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Abstract

Dissolved free amino acids (DFAA) in seawater are a form of nitrogen (N) available for marine
microbes. In oligotrophic environments where N-containing nutrients are the limiting factor for
microbial growth, N nutrition from DFAA could be crucial, but as yet it is poorly resolved.
Measurements of individual DFAA are challenging as concentrations are typically in the low nmol L™
range. Here we report modifications to methodology using o-phthaldialdehyde (OPA) derivatization
and reversed phase high performance liquid chromatography (HPLC) that provide a 30-fold
improvement in sensitivity enabling the detection of 15 amino acids in seawater with a limit of
detection as low as 10 pmol L™ with accuracy and precision of better than 10 %. This analytical
methodology is now suitable for the challenging quantitation of DFAA in oligotrophic seawaters. The
method was successfully applied to a suite of seawater samples collected on a cruise crossing the
South Atlantic Ocean, where concentrations of DFAAs were generally low (sub nmol L™), revealing
basin-scale features in the oceanographic distributions of DFAA. This unique dataset implies that
DFAAs are an important component of the N cycle in both near-coastal and open oceans. Further
calculations suggest that the proportions of organic N originating from DFAA sources were
significant, contributing between 0.2-200 % that of NH," and up to 77 % that of total inorganic

nitrogen in the upper 400 m in some regions of the transect.
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1. Introduction

Phytoplankton account for around half of primary production on earth, fueling marine food
webs and contributing to the biogeochemical cycling of elements (Falkowski et al. 1998). Biologically
accessible nitrogen (N) limits phytoplankton growth in most regions of the global ocean (Moore et al.
2013). Dissolved N in seawater is found both in inorganic (NH,", NOs, NO,) and labile organic
forms, including urea, dissolved free amino acids (DFAAS), peptides and proteins. Biological
utilisation of inorganic nutrients and urea is well established (Lund and Blackburn 1989, Rondell et al.
2000) and the characterisation and uptake of peptides has been thoroughly described in Mulholland
and Lee (2009); however, the role of DFAAS in the ocean N cycle, in particular their contribution to

supporting primary productivity, remains unclear.

DFAAs represent a small but important fraction of the dissolved organic nitrogen (DON)
pool (1.2-12.5 %, Carlson and Hansell (2015)). They mainly originate from microbial cells via
exudation during cell senescence (extracellular release; Rosenstock and Simon (2001)), but can also
be released by N fixing bacteria (e.g. Trichodesmium sp), or from zooplankton excretion/inadvertent
loss whilst feeding on phytoplankton or other forms of organic matter (Webb and Johannes 1967,
Carlucci et al. 1984, Rosenstock and Simon 2001). Collectively, DFAASs represent up to 30-50 % of
fixed N (Glibert and Bronk 1994) and constitute an important source of N for the marine system.
DFAA are reported to have a fast turnover (minutes) as they are rapidly consumed by bacteria, which
in turn can lead to their transformation into inorganic nutrients, thereby making them available for
phytoplankton uptake (Fuhrman 1987, Kirchman 1994). Some microalgae also appear capable of
taking up DFAA directly when inorganic N is low (Kaiser and Benner 2008).

The South Subtropical Convergence (SSTC) is an oceanographic feature encircling the globe
at around 40 °S: it represents the intersection point of the high nitrate upwelling waters of the
Southern Ocean and the nitrate-impoverished oligotrophic gyres (Ito et al. 2005). Satellite images
suggest productivity here is typically elevated relative to the waters north and south of the
convergence (Longhurst 1998, Browning et al. 2014). A cruise transect penetrating both the high
nitrate, iron-limited Antarctic Circumpolar Current (ACC) waters to the south, and the low nitrate
waters to the north of the convergence offered a unique opportunity to study the contribution of
DFAA to N utilisation in two contrasting biogeochemical regimes (Browning et al. 2014).

DFAA research to date has mainly focussed on studying cycling using laboratory experiments
(Andersson et al. 1985, Linares 2006, Sarmento et al. 2013), lakes (Rosenstock and Simon 2001) or in
coastal waters (Tada et al. 1998, Kiel and Kirchman 1999, Lu et al. 2014), where concentrations of
DFAA are high. Very little is known about the role of DFAA in the oligotrophic ocean, where
extremely low concentrations of inorganic N are likely to be the primary factor limiting

phytoplankton growth (Moore et al. 2013). A major challenge is that the concentrations of DFAAS are
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also extremely low in these regions (pmol L), making their quantification difficult as available
techniques have detection limits at the nmol L™ level. This lack of sensitivity in analytical techniques
has hindered accurate assessment of the size of this N reservoir, determination of the relative roles of
phytoplankton and bacteria on marine DFAA concentrations, evaluating potential environmental
conditions that might influence DFAA cycling, and resolving the possible influence of DFAA
concentrations on oceanic microbial nutrient limitations.

Here we report the improvement and validation of existing HPLC methodologies so as to enable
the quantification of DFAA at the concentrations typically encountered in the oligotrophic ocean. The
two principle aims of the study were to (1) improve the analytical approach to enable the
determination of 15 individual DFAA in seawater at sub nmol L™ concentrations, and (2) to study the
spatial and depth variations in DFAA dynamics in meso- and oligotrophic waters in a cross-basin
oceanographic section. We focus on the dominant individual DFAA shown to be important in
phytoplankton release and bacterial consumption (Sarmento et al. (2013)), specifically: serine (Ser),
aspartic acid (Asp), glutamic acid (Glu), histidine (His), valine (Val), phenylalanine (Phe), and
methionine (Met). We relate the individual DFAA concentrations to NH," and other N-containing
inorganic nutrients along the transec, leading us to hypothesise that the DFAA contribution to primary

productivity in oligotrophic ocean systems is potentially more important than previously thought.
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2.  Materials and Procedures

2.1. Study site and sampling procedures

Seawater for quantification of DFAA concentrations were collected during the UK-
GEOTRACES GA10 South Atlantic research cruise on the RRS Discovery
(http://www.ukgeotraces.com/), in mid-austral summer (January 2012). Fig la presents the whole

cruise transect with the 24 sampling stations (St). St 1-3 were located in low N Agulhas current (AC)
waters, St 4-13 were located in high N ACC waters, St 14-19 in low N SSTC waters, St 20-24 in the
low N Brazilian current (BC), with St 23-24 in close proximity to the Rio Plata outflow. Seawater
was collected for DFAA concentrations at 14 stations: 1, 3, 5, 6, 8, 12, 14, 15, 16, 17, 18, 19, 20 and
21. Water was collected from the CTD-rosette into clean Nalgene® bottles using clean handling
techniques, in particular taking care to avoid ammonia contamination. Seawater samples were gently
filtered through 0.2 um filters (Millex® syringe filter) immediately after collection and an aliquot of 2

ml of filtrate was frozen (18 °C) for DFAA analysis.

2.2. Nutrient concentrations and phytoplankton biomass and community structure

Nutrients — The water column concentrations of nitrate (NOs) and nitrite (NO,) were
determined at sea (Woodward and Rees 2001) using a Bran and Luebbe segmented-flow colorimetric
auto-analyser. Around 50 mL of water was taken at all sampled depths from the CTD Rosette,
employing GO-SHIP repeat hydrography protocols (Hydes et al. 2010). Ammonium (NH,") analysis
was by a nano-molar analyser using pH differential gas diffusion across a Teflon membrane, followed
by fluorescence analysis (Jones 1991). Quality control for micromolar nutrients was undertaken using
KANSO certified nutrient reference materials. The detection limit of nitrite+nitrate was 0.02 pmol L™
during the cruise, and the accuracy was between 1 % and 4 % (1 SD) as determined from analysis of
the KANSO reference materials.

Biomass and community structure — Phytoplankton community structure was characterised
using HPLC pigment analysis and flow cytometry cell counts. Full methods are reported in Browning
et al. (2014); briefly, total chlorophyll-a and accessory pigments were determined from filtered
material (0.2-2 L; 0.7 um Whatman GF/F; —-80 °C stored) using a Thermo HPLC system following
the method described in Gibb et al. (2000). Flow cytometry analysis quantified cell counts of
nanophytoplankton, picophytoplankton, Synechococcus, Prochlorochoccus, and total bacteria:
samples (2 mL; preserved in 1% paraformaldehyde at —-80 °C) were analysed using a FACSort flow
cytometer (Becton Dickinson) according to methods described in Davey et al. (2008).

5


http://www.ukgeotraces.com/

118

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

2.3. DFAA measurements using HPLC method

The method described here was adapted from that orignially developed by Lindroth and
Mopper (1979) and subsequently improved upon by Kuznetsova et al. (2004). In this method o-
phthaldialdehyde (OPA) derivatives of DFAA are measured using high-performance liquid
chromatography (HPLC) with fluorescence detection. Here we further modify the method in order to
improve its sensitivity for samples with a seawater matrix.

Instrumentation — An Agilent 1100 series HPLC system comprising an online degasser
(G1379), a quaternary pump (G1379), thermostated autosampler (G1329A), and a thermostated
column compartment (G1316A) was used. Detection of fluorescent amino acid derivatives was
carried out using an Agilent G1321A fluorescence detector equipped with an 8 pL flow cell.
Separations were performed using a 250 x 4.6 mm C18 column (Phenomenex Luna 5p C18(2) 100
A), and a guard column containing the same phase (Phenomenex SecurityGuard™ cartridges kit),
both maintained at 40 °C during analysis.

Reagents and solvents — All solutions were prepared from analytical-grade chemicals (Fisher
Scientific), dissolved in Milli-Q water (MQ, 18.2 MQ cm™ at 25 °C) and HPLC-grade solvents
(Fisher Scientific). The OPA was purchased from Sigma-Aldrich, UK. An amino acid standard
(Standard H, Thermo Scientific Pierce), which was a quantitative mixture of 18 amino acids
(individual AA concenrations: 2.5 pmol mL™ in 0.1 N HCI), was used as a high-purity calibration
standard for HPLC analysis and was kept at -18 °C, in the dark, to prevent degradation of the amino
acids. Working standards were diluted in MQ and used within a week.

Amino acid standard solutions — Amino acid standards were prepared by diluting the
appropriate amount of Standard H solution with MQ. Calibration solutions used for method
development were prepared in the range 0 — 20 nmol L™. The standard solutions used for DFAA
analysis from an open ocean sampling site in the South Atlantic were 0 — 12.5 nmol L™,
encompassing the concentration range expected for these waters.

OPA working solution — The fluorogenic reagent consisted of an OPA solution fixed at pH
9.5 using a borate buffer. This pH has previously been shown to be optimal for the derivatisation
reaction (Kuznetsova et al. 2004). A saturated OPA solution was prepared in absolute ethanol (1 g in
20 mL EtOH), stored at 4 °C, and was used for one month before being discarded. The pH 9.5 borate
buffer solution was prepared using a 0.4 M boric acid solution, and pH adjusted with 1 M NaOH; both
solutions were made up on a weekly basis. The working reagent solution was made of 2.7 mL OPA
solution, 10.8 mL of borate buffer and 66 uL of 2-Mercaptoethanol (2-MEt). This mixture was placed
in an amber HPLC vial and stored at 4 °C for 24 h to prevent the fluorogen degrading when exposed
to light. This time period allowed decay of the background fluorescence. For maximum efficiency and

reliability, the working reagent solution was used at the optimum age of between 24 h and 48 h. In
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other studies (Lindroth and Mopper 1979, Godel et al. 1984) the fluorogenic reagent was reused by
adding a few pL of thiol (2-MEt) every 3-4 days. In this study, to ensure maximum precision, the
buffered OPA reagent was prepared daily.

Derivatisation and HPLC procedure — The binary mobile phase comprised 5%
tetrahydrofuran (THF) in 0.05 M sodium acetate trihydrate (6.08 g in 1 L MQ) (A) and methanol (B)
used at a flow rate of 1 mL min™. The gradient was modified from Kuznetsova et al. (2004) as
follows: starting composition 95% A, 5% B, changing to 80% A, 20% B in 12 min, then to 35% A,
65% B over 35 min, then to 100% B in 4 min and held at 100% B for 2 min. A 2-step post-run
gradient of 7 + 5 min returns to starting solvent composition (Supp. 2). For derivatisation, the
autosampler was programmed to mix 10 pL of OPA reagent with two 45 pL aliquots of sample, and
the resulting 100 pL mixture was injected after a reaction time of 2 min. The derivatised amino acids
were detected by fluorescence (excitation 342 nm, and emission 452 nm), as described by Parsons et
al. (1984).

Performance parameters — The degree of agreement among a series of measurements of the
same sample is typically reported as the coefficient of variation: %CV = (SD/mean)*100 (Eg. 1). The
resolution between critical pairs of amino acids from the chromatogram was calculated using
equation: Ry = 2*(Tro-Tri)/(Wo+W,) (Eqg. 2), where Ty is the retention time of peaks 1 and 2
respectively and W is their respective peak width at the tangents’ baseline. The limit of detection
(LoD), by definition, is the lowest analyte concentration able to be reliably distinguished from the
blank. The value of LoD was calculated using equation: LoD = (3.3*residual SD)/S (Eq. 3), where
residual SD is the residual standard deviation of the blank measurement, and S is the slope of the

calibration curve. Reliable LoQ can be assumed using: LoQ = (10*residual SD)/S (Eq. 4).

2.4. Statistical analysis and N content calculations

Data are presented as the mean (+ SD). Linear regression analysis was used to explore the
relationships between DFAA and various determinants. A Pearson’s Correlation Coefficient | was
computed as a measure of the strength of association between variables. A P-value of < 0.05 was
considered statistically significant. Data analysis was performed using R (version 3.1.3).

The weighted amount of N (my) contributed by each N-containing inorganic nutrient or
individual DFAA, was calculated based on one litre of seawater: my = C*My*n (Eq. 5), where C is
the concentration of the inorganic nutrient or DFAA, My the atomic weight of N, equal to 14.01 g

mol™ and n the number of N per molecule.
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3. Results

3.1. Method optimisation and validation

Optimisation of the derivatisation reaction — The derivatisation reaction was carried out using
different OPA:buffer (v/v) ratios on a 20 nmol L™ amino acid standard solution. The highest
fluorescence intensity was obtained using an OPA:buffer ratio of 1:4 ratio ( v/v), instead of 1:9 (v/v)
used in previously published methods (Roth 1971, Godel et al. 1984, Roach and Harmony 1987,
Fisher et al. 2001, Kuznetsova et al. 2004).

Having established the optimum OPA:buffer composition, we then carried out a series of
derivatisations with different ratios of OPA:sample to optimise that variable. The concentration of the
buffered OPA working solution was increased, from 11 mL OPA in 100 ml buffered solution to 25
mL OPA in 100 mL buffered solution, in order to improve the limit of detection (LoD). The highest
fluorescence was produced when OPA and sample seawater were combined in a 1:9 (v/v) ratio. The
objective was to increase the proportion of seawater in the chemical reaction in order to maximise the
sensitivity of the method. With an increased ratio of seawater to reagent, the following care has to be
taken with the HPLC column as the contact with seawater salts can degrade the stationary phase of the
column. We included a 2-step conditioning procedure (12 min) at the end of the analysis run,
incorporating a 5 min gradient using a highly aqueous mobile phase composition, to flush salts from
the column. It is also recommended that a full system cleaning step is completed after each sampling
station (i.e. after approximately 24 samples) this consisting of flushing the column with 10 x column
volume with a MQ:MeOH (1:1, v/v, 5 min at 1 ml min™). Precautions should be taken when preparing
the mobile phase as the signal-to-noise ratio is affected by impurities in the buffer solutions used for
the analysis (Benson and Hare 1975). It is therefore recommended that buffers should be freshly
prepared every day prior to any new batch of samples and filtered through 0.7 um filters (Whatman
GF/F).

Reproducibility — Retention time reproducibility (Supp. 3), and the resolution between critical
pairs of amino acids was assessed. The average precision of retention times of amino acids in the
standard solution and seawater, defined by the coefficient of variance (%CV) calculated using
Equation 1, were 0.41 % and 0.65 %, respectively. The small %CV values demonstrate the high
reproducibility of the method. The maximum difference (%A) of retention times between the standard
solution and seawater samples was < 2 %, and the mean difference was 0.67 %. A difference within 3
% is considered acceptable (Reason 2003). The resolution Rs between critical pairs of amino acids,
calculated from Equation 2, was 0.87 and 0.99 for Ser/His (peaks 3/4, Fig 2) in the standard solution
and seawater respectively, and 0.66 and 0.89 for Arg/Thr (peaks 6/7, Fig 2). If Rs is >1, the two peaks
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are generally considered resolved (Snyder et al. 1997). Hence, the resolution was considered
reasonable for Arg/Thr and for Ser/His (see Supp. 1 for abbreviations of DFAA names).

Linearity of response — The detector response was found to be linear over the concentration
range used in this study (0 nmol L™, 0.15 nmol L™, 0.30 nmol L™, 0.60 nmol L, 1.25 nmol L™, 2.50
nmol L™, 5 nmol L™, 10 nmol L™ and 20 nmol L™). The correlation coefficient | squared for the
calibration with amino acid standards was > 0.99 (n = 15), hence demonstrating the linearity of the
method. The average residual of the calibration curve was 0.33 %. As part of the method validation,
standard solutions were run in triplicate.

Precision — To demonstrate repeatability of the method, a series of standards of different
concentrations (0 nmol L™, 0.15 nmol L™, 0.30 nmol L™, 0.60 nmol L™, 1.25 nmol L™, 2.50 nmol L™,
5 nmol L™, 10 nmol L™ and 20 nmol L) were measured. Seawater samples were also measured in
triplicate. The relative standard deviation (RSD) for the seawater measurements was <6% and had an
average of 3%. Thus the proposed method demonstrated an acceptable level of precision.

Limits of detection and quantification — The LoD and LoQ for the 15 amino acids targeted in
this study ranged between 9 to 163 pmol L™ and 27 to 490 pmol L™, respectively (Supp. 3).

3.2.  Oceanographic context for seawater DFAA samples

3.2.1. Nutrient and phytoplankton distributions

This study focused on surface waters less than 200 m depth, where NO3™ was generally < 25
umol L™ (Fig 3a). The cross-Atlantic transect could clearly be divided in two parts during cruise
occupation; the Eastern and the Western basins. From South Africa to 28 °W (Eastern basin, St1 to St
15, Fig 1a), the water column was well-mixed with elevated NO; (Fig 3a) and chlorophyll
concentrations (Fig 1a). In the Eastern basin, NH," and NO, were both present between 50 — 150 m
depth (0 to 0.90 umol L™ and 0 to 0.78 umol L™ respectively). To the west of 28 °W, in the Western
basin, NO;™ and chlorophyll concentrations were highly depleted (below detection limit) in surface
waters with an established nutricline below the mixed layer. NH," and NO, were also depleted (0 to
0.17 pmol L™ and 0 to 0.65 umol L™ respectively). In the Western basin, NO, and to a lesser extent
NH," exhibit a sharp maximum around the depth of the thermocline (Fig. 3b), coincident with
enhanced biological activity there (Fig. 1c). An upwelling eddy was identified as driving NOj’
upwelling around 45 °W (Browning et al., 2014). In comparison with the rest of the western basin the
concentrations of NO,” and NH," in the eddy were also considerably higher than elsewhere in the
transect (Fig 3b and c).

Chlorophyll-a concentrations were low (< 0.2 mg m™, Fig 1c) in surface waters with distinct

sub-surface maxima (up to 1.46 mg m™) in the Agulhas Current and throughout most of the western
9



250
251
252
253
254
255

256

257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283

basin (St 1-3; 20-22). Conversely, concentrations were elevated (0.2 to 0.7 mg m™) and uniform
throughout the well-mixed surface layer of the ACC waters on the southern edge of the SSTC (St 8,
15). Close to the coast of Uruguay, enhanced chlorophyll-a (up to 0.9 mg m™) was observed near
waters strongly influenced by the Rio Plata outflow (St 23-24). Similar surface patterns were also
generally apparent in composite images of ocean colour-derived chlorophyll-a from NASA MODIS

satellite images (Browning et al. 2014).

3.2.2. Spatial and depth variations of DFAA concentrations

Concentration profiles of selected DFAA are presented in the supplementary information
(Supp. 4 and 5). DFAA concentrations ranged from undetectable (see LoD, Supp. 3) to 53.1 £ 0.5
nmol L™ for Asp; 12.9 + 0.5 nmol L™ for Glu; 62.5 + 0.5 nmol L™ for Ser; 14.1 + 0.5 nmol L™ for
His; 1.2 + 0.5 nmol L™ for Met; 8.5 + 0.5 nmol L™ for Phe and 10.8 + 0.5 nmol L™ for Val. On
average, across the whole transect, DFAA were present in the following order from high to low
concentration: Ser, Asp, Glu, His, Val, Phe and Met. Ser had a relatively high concentration in the
Agulhas current (10 to 30 nmol L™) and relatively lower concentration in the rest of the transect (< 5
nmol L™). Concentrations of Asp were also elevated in the Agulhas current (20 to 40 nmol L™),
compared to the ACC waters (~10 nmol L™), and were very low in the SSTC waters. Concentrations
of Asp increased closer to the Uruguayan coast (10 to 20 nmol L™), most likely due to the Brazil
Current mixed with the Rio Plata inputs. His, like the other DFAA, also had its highest concentrations
in the Agulhas current region (5 to 15 nmol L™), as well as between 0 and 30 °W (2 to 5 nmol L™),
suggesting inputs from the Uruguayan coastal waters in the West. Val was mainly present in coastal
waters, with relatively high concentrations in the Aghulas current (3 to 10 nmol L™?) and in waters
strongly influenced by Rio Plata inputs (up to 3 nmol L™). Phe was relatively abundant in the Aghulas
current (2 to 3 nmol L™), but then decreased in the ACC waters (1 to 2 nmol L™). Phe concentrations
were low in the Eastern basin, especially in the uppermost layer of surface waters, and relatively low
concentrations were also present in close proximity to the Rio Plata. Met concentrations were
relatively low (up to 1.25 nmol L) compared to the other AAs presented in this study. The Met
profile presented in Supp. 5 indicated that the coastal waters were relatively rich in Met, compared to
the open ocean stations with the concentrations in the Brazil Current among the highest of the whole
transect (> 1 nmol L™). There was a clear division at ~50 m corresponding to changes in Glu
concentrations, where in the upper layer of the surface waters Glu was present, while below this depth
Glu concentrations were undetectable. Similarly to Asp, Glu concentrations were elevated in the
Eastern basin and lower in the Western Basin. The Agulhas Current showed high concentrations of
Glu in comparison to the rest of the transect (5 to 12.5 nmol L™) and on the other side of the basin, the

continental shelf of the Uruguayan coast contributed between 5 to 7.5 nmol L™ of Glu.
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Concentrations of DFAA at some depths were lower than the limit of detection (e.g. Met),
however, a number of correlations were found between individual DFAA and biological or physical
variables. Across the entire 40 °S transect, concentration of all DFAAs are strongly correlated (p <
0.05 with Pearson correlation). From St 1 to 6, individual DFAA were significantly correlated with
each other (p < 0.05 with Pearson correlation). Ser was never correlated to a specific DFAA, and Met,
as stated above, was often too close to the limit of detection to allow for a robust correlation analysis.
At all stations, concentrations of Glu peaked at the chlorophyll maximum. In the open ocean region
i.e. from St 6 to St 18, Glu was highly correlated with all phytoplankton biomass indices as well as
NH," (p < 0.05 with Pearson correlation).

Within the Agulhas current (St 1 and 3) the contribution of DFAA N relative to the total
amount of inorganic N calculated using Eq. 5 ranged from undetectable to up to 77 % at around 20 m
depth. Glu was again an interesting DFAA, contributing between 0.2-200 % that of NH," across the
transect, in the top 400 m.
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4. Discussion

4.1. Optimisation of HPLC method

A total of 15 amino acids were targeted for this study (Supp. 1). Three modifications to
the analytical technique were made. First, increasing the polarity of the mobile phase starting
composition compared to Kuznetsova (2004) held the amino acids on the column for longer,
thus improving separation. The polarity index (P’) was calculated as P’ = 9.4 for a starting
composition of 5 % MeOH and P’ = 8.9 for a composition of 20 % MeOH (Kuznetsova,
2004). Secondly, setting the column at 40 °C rather than room temperature (~25 °C) gave a
marked improvement in peak sharpness and resolution between critical pairs, as has been
observed when column temperatures were increased for other analytes (Van Heukelem and
Thomas 2001). OPA does not react with secondary amines; hence, amino acids like proline or
hydroxyproline were not detectable. However, it is possible to analyse DFAA with secondary
amines or short-chained polyamines (e.g. putrescine, spermidine or spermine) by adding
FMOC as a derivatising reagent (Lu et al. 2014). Cysteine and cystine, which both show low
fluorescence with OPA/2-ME, have to be firstly converted to cysteic acid or to S-3
sulfopropylcysteine before being detectable by the method, hence these DFAA were not
included in the present study (Lee and Drescher 1979). Thirdly, closely tuning the
fluorescence excitation and emission wavelengths (excitation 342 nm, and emission 452 nm)
led to an increase of the sensitivity, allowing lower concentrations of DFAA to be measured.

The OPA/2-MEt analytical method presented here offers a number of advantages that suit
a future ship-board system for DFAA analysis. Only 90 uL of seawater is required for each
analysis, therefore, sample volume requirements are very low, even if duplicates or triplicates
are necessary. Online filtration directly from the Niskin bottles through a 0.22 pm filter
minimizes risk of contamination during sampling. Previously published procedures for amino
acids analysis described desalting of the sample (Siegel and Degens 1966, Pocklington 1972,
Dawson and Gocke 1977, Dawson and Pritchard 1978, Dawson and Liebezeit 1981).
Desalting is not required for our revised method; whole seawater samples can thus be injected
onto the column without amendment. Without desalting, sample handling steps that cause
contamination or loss are avoided and considerable analytical time is saved.

The mean LoD was 68 pmol L™, representing a 30 fold improvement compared to that
obtained by Kuznetsova et al. (2004) and is comparable to Lu et al. (2014) who reached a
LoD of 10 to 100 pmol L™.
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4.2. DFAA along the 40 °S transect

The five dominant DFAA in order of abundance across the 40 °S transect were: Ser,
Asp, Glu, His, Val; which is in accordance with the findings of previous seawater and
estuarine studies (Table 1). Table 1 compiles total concentrations of DFAA from different
global oceans and estuaries, and now adds observations from the South Atlantic Ocean to this
dataset. Concentrations of individual DFAA are predictably higher in studies conducted in
higher-biomass near-coastal waters, but our results are in a comparable range to other open
ocean sites: 4 to 134 nmol L™ in this study compared to 3 to 132 nmol L™ in the North
Atlantic Ocean (Kuznetsova et al. 2004) and 3 to 9 nmol L™ in the highly oligotrophic
Sargasso Sea (Kiel and Kirchman 1999).

Glutamic acid (Glu) was present across the entire transect (Fig 4) and was often
found to be correlated with other DFAAs and chlorophyll-a biomass. This prevelance and
close correspondance to concentrations of other biologically-derived substances is likely a
result of Glu’s central role as the dominant metabolic N compound, acting as the main N
shuttle for protein synthesis, donating and receiving amine groups through transamination
reactions (McCarthy et al. 2013). Glu is also important in the N-assimilation pathway of
bacteria and phytoplankton (Suttle et al. 1991), and can be released by certain phytoplankton
(Sarmento et al. 2013), with concentrations previously shown to parallel the daily pattern of
photosynthesis (Capone et al. (1994).

Overall, changes in the Glu concentrations appeared related to the different water
masses, and their distinct microbial communities, that were encountered during the cruise.
The Agulhas current had the highest concentrations (50 to 134 nmol L™ total DFAA
concentrations) of the whole transect, centred around the subsurface chlorophyll-a maximum
(Fig. 1). The Agulhas current comprises warm water derived from the Indian Ocean via close
association with the East African coast. The Agulhas current water is low in NO3z™ (< 10 pmol
L") and other N-containing inorganic nutrients (Browning et al. 2014). DFAA could therefore
play an important role in N-nutrition in these waters, particularly Glu, which we calculated to
represent up to 17 % of the bioavailable N present in the Agulhas current (Fig 4). Although
chlorophyll-a was low in surface waters, concentrations were elevated in the sub-surface
maximum, implying a biological source for the observed elevated DFAA. Other biological
sources could include pre-cruise surface layer spring bloom production (see Fig. 3 of
Browning et al., 2014 highlighting pre-bloom conditions in these waters). Indeed, enhanced
total bacterial counts observed throughout these waters (Browning et al., 2014) could be
interpreted to represent a post-bloom condition where phytoplankton-derived organic matter

had, or was, being consumed, possibly leading to enhanced levels of DFAA release.
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Further to the West (St 4-12) pigment-derived estimates of dinoflagellates coincided
with surface waters with relatively high concentrations of NO5’; also corresponding to an area
with relatively high concentrations of Glu, other DFAA, and bacterial cell counts (Fig 4,
Supp. 4 and 5, Browning et al. (2014)). Dinoflagellates have been reported to preferably
utilise, in order of preference: NH,", followed by DFAA and Urea, rather than NOs (Fan et
al. 2003). Therefore elevated DFAA concentrations are potentially a contributing factor for
their enhanced concentrations. Linear correlations for these waters (St 6 to 18) showed Glu
was correlated with NOj’, both nano- and pico-eukaryotic phytoplankton, and total bacteria
concentrations. However, the generally lower concentrations of DFAA compared with the
lower chlorophyll-a Agulhas current region is difficult to reconcile with direct production by
the phytoplankton community and, again, therefore potentially suggests complexity of
sources/sinks linked to phytoplankton-grazer bloom and decline phases that are difficult to
resolve with transient standing stock concentrations.

Where there was an increased contribution of diatoms to the total chlorophyll
biomass (i.e. in the eddy, or in the Brazil Current, St 23 and 24, Browning et al. (2014)),
coupled with a sufficient inorganic N availability (i.e., high NOy), there is a decrease in the
abundance of Glu and other DFAA. This is logical, as DFAA are consumed by diatoms
(Admiraall et al. 1984); and more specifically, diatoms tend to utilize Asp, Glu and Arg down
to levels lower than 10 nmol L™ in early stages of growth but do not consume other AAs
(Admiraall et al. 1984).

The comparison of DFAA concentrations, especially Glu, with other biochemical
observations highlights potential new insights into the origin and fate of DFAA in the water
column, and controls on the distribution of microbial populations, with our optimised
analytical method. (Jgrgensen et al. (2014). However, even with very precise measurement
techniques, the potentially rapid turnover rate of DFAA in seawater complicates attempts to
trace their origin. One possible way of overcoming this in future studies could be to apply
stable isotope analyses of DFAA, however concentrating sufficient DFAA for such analyses

represents a significant challenge.
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