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Seasonal measurements of the nitrogenous osmolyte glycine
betaine in marine temperate coastal waters
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Abstract Glycine betaine (GBT) is a nitrogenous
osmolyte ubiquitous throughout the marine environ-
ment. Despite its widespread occurrence and sig-
nificance in microbial cycling, knowledge of the
seasonality of this compound is lacking. Here, we
present a seasonal dataset of GBT concentrations in
marine suspended particulate material. Analysing
coastal waters in the Western English Channel, GBT
peaked in summer and autumn but did not follow the
observed maxima in total phytoplankton biomass or
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chlorophyll a. Instead, we found evidence that GBT
concentrations were associated with specific phyto-
plankton groups or species, particularly in the sum-
mer when GBT correlated with dinoflagellate bio-
mass. In contrast, autumn maxima corresponded with
a period of rapidly changing salinity and nutrient
availability, with potential contributions from some
phytoplankton species and Harpacticoid copepods.
This suggests distinct environmental drivers for dif-
ferent periods of the GBT seasonality. Building on
evidence that GBT and dinoflagellate biomass peak
in summer, concomitantly with low nutrients, we
propose that GBT positively affects dinoflagellate
fitness, allowing them to outcompete other plank-
ton when inorganic nutrients are depleted. By using
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this assumption, we improved the performance of a
marine ecosystem model to reproduce the observed
increase in dinoflagellates biomass in the transition
from spring to summer. This work sheds light on the
interplay between phytoplankton succession, compet-
itive advantage and changing environmental factors
relevant to climate change. It paves the way for future
multidisciplinary research aiming to understand the
importance of dinoflagellates in key coastal ecosys-
tems and their potential significance for methylamine
production, compounds relevant for particle growth
in atmospheric chemistry.

Keywords Glycine betaine - Osmolytes -
Phytoplankton - Marine - Dinoflagellates - Western
Channel Observatory

Introduction

Glycine betaine (GBT) is a zwitterionic, nitrogen
containing cellular osmolyte widely used in the
marine environment by bacteria and phytoplankton.
The biosynthetic pathways of GBT in some spe-
cies of phytoplankton have been partly elucidated
(Kageyama et al. 2018). GBT transporters are found
frequently in marine bacterial genomes and its tran-
scripts can be readily detectible in metatranscriptom-
ics datasets (McParland et al. 2021). Further, once
glycine betaine is taken up by marine microbial com-
munities, a high proportion remains unmetabolized
(Kiene and Hoffman-Williams 1998; Boysen et al.
2022), indicating this compound’s importance in
osmotic function. The metabolism of glycine betaine
appears quite specialised (McParland et al. 2021),
but this compound is also widely used—Ilabelled
nitrogen from GBT made its way through the entire
microbial community (Boysen et al. 2022). Further, a
recent study looking at seasonal microbial uptake of
glycine betaine showed evidence for a wider capacity
for GBT catabolism than previously realised (Mausz
et al. 2022). The highly abundant SARI11 bacterio-
plankton of the Alphaproteobacteria clade has high
affinity transporters and can use GBT as an energy
source and fuel the C1 cycle (Noell and Giovannoni
2019). In culture, model organisms of the abundant
marine Roseobacter clade can grow on GBT as a sole
carbon source (Lidbury et al. 2015) resulting in rem-
ineralisation of the osmolyte nitrogen to ammonia
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(Zecher et al. 2020), thereby making the nitrogen
available to a plethora of microorganisms, partly
explaining the value of this compound to the marine
microbial community. Marine methanogens can also
grow on glycine betaine (King 1984; Watkins et al.
2014), and glycine betaine can degrade aerobically to
methane, linking to biological methane production.
Furthermore, glycine betaine can degrade anaerobi-
cally to form methylamines (Heijthuijsen et al. 1989),
providing a marine biogenic source of atmospheric
amines (Dall‘Osto et al. 2017,2019), thought to be
relevant for the important climate processes of new
particle formation and growth (Almeida et al. 2013;
Riccobono et al. 2014).

Despite the importance of glycine betaine to the
microbial community and as a precursor to climate
active methylamines, field measurements of GBT
are still relatively uncommon. The application of
metabolomics studies to marine metabolites (e.g.
Boysen et al. 2018) has revealed strong diel cycling
of osmolytes (Boysen et al. 2021), indicating rapid
cycling in the environment and much wider use than
osmotic function. Investigation of suspended and
sinking metabolites has shown the dominance of gly-
cine betaine and proline with depth (Johnson et al.
2020), likely driven by the microbial communities
associated with sinking particles. Targeted analy-
ses for osmolytes reveal higher concentrations in ice
influenced regions of Antarctic waters (Dall‘Osto
et al. 2017, 2019) and higher concentrations in coastal
regions compared to the open ocean (Airs and Archer
2010; Keller et al. 2004; Beale and Airs 2016).
Recently, Sacks et al. (2022) developed a method to
determine a wide range of metabolites from the dis-
solved phase, including GBT, in marine and freshwa-
ter samples. Nevertheless, this limited knowledge has
come from only a handful of studies or data points.

Phytoplankton culture studies have shown that of
15 phytoplankton species tested, five produced GBT
at a higher concentration than the sulphur osmolyte
dimethylsulphoniopropionate (DMSP; in four spe-
cies DMSP was not detected at all, Spielmeyer
et al. 2011), suggesting global production of GBT
to be significant compared to DMSP, which is esti-
mated at 2 petagrams (2x 10° tons) of sulphur in
the upper ocean, annually (Gali et al. 2015). Other
physiological functions of GBT include acting as a
chemoattractant in the marine microbial food web
(Seymour et al. 2010), accelerating the recovery of
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Fig. 1 Position of Station L4, 13 km off the Plymouth Coast, in the Western English Channel, UK. Figure produced using Google

Maps and www.latlong.net

photosystem II from high light exposure (Papageor-
giou and Murata 1995; Kondo et al. 1999; Prasad
and Saradhi 2004) and as a cryoprotectant in sea ice
algae (Thomas and Dieckmann 2002).

Despite the importance of glycine betaine as an
osmolyte, as a precursor for climate active com-
pounds and as an important component in microbial
C, N and energy flow, there is relatively little infor-
mation about osmolyte distributions in the marine
environment, especially not any reported seasonal
data; and we know little about the conditions that
control intracellular osmolyte concentrations. Here,
we provide a comprehensive dataset of the first sea-
sonality of particulate GBT abundance in surface
waters sampled at a coastal observatory in the West-
ern English Channel (Fig. 1).

Measurements are presented in the context of
phytoplankton species biomass and succession,
temperature, salinity and other biological and
physicochemical parameters. The data has led to
the hypothesis that GBT production enhances the
growth of dinoflagellates under nutrient deplete
conditions, allowing them to dominate the phyto-
plankton community in the summer season, and this
hypothesis was tested by developing a mathematical
formulation describing GBT dynamics and imple-
menting it in a marine ecosystem model.

Materials and methods
Sampling site

Station L4 is a coastal station located in the West-
ern English Channel (50° 15.00" N, 4° 13.02" W),
approximately 13 km off the Plymouth coast (Fig. 1).
The RV Plymouth Quest samples Station L4 weekly
(weather permitting), as part of the on-going and
long-term Western Channel Observatory (www.
westernchannelobservatory.org.uk). Various physi-
cal, chemical and biological measurements have been
recorded at Station L4 since 1988 (Smyth et al. 2010).

Collection of particulate samples for determina-
tion of glycine betaine (GBT) began in March 2016
and continued until December 2016. Water was col-
lected via a conductivity, temperature and depth
(CTD) profiler with individually sprung 10 L Niskin
bottles. Water for GBT was collected from the ‘sur-
face’ Niskin bottle, typically from a depth of 2 m and
was immediately transferred into a 10 L vessel via
Tygon tubing. During the return trip to the laboratory
samples were maintained at sea surface temperature
(via flushing the outside of the container with surface
water) in the dark. Sample preparation, extraction and
analysis commenced immediately upon arrival back
at the laboratory, typically within 2-3 h of collection.
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Quantitation of GBT

The methodology for the determination of par-
ticulate N-osmolytes has been recently published
(Beale and Airs 2016) so only a brief description
is provided here. Glycine betaine (GBT) reference
standard was supplied by Sigma Aldrich. A deuter-
ated internal standard (d;;-GBT) (Cambridge Iso-
tope Laboratories Inc.) was added to both standards
and samples.

Seawater (approx. 4 L) was first passed through
a 200 pm mesh into a large beaker to exclude zoo-
plankton. Small volume aliquots of 2 mL were then
taken from this reservoir using a syringe and filtered
through polycarbonate (PC) filters (47 mm diameter,
0.2 pm pore size, supplied by Fisher Scientific), held
within a Swinnex filter holder (Millipore). A small
volume was chosen for filtration because during fil-
tration of large volumes, loss of particulate analytes
from cells to the dissolved phase has been shown pre-
viously (Fuhrman and Bell 1985). Kiene and Slezak
(2006) advised filtering no more than 3.5 mL to pre-
serve cell structure when collecting dissolved phase
samples for DMSP analysis. As GBT has also been
shown to be susceptible to the manner of particulate
collection (Airs and Archer 2010); a sample volume
of 2 mL was chosen and triplicate samples were
taken. Neither vacuum nor gravity filtration were
employed which reduced the risk of cell disruption.
Instead, an in-line filter was used, reducing the time
the sample was in contact with laboratory air (Beale
and Airs 2016). Filters were pre-rinsed in 100%
methanol (LC/MS grade, Fisher Scientific) to remove
contaminants (Beale and Airs 2016).

Following filtration, the underside of the filter
was blotted on glass fibre filter paper (GF/F, Fisher
Scientific) to remove excess seawater which has
been shown to cause ion suppression during analysis
(Beale and Airs 2016). The filter was immersed in 1.5
mL extraction solvent (methanol:chloroform:water at
a ratio of 12:5:1) (chloroform HPLC grade, VWR) in
an extraction tube (50 mL, Sarstedt). Internal stand-
ard (d;;-GBT) was then added (10 pL) to the extrac-
tion tube to generate a concentration of 10 pg pL™!
(equivalent to 200 pg per 20 pL injection). After a
brief vortex, the filter was left to soak for 1 h. Follow-
ing extraction, the solvent was transferred with a Pas-
teur pipette (VWR) to a 2 mL Eppendorf tube (Sigma
Aldrich) for centrifugation (4 min at 9447x g). The
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supernatant was then transferred into an HPLC vial
(Kinesis) for analysis.

Quantification of GBT was achieved using liquid
chromatography/mass spectrometry comprising an
Agilent 1200 High Pressure Liquid Chromatograph
(HPLC) and a 6330 Ion Trap Mass Spectrometer
(MS) with Electrospray lonisation (ESI). A binary
mobile phase was used: 0.15% formic acid+ 10 mM
ammonium acetate (A) and 100% methanol (LC/MS-
grade) (B) in an isocratic run at a ratio of 80:20 A:B.
The injection volume was 20 pL into a mobile phase
flow of 0.35 mL min~!. An HSF5 Discovery col-
umn (15 cm X 2.1 mm, 3 pm) and associated guard
column (2 cm X 2.1 mm, 3 pm, both Supelco) were
used at a temperature of 60 °C for separation of com-
pounds before identification via mass spectrometry.
Electrospray source settings were as follows; posi-
tive ion mode, nebuliser gas at 55 psi, drying gas at
12 L min~!, vaporiser temperature at 350 °C. The
resulting ionised compounds were detected at m/z 129
(d;;-GBT) and 118 (GBT).

Calibration was performed on each day of sample
analysis and consisted of standards (typically n=7;
prepared in extraction solvent, see above) contain-
ing increasing amounts of GBT to span in-situ sam-
ple concentrations. Deuterated internal standard was
spiked at a consistent concentration into all stand-
ards and samples (10 pg uL.™!). Check standards pre-
pared at a single concentration were analysed every
3 samples during the sequence to monitor instrument
response throughout the entire run. Peak area ratios
were calculated for both standards and samples by
dividing analyte peak area by the internal standard
peak area. Calculation of concentration was achieved
by direct comparison of the sample peak area ratio to
that of the standard calibration. Limits of detection
(LOD) for the method were calculated to be 1.5 nmol
L~! for GBT (Beale and Airs 2016).

Analysis of environmental parameters at Station L4

Ancillary data were collected at L4 over the same
period. Chlorophyll @ was determined by Turner
fluorometry according to Welshmeyer (1994). Nutri-
ent concentrations including nitrate and nitrite were
analysed according to Woodward and Rees (2001)
using a segmented flow colorimetric nutrient auto-
analyzer (SEAL). Phytoplankton species were deter-
mined using light microscopy for selected dates that
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coincided with GBT sampling. Paired 200 mL sam-
ples were collected from 10 m depth, with one pre-
served with acid Lugol’s iodine and the other neutral
formaldehyde. A 50 mL and 100 mL subsample of
the Lugol’s and formaldehyde-preserved samples,
respectively, were analysed by light microscopy using
the Utermohl settling technique to enumerate phyto-
plankton>2 pm including diatoms, dinoflagellates,
coccolithophores, Phaeocystis, ciliates and flagellates
(Widdicombe et al. 2010). Individual cells were iden-
tified to species level, where possible. Taxa-specific
cell biovolumes were converted to biomass using the
equations of Menden-Deuer and Lessard (2000). For
zooplankton sampling and analysis, paired samples
were collected weekly by vertical hauls of a WP2
net (57 cm diameter, mesh 200 pm) from 50 m to the
surface and stored in 4% formalin. Zooplankton were
identified and enumerated using light microscopy.
Taxonomy of both phytoplankton and zooplankton
is based on the World Register of Marine Species
(WORMS) scheme and further information is avail-
able at https://www.westernchannelobservatory.org.
uk/14_zooplankton.php. Autonomous CTD-mounted
sensors recorded temperature, salinity and photosyn-
thetically active radiation data.

Ecosystem modelling

Model simulations were performed by using the
European Regional Seas Ecosystem Model (ERSEM)
fully described in Butenschon et al. (2016). ERSEM
is a biomass and functional types-based biogeochemi-
cal model describing the cycling of carbon and nutri-
ents (N, P and Si) in the pelagic and benthic environ-
ment. One of the main features of this model is that
the carbon to nutrient ratios (C:N:P) are not constant
but are instead variable depending on the environ-
mental nutrient conditions. Each functional type is
therefore described through variable carbon, nitro-
gen, phosphorus and (only for diatoms) silica con-
centrations. For this specific feature, ERSEM has
been successfully used to simulate nutrient stress-
driven dynamics (e.g. Pinna et al. 2015, Polimene
et al. 2012). Primary producers are represented by 4
functional types describing diatoms (P1), nanophy-
toplankton (P2), picophytoplankton (P3) and micro-
phytoplankton (P4). In this work we focussed on
the functional type P4 which for its specific features
such as slow growth rate, low chlorophyll content

and relatively low grazing pressure upon it, has been
traditionally used to simulate dinoflagellates (Pinna
et al. 2015, Torres et al. 2020). The formulation of
this functional type (hereafter dinoflagellates) was
modified by including a new formulation describing
GBT cellular production and its effect on cell fitness
according to our working hypothesis. The new model
formulation is described below. ERSEM was coupled
with the General Ocean Turbulence Model (GOTM,
Burchard et al. 1999) and implemented at L4 as in
Butenschon et al. (2016). The model was run for 7
years (2010-2016). The simulations presented in the
paper refer to 2016, when the GBT measurements
were performed.

GBT production, loss and its effect on dinoflagellate
physiology

GBT dynamics are described mirroring the formula-
tion used in Pinna et al. (2015) for the production of
toxins in dinoflagellates. According to this, GBT con-
centration (umol m~>) was described through the fol-
lowing equation:

JdGBT

GBT .
=5~ =GBT,;, -NPP+¢ - (1~

GBT

max

>-Lim-C—Loss

ey
Where GBT,,;, is the minimal GBT cellular quota
(given as GBT:C ratio) produced as a fixed fraction
of the net primary production (NPP), GBT,,,, is the
maxima quota achievable under nutrient limitation
and GBT is the actual GBT to carbon ratio. The
parameter ¢ represents the fraction of carbon daily
invested into GBT production under nutrient limita-
tion, while C is the biomass given as carbon concen-
tration (mg m~>). The function Lim is given by:

Lim = max<0, 1- nutllm)

sc

(@)

Where nutlim is the function describing nutrient lim-
itation in ERSEM and sc is a scaling factor meant to
regulate the internal nutrient quota at which enhanced
production of GBT starts. The value of Lim as a func-
tion of the internal nutrient quota is given in supple-
mentary Fig. 2. It should be noted here that GBT syn-
thesis is assumed to be supported by the reallocation
of cellular resources i.e. without additional metabolic
costs (respiration). Enhanced production of GBT
is mirrored by the down regulation of chlorophyll
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Table 1 GBT model

parameters Parameter Unit Value
GBT,,;,(min GBT to C ratio) [umol (GBT) (mg C)™'] 0.2
GBT,,,(max GBT to C ratio) [umol (GBT) (mg C)™'] 1.5
¢(Daily GBT production relative to carbon [umol (GBT) (mg O'd " 1.0
under nutrient limitation)
SC(Scaling factor) Adimensional 0.6

a under nutrient stress conditions which is already
described in the model (Butenschon et al. 2016,
Pinna et al. 2015). This implies that GBT synthesis
is performed at the “cost” of reduced photosynthetic
capacity.

GBT loss (Loss) is modelled by scaling carbon
loss terms already described in ERSEM by the actual
GBT:C ratio:

Loss = (mortality + restrespiration + grazing) - GBT
3)

In order to test the hypothesis that increasing cellu-
lar GBT gives a competitive advantage to dinoflagel-
lates, we have assumed that mortality (M), respiration

(R) and cell sinking rate (S) linearly decrease as soon
as GBT . exceeds GBT,,;,;:

) GBT,,,
Furs = Furs ™ Gpr. @

where Fl* (i=M,R,S) are the actual mortality, respi-
ration and sinking rate fluxes and F; (i = M, R, S) are
the same fluxes as described in ERSEM (Butenschdn
et al. 2016).

Model parameters relative to the new GBT for-
mulation (Table 1) were manually tuned to obtain
the simulations shown in Fig. 2 and summarised in
Table 2.

Results and discussion
Site description

Station L4 of the Western Channel Observatory
is a temperate coastal site which experiences sea-
sonal stratification and riverine influences due to
its proximity to the Plymouth coast and the mouth
of the River Tamar (Fig. 1). Nutrient concentra-
tions (Nitrate + Nitrite, Fig. 3c) in 2016 were typi-
cal of this coastal station (Smyth et al. 2010), with
a decrease in nutrients in spring due to rapid deple-
tion by phytoplankton, low levels throughout sum-
mer, and replenishment in autumn once thermal
stratification breaks down. Sea surface temperature

Table 2 Observed and simulated seasonal mean values of GBT and percentage of dinoflagellates with respect to the total phyto-
plankton biomass (sd); [min-max]. Spring/Summer defined as in Fig. 3

Spring

Summer

GBT (nmol L") Dino%

GBT (nmol L") Dino%

Data 5.1(2.2)[1.2-8.7]
ERSEM +GBT 2.6 11
ERSEM 8

16 (10) [3-33]

28.5 (18.8) [12.8-68.3] 81 (9) [65-92]
21.2 38
10

@ Springer
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Fig. 2 Observed and mod-
elled GBT concentrations. 4
Data are displayed with
standard deviation
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(Fig. 3b) increased from May to reach a maximum
of 17 °C in September. Surface salinity at L4 during
2016 (Fig. 3b) was lowest during spring with surface
freshening typically attributed to increased precipita-
tion and pulses of freshwater from the River Tamar
(Smyth et al. 2010). The seasonality of physicochemi-
cal variables at L4 leads to phytoplankton succession,
with a relatively stable community in winter, and an
abrupt change in diversity and biomass in spring,
with increased abundance of several phytoplank-
ton groups in April, including diatoms, Phaeocystis
and Coccolithophorids (Widdicombe et al. 2010). In
summer, the composition is typically varied, before
returning to winter composition in October (Widdi-
combe et al. 2010). During the period of study, chlo-
rophyll a peaked in spring and again in late summer
and remained elevated until mid-autumn (Fig. 3a).
Phytoplankton counts to species level were per-
formed on twenty dates spanning the spring, summer

Chlorophyll-a (mg/m3)

Total Phytoplankton (mgC/m?3)

250
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1
1
1
1
1
1
1
1
1
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50
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1
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1
1
1
1
1
1
|
:
2
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Spring

e b ittt e

1
Summer ! Autumn

Julian Day 2016

and autumn months. Total phytoplankton biomass
throughout the seasons is presented in Fig. 3d and
shows highest biomass in summer. A spring bloom
in May comprised diatoms and Phaeocystis. In terms
of biomass, the phytoplankton were dominated by
dinoflagellates throughout the summer and into the
autumn (Fig. 3d).

GBT seasonality

Samples of seawater particulates for GBT analysis
were collected weekly (weather permitting) between
March and December 2016, from Station L4 (Fig. 1).
Clear seasonality in particulate GBT (Fig. 3f) was
observed. GBT was detected in all particulate sam-
ples at concentrations ranging from 2 to 73 nmol
L' (Fig. 3f). Highest GBT concentrations were
detected in summer and autumn (Fig. 3f) and show
two distinct maxima of 68 and 73 nmol L™! in July

@ Springer
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Fig. 3 Physicochemical properties, phytoplankton and par-
ticulate GBT concentrations in surface waters at Station L4
in 2016. a Chlorophyll a concentration (mg m~>); b Sea sur-
face temperature (SST, °C) and surface salinity (PSU) data; ¢
Nitrate and nitrite concentration (uM); d Total phytoplankton
biomass (mg C m™); e Total dinoflagellate biomass (mg C
m~3); f Particulate GBT (nmol/L). Error bars represent stand-
ard deviation, n=3; Vertical dashed lines split the year season-
ally where spring is March-May, summer is June—August and
autumn is September—November

and September, respectively. The only other meas-
urements of GBT at a coastal site were taken in the
Gulf of Maine in June 1995, and fell in the range
0-15 nM, measured by HPLC (Keller et al. 2004).
To investigate trends in the dataset further with
PRIMER (Plymouth Routines In Multivariate Eco-
logical Research, version 7.0.11; Primer-E Ltd.), a
global BEST test was used to determine which L4
environmental variables best explained the varia-
tions in GBT concentration (further information on
the PRIMER BEST test can be found in Clarke et al.
2008). Particulate GBT concentrations were divided
into seasons (date of sample collection where spring
is March—-May, summer is June—August and autumn
is  September—November), transformed (overall
square root, to reduce the influence of outliers) and
normalised (to convert all the variables to a common
dimensionless scale so that they can be combined in
the analysis). The BEST test then statistically per-
mutates the data and compares it to the actual trend
observed. The results suggest that the particulate
GBT concentrations observed at L4 are significant
compared to 999 other random permutations of the
data in every season tested. Following this, the BEST
test uses the environmental variables (referred to as
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the ‘explanatory matrix’ in Clarke et al. 2008) and the
L4 GBT dataset (the ‘fixed resemblance matrix’) and
calculates resemblance matrices to highlight whether
any particular variable, or combination of variables,
correlates with the GBT concentrations observed.
The BEST test generates a list of highest ranked cor-
relations between the fixed and explanatory matrices
which exceed the value of those correlations occur-
ring by chance. The BEST test highlighted that counts
of dinoflagellates and Phaeocystis, together, best
explained the particulate GBT seasonality with a cor-
relation of 0.842, with the presence of dinoflagellates
and the absence of Phaeocystis correlating with GBT
concentration. Supplementary Fig. 1, adapted from
non-metric Multi-Dimensional Scaling (nMDS) anal-
yses in PRIMER following the BEST test, shows an
absence of Particulate GBT (after normalisation; blue
wedges) when Phaeocystis is present (green wedges)
and the suggested link between GBT concentrations
and dinoflagellates (red wedges). Labels with no col-
oured wedges indicate an absence of all three varia-
bles (GBT, Phaeocystis and dinoflagellates) after nor-
malisation. This correlation supports previous culture
experiments where dinoflagellates have been shown
to markedly increase their cellular GBT content in
response to increasing salinity, while maintaining a
constant cell volume and DMSP content (Gebser and
Pohnert 2013), but a link between dinoflagellates and
GBT in the natural marine environment has not been
demonstrated previously.

The measurements of GBT at L4 (Fig. 3f) show
considerable variability in the magnitude of the
relative standard deviation (Fig. 3f), particularly
between summer sampling dates. The analytical
method itself demonstrates excellent reproducibil-
ity, with precision for GBT of 3% (Beale and Airs
2016). During the summer period, the dinoflagel-
late species composition changed frequently; both
in terms of the dominant dinoflagellate species, and
the number of species contributing to the overall
biomass (Table 3). The high relative standard devia-
tion observed on 25th July and 15th August corre-
sponded to a higher number of species contribut-
ing to the dinoflagellate biomass (Table 3; Fig. 4).
Different dinoflagellate species are likely to differ
in their susceptibility to breakage during filtering,
due to their diverse morphological characteris-
tics including cell size and armoured/unarmoured
cells (Goldman and Dennet 1985). Several of the
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Table 3 GBT concentration, phytoplankton and dinoflagellate
biomass, and dinoflagellate composition during 4 consecutive
weeks in summer 2016.  denotes cells>100 pm (see text).

Species above the bold line contribute to 75% of the dinoflag-
ellate biomass for that sampling day. Species common to the
four sampling points shown in this table are colour coded

biomass, mg C m3 (%
of total)

Date 25% July 8™ August 15% August 22" August
GBT (sd) nmol L- 68 (33) 43 (6) 44 (53) 15(5.5)
Total phytoplankton 210.0 89.1 53.0 113.5
biomass, mg C m?

Dinoflagellate 194.5 (93%) 77.3 (87%) 37.7 (71%) 102.8 (91%)

Top 9 dinoflagellate
species, (biomass; mg
Cm?)

Scrippsiella spp.
(52.6)

Karenia
mikimotoi (38.4)

Ceratium lineatum®
(112)

Karenia mikimotoi
(74.7)

Karenia mikimotoi
(48.4)

Ceratium
lineatum® (19.3)

Karenia mikimotoi
(7.2)

Ceratium furca®

(7.3)

Dinophysis acuta"
(38.5)

Gyrodinium
spirale (5.7)

Dinophysis acuta"
(3.0

Dinophysis acuta"
6.1)

Ceratium lineatum®
(14.2)

Dinophysis acuta™
(5.3)

Polykrikos
schwartziit (2.4)

Ceratium lineatum®
3.6)

Gyrodinium (large)
(10.70)

Gyrodinium
(large) (2.5)

Gyrodinium
(medium) (1.9)

Protoperidinium
depressum" (2.1)

Prorocentrum
micans (5.6)

Gyrodinium
(medium) (1.1)

Protoperidinium
ovatum (1.8)

Protoperidinium
ovatum (1.8)

Gyrodinium
(medium) (5.1)

Dinophysis tripos
(0.6)

Noctiluca
scintillans® (1.4)

Polykrikos
schwartziit (1.6)

Dinophysis Prorocentrum Protoperidinium Gyrodinium
acuminata (3.5) micans (0.5) oceanicum® (1.0) (medium) (0.7)
Protoperidinium Gyrodinium Ceratium Ceratium
depressum" (3.1) (small) (0.2) horridum® (1.0) horridum® (0.5)

dinoflagellate species present comprised large cells
(= 100 pm; Table 3). Very large cells can be diffi-
cult to sample reproducibly and the uneven distribu-
tion of large cells between samples can have a more
pronounced effect on concentration differences
between samples. The combination of the dinoflag-
ellate biomass comprising a high diversity of spe-
cies, and several of those species having large cell
sizes, is likely to add variability to the sampling and
therefore impact the relative standard deviations of

the concentrations observed. Increasing the sample
volume could normally be an approach to decrease
the observed variability but was not a viable solu-
tion here due to the loss of osmolytes observed with
increased sample volume (Kiene and Slezak 2006).
Increasing the number of replicates of samples
could be a viable strategy, however.

The weekly dinoflagellate species composition
during summer, measured by light microscopy, cou-
pled with the seasonal GBT profile, enabled the
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Fig. 4 Number of species contributing to the dinoflagellate
biomass at Station L4 on the 25th July, 8th, 15th, and 22nd
August 2016

prediction of dinoflagellate species that are likely
to be GBT producers. Further, allocation of cellular
GBT content to phytoplankton species present, per-
mitted partial recreation of the seasonal GBT profile
(Fig. 5). Intracellular GBT concentrations were esti-
mated for six dinoflagellate species, a diatom, prym-
nesiophyte and small (2 pm) flagellates (Table 4)
based on culture studies (Keller et al. 1999a, b;
Spielmeyer et al. 2011). Dinoflagellates/phytoplank-
ton not included in Table 4, that were found to be pre-
sent at L4 (e.g. see Table 3) were assumed to have
a negligible intracellular concentration of GBT. This
enabled the summer profile of GBT concentrations
to be reasonably well reproduced (Fig. 5a). Although
being a significant contributor to the summer phyto-
plankton biomass (Table 3), our study suggests that
Karenia mikimotoi is not a significant producer of
GBT, as a ten-fold increase in Karenia biomass from
the 15th to 22nd August, coincided with a decrease
in the overall GBT concentration from 44 to 15 nM
(Table 3). Notably, K. mikimotoi was also not attrib-
uted as a major DMSP producer by Archer et al.
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(2009) and is therefore likely to employ alternative
cellular osmolytes. The combination of GBT concen-
tration and phytoplankton data provides useful infor-
mation to direct field studies and culturing experi-
ments investigating GBT production.

The autumn peak in GBT concentration did not
correspond clearly with any component of the phyto-
plankton community. There were species that peaked
concurrently with the autumn GBT maxima i.e. the
diatom Guinardia delicatula, the dinoflagellates
Ceratium furca and Gyrodinium spirale, and the coc-
colithophore Emiliania huxleyi (Fig. 5b). However,
estimated cellular concentrations of GBT for these
species (Table 4), based on literature values for cul-
tures (Keller et al. 1999a, b; Spielmeyer et al. 2011)
only accounted for 40% of the measured GBT autumn
maximum (Fig. 5a). It should be noted, however,
that the estimated cellular values include significant
uncertainty for the following reasons: Keller et al.
(1999a) found that the cellular GBT content in three
phytoplankton cultures varied during the growth
curve of the cells, indicating that the physiological
state of the cells at L4 may be a contributing factor
to their GBT content. Also, of the limited species-
specific information available in the literature, there
is much uncertainty over the GBT content of differ-
ent species: For example, the dinoflagellate Proro-
centrum minimum was found not to contain GBT by
Keller et al. (1999a), but Spielmeyer et al. (2011)
reported this species to be the highest GBT producer
(6.96 pg cell™!) of those investigated. Furthermore,
some of the studies on cultures relied on filtering
relatively large volumes of sample (e.g. 50-700 mL)
which may then have resulted in underestimations of
the cellular measurements (Kiene and Slezak 2006).
However, the overall phytoplankton biomass during
the autumn period was low (Fig. 3), particularly com-
pared to the summer period, indicating there were
likely other sources of GBT in autumn. The osmolyte
content of natural assemblages of zooplankton have
been reported to be species-specific for the osmolyte
DMSP (Tang et al. 2000) and can contribute substan-
tially to particulate concentrations in the water col-
umn when these species are in high abundance (Tang
et al. 2000). It made sense therefore to interrogate the
zooplankton data from L4 for possible contributors
to the GBT pool. Harpacticoid copepods were found
to peak in biomass (up to 380 g C m~>) coincident
with the autumn GBT maxima. Although the water
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Fig. 5 a Particulate GBT concentrations at Station L4 meas-
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samples for GBT analysis were screened through
200 pm mesh, the Harpacticoid copepods exhibit
a broad range of sizes from first nauplii to adults of
35— >850 pm (Boxshall 1979), so smaller animals or
body parts could have contributed to the GBT signal
observed. Further, faeces from zooplankton present in
the water sample could also have added to the GBT
concentrations (de Angelis and Lee 1994). Some
marine bacteria are known to use GBT (Lidbury et al.

Table 4 Assigned cellular concentration of GBT in phyto-
plankton species at Station L4 in summer (estimated from Kel-
ler et al. 1999a, b; Spielmeyer et al. 2011), used to reproduce
measured concentrations of GBT in particulates

Phytoplankton species Class Assigned mmol

GBT/L cell

volume
Ceratium lineatum Dinophyceae 244
Noctiluca scintillans ~ Dinophyceae 190
Polykrikos schwartzii  Dinophyceae 205
Dinophysis acuta Dinophyceae 110
Gyrodinium spirale Dinophyceae 104
Ceratium furca Dinophyceae 114

Guinardia delicatula  Bacillariophyceae 221
Emiliania huxleyi Prymnesiophyceae 167

Flagellates (2 pm) - 198

2015; Noell et al. 2019), and GBT transporters are
widespread in bacteria (McParland et al. 2021); bac-
teria are therefore likely to have contributed to the
particulate GBT signal throughout the seasons. The
proportion of the bacterial:phytoplankton contribu-
tion to the GBT concentration is unclear, however. It
should also be noted that the autumn period of high
GBT concentration coincided with an increase in
salinity and nitrate concentration (Fig. 3); the salinity
change may have prompted cells present to increase
their osmolyte concentration, enabled by the increas-
ing availability of inorganic N. Clearly, the summer
and autumn maxima in GBT concentrations had dif-
ferent environmental drivers.

The significance of high GBT concentration in
summer

The summer increase in GBT concentration con-
comitant with the lowest inorganic nutrient con-
centrations (Fig. 3) was intriguing and warranted
further investigation. Elevated summer GBT con-
centrations aligned with increases in dinoflagellate
biomass (Fig. 3). Specifically, the GBT data span-
ning from March to August 2016 may be clustered
into two distinct groups depending on the sea-
son and the relative abundance of dinoflagellates
(Table 2). In spring [Mar—-Apr-May] GBT was
always below 10 nmol L™ and the dinoflagellate
biomass did not exceed 40% of the total phytoplank-
ton. In summer [June-July—August], GBT reached
66 nmol L~! and the fraction of dinoflagellate bio-
mass was consistently higher than 60% (> 90% in
July). Further, in the summer period, inorganic
nutrients (nitrate) were depleted (Fig. 3c). Start-
ing from this evidence that summer GBT coincided
with low inorganic nutrient concentrations, we
therefore hypothesised that the observed summer
GBT accumulation is related to nutrient stress (high
C:N ratio; Supplementary Fig. 2) and that GBT has
a positive feedback on dinoflagellate growth, giving
them a competitive advantage in summer.

More specifically we propose that the high cel-
lular content of quaternary ammonium deriva-
tives such as glycine betaine positively affect the
buoyancy of dinoflagellates as already suggested
by Boyd and Gradmann (2002). Enhanced buoy-
ancy aids dinoflagellates to (i) adjust their position
in the water column to optimise light and nutrient
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conditions and (ii) to match the depth of prey for
mixotrophic species which are common and abun-
dant within the dinoflagellate community at L4
(Gisselson et al. 2002; Tilstone et al. 2010).

While the synthesis of nitrogen containing
metabolites under nutrient depleted conditions
seems counterintuitive, literature evidence suggests
that this is not uncommon in dinoflagellates. Dino-
flagellates have been shown to survive under severe
nutrient limiting conditions displaying very high
carbon to nutrient molar ratios (C:N up to 20 and
C:P up to 400; Pinna et al. 2015). The cellular con-
tent of nitrogen-containing chlorophyll is generally
low in dinoflagellates (Geider et al. 1996, Polimene
et al. 2014) suggesting that nitrogen can be allo-
cated to different metabolites (e.g. osmolytes), bet-
ter suited to support growth and fitness of this group
under stressed conditions. For example, production
of nutrient-containing secondary metabolites such
as toxins have previously been associated with cel-
lular nutrient deficiency (Van de Waal et al. 2014).
Compatible solutes such as proline and GBT have
already been proposed to accumulate under adverse
environmental conditions, playing a wider role in
stress tolerance besides osmoregulation (Hare et al.
1998).

Therefore, we used this hypothesis that summer
GBT accumulation is related to nutrient stress and
that GBT has a positive feedback on dinoflagellate
growth as a concept to test via a modelling approach.
We modified an established marine ecosystem model
(ERSEM; Butenschon et al. 2016) by adding a new
formulation describing enhanced GBT production by
dinoflagellates as a function of nutrient stress. Addi-
tionally, in order to describe enhanced buoyancy as a
function of GBT, we have assumed that intracellular
GBT production reduces sinking. The positive effect
of buoyancy on predation (for mixotrophic species)
was challenging to simulate since mixotrophic behav-
iour is not modelled in ERSEM. However, we have
indirectly simulated this effect by assuming that the
cellular loss terms described in ERSEM decrease
proportionally to the GBT to carbon ratio, in this
way boosting net growth (i.e. gross production — loss
terms, see Eqgs. 2 and 4). Our formulation allowed the
model to qualitatively reproduce both the increase
in dinoflagellate biomass and GBT observed in the
transition from spring to summer [Fig. 2; correlation
coefficient ® between simulated and observed GBT
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concentrations in spring-summer is 0.65 (p <0.005)].
However, the highest GBT concentrations observed
in summer are not fully captured by the model. This
is not surprising given the strong model underestima-
tion of biomass in summer (Table 2). Despite this,
and in contrast to the standard ERSEM formulation,
the new model manages to simulate the summer dom-
inance of dinoflagellates (although only qualitatively)
pushing the ERSEM simulation of this algal group
towards realism (Table 2). The model thus corrobo-
rates our hypothesis that GBT promotes the growth
and fitness of dinoflagellates in those ecosystems
where inorganic nutrients are depleted (Fig. 3c) by
earlier blooms. Additional field studies and labora-
tory experiments focussing on GBT production under
different nutrient regimes are required to validate our
hypothesis.

Conclusion

During three seasons in 2016, GBT concentrations
varied from 3 to 73 nM at this temperate coastal
site, which at times exceeds previous coastal meas-
urements in the Gulf of Maine where GBT concen-
trations up to 15 nM were observed (Keller et al.
2004). However, the concentrations observed were
lower than those typical for the osmolyte DMSP
in the Western English Channel, which have been
reported to reach 120 nM (Archer et al. 2009), a
feature consistent with the more widespread dis-
tribution of DMSP than GBT in culture. Summer
variation of particulate GBT concentrations at the
coastal site L4 correlated with a dynamic popula-
tion of dinoflagellates. We also suggest that, under
nutrient deplete conditions, GBT production gives
dinoflagellates a growth advantage allowing them
to dominate the phytoplankton community in the
summer months. Enhanced dinoflagellate growth
could be due to the positive effects of quaternary
amines on their buoyancy which could facilitate
their vertical migration and access to nutrients in
stratified water columns. Such a strategy would
underpin a resilience to varying conditions under
climate change scenarios. Such resilience in the
face of climate change highlights a requirement
for research into the impact and role of atmos-
pheric methylamines in organic aerosol produc-
tion. This process is proposed to be affected by the



Biogeochemistry

release of N-osmolytes from phytoplankton cells, of
which a significant contribution is likely to be from
dinoflagellates.
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