplankton addressed in Chapter 3 will help us better understand the spatial and
temporal variability of polyamines in the ocean.

As discussed above, preliminary data suggest that Thaumarchaeota are able to use the N
in polyamines in place of ammonia to generate energy. A 7™ objective of my work, then, was to
determine the spatial and temporal distribution of Thaumarchaeota in the SAB. Thaumarchaeota
have been detected in Georgia coastal waters previously and their abundance has been found to
vary seasonally, with a mid-summer peak of > 10°® 16S rRNA gene copies L™ (Hollibaugh et al.
2011, 2014, Tolar 2014). I repeated some of the survey work conducted in 2011 and expanded
our sampling sites into coastal waters of the SAB out to the shelf-break to determine the spatial
and seasonal distribution of Tharmarchaeota there. I measured the abundance of Thaumarchaeota
16S rRNA and ammonia monooxygenase subunit A (amoA) genes, as well as Betaproteobacteria
amoA and Nitrospina sp. 16S rRNA genes. | measured nitrification rate by in situ incubation of
""N-labeled NH4Cl at selected stations from inshore to offshore. I constructed clone libraries of
Thaumarchaeota 16S rRNA and Archaea amoA genes to assess the distribution of

Thaumarchaeota ecotypes and their diversity of in different water mass. A better understanding



of the seasonal and spatial variability of ammonia-oxidizing Archaea in the SAB will lay the

foundation for future studies of polyamine distributions in the SAB.
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Table 1.1: Structures and pKa values of polyamines.

pKa
. Chemical Structure
Polyamine
o @ 6 ®
Cadaverine H,N-(CH,),-NH, 10.25  9.13
® ®
Putrescine H,N-(CH,) ,-NH, 10.8 9.63
® ®
‘ ‘1,3- H,N-(CH,),-NH, 8.76  10.56
Diaminopropane
Spermidine H,N-(CH,) -NH-(CH,),-NH, 1095  8.56 9.98
® ©) ®
Spermine H,N-(CH,),-NH-(CH,),-NH-(CH,),-NH, 10.9 8.4 7.9 10.1
® ®
Norspermidine H,N-(CH,),-NH-(CH,),-NH, 10.65  7.69 9.57
®
Norspermine 10.46  8.54 7.21 9.82

H,N~(CH,),-NH~(CH,);-NH-(CH,),-NH,
® @ ® @
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Figure 1.1: Two polyamine de novo biosynthesis pathways. SAMS, S-adenosylmethionine

synthetase; SAMD, S-adenosylmethionine decarboxylase; /dcC, lysine decarboxylase.
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CHAPTER 2
CONCENTRATIONS, TURNOVER RATES AND FLUXES OF POLYAMINES IN

COASTAL WATERS OF THE SOUTH ATLANTIC BIGHT'

' Liu, Q., X.X. Lu, B.B. Tolar, X. Mou, and J.T. Hollibaugh. 2015. Biogeochemistry.
123:117-133. Reprinted here with permission of publisher.
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ABSTRACT

Polyamines are short-chain aliphatic compounds containing multiple amine groups. They
are important components of the cytosol of eukaryotes and are present at mmol L™
concentrations inside phytoplankton cells, while complex polyamines play a role in biosilica
deposition. Concentrations of polyamines measured in seawater are typically in the sub-nmol L™
range, implying rapid and efficient uptake by osmotrophs, likely bacterioplankton. We measured
turnover rates of 3 polyamines (putrescine, spermidine and spermine) using *H-labeled
compounds and determined their concentrations by HPLC to estimate polyamine contributions to
dissolved organic matter and bacterioplankton carbon and nitrogen demand. These
measurements were made on transects from the inner shelf to the Gulf Stream across the South
Atlantic Bight (SAB) during April and October of 2011 and in salt marsh estuaries on the
Georgia coast during August of 2011 and April of 2012. We found that turnover rates of
polyamines were similar to those of amino acids (arginine and glutamic acid) measured in the
same samples; however, fluxes of polyamines into bacterioplankton were much lower than
amino acid fluxes as a result of low ambient concentrations. Turnover rates and fluxes of
polyamines decreased from near-shore waters to the shelf-break, following the pattern of
chlorophyll a concentration. Polyamine uptake accounted for less than 10% of bacterial N

demand and 5% of bacterial C demand on average, with a large variation among water masses.

INTRODUCTION
Dissolved organic matter (DOM) released directly from phytoplankton or as a result of
grazing or viral lysis is the main source of carbon and nitrogen for heterotrophic bacteria in the

sea (Ducklow et al. 2001; Agusti and Duarte 2013), fueling the “microbial loop” (Azam et al.
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1983). Heterotrophic bacteria assimilate and catabolize organic compounds from DOM and
simultaneously release inorganic C, N and P produced through cellular respiration. DOM is a
complex mixture of compounds of varying reactivities. Within this mixture, dissolved free
amino acids (DFAA) constitute a small (~1%) but very labile pool of compounds with rapid
turnover rates, contributing significantly to bacterial C and N requirements (Fuhrman 1987,
1990; Suttle et al. 1991). Taurine, glycine betaine, dimethylsulfoniopropionate and polyamines
have molecular weights and intracellular concentrations similar to amino acids. These
compounds have various metabolic functions in cells, ranging from osmolytes to DNA
stabilization. Metabolic pathways for their degradation have been identified in bacterioplankton
and they can produce TCA cycle intermediates, indicating their potential to contribute to
bacterial biomass production (Mou et al. 2010; Denger et al. 2006; Moran et al. 2007); however,
their concentration and turnover in the environment have received less attention than amino
acids.

Polyamines are short-chain aliphatic organic compounds containing multiple amine
groups. Putrescine (PUT), spermidine (SPD) and spermine (SPM) are typically the dominant
polyamines found in living cells and in seawater (Tabor and Tabor 1985; Incharoensakdi et al.
2010; Kusano et al. 2007; Lu and Hwang 2002; Mérian et al. 2000; Nishibori et al. 2001a;
Nishibori et al. 2001b). Polyamines are involved in a wide variety of biological reactions,
including the synthesis of DNA, RNA and proteins. They contribute to membrane stability and
stress responses in higher plants, fungi and bacteria (Tabor and Tabor 1985; Incharoensakdi et al.
2010; Jantaro et al. 2003; Alcazar et al. 2006). In seawater, polyamines are found mostly in algae
and bacteria (Hamana and Matsuzaki 1985, 1992; Nishibori et al. 2006; Nishibori and Nishijima

2007; Incharoensakdi et al. 2010). Polyamine pools are maintained in cells by de novo
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biosynthesis and by uptake of exogenous compounds. Biosynthesis starts with the formation of
PUT either from ornithine via ornithine decarboxylase (ODC) or arginine via arginine
decarboxylase and agmatine ureohydrolase (ADC). PUT can then be used as a substrate to form
SPD, followed by synthesis of SPM (Tabor and Tabor 1958, 1966, 1985; Fuell et al. 2010).
Putrescine (PotFGHI) and spermidine-preferential uptake systems (PotABCD) have been found
in E. coli, yeast, cyanobacteria and most of marine bacterial groups (Incharoensakdi et al. 2010;
Igarashi and Kashiwagi 1999; Moran et al. 2007; Mou et al. 2010, 2011), indicating that these
organisms can use exogenous polyamines.

Polyamines measured in seawater could come directly from living or dead organisms or
be produced from protein and amino acid degradation (Hofle 1984). Polyamine concentrations
are reported to reach 30 nmol L™ in coastal seawater during algal blooms and have been reported
to be as high as 250 nmol L™ in a coastal salt pond (Nishibori et al. 2001a; Lee and Jorgensen
1995). The relative distribution of polyamines between organisms and seawater is similar to that
of DFAA, suggesting similarities in their geochemical processing. As with DFAA, heterotrophic
bacteria may catabolize polyamines for carbon and nitrogen or as sources of energy, in addition
to using them directly in other metabolic processes as mentioned above (Lee 1992; Hofle 1984).

Previous studies of polyamine cycling in seawater are few in number and were mainly
conducted in near-shore coastal waters or semi-enclosed marine basins (Lee 1992; Lee and
Jorgensen 1995). Measuring turnover rates of polyamines in a broader range of water masses
will help in elucidating their role in marine C and N cycling. Based on their turnover rates,
polyamine fluxes into bacterioplankton and their contributions to bacterial C and N demand can
also be estimated for comparison with other compounds. In this study, we determined turnover

rates, concentrations and uptake of polyamines along an inshore to offshore transect and
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compared them to similar measurements made with select amino acids. We used our data to
estimate the potential contribution of polyamines to bacterial C and N demand to obtain a
general idea of the contribution of polyamines to bacterial production. We correlated these
parameters with biological and environmental conditions across our study areas and used these

analyses to identify factors potentially driving spatial variability of polyamine cycling.

MATERIALS AND METHODS
Sampling locations
Samples were collected on two cruises of the R/V Savannah in the South Atlantic Bight

(SAB) on 18-22 April and 2-6 October 2011. A total of 13 stations were occupied along 3
inshore-offshore transects of the SAB between Savannah, Georgia and Jacksonville, Florida (Fig.
A.la). Sample sites covered the near-shore, middle shelf and the shelf-break at the edge of the
Gulf Stream along the SAB. Water properties at near-shore stations were influenced by river
inflow and tidal exchange with salt marshes and estuaries. In contrast, offshore stations,
especially those along the shelf-break, were oceanic and influenced by the Gulf Stream. Station
locations and sampling depths are given in Table A.1. Seawater samples were collected using 12
L Go-Flo bottles mounted on a CTD rosette. Because the SAB shelf is shallow, samples were
only collected at the surface and near the bottom except at shelf-break stations where mid-depth
samples were also collected. Profiles of environmental variables (temperature, salinity,
dissolved oxygen, relative fluorescence and photosynthetically active radiation - PAR) were
taken by sensors mounted on the CTD during hydrocasts to collect water samples.

Inshore samples were collected during 13-16 August 2011 and 17-20 April 2012 at

Georgia Coastal Ecosystems - Long Term Ecological Research (GCE-LTER) sampling sites,
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located on the Georgia, USA coast adjacent to the SAB (http://gce-lter.marsci.uga.edu/ and Fig.

A.1b). We collected 2 L of near-bottom water during high and low tide from Sapelo Sound (SP,
GCE stations 1, 2 and 3) and Altamaha Sound (AL, GCE stations 7, 8 and 9). We also collected
surface water samples from a floating dock at Marsh Landing (ML) on the Duplin River every 3
hours over 24-hour periods. The water passing the dock on flood tide comes from Doboy Sound,
which receives input both from the Atlantic Ocean and Altamaha River, while the Duplin River
drains a salt marsh with limited input of groundwater from Sapelo Island on ebb tide. The
Sapelo Island National Estuarine Research Reserve (SINERR) maintains an observatory at
Marsh Landing that collects meteorological, water quality and nutrient data (available at
http://cdmo.baruch.sc.edu, station LD). Profiles of temperature and salinity were measured at
other stations using a CTD and discrete samples were taken to measure nutrients, chlorophyll

and other water quality variables (http://gce-lter.marsci.uga.edu/).

Turnover Rate, Concentration and Uptake Rate of Polyamines and Amino acids

Seawater samples were drawn directly from Go-Flo bottles into clean, acid-washed 500
mL polypropylene bottles. A series of 10 mL subsamples were quickly transferred to 15 mL
snap-cap, disposable test tubes. Radiolabeled polyamines [2, 3->H(N)]-putrescine (80 Ci mmol™,
American Radiolabeled Chemicals (ARC)); [terminal methylene-"H]-spermine (50 Ci mmol ™,
ARC); [terminal methylene-"H (N)]-spermidine (39 Ci mmol™, PerkinElmer) and two amino
acids L-[2,3,4-3H]-arginine (54.6 Ci mmol ™, PerkinElmer); and L-[3,4-3H]-glutamic acid (51.1
Ci mmol™, PerkinElmer) were added to five replicate subsamples to final concentrations of 5
nmol L (~1 uCi tube™). Arginine (ARG) and glutamic acid (GLU) were chosen as

representatives of DFAA in seawater because they are readily processed by microbial
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communities (Crawford et al. 1974; Hollibaugh 1979) and have distinct functional groups. In
addition, Ferguson and Sunda (1984) showed that the turnover rate of GLU in samples from the
Gulf of Mexico approximated that of the turnover rate of an amino acid mixture based on
regression analysis (slope =1.04, intercept=0.076, r = 0.94). Note that measured polyamine
concentrations were generally <5 nmol L™ (see below), so that the amendments we used are not
tracer additions, especially for polyamines. We used these amendments to obtain reliable counts
in small volume, short duration incubations and because we had no information, in advance, on
polyamine concentrations in our samples. The turnover rates we measured are thus
approximations of turnover rates that would have been measured in a true tracer experiment: they
may be elevated if uptake in situ was limited by substrate concentration, or they may be
depressed because the substrate pool is larger than in situ. As a consequence, our estimates of
polyamine fluxes and the contributions of polyamines to bacterial C and N demand are also
likely biased; however, we assume that the spatial and temporal patterns of activity we observed
reflect underlying ecosystem processes.

Duplicate control samples were filtered immediately after the addition of the substrate.
The remaining triplicates of each substrate were incubated in the dark for ~1 hour at the in situ
temperature. Incubations were terminated by filtering samples through 0.45 pm pore size
Millipore filters (type HA) held on a 1225 Sampling Manifold (Millipore). Each filter was rinsed
with 10 mL of unlabeled seawater to wash out unincorporated substrate, and then placed in a 7
mL scintillation vial. Ethyl acetate was added immediately to stop biological activity and to
dissolve the filters, then scintillation cocktail was added prior to counting on a Beckman Coulter
LS 6500. CPM were converted to DPM using counting efficiencies determined by the instrument

using an external standard, then turnover rates were calculated by equation (1)
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Turnover rate = (dpMexperimental — APMeontrol)/ (dPMadded X Incubation time) (1)

A second water sample was collected for determining concentrations of dissolved
polyamines and DFAA. The sample was filtered through 3 um and then 0.2 pm pore size
membrane filters at low vacuum (~1 cm Hg) and the filtrate was frozen at -80 °C until analysis.
Concentrations of polyamines and DFAA were determined by high-pressure liquid
chromatography (HPLC) following derivitization with o-phthaldialdehyde/ethanethiol (OPA/ET)
and 9-fluorenylmethyl chloroformate (FMOC) reagents (Lu et al. 2014; Koros et al. 2008). The
limits of detection for PUT, SPD and SPM were 0.05, 0.01 and 0.1 nmol L'l, respectively, and
0.01 — 0.1 nmol L™ for DFAA species. Uptake rates were calculated by multiplying turnover
rates (d™) from Equation 1 by concentrations (nmol L") we measured in the same sample (Sy)

plus the 5 nmol L™ added as tracer (S,).

Fate of Polyamine Carbon

We quantified respiration of polyamine C using putrescine as a model compound. [2, 3-
HC)- putrescine (100 mCi mmol”', ARC) and [1,4-"*C]- putrescine (110 mCi mmol”', ARC) were
mixed in equimolar proportions and added to 10 mL seawater samples to a final concentration of
50 nmol L™ (~0.1 pCi tube™). After incubation in the dark at the in situ temperature for ~0.5
hour, samples were filtered through 0.45 um pore size Millipore filters (type HA) and the
radioactivity of "*C collected on the filter was determined by liquid scintillation counting as
above. The '*C retained by the filter was considered to be incorporated carbon. One milliliter of
IN Na,COs was added to the filtrate which was then frozen and held at -80 °C until analysis. In

the laboratory, dissolved inorganic '*C was stripped from the filtrate and trapped on a
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phenethylamine-saturated filter following Hobbie and Crawford (1969). The trapped "*C was
quantified by liquid scintillation counting. Phenethylamine-captured '*C was confirmed to be
respired carbon from control experiments with labeled substrate added to filtered sterilized
seawater. The percentages of C incorporated and respired were calculated by dividing the

radioactivity from filter and filtrate, respectively, by their sum.

Bacterial Production and Abundance

Bacterial Production (BP) was determined from *H-L-leucine incorporation into bacterial
protein (Kirchman et al. 1985; Simon and Azam 1989). L- [4,5-"H(N)]-leucine (60 Ci mmol™,
ARC) was added to 4 replicate 5 mL water samples to a final concentration of 20 nmol L™ (~5
uCi tube). Two control tubes were filtered through 0.45 pm-pore size Millipore filters
immediately after adding *H-L-leucine. Duplicate experimental samples were incubated for ~1 hr
in the dark at the in situ temperature, and then filtered as above. Samples were extracted with
cold 5% trichloroacetic acid (TCA) and 80% ethanol after filtration (Hollibaugh and Wong
1992) and filters were radioassayed by liquid scintillation counting as above. L-leucine
incorporation rate was converted to bacterial protein production (BPP) using a factor of 3565 g
protein (mole leucine incorporated)'1 (Simon and Azam 1989). The BPP measurement can be
converted to the rate of dry weight production by multiplying by 1.6, and into bacterial carbon
demand (BCD) by multiplying the rate of dry weight production by 0.54 (Simon and Azam
1989). Bacterial nitrogen demand (BND) was estimated from BCD assuming that the C: N ratio
of bacterial cells is 5:1 (Lee and Jorgensen 1995).

Bacterial abundance was determined by quantitative PCR of 16S rRNA genes using an

iCycler iQ5 qPCR System (BioRad) and 2X SYBR® Green I Dye (BioRad) following
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previously described protocols (Buchan et al. 2009). Samples (~1L) for DNA extraction were
collected at each station and depth on both cruises. They were pressure filtered (at ~60 kPa)
through 0.22 pm Durapore filters (Millipore) and frozen in 2 mL of lysis buffer (0.75 mol L™
sucrose, 40 mmol L' EDTA, 50 mmol L' Tris, pH 8.3). DNA was extracted and purified by
phenol-chloroform extraction as described previously (Tolar et al. 2013; Bano and Hollibaugh
2000). Triplicate 25 pL reactions containing 2 pL of template DNA were run with gene-specific
primers (BACT1369F: 5’-CGGTGAATACGTTCYCGG-3’ and PROK1492R: 5°-
GGWTACCTTGTTACGACTT-3’) for each sample (Suzuki et al. 2000). Samples were run
alongside standards (ranging from 10-10" copies pL™") and checked for PCR inhibition by
comparing 10-fold dilutions of DNA run on the same plate. Specificity of each reaction was
confirmed with a melt curve. The detection limit was 9.12 x 10" copies L™ with qPCR efficiency
ranging from 95.6 to 106 %. Gene abundance was converted to copies L™ of sample filtered by

assuming 100% extraction efficiency and calculated as in Tolar et al. (2013).

Chemical Analyses

The concentration of biogenic silica (BS1) was measured as an estimate of the abundance
of diatoms in SAB samples (Nelson et al. 1995; Brzezinski et al. 1997). BSi was analyzed
following the protocol described in Brzezinski and Nelson (1989), modified from Strickland and
Parsons (1977) and Paasche (1973). Briefly, a total volume of 0.6 to 1 L of water was filtered
through a 0.6 pum pore size polycarbonate membrane filter, which was then frozen at -80 °C until
analysis. Filters were placed in 4 mL of 0.2 N NaOH, heated to 95°C for 40 min, then the
solution was neutralized by adding 1 mL of 1 N HCI. The sample was centrifuged for 10 min at

1000 x g, and then the supernatant was used to quantify silicic acid following Brzezinski and
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Nelson (1989). Extracts from coastal seawater samples were diluted 10-fold for BSi
measurement. Samples for nutrient determination were filtered through 0.22 pm Durapore filters
(Millipore) immediately after collection and stored frozen at -80 °C until analysis. Ammonium
(NH;") was measured using a fluorometric method described in Holmes et al. (1999). Nitrate
plus nitrite (NOy) was analyzed by reducing nitrate to nitrite with cadmium (Jones 1984), and

nitrite (NO;") was determined following Strickland and Parsons (1972).

Statistical Analyses

Principal Components Analysis (PCA) of biological (bacterial production and
abundance) and environmental data (relative fluorescence, dissolved oxygen, attenuation
coefficient, temperature and salinity) was used to group SAB stations for better understanding of
the patterns of polyamine cycling. The average PAR attenuation coefficient (K) at each station
was calculated from PAR profiles collected with other environmental data during CTD casts (Lin
et al. 2009). Redundancy analysis (RDA) was applied to identify factors that might influence
turnover rates, concentrations and fluxes of polyamines and amino acids. RDA is a canonical
analysis that combines regression and ordination in a multivariate model. Linear relationships are
assumed between response and explanatory variables in RDA (Legendre and Legendre 2012).
The log-transformed nutrient data (NH,4", NO,, NOy), biological data (BSi concentrations,
bacterial production and abundances) and environmental variables (relative fluorescence,
temperature and salinity) measured during the two cruises were analyzed with 999 Monte-Carlo
permutations using the software package CANOCO (4.5; ter Braak and Smilauer 2002).

Individual #-tests run in R (http://www.r-project.org/) were used to test the statistical significance
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of spatial differences in turnover rates, concentrations and uptake rates of polyamines and amino

acids using log-transformed data.

RESULTS
Water Column Characteristics

The temperature and salinity of surface water encountered on the April cruise ranged
from 19 °C and 29 at near-shore stations to 27 °C and 36.7 at shelf-break stations, respectively.
Bottom water (~450 m) temperature was 7.9 °C at shelf-break stations. In October, the salinity
was uniformly ~36 across the SAB except at station 1 (surface: 23.5, bottom: 27.6). Surface
water temperature ranged from 24.2 °C at near-shore stations to 29.2 °C at the shelf-break and
decreased to 7.3 °C at 450 m. The water column was well mixed at near-shore and mid-shelf
stations (< 50 m) during both cruises, while the water column at the shelf-break was weakly
stratified during April and well stratified in October with a thermocline at ~50 m. Temperature
was uniform at inshore GCE-LTER sites (April: 23 + 0.5°C; August: 31 + 0.6°C); however,
salinity varied significantly between sites (SP: 31 + 1, ML: 30.3 £ 0.1 and AL: 8.9 + 9.9 in April;
SP: 35.6 £0.2, ML: 32.2+0.4 and AL: 14.7£11.2 in August) due to tidal mixing and variable
riverine freshwater input, especially at AL stations 7-9.

Relative fluorescence (RF) and BSi, representing chlorophyll a (Chl a) and the abundance
of diatoms, respectively, decreased from near-shore to offshore waters during both cruises (Fig.
A.2a, c). Relative fluorescence was highest at mid-depth at shelf-break stations, comparable to or
even higher than those measured at the mid-shelf stations. L-leucine incorporation rates and the
abundance of bacterial 16S rRNA genes also decreased from inshore to offshore (Fig. A.2b, d).

L-leucine incorporation rates and bacteria 16S rRNA gene abundance covaried in April but not
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in October; for example, bacterial abundance was low at Gray’s Reef (GR) in October, yet
bacterial production was extremely high.

We used PCA of biological and environmental variables to group similar stations in the
SAB (Fig. 2.1). The first two PCA axes explained 88.0% of the variation between stations in
April and 94.8% of the variation between stations in October. The contribution of each variable
to principal components axes is given in Table A.2. Overall, the analysis supported separating
the stations into 3 groups: near-shore, mid-shelf and shelf-break. Environmental conditions at
GR varied between cruises so GR was grouped with mid-shelf stations in April and near-shore

stations in October.

Turnover Rates of Polyamines and Amino acids

Turnover rates of polyamines (PUT, SPD and SPM) and amino acids (ARG and GLU)
were faster at near-shore stations and decreased rapidly offshore in the SAB during both cruises
(Fig. 2.2 and Table 2.1). Polyamine turnover varied similarly to that of amino acids but the
difference between near-shore and offshore waters was greater. Polyamine turnover rates at mid-
shelf and shelf-break stations in April were 6.7% and 1.3%, respectively, of those at near-shore
stations. Turnover rates of polyamines measured on the October cruise were similar to those
measured on the April cruise, while amino acids turned over slower than April (z-test, p = 0.005;
Fig. 2.2 and Table 2.1). On both cruises, turnover rates of SPD and SPM were faster than those
of PUT at nearly all stations (#-test, p < 0.05; Fig. 2.2).

The turnover rates of polyamines and amino acids in samples collected from inshore
GCE-LTER sites also varied spatially (Fig. 2.3 and Table 2.1). Polyamine turnover rates were

relatively faster in samples from the riverine estuary Altamaha Sound (AL) than other areas,

32



especially PUT turnover rates. As with samples collected on the cruises, the turnover rates of

SPD and SPM were greater than the turnover of PUT in April samples (#-test, p < 0.05), but in
August PUT turnover rate was similar to the other two species (z-test, p > 0.05), with relatively
faster turnover rates in some samples collected at AL (Fig. 2.3). Polyamine turnover rates were
significantly faster (z-test, p = 0.002) at inshore GCE sites in April when compared to turnover

rates measured at near-shore SAB stations (Table 2.1).

Concentrations of Polyamines and DFAA

Polyamine concentrations were very low compared to total DFAA concentrations
measured in the same samples (Fig. 2.4 and Table 2.1). Concentrations of individual polyamines
were typically <1 nmol L (Fig. 2.4). On the April cruise, the summed concentrations of
polyamines were similar in near-shore and mid-shelf samples but increased ~3-fold at shelf-
break stations. In contrast, higher concentrations of DFAA were found at near-shore stations.
DFAA pools were 1 to 2 orders of magnitude greater than polyamine pools in SAB samples (Fig.
2.4a, b; Table 2.1). PUT and SPD were detected in all samples, but SPM was only detected in
samples from the shelf-break. SPD was the most abundant polyamine encountered on the
October cruise. Relatively high concentrations of SPD were found in surface samples from near-
shore stations 3 (3.3 + 0.2 nmol L', mean + SE) and GR (5.3 £ 4.2 nmol L"), as well as in one
mid-shelf sample (Stn 8; 7.0 nmol L™'; Fig. 2.4c). DFAA were uniformly distributed with
concentrations < 400 nmol L™ (Fig. 2.4d), except for one extremely high concentration found in
surface water of Stn 8 (2,210 + 493 nmol L") where polyamine concentrations were also

elevated. DFAA concentrations were significantly greater in October versus April (z-test, p =
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0.0006) and the DFAA pool was more than 2 orders of magnitude larger than the polyamine
pool, which did not change significantly between the two cruises (¢-test, p > 0.05).
Concentrations of polyamines and DFAA were only measured at inshore GCE-LTER
sites in April of 2012 (Fig. 2.4e, f) and SPD was the most abundant polyamine species detected
in those samples. PUT was only detected in samples collected during low tide at GCE 2 in SP
but the concentration in this sample was > 4 nmol L. On average, the concentrations of
polyamines at inshore sites were similar to those measured at near-shore and mid-shelf stations
of the SAB on the April cruise, with concentrations of individual polyamines consistently <1
nmol L. DFAA concentrations were significantly higher at inshore GCE sites than at near-shore

SAB stations (z-test, p< 0.05).

Uptake Rates of Polyamines and Amino Acids

Uptake rates of polyamines (Fig. 2.5a, ¢) and amino acids (Fig. 2.5b, d) were highest at
near-shore stations and decreased at mid-shelf and shelf-break stations on both cruises, a
distribution similar to turnover rates. Uptake rates of polyamines and amino acids at near-shore
stations were 2-fold higher in April cruise than October, but were similar at mid-shelf and shelf-
break stations on both cruises (Table 2.1). The summed uptake rates of ARG and GLU were
approximately 3-fold, 8-fold and 5-fold greater than polyamine uptake rates at near-shore, mid-
shelf and shelf-break stations, respectively (Table 2.1). On average, uptake rates of all substrates
were higher at inshore GCE-LTER stations than at near-shore SAB stations in April (z-test, p <

0.05; Fig. 2.5¢, f; Table 2.1).
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Fate of Putrescine Carbon

We found that 26 £17% (mean + SD) of PUT carbon processed (uptake plus respiration)
was released as '*CO, in samples collected during the April cruise. A larger fraction (51 + 8.8%)
of PUT carbon was respired in samples collected in October, and elevated respiration of PUT
carbon was observed primarily at near-shore and mid-shelf stations. Compared to the low
respiration of PUT C detected across the SAB on the April cruise, a large fraction of the PUT
carbon was respired by samples collected in April at inshore GCE sites (Table 2.2); however, the
respiration of PUT carbon decreased in samples collected at Marsh Landing during August

(Table 2.2).

Contributions to Bacterial Demand

The contributions of polyamines and DFAA to BCD and BND were compared using
fluxes calculated as the product of measured turnover rates and measured in sifu substrate
concentrations (S,). Our analysis indicated that C and N supplied by polyamines accounted for
only a small proportion of the total bacterial demand for C and N in these samples, in contrast to
a much larger contribution supplied by ARG plus GLU (Table 2.3). Polyamines contributed <4%
of BCD and 8% of BND in samples collected in the SAB. Maximum contributions were at shelf-
break stations on the April cruise and at near-shore stations on the October cruise (Table 2.3).
Polyamine contributions to BND were highest at inshore GCE-LTER sites, especially at Marsh
Landing (ML) where 14% of BND could be supplied by polyamines. In contrast, the contribution
of polyamine C to BCD was low (<3%) at inshore stations and similar to those we measured in

the SAB (Table 2.3).
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Environmental Factors versus Turnover Rates, Concentrations and Uptake of Polyamines and
Amino acids

RDA was only applied to samples collected in the SAB due to incomplete coverage of
ancillary environmental variables at other stations. The RDA biplot (Fig. 2.6a) showed that 72%
of the variability in the turnover rate - environment relationship was explained by canonical axis
1 (RDA 1). Adding the second axis (RDA 2) increased the variance explained to 76%. Bacterial
16S rRNA gene abundance was omitted from subsequent statistical analyses due to its low
contribution to the turnover rate - environment model. Chlorophyll fluorescence (RF, p =0.001)
and salinity (p = 0.003) contributed significantly to RDA1 while nitrite concentration contributed
significantly to RDA 2 (p = 0.002). Turnover rates of polyamines and amino acids were both
positively correlated with chlorophyll fluorescence and negatively correlated with salinity on
RDA1. SPD turnover rate was correlated with the concentrations of biogenic silica (BSi) and
ammonium, while turnover rates of the other four substrates we measured (PUT, SPM, ARG and
GLU) were more closely associated with L-leucine incorporation rates (LEU), a proxy for
bacterial production.

The first two canonical axes only explained 25.5% of the variability in the concentration-
environment relationship (17.8% for RDA1 and 7.7% for RDA2; Fig. 2.6b). RDA 1 was not
statistically significant (F = 6.78, p = 0.37); however, polyamine concentrations were shown to
cluster closely with NO, concentrations and bacterial 16S rRNA gene abundance, while DFAA
concentrations varied with temperature, bacterial production, salinity and NOy™ concentrations.

The uptake-environment relationship shown in Figure 2.6¢ indicates that 82.3% of the
variability was explained by RDA1 and only 2.1% of the variability was explained by RDA 2.

Chlorophyll fluorescence (p = 0.001) and bacterial production (p = 0.003) contributed
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significantly to RDA 1; the former was more closely correlated with polyamine uptake while the
latter was strongly associated with amino acid uptake. Although BSi was not a significant factor
in uptake-environment model, it showed a stronger correlation with polyamine uptake than

chlorophyll fluorescence. Weightings for all four canonical axes are given in Table A.3.

DISCUSSION
Polyamine Pool

Polyamine concentrations were very low (N.D. to nmol L™) at our study sites, <1% of the
total DFAA concentrations in most of samples. Our findings are similar to those reported for
Japanese coastal waters (mostly <5 nmol L™'; Nishibori et al. 2001a, b and 2003), but were much
lower than the concentrations of PUT measured in an eutrophic salt pond (N.D. to 250 nmol L™';
Lee and Jargensen 1995); indicating significant spatial variability in polyamine concentrations.
Instead of PUT, which is usually reported to dominate the polyamine pool in seawater (Nishibori
et al. 2001a, b and 2003), SPD was the dominant polyamine in our samples and was widely
distributed across our study area. PUT was detected frequently on the April cruise but was only
detected occasionally on the October cruise and at GCE-LTER sites; however, when present it
contributed significantly to total polyamine concentrations. The predominance of SPD and PUT
was possibly due to their distribution in algal cells, especially diatoms (Hamana and Matsuzake
1985), and variation in the species composition of phytoplankton biomass. SPD is also abundant
in cyanobacteria, in some species of green algae and in members of the Raphidophyceae
(Hamana and Matsuzake 1982, 1992; Jantaro et al. 2003; Badini et al. 1994; Nishibori et al.
2006). The occasional detection of SPM at low concentrations in our samples may reflect its

distribution in specific eukaryotes, because the free SPM has only been found in yeast and a few
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eukaryotic algae (Hamana and Matsuzaki 1982, 1985). Thus, detection of different polyamine
species in our samples could be as much due to the diversity of their sources as to removal by

selective uptake (Nishibori et al. 2003).

Polyamine Turnover and Uptake Rates

The similarity in the distribution of polyamine and DFAA turnover rates in our samples
suggest that a similar mechanism (bacterial uptake) controls their distribution and that
polyamines are a biologically active fraction of DOM. However, as discussed above, the supply
of polyamines may be as important as uptake in determining composition and distributions. Our
RDA analysis showed that the turnover rates of both polyamines and amino acids correlated
significantly with chlorophyll fluorescence and salinity. The close coupling between polyamine
turnover and chlorophyll fluorescence implies a link to phytoplankton, presumably as a potential
source of polyamines (Lee and Jargensen 1995), in the biogeochemical cycling of polyamines in
seawater. Higher phytoplankton biomass could result in more polyamines released to seawater,
stimulating polyamine uptake by bacterioplankton, while the composition or physiological
condition of the phytoplankton crop may affect the composition of the polyamine pool. We did
not collect samples for chlorophyll measurements at inshore sites. GCE-LTER data indicates that
chlorophyll concentrations are higher at freshwater stations in Altamaha Sound (AL, GCE Stn 7-
9) than in the more saline water of Sapelo Sound (SP, GCE 1-3) during April and August,
consistent with the pattern of polyamine turnover rates we found. However, elevated chlorophyll
concentrations and low salinity tend to co-occur in near- and in-shore waters; thus, it was not

surprising that turnover rates correlated with both variables.
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We measured BSi (Fig. A.2a, c) to estimate the abundance of diatoms and found a strong
correlation between SPD turnover rates and BSi, suggesting a link between diatoms and the
supply of SPD. Long-chain polyamines (LCPAs) have been detected in diatom frustules as a
component of silafins, a silica-precipitating protein. In LCPAs, putrescine, spermidine and
spermine moieties are attached to N-methylated derivatives of polypropyleneimine units (Kroger
et al. 2000; Bridoux and Ingalls 2010). However, whether the simple, short-chain polyamines in
seawater originate from these long-chain polyamines, and the possible biochemical processes
linking these two polyamine pools, have not been studied.

As we expected, the patterns of polyamine and amino acid turnover rates across the SAB
were similar to the pattern of bacterioplankton heterotrophic activity measured as L-leucine
incorporation rate (LEU). Previous studies focused on the cycling of PUT, partly as a
consequence of the availability of labeled substrates. The turnover rates of PUT we measured are
comparable to those reported previously (Table 2.4; Lee and Jorgensen 1995; Lee 1992), which
were faster in more productive water (>0.1 d™') and slower in stratified or less productive waters
(0.001-0.1 d™"). Pools of the other two polyamine species we measured (SPD and SPM) turned
over more rapidly than PUT in most of our samples. The K,,, of SPD uptake by the energy-
dependent polyamine uptake system in E.coli is about 10-fold less than that of PUT, indicating
more effective uptake of SPD at low substrate concentrations (Tabor and Tabor 1966). Although
SPM was undetectable in samples from most stations, we measured rapid turnover of SPM in
SAB samples suggesting that heterotrophic bacteria may use it preferentially. Previous studies
with E.coli found that SPM was taken up more rapidly than other polyamines at the pH of

seawater (Tabor and Tabor 1966, 1985), consistent with results from our study.
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The turnover rates and uptake rates we calculated are underestimates because we did not
correct them for respiration. However, our studies showed that a larger fraction of PUT carbon
was incorporated than respired, comparable to the results of a previous study (Lee and J¢rgensen
1995) showing that 40 - 100% of PUT carbon was incorporated into biomass by bacteria from a
salt pond. Our incubations were of <1 h duration and Hofle (1984) suggested that a longer
incubation period (>6 h) was required before PUT carbon was respired significantly and
concluded that the uptake of radiolabeled polyamines can be regarded as a reasonable estimate of
bacterial polyamine utilization, as long as short incubations are used to make the measurements
(Lee 1992).

Variability in polyamine uptake was determined primarily by variability in turnover rates,
rather than variability in concentration. Polyamine concentrations were generally low and
uniform in our samples, thus polyamine concentrations in incubations to determine turnover rates
were determined primarily by the concentration of added radiolabeled substrate (5 nmol L™).
Because we were unable to add truly tracer concentrations of radiolabeled substrates to our
samples, to some extent these measurements may approach “potential uptake” rates rather than
“in situ uptake” rates. We assumed that the spatial and temporal distribution of the uptake rates
we measured approximate the spatial and temporal distribution of true in situ rates. These uptake
rates were then used in statistical analyses in an effort to elucidate the patterns of polyamine
utilization. As a conservative measure, we used the polyamine concentrations we measured,
rather than the sum of the measured plus the added tracer (S, + S, in the parlance of Hobbie et al.
1968), in our calculations of BCD and BND. Using the total pool size (S, + S,) would increase

calculated fluxes into bacterioplankton by orders of magnitude in some cases (Table 2.1).
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The similarity of the patterns of polyamine and amino acid uptake in the study area
suggest similar pathways of biogeochemical cycling. The primary source of both classes of
compounds in the environment is likely phytoplankton biomass. It is anomalous that, given the
similarity in concentrations of these classes of compounds in phytoplankton cytosol implying
similar fluxes of polyamines and DFAA into the environment as a consequence of viral lysis
(Suttle et al. 1990, Cottrell and Suttle 1995) or “sloppy feeding” by grazers (Conover 1966,
Lampert 1978, Hasegawa et al. 2001), in situ concentrations are so different. Amino acids may
“leak” from phytoplankton more readily than polyamines, or release of DFAA by hydrolysis of
detrital proteins may account for the apparent differential in sources.

Statistical analysis of our data suggests that the composition and concentration of the
polyamine pool is tightly coupled to phytoplankton production, especially by diatoms, while
DFAA concentration was controlled by bacterial uptake, as reported previously (Lee and
Jorgensen 1995). The strong correlation between polyamine uptake and phytoplankton biomass
re-emphasizes that phytoplankton are the predominate source of polyamines in the SAB. Due to
low in situ concentrations, polyamine uptake contributes less to BCD and BND than DFAA
uptake, as shown by the weaker correlation between polyamine uptake and bacterial production.
Bacterial uptake of polyamines thus appears to be controlled mainly by release from
phytoplankton. In contrast, the relatively high concentrations of DFAA are closer to their K; in
seawater (Crawford et al. 1974), resulting in the actual uptake of DFAA approaching Vmax;
hence the uptake of DFAA is controlled by the ability of bacteria to transport these compounds.
The low in situ concentrations of polyamines also suggests rather significant differences in the
affinities of bacterial transport systems for polyamines versus amino acids or, alternatively, that

there additional sinks for polyamines competing with uptake by bacteria.
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Polyamine Contribution to Bacterial C and N Production

We used the turnover rates and in sifu concentrations we measured to estimate the
potential contribution of polyamines to BCD and BND. Low fluxes of polyamines into
bacterioplankton suggest that they are less important to bacterial production than amino acids.
Our calculations supported this prediction, showing that polyamines contributed a very small
proportion to bacterial C and N demand compared to amino acids. Due to low C: N ratios (PUT:
4:2, SPD: 7:3 and SPM: 10:4), the contributions of polyamines to bacterial N demand were more
significant, indicating the potential of polyamines to serve as a source of nitrogen for bacterial
production. However, as discussed above, our estimates of the contribution of polyamines to
bacterial production could be underestimated because we did not correct for respiration and
regeneration, while the elevated substrate concentrations we used to measure turnover rates is
another potential source of bias.

Unlike C, the fate of assimilated polyamine N has not been fully characterized. We
assume that the amine groups of respired polyamines would be remineralized by heterotrophic
bacteria and released as ammonia, as shown previously for amino acids (Hollibaugh 1978;
Goldman et al. 1987; Goldman and Dennett 1991), or used to produce amino acids from a-
ketoacids by a transaminase, followed by incorporation into protein (Bagni et al. 1978; Rastogi
and Davies 1990). The correlation of polyamine uptake with ammonium concentration and with
bacterial 16S rRNA gene abundance suggests regeneration of polyamine N is important;

however, additional studies are required to test this hypothesis.
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CONCLUSIONS

Polyamine turnover rates in the SAB are rapid and comparable to those of amino acids,
indicating that they are available to bacterioplankton despite their low concentrations (sub-nmol
L™"). The extremely low polyamine concentrations limit polyamine uptake and their potential to
be significant sources of C and N to bacteria as compared to amino acids. The cycling of
polyamines and DFAA varied spatially and were both strongly influenced by phytoplankton
abundance and microbial activity; however, polyamine uptake was more closely correlated with
phytoplankton biomass while DFAA uptake was more closely related to bacterial production.
More polyamine carbon was assimilated than respired in our experiments. The fate of N in
polyamines has not been studied; however, the close association between polyamine uptake and
ammonium concentration suggests heterotrophic remineralization of amine groups in polyamine

compounds.
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Table 2.1. Turnover rates, summed concentrations and uptake rates of polyamines (PUT,
SPD and SPM) and amino acids (ARG and GLU) in different regions of the SAB and at GCE-
LTER sites. The results are presented as mean + SD of data from samples collected at different
stations in the same region. DFAA concentration was the total of 20 dissolved amino acid
species, not just ARG plus GLU. Uptake rate was calculated as the measured turnover rate times
the sum of measured the in situ substrate concentration (S,) plus 5 nM added labeled substrate
(S,). PA, polyamines; AA, amino acids; SP, Sapelo Sound; ML, Marsh Landing; AL, Altamaha

Sound
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Concentration Uptake Rate
Turnover Rate (d™)
Time/Location (nmol L™ (nmol L'd™)

PA AA PA DFAA PA AA

SAB (Apr 2011)

Near-shore 0.75+0.62% 2.3+1.4% 0.70£036  75+67 123 +4.7F 38.4+15.5%

Mid-shelf 0.05+£0.03  0.2840.15 0.77+£0.64  34+£8.9 0.65+0.37 4.7+£3.0
Shelf-break 0.01+0.01 2.2+1.9 30£37  0.14+0.14
SAB (Oct 2011)

Near-shore 0.43 +£0.47f 0.68 £0.27f  1.3+1.8  214+100 5.7 +1.9% 18.4+3.1%
Mid-shelf 0.04+£0.04  0.19+0.08 1.4£2.5  479+£778 0.74+0.35 6.0+5.5
Shelf-break 0.02+0.01  0.05+0.04 0.53£0.69 153+57 0.23+0.11 1.1+13

GCE-LTER (Apr 2012)

SP 1.2+0.8 2.4+1.1 1.9+£2.2 160+45 18.8+7.8 47.0+£25.0
ML 1.3+0.9 1.8+1.1 0.9+£0.5  278+141 288+9.0 65.7+25.1
AL 1.9+£0.8 1.1£0.5 0.4+0.2 101+61  22.7+8.0 17.1+£5.4%

GCE-LTER (Aug 2011)

SP 0.7£0.5 1.4 +£0.9 - - - -
ML 0.3£0.2 0.8+0.5 - - - -
AL 1.2£1.3 1.1+ 0.7 - - - -

The symbol “}” indicates the statistical signification (ANOVA and pairwise ¢-test, p<0.05) of
turnover rates, concentrations and uptake rates of polyamines and amino acids, respectively. The
comparison was conducted among different regions of the SAB or at GCE-LTER sites.

- indicates missing data.
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Table 2.2. Respiration and assimilation of putrescine carbon (PUT C) in different regions of
the SAB and at GCE-LTER sites. The results are presented as mean + SD of data from samples

collected at different stations in the same region

PUT C PUT C
Time/Location

Respiration (%) Assimilation (%)
SAB (Apr 2011)
Near-shore 24+ 15 76 £15
Mid-shelf 32+23 68 +23
Shelf-break 22+ 12 78 £ 12
SAB (Oct 2011)
Near-shore 56+73 44+73
Mid-shelf 60+ 11 40+ 11
Shelt-break 38+ 14 62+ 14
GCE-LTER (Apr 2012)
SP 75+4.4 25+4.4
ML 74+ 11 26+ 11
AL 60 =11 40+ 11
GCE-LTER (Aug 2011)
ML 33+7.3 67+7.3

52



Table 2.3. Contributions of polyamines (sum of PUT, SPD and SPM) and amino acids (sum

of ARG and GLU) to bacterial C and N demands (BCD and BND, respectively). The results

are presented as mean = SD of samples collected from different stations in the same region. BCD

and BND represent bacterial C and N production, respectively, calculated from L-leucine

incorporation rates following Simon and Azam (1983). PA C% and AA C% represent

percentages of BCD from polyamines and amino acids, respectively. PA N% and AA N%

represent percentages of BND from polyamines and amino acids, respectively

BCD BND
Time/Location PA C% AA C% PA N% AA N%
(ngLd™) (ngLd™)

SAB (Apr 2011)
Near-shore 502943114  0.47+£0.32  39+27 1006£623  2.4+1.6 10570
Mid-shelf 1146£1013  0.38+0.45 14+14 2294203 2.4+2.3 39+38
Shelf-break 170+122 1.3£1.2 - 34+24 6.3£5.9 -
SAB (Oct 2011)
Near-shore 4106+2728 3.1£2.5 24+10 8214546 7.8+6.2 43£16
Mid-shelf 594+197 2.6+4.4 46161 119+£39 6.5+11 1294222
Shelf-break 170+165 0.7+0.4 22422 25421 1.8+1.1 60+65
GCE-LTER (Apr 2012)
SP 4703+1830 1.5+1.9 9.6£5.8  941+366  8.9+11.3 56+34
ML 4375+1592 2.3£1.8 23+8.5 875+318 14+10 137449
AL 6232+2107 0.7+0.4 2.842.6  1246+421  4.1+24 16£15

- indicates missing data.
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Table 2.4. Comparisons of concentrations and turnover rates of putrescine in natural

waters from early studies with results from this study

Putrescine
Environment Concentration Turnover Rate Reference
(nmol L™ (dh
Lee and
Eutrophic Stratified Pool 0-250 2.4-16.8
Jorgensen (1995)

Oxic Layer of a Eutrophic Salt

10 2 Lee (1992)
Pond
Oxic Layer of a Stratified Trench

5 0.032 Lee (1992)
with Low Production
Anoxic Layer of a Stratified

15 0.006 Lee (1992)
Trench with Low Production
SAB Near-shore (Apr/Oct) 0.34/0.02 0.24/0.11
SAB Mid-shelf (as above) 0.34/0 0.03/0.01

This Study

SAB Shelf-break (as above) 0.18/0.26 0.005/0.007
GCE-LTER Inshore (Apr/Aug) 4.4%/- 0.7/0.94

- Samples were not collected

* The concentration was only detected in one sample
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Fig. 2.1: PCA of environmental characteristics of SAB samples collected during April (a)
and October (b) cruises. RF relative fluorescence (Chl a fluorescence), K attenuation
coefficient, 7 temperature, S Salinity, Oxygen dissolved oxygen, Bact 16S bacterial 16S rRNA
gene abundance. Symbols represent samples from different water regions on the SAB: triangles

near-shore; cross Gray’s Reef (GR); cycles mid-shelf; diamonds shelf-break
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Fig. 2.2: Turnover rates of polyamines and amino acids in samples collected from the SAB
in April 2011 (a, b) and October 2011 (c, d). Numbers on the abscissa identify the station as
per Fig. A.la. SW surface water, MW mid-water, BW bottom water. Stations are allocated to
regions of the shelf (near-shore, mid-shelf and shelf-break) based on water quality properties
analyzed by PCA. Error bars indicate the standard error of triplicate measurements of one

sample and asterisks indicate the lost data
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Fig. 2.3: Turnover rates of polyamines and amino acids in samples collected from GCE-
LTER sites located at the Sapelo Sound (SP - 1, 2 and 3), Marsh Landing (ML) and the
Altamaha Sound (AL-7, 8 and 9) in April of 2012 (a, b) and August of 2011 (c, d). Numbers on
the abscissa identify the station as per Fig. A1.1b. Samples from ML were collected over 24-hour
period. HW high tide water sample, LW low tide water sample. Error bars indicate the standard

error of triplicate measurements of one sample
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Fig. 2.4: Concentrations of polyamines and DFAA in samples collected from the SAB in
April of 2011 (a, b) and October of 2011 (c, d) as well as from GCE-LTER sites located at the
Sapelo Sound (SP-1, 2 and 3), Marsh Landing (ML) and the Altamaha Sound (AL-7, 8 and 9) in
April of 2012 (e, ). Numbers on the abscissa identify the station as per Fig. Al.1. Error bars
indicate the standard error of triplicate measurements of one sample and asterisks indicate the

lost data
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Fig. 2.5: Uptake of polyamines and amino acids in samples collected from the SAB in April
of 2011 (a, b) and October of 2011 (c, d) as well as from GCE-LTER sites located at the Sapelo
Sound (SP-1, 2 and 3), Marsh Landing (ML) and the Altamaha Sound (AL-7, 8 and 9) in April
of 2012 (e, f). Numbers on the abscissa identify the station as per Fig. Al.1. Error bars indicate

the standard error of triplicate measurements of one sample
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Fig. 2.6: Redundancy Analysis (RDA) ordination plots of turnover rates (a), concentrations
(b) and uptake rates (c) versus environmental conditions for polyamines and amino acids.
The length and angle of arrows show the contribution of each variable to RDA axes. The
projected length of turnover rates, concentrations and uptake rates on a particular environmental
variable indicates the correlation between two variables. PA Conc summed polyamine
concentrations, DFAA Conc total concentrations of 20 dissolved free amino acids, P4 uptake
summed polyamine uptake, A4 uptake summed uptake of ARG and GLU, LEU L-leucine
incorporation rates, RF relative fluorescence, equivalents of chlorophyll a fluorescence, T
temperature, S Salinity, Bact 16S bacterial 16S rRNA gene abundance, BSi concentrations of

biogenic silica
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CHAPTER 3
RESPONSE OF POLYAMINE POOLS IN MARINE PHYTOPLANKTON TO NUTRIENT

LIMITATION AND VARIATION IN TEMPERATURE AND SALINITY?

? Liu, Q., N. Nishibori, I. Ichiro, and J.T. Hollibaugh. 2016. Marine Ecology Progress Series.
544:93-105. Reprinted here with permission of publisher.
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ABSTRACT

Previous field observations suggest that the composition of intracellular polyamine pools
in phytoplankton determines the profile of polyamines released to the surrounding environment,
thus knowing how these pools vary among species and in response to factors affecting
phytoplankton growth provides a basis for understanding fluctuations in dissolved polyamines.
Our analyses of the polyamine content of axenic marine phytoplankton cultures show that
intracellular polyamine pools are large (100’s to 1000’s pmol "' of biovolume) and that
putrescine and spermidine are the major compounds present; however, composition varied with
species. Norspermidine and norspermine were the dominant compounds found in the diatom
Thalassiosira pseudonana and the dinoflagellate Amphidinium carterae, respectively. We
explored the effects of temperature, salinity and nutrient limitation on polyamine pools in 7.
pseudonana, and found that either increasing temperature or decreasing salinity increased
polyamine concentrations in cells and in the growth medium. Nutrient (N, P or Si) limitation
caused reductions of intracellular polyamine concentrations, but release was enhanced under N
or Si limitation. Polyamine ratios in the media were not the same as in intracellular pools,
suggesting selective release or uptake of polyamines by phytoplankton. Thus, the composition of
the dissolved polyamine pool in seawater can vary significantly, and on short time scales,
depending on phytoplankton community composition and environmental factors affecting
phytoplankton physiology. Our work provides experimental verification that biological
mechanisms support inferences derived from environmental correlations about the factors

controlling polyamine distributions in the sea.
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INTRODUCTION

Polyamines (PAs) are a group of related aliphatic compounds containing multiple
primary or secondary amine functional groups. They are ubiquitous in both prokaryotic and
eukaryotic cells. Putrescine (PUT), spermidine (SPD) and spermine (SPM) are 3 widely
distributed and relatively abundant PAs that have been studied most thoroughly. The discovery
of less common PAs such as diaminopropane (DAP), norspermidine (NSPD) and norspermine
(NSPM) in some organisms (Rodriguez-Garay et al. 1989, Hamana & Matsuzaki 1992) has
recently attracted attention due to their potential role in newly discovered biochemical pathways
(Lee et al. 2009).

PAs are essential for cellular growth, regulating cell division and maintaining normal
physiological function (Tabor & Tabor 1985, Kusano et al. 2007). They carry positive charges (2
in PUT, 3 in SPD and 4 in SPM) at physiological pH (7.4), and contribute to stabilizing
membranes and nucleic acids by binding to negatively charged groups (Galston & Sawhney
1990, Incharoensakdi et al. 2010, Orsini et al. 2011). A correlation between RNA synthesis and
SPD concentration indicates that PAs could regulate RNA synthesis or indirectly affect protein
synthesis (Stevens 1970). PA metabolism can change in higher plants in response to abiotic
stresses. PUT concentration usually changes as a strategy for protecting cells against osmotic
stress, salinity, hypoxia, etc. (Bouchereau et al. 1999, Alcazar et al. 2006, Incharoensakdi et al.
2010).

Eukaryotes normally synthesize PUT directly from L-ornithine by ornithine
decarboxylase or from arginine by a combination of arginine decarboxylase and agmatine
ureohydrolase (Tabor & Tabor 1985). PUT is the precursor of SPD, and subsequent metabolism

produces SPM or thermospermine by the addition of aminopropyl groups from decarboxylated
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S-adenosyl methionine (Fuell et al. 2010). Oxidation of SPD or SPM to DAP by a spermine
synthase orthologue can produce the tetraamine NSPM with an intermediate triamine NSPD
(Bagga et al. 1991). The biosynthesis of PAs in eukaryotic phytoplankton is primarily controlled
by ornithine decarboxylase activity (Theiss et al. 2002), while the arginine decarboxylase
controlled pathway dominates in prokaryotic cyanobacteria (Incharoensakdi et al. 2010). Two
enzymes related to PA synthesis (ornithine decarboxylase, EC 4.1.1.17, and spermidine synthase,
EC 2.5.1.16) have been identified in the genome sequence of the diatom Thalassiosira
pseudonana (Armbrust et al. 2004).

PA distributions in the ocean are usually correlated with phytoplankton biomass and
bacterial production (Lee 1992, Lee & Jorgensen 1995, Lu et al. 2014, Liu et al. 2015). PUT and
SPD are ubiquitous and relatively abundant (low nmol "), with other PAs present either at lower
levels (e.g. SPM, pmol I'") or only detected occasionally (e.g. NSPD, NSPM, diaminopropane
and cadaverine , Nishibori et al. 2001a, b, 2003, Liu et al. 2015). Based on our previous work
(Liu et al. 2015), we hypothesized that the PA composition of seawater is determined by the
balance between release of PAs from phytoplankton and uptake by bacterioplankton. As the
source of PAs, phytoplankton might play a more important role than bacterioplankton in
determining PA profiles in the environment because species-specific differences in the
composition of intracellular PA pools could affect the composition of PAs released into the
environment. Moreover, environmental factors such as temperature, salinity, and nutrient status
might affect the composition of intracellular PA pools and thus PA release from algal cells,
resulting in spatial and temporal changes of PA profiles.

We studied the variability of PA profiles in representative phytoplankton to address this

question. The species we selected represent groups that are commonly found in seawater and
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cover a spectrum of phylogeny and cell sizes (see Table 1). Diatoms have a wide geographic
distribution and are often important in coastal algal blooms. The diatom 7. pseudonana is
commonly used for physiological studies and its genome has been sequenced (Armbrust et al.
2004). Thus, we chose to use 7. pseudonana for a detailed study of intracellular PA pools and
PA release in response to different environmental conditions. A PA uptake experiment was also
performed to evaluate the ability of 7. pseudonana to remove PAs from the medium and to

determine if PA uptake was affected by environmental conditions or nutritional status.

MATERIALS AND METHODS
Profiles of Extractable PAs

The diatoms Thalassiosira pseudonana (CCMP1335) and Chaetoceros sp. (CCMP199),
the cyanobacterium Synechococcus sp. (CCMP1334) and the dinoflagellate Amphidinium
carterae Hulburt (CCMP1314) were purchased from the National Center for Marine Algae and
Microbiota (NCMA). These axenic, pure cultures were inoculated into 100 ml of culture media
(172 for diatoms and f/2-Si for the cyanobacterium and the dinoflagellate; salinity=35) in 300- ml
glass Erlenmeyer flasks and were grown at 18 °C under a cool-white fluorescent light intensity
of 100 pmol photons m™s™ in a 14 h light: 10 h dark cycle. After a period of adaptation to the
laboratory environment (~2 or 3 transfers), a portion of the stock culture of each species was
transferred into 100 ml of fresh medium at an initial density of 10* cells ml™ for diatoms and A.
carterae and10’ cells ml™ for Synechococcus sp. All experiments were conducted using batch
cultures with triplicates. Culture sterility was checked frequently with an epi-illuminated
fluorescence microscope (DM-RXA, Leica) after staining with 4', 6-diamidino-2-phenylindole

(DAPI; Porter & Feig 1980). Growth rates and changes in cell volumes of the diatoms and the
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dinoflagellate were determined by counting them daily using a Z2 Coulter® Particle Count and
Size Analyzer (Beckman), while Synechococcus sp. was measured and quantified by epi-
illuminated fluorescence microscopy with DAPI stain. Samples of diatom and Synechococcus sp.
cultures (~5 x 107 cells) were collected at the end of exponential growth and harvested by
centrifugation at 3000 x g for 10 min. The cell pellet was washed with sterile artificial seawater,
centrifuged again, then dispersed into 2 ml of ice-cold 6% perchloric acid (PCA) (Lu & Hwang
2002). A total of 60 ml of the A. carterae culture was collected and adjusted to pH 8.4. The cells
were precipitated by addition of KAl (SO4), (0.3 mol 1) to a final concentration of 1 mmol 1™
then centrifuged at 1500 x g for 10 min (Haxo et al. 1976). The pellet was dispersed in 2 ml 6%
PCA, sonicated for 30 min and centrifuged at 10,000 x g for 10 min. The supernatant was
collected and stored at -80 °C until analysis. We considered PAs in the supernatant to be free
PAs extracted from the cells, versus combined PAs that are covalently bonded in
macromolecules such as silafins. However, it is likely that under physiological conditions a large
fraction of the extractable PAs are not dissolved in the cytosol, but rather are bonded ionically to
negatively charged groups in the cell, such as the phosphate backbone of nucleic acids. The
concentration of PAs in the intracellular pools of phytoplankton is expressed as pmol 1" of
biovolume and was calculated by dividing the amount of PAs extracted from a sample by the
total biovolume of cells in that sample (calculated from abundance and measurements of cell

dimensions or of equivalent spherical diameter as determined by the Coulter Counter).

Extractable and Extracellular PA Contents during Growth of T. pseudonana

A total of 300 ml of f/2 media in 500 ml Erlenmeyer flasks was inoculated with 7.

pseudonana to an initial density of 10* cells ml"'. The experiment was conducted in triplicate
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batch cultures under the same culture conditions as above. Samples (20 ml) were withdrawn each
day and processed as above until the growth rate declined. A total of 9 ml of culture medium
(supernatant from the first centrifugation) was placed into a 15 ml Teflon tube then 1 ml 60 %
PCA was added to attain a final concentration of 6 % PCA. The samples were frozen at -80 °C
for later measurement of PA concentrations in the culture medium. The concentration of
extractable PA is expressed as amol cell”, calculated from the amount of PAs extracted from the

cell pellet divided by the number of cells in the pellet.

Extractable and Extracellular PA Contents of T. pseudonana at Different Temperatures and
Salinities

Triplicate 100 ml cultures initially containing 10* 7. pseudonana cells ml™ were
incubated at 18 and 24 °C. Cells were harvested as above from duplicate 20 ml samples of each
culture at the end of the exponential growth phase. Salinity manipulation experiments used
cultures grown in modified artificial seawater media (ESAW: [NO;] = 549 pmol I''; [PO4] =25.6
umol I''; and [SiO3] = 106 umol "', described on the Canadian Center for the Culture of
Microorganisms website, http://www3.botany.ubc.ca/cccm/NEPCC/esaw.html; Harrison et al.
1980) prepared at salinities of 15, 25, 35 and 45 by adding corresponding additional amounts of
the salts (NaCl, MgCl,.6H,0 and Na,SO4) used in this medium. The pH was adjusted to 8.2. T.
pseudonana cells were grown and transferred 3 times (~12 d in total) under the experimental
conditions (temperature and salinity) tested before the experiment began. Cell pellets and

supernatants were collected at the end of the exponential growth phase and processed as above.
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Extractable and Extracellular PA Contents of T. pseudonana Grown under N, P or Si Limitation
Nutrient limitation was attained by decreasing the relative concentration of the target
nutrient in the medium while keeping the concentrations of the other nutrients the same as that of
the original ESAW formulation. A semi-continuous culture approach was applied, in which half
of the culture was replaced daily by new medium once growth of the initial culture had reached
the end of the exponential phase (Kilham 1978). Nitrogen-limited cultures were grown in ESAW
prepared with 0, 10, 20 and 50 pmol I"' NaNOs and inoculated with N-starved 7. pseudonana
cells at an initial density of 10* cells ml™". Cell pellets and supernatant were collected and
processed as above after 5 doubling cycles. Similar experiments were conducted for P- and Si-
limited cultures using ESAW prepared with different phosphate (0, 0.5, 1 and 2 pmol I'") and
silicate (0, 5, 20 and 50 pmol I'") concentrations, respectively. The Si-limited cultures were

grown in 250 ml Nalgene polycarbonate bottles (Thermo Scientific).

PA Measurement

The acidified samples were injected into a high-performance liquid chromatography
(HPLC) system equipped with a 2.6 mm id x 50 mm cation exchange column (Hitachi No.
2619F, 5 um particle size) maintained at 75 °C. PAs were eluted using 2 buffers: Buffer A
consisted of 0.045 mol 1" sodium citrate, 0.061 mol I"' citric acid, and 0.064 mol "' NaCl (pH =
4); and Buffer B contained 0.2 mol 1" sodium citrate, 2.0 mol I"' NaCl (pH = 7). The gradient
program was as follows: start at 50% B for 6 min and change to 85% B for 6 min, change to 90%
B for 3 min and then change to 100% B for 50 min; with a flow rate 0.25 ml min™. After reaction

with o - phthaldialdehyde (OPA) reagent (0.8 g OPA in10 ml ethanol, 15.0 g boric acid, 8.0 g
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sodium hydroxide, 2.0 ml of 2-mercaptoethanol in 1 1 of OPA reagent), PAs were detected on a

fluorescence spectrometer at excitation and emission wavelengths of 340 and 435 nm.

PA Uptake by T. pseudonana

ESAW was prepared with salinities of 22 and 32 as above. These media were amended
with sodium nitrate to final concentrations of 20 or 50 umol I'". T. pseudonana cells were grown
under these conditions as semi-continuous cultures for 5 generations, and then 20 ml of culture
was inoculated into 20 ml of fresh medium of the same composition. Radiolabeled PUT (]2, 3-
C]-putrescine, 100 mCi mmol™ and [1, 4-'*C]-putrescine, 110 mCi mmol'; American
Radiolabeled Chemicals) were mixed in equimolar proportions and added to 40 ml of culture to a
final concentration of 50 nmol "' (~0.2 pCi tube™). Cultures were incubated for 24 h under a 14
h light: 10 h dark cycle. Either 6 or 8 ml of culture was collected at 1, 6, 12, 19 and 24 h, and
filtered through 0.45 um pore size Millipore filters (type HA) held on a model 1225 Sampling
Manifold (Millipore). Each filter was rinsed to remove unincorporated substrate, and then placed
in a 7 ml scintillation vial. Scintillation cocktail was added prior to counting on a Tri-carb®

2910TR Liquid Scintillation Analyzer (PerkinElmer).

Statistical Analysis

Student’s 7 test and an analysis of variance (ANOVA) were used to test statistical
significance of differences between treatments. Data were logarithm-transformed where
necessary to achieve normality. Correlations between 2 variables were analyzed as Pearson
product-moment correlations and the correlation coefficient (r) was calculated. Statistical

significance was evaluated at a 95% confidence interval.
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RESULTS
PA Profiles in Phytoplankton

The species we tested, which represented 3 widely different taxonomic groups, contained
significant, but distinct, extractable PA profiles at the late exponential phase. Total extractable
PA concentrations ranged from 168 to 1176 umol I"' (Table 3.1). Thalassiosira pseudonana
(CCMP1335) had the most diverse PA pool, which was dominated by NSPD and PUT, followed
by SPD, DAP and NSPM. The other diatom (Chaetoceros sp. CCMP199) only contained PUT
and SPD, at concentrations similar to those in 7. pseudonana (Table 3.1). The concentration of
extractable PAs in the cyanobacterium Synechococcus sp. (CCMP1334) was similar to that in the
diatoms; however, SPD was the major PA, followed by PUT and NSPD. The dinoflagellate
Amphidinium carterae (CCMP1314) contained the largest PA pool of the species we studied;
NSPM was the only PA detected in the cell (Table 3.1). SPM was not detected in the cells of any

of these phytoplankton cultures.

Composition and Concentration of Extractable and Extracellular PA during the Growth of T.
pseudonana

Extractable PA concentrations and the PA profile changed as 7. pseudonana cultures
grew (Fig. 3.1a, b). Extractable PAs increased monotonically from 2.1 + 0.4 amol cell” during
the lag phase to 31 + 3 amol cell”' during the late stationary phase. The greatest increase (8 + 3
amol cell” d™) occurred during the late stationary phase (Fig. 3.1a). NSPD was the predominant
PA present in the extractable PA pool at all stages of cell growth, accounting for 100 % of the
extractable pool during the lag phase and 54 % at the late stationary phase. PUT, SPD and

NSPM were detected during exponential growth in similar concentrations (< 2 amol cell™).
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However, the PUT concentration increased to 8.7 + 2.1 amol cell”" during the late stationary
phase, when concentrations of SPD and NSPM were 2.6 + 0.6 and 2.9 + 0.7 amol cell”,
respectively (Fig. 3.1b). NSPD was the only PA detected in the medium of 7. pseudonana
cultures (Fig. 3.1c), in contrast to the more complex profile of the extractable PA pool. The
concentration of NSPD in the medium did not change significantly during growth (1-way

ANOVA, p =0.7), being 2.3 nmol "' on average (Fig. 3.1¢).

Effects of Temperature and Salinity on PA Profiles of T. pseudonana

Temperature had a significant effect on extractable PA pools of 7. pseudonana cultures
(Fig. 3.2a) (at 18 °C, 20 £ 1 amol cell™'; 24 °C, 45 + 7 amol cell'; r-test, p < 0.002).
Concentrations of all individual PAs increased significantly with temperature (z-test, p < 0.005)
except NSPM (- test, p = 0.3). Differences in the relative increase of individual PA
concentrations resulted in changes in PA profiles. PUT increased most dramatically, from
4.240.3 amol cell” at 18 °C to 19.122.5 amol cell”" at 24 °C and became the dominant PA in
cells grown at 24 °C (Fig. 3.2a). The concentration and composition of extracellular PAs were
also different under the 2 temperature treatments (Fig. 3.2b). Significantly higher concentrations
of PA were found in the medium at 24 °C (5.7 + 1.8 nmol I'") than that at 18 °C (2.2 + 0.5 nmol
L™"). NSPD was detected in the medium under both growth temperatures, but NSPM was only
detected at 24 °C (Fig. 3.2b). We found a significant correlation between extracellular and
extractable PA concentrations (r = 0.7, p = 0.01; Fig. 3.2¢).

The salinity (S) of the culture medium also influenced the extractable PA content of 7.
pseudonana (at S = 15: 36 + 5 amol cell’, S =25: 18 + 1 amol cell”’, S = 35: 12 + 1 amol cell”

and S = 45: 8 + 1 amol cell’; 1-way ANOVA, p < 0.05; Fig. 3.2d), and there was an inverse
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correlation between the size of the extractable PA pool (log-transformed) and salinity (r = 0.95, p
<0.001; Fig. 3.3). As salinity decreased, all extractable PA pools increased except NSPM, which
was low and variable at all salinities (range 0.3 to 2.7 amol cell ). The NSPD pool increased
significantly from S = 45 (5.7 £ 0.7 amol cell") to S =25 (12 + 1 amol cell!, 1-way ANOVA, p
< 0.05), then remained constant as salinity decreased to 15. We found that mesohaline conditions
(S = 15) resulted in accumulation of PUT and SPD with pools of 19.2 £ 6.5 and 5.6 + 1.8 amol
cell”!, respectively significantly larger than those measured at higher salinities (1-way ANOVA
and Tukey’s HSD test, p < 0.05). PUT became the dominant PA at S = 15 (Fig. 3.2d).
Extracellular PA concentrations also changed with salinity (1-way ANOVA, p <0.001; Fig.
3.2¢e) and were correlated with extractable PA pools (r = 0.8, p < 0.001; Fig. 3.2f). NSPD was
found in the medium at all salinities, and its concentration did not change significantly (~6 nmol
1", 1-way ANOVA, p > 0.05). NSPM was only detected at salinities of 25 and 35, at very low
concentrations (< 0.6 nmol I'"). PUT was present in the medium at S = 15 (8.2 + 0.5 nmol I'';

Fig. 3.2e), coincident with the increase in extractable PUT concentration shown in Fig. 3.2d.

Effect of Nutrient Availability on PA Profiles of T. pseudonana

The availability of N, P or Si in the culture medium affected the concentration of
extractable PA in T. pseudonana (Fig. 3.4). Final cell density increased with increasing initial
nutrient concentration (Fig. 3.4), indicating that the nutrient tested (N, P or Si1) was limiting
growth in the treatment. Extractable PA pools of 7. pseudonana increased as initial nitrate
concentrations increased (r = 0.96, p = 0.03; Fig. 3.4a). Polyamine pools in cells from cultures
with no added nitrate were ~1 amol cell”’, and contained only NSPD and NSPM. PUT and SPD

were detected in nitrate-amended cultures, but their pools were consistently low (< 0.5 amol cell”
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' 1-way ANOVA, p > 0.05; Fig. 3.4b). NSPD varied similarly to total PA in that its extractable
concentrations correlated with initial nitrate concentrations (r = 0.97, p = 0.03), while the
extractable pool of NSPM did not change in response to differences in N supplied (1-way
ANOVA, p > 0.05; Fig. 3.4b). PAs could only be detected in the medium of cultures with low
nitrate amendments (0 and 10 umol 1), and the extracellular PA concentration was significantly
greater in these N-starved cultures (4.5 nmol L) than in cultures receiving greater N
amendments (1.6 nmol 1", Fig. 3.4c). SPD was the only PA detected (Fig. 3.4c).

The extractable PA pool of P-limited cultures also increased with increasing initial P
concentrations (r = 0.9, p <0.001; Fig. 3.4d). PUT and NSPD were the major PAs detected and
their pool size correlated significantly with initial P additions (r = 0.9, p < 0.001). SPD pools
increased as the initial [PO,] increased from 0 to 1 pmol 1", and then remained constant (~2 amol
cell™). NSPM was only detected in P-amended cultures, and the pool size was similar under all
treatments (~ 0.5 amol cell”, 1-way ANOVA, p > 0.05; Fig. 3.4¢). Extracellular PAs were
detected in P-amended culture medium and NSPD was the only PA found. Concentrations of
extracellular PA ranged from 1.7 to 3.6 nmol I"" and correlated positively with initial P
concentrations (r = 0.9, p <0.05; Fig. 3.4f).

Total extractable PA pools changed significantly (1-way ANOVA, p <0.001) with
increasing initial concentrations of silicate, but the response was very different from that seen
with N or P limitation (Fig. 3.4g). Total extractable PA increased from 36 + 1 amol cell” in Si-
starved cultures to 42 + 3 amol cell” in cultures with 5 pmol 1" initial silicate concentration, then
declined to 19 + 1 amol cell as the initial SiO3 concentration increased to 50 pmol "' (Fig.
3.4g). Extractable pools of PUT, SPD and NSPD all followed a similar trend to the total

extractable PA pool and varied under different SiO; concentrations (1-way ANOVA, p <0.001,
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Fig. 3.4h). Again, NSPM was only detected in Si-amended cultures and the concentration did not
change with the amendment size (~1 amol cell”'; 1-way ANOVA, p = 0.2; Fig. 3.4h). Samples
for analysis of PAs in media of cultures grown with 5 pmol I added SiO; were lost before they
could be processed. NSPD was the only PA detected in the remaining samples and its
extracellular concentration was similar (~7 nmol 1) in cultures with different initial Si

concentrations (1-way ANOVA, p > 0.05, Fig. 3.41).

Extractable PA Pool vs. Specific Growth Rate in T. pseudonana

Our studies showed that the size of the extractable PA pool in 7. pseudonana cells
covaried with specific growth rate () (Fig. 3.5). When the growth of 7. pseudonana was not
limited by Si, concentrations of total extractable PAs and of PUT, SPD and NSPD were all
positively correlated with p (Fig. 3.5a-d, p < 0.05); however, the correlations were inverse when
growth was limited by Si (Fig. 3.5¢e-h, p <0.05). The NSPM pool did not change as a function of
i (p > 0.5). The specific growth rates of 7. pseudonana under limitations of N, P and Si were

determined from exponential growth before starting the semi-continuous culture.

PUT Uptake by T. pseudonana

Our data demonstrate that 7. pseudonana can take up PUT from the culture medium (Fig.
3.6). Cultures of 7. pseudonana took up "*C supplied as PUT from the medium at the fastest rate
(2.3+0.1 amol cell' h™', 1-way ANOVA, p <0.0001) under S =22 and [NO5] = 50 pmol L™
(Table 3.2). We also found that 7. pseudonana cells assimilated PUT at different rates when
grown under different salinities and nitrate concentrations (2-way ANOVA, p <0.0001, Fig. 3.6b

and Table 3.2). PUT was taken up by 7. pseudonana cells at a higher rate under lower salinity (p
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< 0.0001) or higher initial [NO57] (p < 0.05, Table 3.2) and there was no significant interaction

between salinity and nitrate concentration (p > 0.05).

DISCUSSION
Extractable PA Profiles in Phytoplankton

The composition of extractable PA pools differed greatly among the 4 phytoplankton
species we tested, even though Thalassiosira pseuodonana and Chaetoceros sp. are both centric
diatoms, suggesting that PA composition profiles are species-specific in phytoplankton. The
frequent detection of PUT, SPD, NSPD and NSPM is similar to the results of previous studies of
PA profiles in phytoplankton (Hamana & Matsuzaki 1982, 1985, Nishibori & Nishio 1997, Lu &
Hwang 2002, Nishibori & Nishijima 2004). We found that the cyanobacterium Syrnechococcus
sp. contained an extractable PA concentration that was comparable to that of diatoms (100s of
umol I of biovolume), despite the large difference in the size of these cells (Table 3.1). The
dinoflagellate Amphidinium carterae contained the highest concentration of extractable PA
(1000s of pmol I'') among the phytoplankton species that we studied, indicating the potential of
dinoflagellates to contribute significantly to the dissolved PA pool of the ocean. The PAs we
found in these species included most of the PAs commonly detected in the ocean (Nishibori et al.
2001a, b, 2003, Nishibori & Nishijima 2004, Lu et al. 2014, Liu et al. 2015), suggesting that
variability of PA concentrations in seawater could be a consequence of varying composition in

phytoplankton communities.
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PA Profiles during Growth of T. pseudonana

Our study showed that PA concentration and composition changed at different points
during the growth of 7. pseudonana; however, the steady increase in PA concentration we
detected differed from the trend seen in other groups of phytoplankton (dinoflagellates,
Chlorophyceae and Raphidophyceae), where PA concentrations were reported to decrease as
cells lost viability (Kotzabasis & Senger 1994, Lu & Hwang 2002, Theiss et al. 2002, Nishibori
& Nishijima 2004, Nishibori et al. 2006). This difference might be attributed to the unique
function of PAs in the synthesis of the nano-silicate structure of the diatom cell wall and in the
role of silicate in diatom cell division (Krdger et al. 2000, Sumper & Lehmann 2006, Sumper &
Brunner 2008). The failure to detect extractable PUT and SPD in diatoms during the early stages
of lag phase growth could be due to the conjugation of PAs into silafins (proteins involved in
silica precipitation), or into long-chain polyamines (LCPAs) in the cell wall (Sumper et al. 2005,
Bridoux & Ingalls 2010). When cells began to die at the end of the stationary phase, PAs
(especially PUT) may accumulate intracellularly as a result of low rates of silicate precipitation,
or as a result of dissolution of the cell wall and catabolism of cell wall structures, including

silafins and LCPAs.

Effect of Environmental Factors on Extractable PA Pools of T. pseudonana

Temperature and salinity are 2 important environmental factors in the microbial ecology
of the coastal environment. Growth rates of phytoplankton are influenced by both of these
factors (Eppley 1972, Balzano et al. 2011). The strong correlation between extractable PA
concentrations and growth rates of 7. pseudonana suggests that PA pools in the cell are directly

affected by growth (Fig. 3.5). Thus, temperature and salinity may control the intracellular PA
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pool indirectly by affecting the growth rate. Moreover, PA biosynthesis in 7. pseudonana cells is
assumed to use the ornithine decarboxylase -mediated pathway (Armbrust et al. 2004). Ornithine
is also the precursor of proline, an osmolyte synthesized by the cell, and Liu & Hellebust (1976)
found that proline was synthesized in the diatom Cyclotella cryptica as salinity increased to >30.
Thus, our observation that concentrations of extractable PAs in 7. pseudonana decreased as
salinity increased could be a consequence of suppressed PA synthesis via the ornithine
decarboxylase-mediated pathway in favor of osmolyte production. The significant increase in the
concentration of extractable PAs under heat stress could also be a consequence of a high demand
for PAs in order to stabilize DNA against heat denaturation (Balasundaram et al. 1996, Valdés-
Santiago & Ruiz-Herrera 2014).

Nutrient availability is known to influence the chemical composition of phytoplankton
(Harrison et al. 1990, Johanssen & Granéli 1999). Specifically, N or P limitation was found to
reduce the cell quota of that element in phytoplankton (Johanssen & Granéli 1999). Silica is
important to the growth of diatoms because of its role in cell wall structure (Kroger et al. 2000,
Sumper & Kroger 2004, Bridoux & Ingalls 2010). Since PAs have a high N content (> 2), it is
perhaps not surprising that their intracellular concentrations vary with nitrogen availability
(Altman & Levin 1993, Minocha et al. 2000). PUT and SPD were not detected in N-starved cells
of T. pseudonana, suggesting complete inhibition of PUT biosynthesis when N is not available.
Phosphorus might not affect the PA content of phytoplankton as directly as nitrogen; however,
P-limitation may affect phytoplankton N metabolism indirectly. Studies with higher plants have
shown that NO; uptake decreased by 70 %, and that uptake of NO3; and NHy4 together decreased

by >80 % under P limitation (Schjerring 1986, Rufty et al. 1990). The relatively large pool of

&3



PAs, especially PUT and SPD, found under P-limitation versus N-limitation suggests that N
availability controls the PA pool.

Groger et al. (2008) used solid-state *’Si NMR spectroscopy to suggest that the transport
of Si into T. pseudonana was facilitated by rapid binding to PAs and the formation of partially
polymerized silica, and that new girdle bands and valves were then formed during cell division.
Thus, silicate supply can be expected to have an inverse effect on PA concentrations in the cell.
The large pool of PAs observed under Si starvation suggests that Si limitation does not inhibit
PA synthesis, but rather that subsequent removal of PA depends on the ongoing formation of cell
wall components and is inhibited when growth and cell division cease. Higher initial silicate
concentrations supported more growth and enhanced silicate precipitation with the
accompanying production of LCPA and proteins. The coincidence of decreased PA content and
increased silicate quota in diatoms is consistent with the need for PAs in forming the cell wall

structure.

Extracellular PAs from T. pseudonana

Since PAs were not supplied in the original culture medium, PAs detected in the medium
during growth of 7. pseudonana must have been a result of PA released from cells. However,
PAs dissolved in the medium were not present at the same concentration ratios as found in the
intracellular pool, indicating selective release or uptake of PAs by phytoplankton. We found that
T. pseudonana can take up PUT added to the medium (Fig. 3.6b), suggesting that the PA
concentration measured in the medium may be the net of PA release minus uptake by 7.
pseudonana in these axenic cultures. Selective release of PA may provide another way that the

composition of intracellular and extracellular PA pools could diverge. However, the correlation
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between extracellular and extractable PA concentrations under most of the conditions that we
studied suggests passive permeation or diffusion of PAs through the cell membrane of 7.
pseudonana into the medium, similar to the fluxes of urea or amino acids (Bjernsen 1988). The
composition of extracellular PAs thus appears to be regulated by the composition and
concentrations of intracellular PAs, differences in the permeability of the cell membrane to
individual PAs and uptake by 7. pseudonana. Uptake by bacterioplankton would further modify
the concentrations and composition of dissolved PAs detected in the environment.

The extracellular PA concentration responded differently from extractable pools in
response to N-versus Si-limitation. Extracellular PAs were most abundant in 7. pseudonana
cultures with lower N amendments compared to those in cultures with initial [NO3] over the
range tested (<50 pmol 17). The relatively high concentration of PA in the medium of N-
deficient cultures could be driven by the release of PA from N-stressed cells when re-acquisition
of extracellular PAs was limited by a low growth rate. As N-limitation declined, PA release may
be counteracted by uptake from the medium (Bjernsen 1988). Silicate limitation has been shown
to cause amino acid release by diatoms (Admiraal et al. 1984), possibly as a result of inhibition
of cell division (Hammer & Brockmann 1983). PAs were detected in media of Si-limited
cultures and their concentrations were large and similar between treatments (Fig. 3.41). It is also
noteworthy that the identity of the PA released to the medium differed with the limiting nutrient:
SPD was released during N-limited growth while NSPD was released during P- or Si-limited
growth (Fig. 3.4c, 3.4f, 3.41). SPD is a minor component of the extractable pool of 7.
pseudonana during N-limited growth, whereas NSPD is a major component of the extractable

pools under P- or Si-limited growth (Fig. 3.4b, 3.4e, 3.4h).
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Ecological Significance

The widespread occurrence of PAs in the ocean has been documented, and their
distribution varies spatially and temporally. Based on the results presented here and from
previous work, the distribution of PAs in the ocean can be assumed to be influenced by the
abundance and composition of phytoplankton (Lee 1992, Lee & Jorgensen 1995, Liu et al.
2015), since different phytoplankton species contain distinct PA profiles (Hamana & Matsuzaki
1982, 1985, Nishibori et al. 2001a, Nishibori et al. 2003). However, we found that the release of
PAs by phytoplankton appears to be selective, possibly as a result of net exchange between cells
and the medium. Regardless of the mechanism, the relationship between internal and external PA
pools is not straightforward and is controlled by environmental conditions as well as by
phytoplankton community composition. Our studies of the diatom 7. pseudonana showed that
the concentrations of PA in the medium of healthy, exponentially growing cultures was very low
(<10 nmol 1™") and was consistent with the concentrations found in seawater (Nishibori et al.
2001a, b, 2003, Liu et al. 2015). This suggests that the elevated PA concentrations reported in
some studies (Lee 1992, Lee & Jargensen 1995) resulted from losses from unhealthy cells, or
possibly as a consequence of damage and loss of cell membrane integrity due to grazing by
zooplankton (Conover 1966, Dagg 1974) or viral lysis (Wilhelm & Suttle 1999), with uptake by
bacterioplankton (Lee 1992, Lee & Jorgensen 1995, Liu et al. 2015) further complicating the

dynamics of dissolved PA.
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Table 3.1. Extractable polyamine (PA) concentrations in 4 phytoplankton species. DAP:
diaminopropane; PUT: putrescine; SPD: spermidine; NSPD: norspermidine; NSPM:

norspermine. Extractable PA concentration values are given as means + SE.

Extractable PA concentration

Cell (umol 1’1)

Phytoplankton

Class volume

species
P (um’)  DAP  PUT SPD NSPD  NSPM Total

Thalassiosira

pseudonana Bacillariophyceae 50 361 14116 40+5 188+11 3245 437426
(CCMP1335)

Chaetoceros

sp. Bacillariophyceae 48 - 133+11 41£3 - - 174+14
(CCMP199)

Synechococcu

s sp. Cyanophyceae 0.5 40+£22 120£20 8+6 - 168+40
(CCMP1334)
Amphidinium
carterae
Hulburt
(CCMP1314)

Dinophyceae 427 - - - - 1176+95 1176+95
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Table 3.2. Uptake rate of “c supplied as putrescine by Thalassiosira pseudonana cells.
Rates of uptake were determined from triplicate 8 ml samples taken 1 and 6 h after the addition

of '*C - putrescine. Values are means + SE.

Uptake rate of '*C supplied as putrescine

Treatment (amol cell' h™")

[NO; =20 pmol I"  [NO5]=50 umol I Mean of row

Salinity=22 2.1+0.2 2.340.1 2.240.1
Salinity=32 0.84+0.02 1.0£0.05 0.9+0.1
Mean of column 1.5+0.3 1.7+0.3
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Fig. 3.1: Changes in (a) cell densities and extractable polyamine (PA) pools of Thalassiosira
pseudonana, (b) concentrations of individual extractable PAs (PUT: putrescine; SPD:
spermidine; NSPD: norspermidine; NSPM: norspermine), and (c) PA concentrations in the
medium at different growth stages. Concentrations of PUT, SPD and NSPM below the
detection limit are not shown. Error bars: standard error of 6 replicates (duplicate analyses from
triplicate cultures). Lag phase: Days 1 and 2; exponential phase: Days 3 and 4; stationary phase:

Days 5; late stationary phase: Days 6 to 7

95



(;/TWS[P9 4 01 X)
A)ISuap [RD

oo
oo
L

s =
1 1
1 1

v
=
1

<
o

4]

—O— Total PAs

-
t¢

—v— NSPD

—O0— SPD

30 {8 Cell dcn51ty

40

o °© g

15 1

(4-1190 [owm)

"2U0D Y J[qrIoenX

[=T0" o T S A £ T o B B

—A
10 /—2—NSPM

(;,71 Jowu)

"OU0D Y J J[qeIoen Xy

Time (d)

96



Fig. 3.2: Concentrations of (a) extractable polyamines (PAs) (DAP: diaminopropane; PUT:
putrescine; SPD: spermidine; NSPD: norspermidine; NSPM: norspermine), (b)
extracellular PAs during the growth of Thalassiosira pseudonana at 18 and 24°C. Panels (d)
and (e) show the same variables as (a) and (b), respectively, but under conditions of different
salinity (15, 25, 35 and 45). Concentrations of PAs below the detection limit are not shown.
Error bars: standard error of 6 replicates (duplicate analyses from triplicate cultures).

Concentrations of extracellular and extractable PAs are positively correlated with (c) temperature

(r=0.7,p=0.01) or () salinity (r = 0.8, p <0.001)
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Fig. 3.3: Correlation between log-transformed extractable polyamine (PA) concentrations
and salinity (r = 0.95, p <0.001). Error bars: standard error of 6 replicates (duplicate analyses

from triplicate cultures)
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Fig. 3.4: (a) Cell densities and extractable polyamine (PA) concentrations, (b) individual
extractable PA concentrations and (c) extracellular PA concentrations during the growth
of Thalassiosira pseudonana under different initial nitrate concentrations (0, 10, 20 and 50
pmol I'"). Panels (d—f) and (g—i) show the same variables as (a—c), but for growth under different
concentrations of phosphate (0, 0.5, 1 and 2 umol I'") or silicate (0, 5, 20 and 50 pmol 1),
respectively. Concentrations of PAs below the detection limit were not shown. Asterisk in (i)
indicate no data available due to lost samples. Error bars: standard error of 6 replicates (duplicate
analyses from triplicate cultures). PUT: putrescine; SPD: spermidine; NSPD: norspermidine;

NSPM: norspermine

101



(1w s[]99 401 X)
Aysuap [19D

R T B

- - 2 2 =g
en = —
] i
O e ST  — S
=
F<F
+——STTFTITITTFTITTTTNRSY,
=
g
*
¢ = LS
o ATTITFITITTITITNTN Y
[ —
O =
< "coT o S
- & Q = SCA S w0 e T+ o
o] N o (5
S
HH e} L N DUNNNNNRNNNNENNNENENNNNNNNNSN |
hi!
L = B NSNS
o
. o L= -SRI
1
"o L =
=
<E- =
g
<
. o IR
o
F<F
S
g
<ﬂ§ [ ] ¢ re
g
g —
27 m oS
=O
|
° ) : : | N —
S o o o o
S 2T 2 £ S 2 ¢ ¥ & owv Tt A~ O

(-1 Jowu) "9u0d

(I_[[ao [owe) "dU0d yJ d[qeIoenxy Vd Je[N[[0OBNXT]

102

20 50

5

[SiOs] umol 17!

0.5
[PO4] pmol 17!

[NO;3] pmol 17!



Fig. 3.5: Correlations between concentrations of (a) total extractable polyamines (PAs), (b)
putrescine (PUT), (c) spermidine (SPD), and (d) norspermidine (NSPD) with specific
growth rates (u; d') of Thalassiosira pseudonana under different growth conditions (p <
0.05). Panels (e—h) show correlations between concentrations of total extractable PAs, PUT,

SPD, and NSPD with p of 7. pseudonana grown under silicate limitation (p < 0.05)
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Fig. 3.6: Time courses of (a) Thalassiosira pseudonana abundance and (b) uptake of Hc
supplied as 14C—putrescine by T. pseudonana cells grown under different culture conditions
(filled circles: S =22, [NO5 ] =20 umol I''; open circles: S =22, [NO3 ] =50 pmol 1''; filled
triangles: S =32, [NO; ] =20 umol I''; open triangles: S =32, [NO; ] =50 pmol I ); S =
salinity. Light and dark periods are separated by vertical dashed lines. The concentration of '*C
from putrescine in the cell (amol cell ') was calculated by dividing disintegrations per minute
(DPM) taken up by cells by the specific activity of '*C putrescine and the number of cells in the

sample. Error bars: standard error of 3 replicates
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CHAPTER 4
SEASONAL VARIABILITY OF AMMONIA-OXIDIZING ARCHAEA AND AMMONIA-

OXIDATION RATES AT THE SOUTH ATLANTIC BIGHT®

3 Liu, Q., B.B. Tolar, M.J. Ross, J.B. Cheek, C.M. Sweeney, N.J. Wallsgrove, B.N. Popp, and
J.T. Hollibaugh. To be submitted to Limnology and Oceanography.
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ABSTRACT

Previous work in nearshore waters of the Georgia USA coast has demonstrated
midsummer peaks of Thaumarchaeota abundance accompanied by spikes in nitrite concentration.
These studies were performed at one location so that the extent of the bloom is unknown, nor has
it been conclusively demonstrated that the bloom develops in nearshore waters. We used qPCR
to quantify 16S rRNA genes from Thaumarchaeota, Bacteria and Nitrospina, a putative nitrite-
oxidizing genus; and amoA genes from Archaea and Betaproteobacteria, in samples collected on
6 cruises from April to November on transects of the South Atlantic Bight (SAB), from inshore
waters to the Gulf Stream. Nitrification rates were measured at selected stations using "NH,".
Thaumarchaeota abundance increased in nearshore waters starting in July and peaking in August
(>10 copies L™"). The bloom did not extend out onto the mid-shelf, where Thaumarchaeota
abundances ranged from 10° to 10° copies L. Thaumarchaeota were also abundant (>10° copies
L") on all 6 cruises in oxygen deficient waters at 75-200 m at the shelf-break. This population is
phylogenetically distinct from the nearshore population. Ammonia oxidation rates were highest
at inshore stations and were near the limit of detection at mid-shelf stations. Betaproteobacteria
amoA genes were present in relatively low numbers (undetectable to 10* copies L) throughout
the study area. Ammonia oxidation rates correlated with the abundance of Thaumarchaeota, but
not with the abundance of ammonia-oxidzing Betaproteobacteria. The abundance of Nitrospina
16S rRNA genes was correlated with Thaumarchaeota abundance. The overall pattern of
nitrification in the SAB is highest activity mid-summer at inshore stations, dropping dramatically

at the transition from the turbid, nearshore water mass to the mid-shelf.
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INTRODUCTION

Ammonia oxidation is the rate-limiting first step of nitrification and supplies one of the
substrates, nitrite, to denitrification or anaerobic ammonium oxidation (anammox) (Kuypers et
al. 2005, Francis et al. 2007, Jetten et al. 2009). Ammonia oxidation is thus of global significance
to nitrogen geochemistry. Ammonia-oxidizing organisms (AOOQO) include members of the Beta-
and Gammaproteobacteria (Ammonia-Oxidizing Bacteria or AOB) and Archaea (Ammonia-
Oxidizing Archaea or AOA). AOA have recently (Brochier-Armanet et al. 2008) been proposed
as a new phylum of the Archaea, the Thaumarchaeota.

Previous studies of Thaumarchaeota populations in Georgia coastal waters revealed a
regular midsummer peak of abundance coinciding with a peak in nitrite (Hollibaugh et al. 2014,
Tolar 2014). These studies were conducted at one location (Marsh Landing) at the mouth of the
Duplin River, a tidal creek draining an extensive area of salt marsh inshore of Sapelo Island, GA.
This inshore station is located adjacent to, and exchanges water with, Doboy Sound and thence
the South Atlantic Bight. The South Atlantic Bight (SAB) is characterized by a broad, shallow
(<50 m) continental shelf that extends along the southeast coast of the United States from
approximately Jacksonville FL to Wilmington NC and from the nearshore across the shelf to the
edge of the Gulf Stream (Atkinson and Menzel 1985). Water properties in the inshore and
nearshore zones of the SAB are influenced by river flow and tidal exchange with salt marshes
and estuaries, while shelf-break and slope waters are influenced by the Gulf Stream. The water
column is well-mixed by tidal currents (3 m tidal amplitude at the apex of the SAB) at inshore,
nearshore and mid-shelf stations; but stratified over deeper water at the shelf-break, with a

thermocline between 50 and 100 m.
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Thaumarchaeota were first detected in samples from Marsh Landing during studies of
seasonal variation in bacterioplankton metatranscriptomes (Gifford et al. 2011, 2013). A mid-
summer peak (>10” copies L) of Thaumarchaeota 16S rRNA and Archaea amoA genes was
detected in a quarterly sampling at this site (Hollibaugh et al. 2011, 2014). Because these studies
focused on one location in a dynamic coastal environment, they could not distinguish between in
situ growth of the Thaumarchaeota population versus local dynamics coupled to broader scale
patterns that include advection or mixing from a population outside the study area, or
resuspension of populations associated with sediment. To address the first of these questions, we
extended our survey of Thaumarchaeota populations to the continental shelf and shelf-break
waters of the SAB. We sampled at approximately monthly intervals from April to November to
determine if the seasonal dynamics of Thaumarchaeota populations in the SAB reflected, or
drove, the dynamics we recorded at Marsh Landing. Although covariance of nitrite
concentrations and Thaumarchaeota abundance at Marsh Landing strongly indicate that this
population oxidizes ammonia, we have not routinely measured ammonia oxidation rates. Thus,
we measured ammonia oxidation rates directly on these cruises, using '*N-labeled ammonium,
with the goal of determining whether rates coincided with the distribution of Thaumarchaeota in
the SAB. In addition to recording the abundance of Thaumarchaeota, we also recorded the
abundances of Betaproteobacteria AOB to evaluate their contribution to ammonia oxidation in
the SAB. Finally, we measured the abundance of the Nitrospina, an important marine member of
the guild of nitrite-oxidizing bacteria, to evaluate coupling between ammonia- and nitrite-

oxidation in these waters.
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METHODS
Sampling Site

Samples were collected on 6 cruises of the R/V Savannah across the SAB (2-6 April, 15-
18 May, 15-19 July, 4-7 Aug, 23-30 Sep and 3-7 Nov of 2014); station locations are shown in
Appendix Figure B.1. Surface and bottom water samples were collected at inshore and shelf
stations. We collected samples from 10 m, 75 m, 200 m and 450 m at shelf-break station C10.
Station locations and depths sampled are given in Appendix Table B.1. Seawater samples were
collected using 12 L Niskin bottles mounted on a CTD rosette. Profiles of environmental
variables (temperature, salinity, dissolved oxygen, relative fluorescence) were taken by sensors
mounted on the CTD during hydrocasts to collect water samples. Approximately 1L of water
was filtered through 0.22 um pore size Durapore filters (Millipore), the filters were placed in
Whirl-Pak bags, 2 mL of lysis buffer (0.75 mol L™ sucrose, 40 mmol L' EDTA, 50 mmol L
Tris; pH = 8.3) was added, then the filters were frozen on dry ice and stored frozen at -80 °C
until they were processed. DNA was extracted from filters using sodium dodecyl
sulfate/lysozyme and proteinase K then purified by phenol-chloroform extraction as described
previously (Bano and Hollibaugh 2000, Tolar et al. 2013). Approximately 150 mL of the filtrate
was frozen at -20 °C for nutrient (NO,, NOy, NH, and urea) analysis. Ammonium was measured
using a fluorometric method described in Holmes et al. (1999). Nitrate plus nitrite (NOx) was
analyzed by reducing nitrate to nitrite with cadmium (Jones 1984), and nitrite was determined
following Strickland and Parsons (1972). Urea was measured following a procedure adapted
from Mulvenna and Savidge (1992) and Revilla et al. (2005). A total of ~ 1L seawater was
filtered through a 47 mm Whatman GF/C glass filter paper to collect chlorophyll a during all

cruises except May. Two or three drops (~0.1-0.2 mL) of magnesium carbonate (0.01g mL™)
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were added at the end of the filtration to avoid the production of phaeophytin. Filters were
wrapped by alumni foil and stored at -20 °C. Chlorophyll a was extracted by 90% of acetone and

measured by spectrophotometer as described in Strickland and Parsons (1972).

Quantitative PCR

All quantitative PCR analyses were performed on a C1000 Touch™

Thermal cycler
(Bio-rad). Quantitative PCR reactions were run in triplicate with a dilution series of standards
made from environmental amplicons as described in Kalanetra et al. (2009) and Tolar et al.
(2013). We determined the abundance (copies L) of Thaumarchaeota and Bacteria 16S rRNA
genes (rrs), Archaea and Betaproteobacteria amoA genes; and Nitrospina 16S rRNA genes. The
primers and probes used and the qPCR efficiency for each primer are given in Table B.2.
Thaumarchaeota and Bacteria rrs were detected using TagMan primers and probes and all other
genes were quantified using SYBRgreen (Bio-rad). The relative abundance of Thaumarchaeota
(percent of prokaryotes) was calculated based on gene abundance (copies per liter, calculated
from copies per reaction, volume filtered for each sample, extract volume and the volume of

template used in each reaction) assuming one r7s or amoA gene per Thaumarchaeota genome

(IMG database) and 1.8 rrs per bacterial genome (Biers et al. 2009).

Phylogenetic Analysis

We generated clone libraries of Thaumarchaeota rrs and Archaea amoA amplicons from
DNA samples collected from surface water samples collected at inshore (SAPES, DOBES and
ALTES), nearshore (C1) and middle-shelf (C4) stations, as well as from samples taken at 10 and

200 m at the shelf-break station (C10) on the July cruise. We chose July to coincide with the
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onset of growth of the inshore Thaumarchaeota population. Thaumarchaeota rrs (~900 bp) and
Archaea amoA (~635 bp) fragments were amplified using the primers in Table B.2. Three PCRs
were pooled to minimize PCR bias and electrophoresed on a 1% agarose gel. The processes of
gel extraction and cloning followed the protocol described previously (Kalanetra et al. 2009,
Tolar et al. 2013). Clones were randomly selected from each library and sequenced with the
plasmid primer M13F (-21) (Genewiz, Inc.).

The vector contamination and Euryarchaeota rrs sequences were identified by BLAST
(Zhang et al., 2000) and removed from the dataset. Sequences were trimmed and aligned against
reference sequences and edited to remove uninformative positions using Geneious 8.1.7.
Operational taxonomic units (OTUs) were determined with cutoff of 0.01 for Thaumarchaeota
rrs and cutoff of 0.02 for Archaea amoA. Diversity (Shannon) and richness (Chao) indices were

calculated using equations (1) and (2), respectively.

R

H = —Zpilnpi (D

i=1

n; (n; — 1)
S =S —_— 2
Chao1l obs + 2 (nz + 1) ( )

where, p;=the proportion of clones belonging to each type of OTU in one location, S,5s = the
observed number of species, n;= the number of OTUs with only one sequence and n, = the
number of OTUs with only two sequences. Phylogenetic trees of Thaumarchaeota rrs and

Archaea amoA were constructed using MR BAYES implemented in Geneious 8.1.7.

113



Ammonia Oxidation (A0) Rates

AO rates were measured in 24 h incubations at in situ temperature in the dark using °’N-
labeled ammonium (>99 atom-percent '’NH4Cl; Cambridge Isotope Laboratories, Tewksbury,
MA) added to a final concentration of 50 nmol L. Incubations were terminated by freezing at -
20 °C. Controls were frozen immediately after the addition of ">"NH4C]. The produced "NOy was
measured using the “denitrifier method” (Sigman et al. 2001) as described previously (Popp et al.
1995, Dore et al. 1998, Beman et al. 2012). Briefly, ’N,O produced from NO,  and NOs™ by
incubation with the denitrifier Pseudomonas aureofaciens cultures was transferred from a
reaction vial, cryofocused, separated from other gases using a 0.32-mm i.d. X 25-m X 5 um CP-
PoraBOND Q capillary column (Agilent Technologies, Santa Clara, CA) at room temperature,
and introduced into a Finnigan MAT-252 isotope ratio mass spectrometer (Thermo Fisher
Scientific, Waltham, MA). ’N,O concentrations and 8'°N were determined to calculate the AO
rates with modified equation described previously (Ward et al. 1989, Beman et al. 2011, Beman
et al. 2012)

(ng —noNOx ™) X [NO3;~ + NO, ]
(nNH," —noNH,*) x t

15Rox =

Where 5, is the at% of 5N in the NOy (NO;3;+NOy") pool measured at time t, noNOy is the
measured at% >N of unlabeled NO, , noNH," is the initial at% of >N of NH4" and nNH," is

at% of °N of NH," at time t.

Statistical Analysis
Model II linear regression method using major axis (MA) regression was calculated to

determine the relationship between abundances of targeted genes using R (Legendre and
114



Legendre 2012). Parametric 95% confidence intervals were computed for the slopes and
intercepts. The non-parametric Spearman’s rank correlation was used to calculate correlation
coefficients (R) between two variables. Statistical significance was evaluated at a 95%
confidence interval. Redundancy analysis (RDA) was used to determine the environmental
impact on the seasonal distribution of Thaumarchaeota in the SAB with 999 Monte-Carlo
permutations using the software package CANOCO (4.5; ter Braak and Smilauer 2002). The

variables were log-transformed before the statistical analysis.

RESULTS
Environmental Conditions in the SAB

The water column was well mixed at inshore stations and on the continental shelf during
the months sampled, but stations on the shelf-break (C8-10) experienced stratification with a
surface mixed layer down to ~100 m (Table B.3). Temperature, salinity, dissolved oxygen and
relative fluorescence measured in surface waters changed seasonally along transects of the SAB
(Fig. 4.1 and Table B.3). Temperature increased from April (16 °C) to August (30 °C), and then
decreased in fall (Fig. 4.1 and Table B.3). Freshwater inflow from the Altamaha River lowered
salinity in inshore waters, especially during April (21 £ 4). Salinity was lowest at station ALTES
at the mouth of the Altamaha River throughout the sampling period (range 13-30). The
concentration of dissolved oxygen on the continental shelf was relatively low between May and
September (ranging from 4-7 mg L™). Relative fluorescence, a proxy of chlorophyll a, was
highest at inshore stations (Fig. 4.1 and Table B.3). Although these waters also have high
concentrations of colored dissolved organic carbon (CDOM), we found a significant correlation

between relative fluorescence and extracted chlorophyll a concentration in the subset of samples
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(n =280, R =0.91, p <0.05), indicating that relative fluorescence measured by the fluorometer
on the CTD reflected the abundance of phytoplankton biomass. Concentrations of NH, ", NO5”
and NO;3” were relatively higher at inshore stations, especially during summer (July to
September), and much lower or undetectable in surface waters of further offshore (< 0.6 umol L’

' Table B.4). The average concentration of urea in the SAB were < 0.5 pmol L (Table B.4).

Seasonal Distributions of Nitrifying Organisms

The abundances of Thaurmarchaeota rrs and Archaea amoA genes varied spatially and
seasonally across the SAB (Fig. 4.2a-b and Table B.4). The well-mixed coastal waters contained
the similar Thaumarchaeota population between surface and bottom waters (Table B.4).
Abundances of Thaumarchaeota r7s and Archaea amoA co-varied in the SAB during all cruises
(R*=10.74, p < 0.001; Fig. 4.3a). Generally, Thaumarchaeota rrs and Archaea amoA genes were
most abundant in inshore waters (10°-10° copies L) and decreased to the mid-shelf, where the
abundances were low and less variable (10°-10° copies L™'; Fig. 4.2 and Table B.4).
Thaumarchaeota rrs and Archaea amoA gene abundances in surface waters of shelf-break
stations were similar to the concentrations at mid-shelf stations except during April and
November, when Thaumarchaeota abundances were relatively high and similar to concentrations
measured at inshore stations (> 10° copies L'; Table B.4).

Seasonal patterns of Thaumarchaeota abundance differed among inshore, nearshore and
shelf-break stations (Fig. 4.2a-b and Table B.4). Thaumarchaeota populations at inshore stations
increased from April (7rs: 3.1 £ 1.1 x 10° copies L™ and amoA: 5.8 + 4.6 x 10* copies L) to
August (77s: 5.5 £ 4.0 x 107 copies L™ and amoA: 2.6 +2.5 x 10" copies L"), and then decreased

to November (77s: 2.9 + 0.8 x 10° copies L™ and amoA: 6.1 + 3.8 x 10° copies L'; Table B.5).
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Thaumarchaeota abundance in nearshore waters also increased seasonally, but peaked in
September (r7s: 5.1 £ 5.6 x 10° copies L™ and amod: 1.3 + 2.1 x 10° copies L™'; Table B.5). In
contrast to the summer peak of Thaumarchaeota abundance at stations close to shore, the
abundance of both genes in surface waters at shelf-break stations decreased from spring (rrs: 1.2
+ 1.7 x 10° copies L™ and amoA: 1.5 £ 1.9 x 10° copies L) to summer (rrs: 4.4 + 3.4 x 10°
copies L™ and amod: 3.1 + 3.7 x 10° copies L") and then increased back to 2.7 + 0.3 x 10°
copies L™ and 3.2 + 0.3x10° copies L' in November, respectively (Table B.4). At mid-shelf
stations, Thaumarchaeota abundances did not show a seasonal pattern and varied < 10-fold of
magnitude (rrs: 1.8 +2.2 x 10" copies L™ in April to 1.9 + 1.1 x 10’ copies L in November;
amod: 3.0 £ 1.4 x 10° copies L™ in April to 2.3 + 4.3 x 10* copies L™ in May).

The abundance of Betaproteobacteria amoA ranged from 10* to10° copies L™ in the SAB,
decreasing from inshore to shelf-break surface waters (Fig. 4.2c and Table B.4). It did not show a
strong seasonal pattern, and was 0.1-10% of the Archaea amoA4 abundance. The abundance of
Nitrospina sp. 16S rRNA gene was highest in inshore waters (10" to 10° copies L) and showed
no strong seasonal pattern in the SAB (Fig. 4.2d and Table B.4). We found a significant
correlation between Nitrospina and Thaumarchaeota 16S rRNA gene abundances across all

samples collected (R*= 0.68, p < 0.001; Fig. 4.3b).

Vertical Distribution of Thaumarchaeota at Shelf-break Stations

The water column was stratified at shelf-break station C10 on all cruises. Temperature
decreased from > 25°C at 10 m to < 10°C at 400 m, while salinity varied within a narrow range
(34.5-36.5). Relative fluorescence, displayed a maximum at ~ 100 m (Fig. 4.4). Dissolved

oxygen decreased below the surface mixed layer; however, the oxygen concentration in deep
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waters (> 200 m) was ~ 4 mg L™, still greater than 2 mg L™, which is considered as hypoxic
level (Diaz and Rosenberg 2008).

Thaumarchaeota rrs and Archaea amoA gene abundance varied with depth and showed
different profiles at Station C10 (Fig. 4.4). The abundance of Archaea amoA in the surface water
ranged from 1.5 x 10°to 3.5 x 10° copies L™ and increased to reach a peak at 75-200 m (1.5 x 10°
to 1.9 x 10’ copies L) through the year. Archaea amoA gene abundance declined sharply below
200 m, to between 1.4 x 10%to 2.2 x 10° copies L (Fig. 4.4). Thaumarchaeota rrs also exhibited
an increase in abundances from the surface (6.1 x 10*to 3.0 x 10° copies L") to 75-200 m (7.7 x
10° to 1.4 x 10’ copies L™); however, 77s abundance was relatively constant below 200 m (Fig.
4.4). As a consequence, the ratio of Archaea amoA to Thaumarchaeota r7s decreased from 1.5 +
1.1 (mean + SD) in the surface waters to 0.01 &+ 0.004 at ~ 400 m. The maximum abundances of
Thaumarchaeota rrs and Archaea amoA below the surface of C10 was less variable among
sampling months, < 10'-fold, in comparison to 10*- to 10°-fold changes at inshore stations (Fig.
4.4). The peak of Archaea amoA abundance at Station C10 generally coincided with the relative
fluorescence maxima and was above the oxycline during all months sampled except April (Fig.
4.4). The NO, maximum at station C10 was at the same depth as the maximum of Archaea amoA
abundance during May, July and September (Fig. 4.4). The abundance of Betaproteobacteria
amoA ranged from below the limit of detection to 10* copies L™ and did not show a consistent
profile between cruises (Fig. 4.4). The abundance of Archaea amoA was 10- to 10°-fold higher
than Betaproteobacteria amoA. The contribution of Thaumarchaeota to total prokaryotes
(summed abundances of Thaumarchaeota and Bacteria) increased from surface to the bottom
water at the shelf-break, with a maximum of 15% at 400 m during November, in comparison to <

0.2% in surface waters on the continental shelf of the SAB during all months sampled.

118



AO Rates in the SAB

Ammonia oxidation rates were greatest at inshore stations, similar to the distribution of
Archaea amoA gene across transects of the SAB (Fig. 4.5a). The maximum AO rate, 842 nmol L
'd"!, was measured in bottom water at inshore station ALTES during September (Table B.4).
Although the maximum of Thaumarchaeota abundance occurred in August at inshore stations,
AO rates at this time were < 10 nmol L™ d'. This low rate, 1% to 10% of rates measured in July
and September at the same regions (Fig. 4.5a and Table B.4), was unexpected because
measurements made for another study at Marsh Landing on the Duplin river (adjacent to station
DOBES) during August in 2011 and 2012 ranged from 100-400 nmol L™ d”'. AO rates at inshore
stations in November were lowest (0.3-6.9 nmol L™ d”'; Table B.4). AO rates at nearshore and
mid-shelf stations were extremely low (non-detectable to 0.3 nmol L™ d”') during all months
sampled, except at nearshore stations A1 (surface: 104 nmol L™ d”', bottom: 132 nmol L™ d™)
and C1 (bottom: 4.9 nmol L™ d") during September, which were comparable to the ammonia
oxidation rates at adjacent inshore stations (Table B.4).

AOQ rates varied with depth at shelf-break Station C10 and displayed seasonal variation.
Maximum rates were detected at 75 m during May, July and September and at 200 m during
April and November (Fig. 4.5b). Ammonia oxidation rates at 75 m ranged from 0.6 nmol L™ d”!
in April to 12.4 nmol L™ d”' in September. Below 75 m, ammonia oxidation was relatively slow
except at 200 m in November (7.2 nmol L™ d"). Ammonia oxidation was detected down to 400
m in April, May and July, but the rates were < 0.5 nmol L' d' (Fig. 4.5b).

AO rates were strongly correlated with [NO, ] (Spearman’s rank correlation, R = 0.54, p
<0.001; Fig. 4.6a) and [NH;'] (R = 0.4, p <0.001; Fig.4.6b). Figure 4.6¢c shows that AO rates

were very low (undetectable to 2 nmol L d') as the abundance of Archaea amoA gene was
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below 10° copies L' in the water column, but these two variables were still correlated (R=0.55,

p <0.001; Fig. 4.6¢).

Phylogenetic Composition of Thaumarchaeota Populations in the SAB

We retrieved a total of 253 Archaea amoA sequences (586 bp) from 7 clone libraries
(surface water of SAPES, DOBES, ALTES, C1, C4, C10 and from 200 m at Station C10)
constructed from samples collected on the July cruise. These libraries contained from 8 to 27
OTUs defined at 98% nucleotide identity, with a total of 89 OTUs at all stations. Twenty OTUs
were shared among all stations. The diversity and richness of Archaea amoA genes were highest
at inshore stations DOBES and ALTES and at 200 m at Station C10 (Table B.5). Most of the
Archaea amoA gene sequences from inshore (SAPES, 91%; DOBES, 77.5%; ALTES, 81%) and
nearshore (C1, 71%) stations fell into the group ‘Water /Sediment’, in which most of sequences
from SAPES (71%) and C1 (42%) were most closely related to ‘Candidatus Nitrosopumilus
maritimus’ strain SCM1 (> 98% identity; Fig. 4.7a). Most of sequences retrieved from C4 (86%)
and 10 m at Station C10 (61%) fell into the ‘Water Column’ clade, along with 29% of the
sequences retrieved from Station C1 and 22.5% of the sequences retrieved from DOBES. Fewer
than 10% of the sequences retrieved from SAPES and ALTES belonged to the ‘Water Column’
group. Two OTUs from Station ALTES (14% of sequences retrieved from that station) clustered
with the Soil clade. Eighty nine percent of the OTUs recovered from 200 m at Station C10 were
unique to that depth and 18 of 27 OTUs, ~ 65% of the sequences recovered from that library, fell
into Group B, an open ocean, deep water ecotype (Fig. 4.7c; Francis et al. 2005). Three OTUs
recovered from 10 m at Station C10 (8% of the sequences recovered from that sample) and 1

OTU from mid-shelf Station C4 (3% of total clones from C4) also fell into Group B. The
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remaining OTUs recovered from 200 m at Station C10 fell into Group A, the open ocean,
shallow water ecotype (Fig. 4.7b; Francis et al. 2005), along with 3 OTUs from 10 m at Station
C10 (21% of sequences recovered).

A large proportion of the Archaea rrs sequences recovered in samples from continental
shelf stations were most closely related to Euryarchaeota (64-96%); thus, only 1 to 3 OTUs
(defined at 99% nucleotide identity) and 1-14 Thaumarchaeota rrs sequences (474 bp) were
recovered per sample (Table B.5). Only 20% of the Archaea rrs sequences retrieved from 200 m
at Station C10 were Euryarchaeota, and a total of 25 OTUs were recovered from 40
Thaumarchaeota rrs sequences (Table B.5). Thaumarchaeota rrs sequences retrieved from
SAPES, DOBES (9 of 10 sequences), C1 and C4 were most closely related to N. maritimus
strain SCM1 and to reference sequences from coastal waters (> 98% identity of 16S rRNA gene
sequence; Fig. 4.8). Two OTUs from 200 m at Station C10 clustered with the coastal strains at >
95% identity and two OTUs clustered at > 93% identity with the open ocean surface water
isolate ‘Candidatus Nitrosopelagicus brevis’ strain CN25 (> 93%; Fig. 4.8). Ninety percent of
the sequences recovered from 200 m and both Thaumarchaeota sequences recovered from 10 m
at Station C10 were grouped with environmental reference sequences from deep water (> 200 m;
Fig. 4.8). The diversity and richness of Thaumarchaeota rrs in surface water samples were low

due to the high content of Euryarchaeota sequences in these samples (Table B.5).

Environmental Controls on Distributions of Thaumarchaeota
The phylogenic analysis of Archaea amoA we conducted suggested that Thaumarchaeota
sequences from surface waters of the SAB were most closely related to coastal or sediment

reference sequences. To explore this relationship further, we analyzed the relationship between
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environmental factors and spatial and seasonal distributions of Thaumarchaeota rrs and Archaea
amoA genes abundances in the SAB in two separate RDA analyses, one targeting the gene
abundances in surface waters and the other focusing on gene abundances at depth at shelf-break
stations (Fig. 4.9). The RDA biplot (Fig. 4.9a) shows the relationship between abundances of
Thaumarchaeota genes and physiochemical variables in surface waters, in which 71% of the
variability in composition was explained by RDA axis 1 and only 1% was explained by RDA
axis 2. The analysis showed that fluorescence, S, T and concentrations of nitrite and urea
contributed significantly (n = 88, p < 0.05) to the distribution of Thaumarchaeota rrs and
Archaea amoA abundances during all cruises (Fig. 4.9a and Table B.6), and fluorescence
explains most (53%, Table B.6) of the variance of the canonical eigenvalues. Temperature and
salinity were positively and inversely correlated with Thaumarchaeota rrs and Archaea amoA
abundances, respectively, and Thaumarchaeota distribution was not associated with DO. The
concentration of urea in surface waters was low (< 0.5 pmol L"), but Thaumarchaeota gene
abundances were positively associated with urea (Fig. 4.9a and Table B.6). The light attenuation
K calculated following Lin et al. (2009) and Liu et al. (2015) co-varied with fluorescence (R =
0.58, p <0.01), but did not significantly contribute to the RDA axes (p =0.1; Fig. 4.9a).

In the Thaumarchaeota —environment relationship at depths of shelf-break stations, RDA
axis 1 explained most of the variability (76%), while RDA axis 2 explained 9% (Fig. 4.9b and
Table B.6). Depth contributed to 47% of the variance on both RDA axes (p = 0.002).
Temperature and Bacteria 16S rRNA gene abundance contributed significantly to RDA axis 2 (p

< 0.05; Fig.4.9b and Table B.6).
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DISCUSSION
Distributions of Thaumarchaeota rrs and Archaea amoA in the SAB

We observed a mid-summer peak of Thaumarchaeota abundance at SAB inshore and
nearshore stations during this study (Fig. 4.2) that was consistent with seasonality observed in a
long-term sampling program at Marsh Landing (Hollibaugh et al. 2011, 2014, unpublished data).
We did not observe a mid-summer peak in Thaumarchaeota abundance at mid-shelf stations.
Phylogenetic analysis (Fig. 4.7, 4.8) showed that inshore and nearshore populations consisted of
the same ecotypes, suggesting similar environmental conditions or mixing exchange between
these two water masses, resulting in a uniform distribution of Thaumarchaeota ecotypes. Archaea
amoA gene sequences from mid-shelf and shelf-break stations were distinct from the major
genotypes found at inshore/nearshore waters (< 87% similarity), indicating that these two
populations of ammonia-oxidizing Archaea contain different species (Pester et al. 2012, Bouskill
et al. 2012, Mincer et al. 2007). Most of the Thaumarchaeota rrs and Archaea amoA gene
sequences recovered from inshore stations (SAPES, DOBES and ALTES) and near-shore station
C1 were closely related (> 98% similar to ‘Ca Nitrosopumilus maritimus’ strain SCM1;
Konneke et al. 2005) and > 93% similar to coastal isolates PSO and HCA1 (Qin et al. 2014). The
mid-summer peak of Thaumarchaeota abundance we observed in 2014 is consistent with a
longer term record obtained from sampling at Marsh Landing (Hollibaugh et al. 2014),
suggesting a regular seasonal cycle of Thaumarchaeota abundance in inshore and nearshore
waters of the SAB. However, the mid-summer peak in Thaumarchaeota abundance contrasts
with the mid-winter maximum of Thaumarchaeota reported for coastal waters of the North Sea
(Wuchter et al. 2006, Herfort et al. 2007, Pitcher et al. 2011), coastal NW Mediterranean Sea

(Galand et al. 2010) and polar oceans (Murray et al. 1998, Church et al. 2003). Phytoplankton
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have been suggested to compete with Thaumarchaeota for NH," in the North Sea and inhibit the
growth of Thaumarchaeota during the spring and summer when the phytoplankton bloom;
however, co-occurrences of Thaumarchaeota and phytoplankton have been noted in a few studies
(Wells et al. 2006, Talor et al. 2013) as well as in this study (Fig. 4.9a), suggesting that
competition with phytoplankton is not the direct cause of the seasonal decline in
Thaumarchaeota abundance. Light, which also affects phytoplankton growth, has been shown to
inhibit Thaumarchaeota growth (Merbt et al. 2012, Qin et al. 2014); thus the summer
disappearance of Thaumarchaeota from the euphotic zone at high latitudes could be a response to
the strong seasonal increase in irradiance there. Mid-winter maxima of Thaumarchaeota
abundance at lower latitudes (Galand et al. 2010) may be the result of enhanced vertical mixing
during winter, as suggested in Mincer et al. (2007). The well-mixed inshore and nearshore waters
of the SAB are turbid due to sediment suspension and have high attenuation coefficients due to
CDOM from river discharge (Fig. B.2). Light penetration into the water column is limited and
thus light may not inhibit Thaumarchaeota growth in these areas. The distributions of
Thaumarchaeota and of ammonia oxidation rates we observed are consistent with the extent of
nearshore turbidity seen in a satellite photo of the region (Fig. B.2). Water clarity increases over
the mid-shelf where Thaumarchaeota populations were greatly reduced and no mid-summer peak
in abundance or ammonia oxidation rates were observed. Although Betaproteobacteria amoA
gene was outnumbered by Archaea amoA, their spatial pattern was similar to that of Archaea
amoA, decreasing from inshore to mid-shelf. Since ammonia-oxidizing Bacteria are associated
with high ammonium concentration, the decrease of Betaproteobacteria amoA gene could be a

result of low ammonia concentration (Martens-Habbena et al. 2009), but light inhibition could
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also be the key factor determining the distribution of ammonia-oxidizing Bacteria (Merbt et al.
2012).

Ammonia availability has also been suggested to control the distribution of
Thaumarchaeota (Urakowa et al. 2011, Martens-Habbena et al. 2009, Horak et al. 2013).
Ammonium concentrations measured in the SAB ranged from the limit of detection (~50 nmol L
" to 6.4 pmol L', with higher concentrations in inshore waters (Table B.4). Concentrations at
the limit of detection (< 50 nmol L™) may not be low enough to limit Thaumarchaeota growth
(substrate threshold < 10 nmol L™'; Martens-Habbena et al. 2009). We did not detect a significant
contribution of ammonium concentration to the Thaumarchaeota-environment relationship in the
RDA analysis; however, the summer bloom of Thaumarchaeota coincided with relatively high
ammonium concentrations (0.35-5.5 pumol L) at inshore stations. Urea has been suggested as an
alternate source of reduced nitrogen for ammonia-oxidizing Archaea (Alonso-Séaez et al. 2012,
Lu et al. 2012). The RDA analysis showed that urea significantly contributed to
Thaumarchaeota-environment relationship in surface waters of the SAB, suggesting a potential
role for urea in nitrification in the SAB. However, we did not quantify urease genes or measure
oxidation of "°N supplied as urea in this study.

The vertical distributions of Thaumarchaeota rrs and Archaea amoA in the water column
at shelf-break Station C10 were similar to previous observations in other regions (Santoro et al.
2010, Beman et al. 2012, Tolar et al. 2013), with Thaumarchaeota abundance peaking at or
below the bottom of the euphotic zone. However, the apparent decrease in the abundance of
Archaea amoA genes below the euphotic zone relative to constant abundance of Thaumarchaeota
rrs resulted in a shift in the ratio of amoA to rrs, with values as low as 0.01 at depth, in contrast

to the 1:1 ratio expected from the copy numbers in Thaumarchaeota genomes. The low ratio of

125



Archaea amoA to Thaumarchaeota r7s in deep waters is likely a consequence of bias of the
Wuchter et al. (2006) gPCR primers we used against deep water clade B amoA (Beman et al.
2008, Santoro et al. 2010, Tolar et al. 2013).

Betaproteobacteria amoA gene abundance was lower than Archaea amoA in the water
column of the SAB, especially during the summer peak of Thaumarchaeota abundance at inshore
and nearshore stations. Furthermore, ammonia oxidation rates correlated with Thaumarchaeota,
but not with AOB amoA gene abundance. Thus, the rapid ammonia oxidation and accumulation
of nitrite at inshore/nearshore stations and at the bottom euphotic zone of the shelf-break may be

attributed to ammonia-oxidizing Archaea.

Ammonia Oxidation Rate

Ammonia oxidation rate was correlated with Archaea amoA gene abundance in this study
(R = 0.55); however, the rate was only elevated (> 2 nmol L"'d") when Archaea amoA gene
abundance was > 10° copies L (Fig. 4.6¢). Even though Thaumarchaeota were abundant at both
inshore and nearshore stations during summer, AO rates were extremely low or undetectable at
nearshore stations. The correlations between AO rates with ammonium (R = 0.4) and nitrite (R =
0.54) concentrations suggests regulation of AO rates by ammonium availability (Martens-
Habbena et al. 2009, Newell et al. 2013, Horak et al. 2013). The ammonium concentrations
measured in nearshore and mid-shelf waters was in the range (0.04-1.36 pmol L) that were
much lower than those measured at inshore stations (0.35-5.5 pmol L™); thus, the availability of
ammonium could be a key factor driving AO rates in nearshore/mid-shelf waters.

Previous measurements of ammonia oxidation in surface waters of the shelf-break

stations of the SAB during April and October 2011 were less than 0.2 nmol L™ d” (Tolar 2014);
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thus, in this study, SNH, oxidation in surface waters of the shelf-break was assumed similarly to
that in surface waters of mid-shelf and not measured. Ammonia oxidation rates measured
between 75-200 m at shelf-break Station C10 were relatively high compared to those measured
in surface waters or the deeper waters but were much lower than rates measured at inshore
during summer, although the abundances of Archaea amoA genes were similar in these two
water masses. Low nutrient availability ((NH;] was < 0.15 umol L") may limit ammonia
oxidation rates at the depth. Moreover, Thaumarchaeota ecotypes from different environments
have been reported to have different growth rates and cell-specific AO rates (Wuchter et al.
2006, Martens-Habbena et al. 2009, Santoro et al. 2010, Santoro and Casciotti et al. 2011,
Lehtovirta-Morley et al. 2011, Qin et al. 2014). Smith et al. (2014) found that ammonia oxidation
rates in Monterey Bay surface waters correlated with the abundance of water column clade A
(WCA), while the deep water samples dominated by deep water clade B (WCB) had consistently
low ammonia oxidation rates. We found two distinct Thaumarchaeota ecotypes in inshore versus
shelf-break waters, respectively. The former was mainly composed of N. maritimus strain
SCM1-like amoA sequences and the latter may contain a mix of open ocean shallow ecotype
Cluster A and deep ecotype Cluster B based on the compositions of clone libraries in 10 m and
200 m (Francis et al. 2005, Beman et al. 2008). Thus, the greater per cell ammonia oxidation
rates of N. maritimus strain SCM1 than the open ocean strains (Martens-Habbena et al. 2009,
Santoro and Casciotti et al. 2011) could explain the higher ammonia oxidation rates in inshore

waters.
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Phylogenetic Composition of Thaumarchaeota

Thaumarchaeota genotypes were partitioned by habitat in the SAB. Clone libraries of the
inshore and nearshore samples shared few OTUs with samples from the shelf-break deep water
sample and genotypes from each region were closely related to reference sequences from sites
with similar oceanographic characteristics (Fig. 4.7, 4.8). However, a mix of inshore and open
ocean clades was found in surface waters from mid-shelf and shelf-break stations suggesting that
advection and mixing affect the distribution of Thaumarchaeota in this region. The dominance of
N. maritimus strain SCM1 amoA in inshore (e.g. SAPES) and nearshore (C1) waters
corresponded to the metatranscriptomic evidence from Marsh Landing (Hollibaugh et al. 2011).
Sequences most closely related to the low salinity adapted species Candidatus “Nitrosoarchaecum
limnia” strain SFB1 were encountered most frequently at Stations ALTES and DOBES, stations
more strongly influenced by freshwater input from the Altamaha River.

As a consequence of abundance of Euryarchaeota rrs in our samples, the richness and
diversity of Thaumarchaeota in the SAB can be only inferred from Archaea amoA gene. Our
analysis showed that the Thaumarchaeota populations sampled at inshore station DOBES and
from 200 m at shelf-break station C10 contained the highest richness and greatest diversity, and
the rarefaction curves for these samples indicated that diversity was under-sampled at both of
these locations (Fig. B.3). Interestingly, the sample collected from SAPES was much less diverse
than other two inshore stations and the clone libraries from this station seemed to be saturated
(Fig. B.3). OTUs from SAPES clustered with isolates or environmental sequences from the water
column while OTUs from DOBES and ALTES were more closely related to those retrieved from
sediment. Biller et al. (2012) found that sequences from coastal sediments had the greatest

number of OTUs, while fewer OTUs were found in the water column. Therefore, sediment
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suspension may be a more important source of the Thaumarchaeota in samples from ALTES or
DOBES and result in high diversity and richness of Thaumarchaeota there than at Stations

SAPES.

CONCLUSIONS

Thaumarchaeota are widespread in waters of the SAB, but elevated abundance of
Archaeal 6S rRNA and amoA genes was constrained to nearshore sites of the SAB in summer.
Thaumarchaeota appear to be the dominant ammonia oxidizing organisms in the SAB.
Temperature, salinity and urea appear to contribute to the distribution of Thaumarchaeota
population and nitrite, as a product of ammonia oxidation, also showed a positive correlation
with Thaumarchaeota abundance. In addition, we found a strongly positive correlation between
phytoplankton and Thaumarchaeota abundance, suggesting that competition with phytoplankton
for ammonia may not limit Thaumarchaeota growth, either as a consequence of high ammonia
availability or uptake of oxidized forms of inorganic N by phytoplankton in the SAB. Moreover,
the potentially different responses of diverse Thaumarchaeota ecotypes to environmental and
biological factors make it difficult to explain the dynamics of Thaumarchaeota in the water
column. The ammonia oxidation rates measured in the SAB were determined by both
Thaumarchaeota abundances and ammonium concentrations, and the latter is the major factor

driving the ammonia oxidation.
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Fig. 4.1: Seasonal and spatial variability of: a) temperature (°C), b) salinity, c) dissolved
oxygen concentration (DO, mg L") and d) relative fluorescence (ng L™); in surface waters on
the continental shelf of the South Atlantic Bight. Dots indicate the sampling stations with
reference to Appendix Figure B.1. Figures in each column represent environmental variables

from the same sampling month. The means and ranges of each variable were listed in Table B.3.
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Fig. 4.2: Seasonal and spatial distributions of: a) Archaea amoA, b) Thaumarchaeota rrs, c)
Betaproteobacteria amoA and d) Nitrospina sp.16S rRNA genes (copies L™); in surface
waters on the continental shelf of the South Atlantic Bight. Dots indicate the sampling stations
referenced to Appendix Figure B.1. Figures in each column represent environmental variables

from the same sampling month. The means and ranges of each variable were listed in Table B.4.
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Fig. 4.3: Relationships between a) Archaea amoA and Thaumarchaeota rrs genes
abundances, and b) Nitrospina sp. 16S rRNA and Thaumarchaeota rrs genes abundances in
the South Atlantic Bight. Lines are model II regressions (Legendre and Legendre 2012) of all

data.
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Fig. 4.4: Vertical profiles of Archaea amoA (AOA), Thaumarchaeota rrs (Trrs),
Betaproteobacteria amoA (AOB), Nitrospina sp. 16S rRNA (Nrrs), environmental variables
(temperature, salinity, fluorescence and dissolved oxygen) and nutrients (NO;', NH," and
NOj3) at the shelf-break Station C10 of the South Atlantic Bight in a) April, b) May, c) July, d)

September and ¢) November.
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Fig. 4.5: Ammonia oxidation rates measured (a) on the continental shelf, and (b) at 75 m,
200 m and 400 m of the shelf-break Station C10 of the South Atlantic Bight. Error bar in (a)
indicates the standard deviation of ammonia oxidation rates measured in both surface and bottom

waters of the stations in the same regions
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Fig. 4.6. Spearman’s rank correlations between ammonia oxidation rates and a) [NO;], b)
[NH,'] and c) Archaea amoA gene abundances. Correlation coefficients (R) are shown in each

figure.
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Fig. 4.7: Phylogenetic analysis of Archaea amoA genes recovered from DNA collected from
surface waters of inshore stations SAPES, DOBES and ALTES, nearshore station C1, mid-
shelf station C4, and from 10 m and 200 m at the shelf-break station C10. All samples were
collected on the July cruise. The Bayesian tree was constructed using MrBayes 3.2.1
(Huelsenbeck and Ronquist 2001) based on an alignment of 586 unambiguous bp of amoA
sequence with the HKY85 substitution model and the Ca. “Nitrososphaera gargensis” amoA
gene as the outgroup. The posterior probabilities were shown if >0.75. a) Archaea amoA
sequences we recovered that were assigned to 4 clades are highlighted with different branch
colors: red, hot spring/soil group; green, water column group; dark red, water/sediment group;
blue, open ocean group. The sub-trees of “open ocean group” show b) the shallow water ecotype
“Cluster A” and c) the deep water ecotype “Cluster B” (after Francis et al. 2005). One
representative of OTUs (> 98% identical) from each library was shown with the total number of

clones represented by this sequence in the brackets.
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Fig. 4.8: Phylogenetic analysis of Thaumarchaeota 16S rRNA genes recovered from DNA
collected from surface waters of inshore stations SAPES, DOBES and ALTES, nearshore
station C1, mid-shelf station C4, and from 10 m and 200 m at the shelf-break station C10.
All samples were collected on the July cruise. The Bayesian tree was constructed using MrBayes
3.2.1 (Huelsenbeck and Ronquist 2001) based on the alignment of 474 unambiguous bp of
sequence with the HK'Y85 substitution model and the “pSL12  (UCU63343)” 16S rRNA gene as
the outgroup. The posterior probabilities were shown if >0.75. Thaumarchaeota rrs sequences
retrieved from shelf-break Sta. C10 (10 m and 200 m) were in blue, while those from inshore to
mid-shelf stations were in dark red. One representative of OTUs (> 99% identical) from each

library was shown with the total number of clones represented by this sequence in the brackets.
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Fig. 4.9: Redundancy analysis (RDA) ordination plots of a) Thaumarchaeota 16S rRNA and
Archaea amoA genes versus environmental factors in the surface waters of the SAB; and b)
Thaumarchaeota 16S rRNA and Archaea amoA versus environmental factors with depth at the
shelf-break station. The length and angle of arrows show the contribution of each variable to the
RDA axes. RF, relative fluorescence; T, temperature; S, salinity; DO, dissolved oxygen
concentration; Bacteria 16S, Bacteria 16S rRNA gene abundance, rrs, Thaumarchaeota 16S

rRNA gene abundance; amoA, Archaea amoA gene abundance.
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CHAPTER 5
CONCLUSIONS

I have investigated the dynamics and metabolism of polyamines in a marine ecosystem,
the South Atlantic Bight. The experiments were divided into two areas of concentration, one
focused on determining the spatial and temporal variability of polyamine fluxes in the SAB and
the contribution of polyamine C and N to bacterioplankton C and N demand there; and the
second focused on laboratory investigations of polyamine synthesis, release and uptake by
phytoplankton. I collected samples from inner shelf to the shelf-break of the SAB during two
cruises (April and October 2011) and from SAB estuaries during August 2011 and April 2012. 1
conducted experiments with radio-labeled polyamines to determine the turnover rates of
polyamines in situ in different water mass and I calculated polyamine uptake rates by
multiplying turnover rates with in situ polyamine concentrations, measured by high performance
liquid chromatograph (HPLC). The contribution of polyamines to bacterial C and N demands
were estimated by dividing bacterial C and N assimilated from polyamines by the total bacterial
C and N demand, estimated from L-leucine incorporation, respectively.

The goal of the second study was to identify the factors governing polyamine dynamics
in seawater, specifically production of dissolved polyamines by phytoplankton. I selected
representative phytoplankton species from the ocean and measured the concentrations and
composition of polyamines in axenic phytoplankton cultures. We manipulated experimental
conditions in order to track the responses of intracellular and extracellular polyamine pools to the

environmental variables and attempted to connect the results with the field observations.
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This dissertation makes several key contributions to our understanding of the role of
small dissolved organic nitrogen compounds in oceanic environments.

Firstly, we found that all polyamines we examined (PUT: putrescine, SPD: spermidine
and SPM: spermine) can be readily used by bacterioplankton and their roles are similar to
dissolved free amino acids (DFAA), supplying nutrients and energy to bacterioplankton. They
have comparable turnover rates to DFAA, but the dissolved pools (mostly < 5 nmol L") were
much smaller than DFAA (10- to 100-fold), resulting in relatively slow uptake fluxes in
seawater. The dynamics of polyamines were compound-specific and varied spatially and
temporally in the SAB. PUT and SPD were commonly detected, while SPM was sporadically
distributed. SPD and SPM were better substrates for bacterioplankton than PUT according to
their higher turnover rates. In contrast to their consistently low concentrations, polyamines
turned over more rapidly at inner-shelf and estuarine stations in the SAB, leading to the much
greater fluxes at those sites than at mid-shelf and shelf-break stations, and rates were about 2-
fold greater in spring than in fall. This study also evaluated the fate of polyamine carbon after
being assimilated and I concluded that carbon was mostly incorporated into biomass (> 50%)),
but the short incubation time (~1h) may underestimate the carbon respired from polyamines. I
estimated the proportions of bacterial N and C demand contributed met by polyamines.
Polyamines could potentially provide more N (< 10%) than C (< 5%) to bacterial demand, and
this contribution seemed to be more important in the offshore water column with relatively low
nutrient concentrations. Correlations between polyamine turnover or uptake rates with
environmental variables suggested that the spatial and temporal variability of polyamine

dynamics was significantly associated with phytoplankton biomass. This differed from DFAA
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which was more closely tied to bacterial production. This suggested that phytoplankton, the
sources of polyamines, were in charge of controlling the bacterial uptake of polyamines.

Secondly, my research on the metabolism of polyamines in phytoplankton cells suggested
that the variability of polyamine composition and concentrations in seawater was a consequence
of species specific variation in the composition and concentration of polyamines in
phytoplankton, modulated by environmental conditions like nutrient limitation and salinity. This
work demonstrated that polyamine release to the water by phytoplankton was affected by their
physiological conditions. I also demonstrated the capability of phytoplankton to take up
dissolved polyamines from culture medium at nM concentrations. I found a strong connection
between polyamine metabolism and diatom cell wall synthesis. Polyamines accumulated in
Thalassiosira pseudonana during the late stationary phase, in contrast to their dynamics in other
groups, such as dinoflagellates. This was explained as a consequence of low polyamine demands
for building diatom silica cell walls once growth had ceased. Thus, in seawater, bloom
terminations may contribute a significant amount of polyamines into the dissolved polyamine
pools.

I detected changes of polyamine pools in response to different environmental or nutrient
limitations, which may be helpful to explain the correlations between polyamine dynamics and
environmental variables (e.g. T, S) in field observations. The internal and external polyamine
pools co-varied and increased as temperature increased or salinity decreased. Polyamine release
was enhanced under N-limitation, a common situation in the ocean, and the composition of
dissolved polyamine pools changed from being dominated by NSPD to SPD, although SPD was

only a minor component of the intracellular pool. Thus, the changes in size and composition of
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dissolved polyamine pool under different conditions may directly affect the polyamine
availability to bacterioplankton.

I also tested the ability of the diatom 7. pseudonana to take up polyamines under two
salinity conditions (22 vs 32) and nitrate concentrations (20 vs 50 pmol L™). The results of these
experiments suggested a potential for phytoplankton to use polyamines in seawater and that
uptake was controlled by environmental and nutrient conditions. This finding complicates the
relationship between polyamine concentrations found in situ and phytoplankton. Several factors,
including selective release from phytoplankton, environmental conditions and nutrient limitation,
and the preferential uptake of specific polyamines by bacteria and phytoplankton, all need to be
considered.

Last but not least, polyamine dynamics are further complicated by the potential oxidation
of polyamines by ammonia-oxidizing Archaea (Thaumarchaeota). I surveyed the abundances of
Thaumarchaeota and measured the ammonia oxidation rates to estimate the activities of
Thaumarchaeota in the SAB. I concluded that Thaumarchaeota are an important group of
microorganisms in the SAB, and they are the major ammonia-oxidizer there. They were
prevalent (16S rRNA and Archaea amoA genes typically > 10* gene copies L") in the water
column from inshore to offshore. A mid-summer peak in abundance (up to 10°* gene copies L™)
was restricted to inshore and nearshore stations. Thaumarchaeota were also abundant and varied
little throughout the year (~ 10°-10” gene copies L") at the bottom of euphotic zone at the shelf-
break. Thaumarchaeota abundance covaried with depth, chlorophyll a, temperature and salinity.

High ammonia oxidation rates (0.6-842 nmol L™'d™") were seen at inshore and nearshore

stations during summer and at the bottom euphotic zone of the shelf-break (0.3-12 nmol L™'d™),
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and ammonia oxidation was slower (undetectable to 0.64 nmol L™'d™") in other regions. The
availability of the substrate (NH4") may be the key factor driving ammonia-oxidation rates.

We analyzed the phylogeny of Thaumarchaeota 16S rRNA genes in different water mass
and found that the inshore and shelf-break populations contained distinct species. Sequences of
amoA genes from these two populations were also different from those retrieved from mid-shelf
surface waters. Thus, differences in the capability for ammonia oxidation by different
Thaumarchaeota species may also influence nitrification rates in seawater. Since preliminary
experiments performed in 2011 showed that polyamines were oxidized to produce nitrite faster
than ammonium, my survey of Thaumarchaeota abundance and ammonia oxidation rates
suggests that polyamine oxidation by Thaumarchaeota may be as important as bacterial uptake in
limiting polyamine concentrations in seawater. If it is assumed that polyamine oxidation was
similar to ammonia oxidation by Thaumarchaeota, polyamine oxidation rates would be higher in
summer (up to hundreds of nmol L™'d"" in inshore waters) and lower in spring (undetectable to
1.3 nmol L"'d™") and fall (undetectable to 7 nmol L'd™ ; Tolar 2014, chapter 4). In comparison to
polyamine uptake rates [ measured during 2011 cruises, which ranged from undetectable in
offshore waters to ~15 nmol L™'d™" in inshore waters during April and October (chapter 2), the
polyamine oxidation rates are in the same range of polyamine uptake rates during April but are
1-2 orders of magnitude larger than polyamine uptake rates at the beginning of October. It
suggests that Thaumarchaeota may be majorly responsible for polyamine removal in summer.
Moreover, Thaumarchaeota may play a more important role in removing polyamines at the base
of mixing layer because of their high abundances and activity in oxidizing ammonia (0.6-12.4

nmol L'd™") compared with low polyamine uptake rates (< 0.15 nmol L™'d™") there.
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In summary, this dissertation provides insights into the dynamics of polyamine from
different perspectives. It determined the role of heterotrophic bacteria and photosynthetic
phytoplankton in polyamine cycling and identified environmental variables that affect the
activity of these groups. I have also raised the potential for control of polyamine dynamics by

ammonia-oxidizing Archaea in the SAB.
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APPENDIX A
SUPPLEMENTARY MATERIAL: CONCENTRATIONS, TURNOVER RATES AND

FLUXES OF POLYAMINES IN COASTAL WATERS OF THE SOUTH ATLANTIC BIGHT"

* Liu, Q., X.X. Lu, B.B. Tolar, X. Mou, and J.T. Hollibaugh. 2015. Biogeochemistry.
123:117-133. Reprinted here with permission of publisher.
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Table A.3: RDA analysis of relationships between turnover rates, concentrations and

uptake rates of polyamines and amino acids and environmental conditions in the SAB.

Axes RDA1 RDA2 RDA3 RDA4

Turnover rate
Eigenvalues 0.72 0.04 0.015 0.004
Turnover-environment correlations 0.93 0.633 0.649 0.447

Cumulative percentage variance

of turnover data 72.0 76.0 77.5 77.9
of species-environment relationship 92.4 97.5 99.4 99.9
Concentration
Eigenvalues 0.178  0.077 0493 0.252
Concentration-environment correlations 0.631 0.374 0* 0

Cumulative percentage variance

of concentration data 17.8 25.5 74.8 100
of concentration-environment relationship ~ 69.8 100 0 0
Uptake rate
Eigenvalues 0.823  0.021 0.129  0.026
Uptake-environment correlations 0.933 0.620 0 0

Cumulative percentage variance
of uptake data 82.3 84.4 97.4 100

of uptake-environment relationship 97.5 100 0 0

* Values of 0 for the species-environment relationships mean that eigenvalues were not
canonical, since there were only 2 species. In these cases only RDA 1 and RDA 2 were used to
draw biplots for the species-environment relationships (Fig. 2.6)

164



Figure A.1: (a) Stations sampled during April (18-22) and October (2-6) cruises in the South
Atlantic Bight (SAB). Stations visited on both cruises are represented with diamonds (purple);
stations visited only on the April cruise represented with squares (blue) and those visited only on
the October cruise represented with circles (red). (b) GCE-LTER sites located on the central
Georgia coast and bounded on the east by the SAB. Samples were collected from the Sapelo
Sound (SP, GCE 1, 2 and 3), Marsh Landing (ML) and Altamaha Sound (AL, GCE 7, 8 and 9)

during 13-16 August 2011 and 17-20 April 2012
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Figure A. 2: Relative fluorescence (mg m'3), concentrations of biogenic silica (BSi, pmol L~
1), L-leucine incorporation rates (LEU, pmol h™' L") and bacterial 16S rRNA gene
abundance (copies L™) in samples collected on the April (a, b) and October (c, d) cruises.
Numbers on the abscissa identify the station as per Fig. A.la. SW surface water, MW mid-water,

BW bottom water
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APPENDIX B
SUPPLEMENTARY MATERIAL: SEASONAL VARIABILITY OF AMMONIA-OXIDIZING

ARCHAEA AND AMMONIA-OXIDATION RATES AT THE SOUTH ATLANTIC BIGHT’

> Liu, Q., B.B. Tolar, M.J. Ross, J.B. Cheek, C.M. Sweeney, N.J. Wallsgrove, B.N. Popp, and
J.T. Hollibaugh. To be submitted to Limnology and Oceanography.
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Table B.S: Richness and diversity indices of Archaea amoA and Thaumarchaeota rrs
sequences in surface waters at several stations spanning from inshore to shelf-break and in depth
of 200 m of the shelf-break station C10 during July cruise. SAPES, Sapelo Sound; DOBES,

Doboy Sounds; ALTES, Altamaha Sound

Station # # of Clones #of OTUs Chaol Shannon H' # of Unique OTUs % o(f)‘%rjusque
Archaea amoA

SAPES 45 8 11 1.1 4 50
DOBES 40 24 58 2.9 13 54
ALTES 22 16 38 2.6 9 56
Cl 31 13 25 1.9 5 38
C4 29 12 17.3 2.0 6 50
C10 10 m 38 17 28.3 2.5 8 47
C10 200 m 48 27 52.5 3.0 24 89
Thaumarchaeota rrs

SAPES 14 3 3 1.5 2 67
DOBES 10 2 2 0.3 1 50
ALTES - - - - - -
Cl 4 2 2 0.6 1 50
C4 1 1 1

Cl10 10 m 2 2 3 0.7 1 50
C10 200 m 40 25 88 2.9 24 96

- No clone retrieved from the sample
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Table B.6: Redundancy analysis (RDA) ordination plots of Thaumarchaeota 16S rRNA and
Archaea amoA genes versus environmental factors in the surface waters of the SAB and versus

environmental factors with depth at the shelf-break station in the South Atlantic Bight.

RDA analysis
Surface water environmental variables (Fig. .
4.92) Variance p-value
Fluorescence 0.53 0.002
NOy 0.08 0.002
S 0.04 0.004
urea 0.02 0.006
T 0.02 0.008
Axes RDA 1 RDA 2
Eigenvalues 0.71 0.01
Gene abundance-environment correlations 0.87 0.3
Cumulative percentage variance
of gene abundance data 71 72
of gene abundance-environment relation 99.3 100
Shelf-break environmental variables (Fig. .
4.9b) Variance p-value
Depth 0.47 0.002
T 0.25 0.002
Bacteria 16S 0.05 0.04
NO;5 0.05 0.02
Axes RDA 1 RDA 2
Eigenvalues 0.76 0.09
Gene abundance-environment correlations 0.93 0.88
Cumulative percentage variance
of gene abundance data 76 85
of gene abundance-environment relation 89.2 100
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Figure B.1: Sampling stations in the South Atlantic Bight. Inshore stations: Saint Simons
(SS), Altamaha Sound (ALTES), Doboy Sound (DOBES) and Sapelo Sound (SAPES);
nearshore stations: SS1-SS2, A1-A2, C1-C2, E1-E2 and G1-G2; mid-shelf stations: SS3-SS4,
A3-A4, C3-C7, E3-E4, G3-G7; shelf-break stations: C8-C10. The contour lines are 20 m, 50 m

and 200 m isobath.

181



1

80°W

30'
Longitude

32°N 4 et

45' -

I
o)
@

spnjijen

81°W

182



Fig. B.2: The satellite image of the continental shelf in the South Atlantic Bight taken on

March 2, 2014 (graph provided by Dr. John Schalles from Creighton University, Omaha, NE)
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Fig. B.3: Rarefaction curve of Archaea amoA gene sequences recovered from DNA collected
on the July cruise from surface water samples at inshore stations SAPES, DOBES and ALTES,
nearshore station C1; mid-shelf station C4; and 10 m and 200 m at the shelf-break station C10.
OTUs were defined with > 98% similarity. SAPES, Sapelo Sound; DOBES, Doboy Sound,;

ALTES, Altamaha Sound.
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