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INTRODUCTION

Dimethylsulphoniopropionate (DMSP) is the princi-
pal precursor of the trace gas dimethyl sulphide
(DMS), and is synthesised by a small number of flower-
ing plants, macroalgae and a variety of microalgae,
including oceanic phytoplankton (Challenger & Simp-
son 1948, Gage et al. 1997). Understanding what con-
trols DMSP production in the oceans is important
because emissions of DMS contribute to the nucleation
and growth of aerosol particles, enhancing formation
of cloud condensation nuclei (CCN) in the marine

boundary layer and potentially affecting Earth’s
albedo and climate (Shaw 1983, Charlson et al. 1987).
Additionally, DMS may influence atmospheric chem-
istry through reactions with the photolysis products of
biogenic halocarbons, and pre-existing sea-salt and
organic aerosol particles (Vogt et al. 1996, von Glasow
& Crutzen 2004, Leck & Bigg 2005). In addition to
being the major precursor to DMS, DMSP can also be a
significant component of primary production, and a
vehicle for the transport of significant levels of carbon
and sulphur through foodwebs (Kiene et al. 2000,
Archer et al. 2001, Simó et al. 2002). Concentrations of
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DMSP and DMS are dynamically linked in the surface
ocean through a complex network of physicochemical
and biological processes (Kiene et al. 2000). Under-
standing which of these processes govern the concen-
trations of DMSP and DMS requires informed parame-
terisation of mechanistic models, from which the key
processes can potentially be incorporated into climate
models.

Process-based, prognostic models of DMS concen-
trations are generally highly sensitive to parameters
that directly or indirectly prescribe the DMSP content
of phytoplankton functional types (PFTs) (Archer et al.
2004, Six & Maier-Reimer 2006, Vogt et al. 2010).
Whether explicitly or implicitly parameterised, mod-
elled intracellular DMSP concentrations are often
based on measurements from phytoplankton in labora-
tory culture, with values for each modelled PFT de-
rived from averages of a number of species or strains of
variable representation in the natural community
(Archer et al. 2004, Six & Maier-Reimer 2006, Vogt et
al. 2010).

There is limited information on the intracellular
DMSP content of specific taxa or on PFTs in natural
phytoplankton communities. This is in part due to the
practical difficulties of physically separating PFTs in
natural populations. As a consequence, attempts to
partition the DMSP pool amongst PFTs have taken a
variety of approaches. Correlations between the abun-
dance of specific taxa or types and DMSP concentra-
tions can reveal the potentially important contributors
to DMSP standing stocks and provide the basis for esti-
mates of their intracellular DMSP content, albeit with
high levels of uncertainty (Turner et al. 1988, Malin et
al. 1993, Matrai & Keller 1993). Size fractionation by fil-
tration has demonstrated that the majority of DMSP (on
average 65% of the total) in open seas or oceans is con-
tained in particles of 0.7 to 10 µm (Belviso et al. 1993,
Belviso et al. 2001); with the <1 to 2 µm size range
making up 2 to 25% of the DMSP pool (Corn et al.
1996). High proportions of DMSP in larger size frac-
tions have been associated with specific dinoflagellate
species (Belviso et al. 2000, Jean et al. 2005). Chemo-
taxonomic pigments have also been used to identify
the principal taxonomic groups that contribute to
DMSP production. Significant correlations between
the 0.7 to 10 µm size fraction of DMSP and total con-
centrations of 19’-hexanoyloxyfucoxanthin and 19’-
butanoyloxyfucoxanthin illustrate the importance of
nanoplanktonic prymnesiophyte and chrysophyte spe-
cies to the DMSP pool in the open ocean (Belviso et al.
2001). However, none of these approaches provide
direct estimates of the intracellular DMSP content of
specific taxa or PFTs and, therefore, provide limited
information on which to base model parameterisation
or elucidate the factors that drive DMSP production.

We present a novel approach to determine the intra-
cellular DMSP content of specific groups of phyto-
plankton in natural waters. The approach combines
flow cytometric discrimination of phytoplankton
groups, flow cytometric sorting of those groups and
sensitive quantification of their DMSP concentrations.
Flow cytometry is now a standard tool for the enumer-
ation and characterisation of phytoplankton of < 20 µm.
Characterisation of particles based on cell dimensions,
morphology and autofluorescence of photosynthetic
pigments provides rapid discrimination and enumera-
tion of natural phytoplankton populations to varying
levels of taxonomic distinction (Yentsch et al. 1983,
Archer et al. 2001, Tarran et al. 2001). Several flow
cytometric sorting mechanisms have been developed
that allow high-speed physical separation of particles
with a high degree of specificity and very efficient lev-
els of recovery. The study aimed to test the approach
by quantifying intracellular DMSP content in labora-
tory cultures of phytoplankton and in specific groups
in natural phytoplankton populations in coastal and
open ocean environments. The purpose of the present
study is to illustrate the high potential this approach
has for determining variations in the contribution of
specific phytoplankton groups to the total DMSP pool,
exploring environmental factors that affect intracellu-
lar DMSP content and better informing the parameter-
isation of mechanistic DMS models.

MATERIALS AND METHODS

An approach combining fluorescence-activated cell
sorting (FACS) of phytoplankton by flow cytometry
with purge-and-trap gas chromatographic (GC) analy-
sis of DMSP concentrations was tested using both lab-
oratory cultures of phytoplankton and natural coastal
and oceanic waters. This study combines the results of
research carried out at different times and places: (1) at
Plymouth Marine Laboratory in 2002; (2) in the west-
ern English Channel in 2007 and 2008; and (3) in the
eastern Atlantic in 2009. Two different flow sorting
devices were employed to isolate distinct phytoplank-
ton groups commonly distinguishable by flow cytome-
try in natural waters: a piezoelectrically driven fluid
switching, mechanical mechanism and a high-speed
droplet sorting system. Preliminary experiments were
carried out to test the mechanical sorting approach on
laboratory cultures known to vary in intracellular
DMSP content and to compare this to a more estab-
lished filtration approach.

Laboratory cultures. Cultures of Emiliania huxleyi
CCAP 920/3 (Prymnesiophyceae), Isochrysis galbana
CCAP 927/1 (Prymnesiophyceae) and Dunaliella terti-
olecta CCAP 19/6B (Chlorophyceae) were used for lab-
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oratory experiments. All phytoplankton species were
grown in filtered, autoclaved seawater enriched with f/2
nutrients (Guillard & Ryther 1962), under continuous
light at approximately 100 µmol photons m–2 s–1 and
at 15°C. Cells were maintained in near-exponential
growth by regular transfer to fresh medium.

Natural water samples and cell concentration.
Samples used for mechanical cell sorting were col-
lected from the Mauritanian Upwelling in the eastern
Atlantic Ocean during the SOLAS-ICON cruise aboard
RRS ‘Discovery’ (cruise D338) on 14 and 19 May 2009
(Table 1). Samples were collected using a rosette of
24 × 20 l Ocean Test Equipment water bottles mounted
on a Sea-Bird 911plus CTD profiler. Mechanical sort-
ing was carried out on board, as described below.

For tests involving droplet sorting, water was collected
aboard RV ‘Plymouth Quest’ from the Western Channel
Observatory Stns L4 and E1 on 6 June 2007 and 27 Au-
gust 2008 (Table 1). In order to obtain sufficiently large
volumes, seawater was obtained from a pumped supply
and stored in a 20 l polypropylene carboy (Nalgene,
Nalge Company) during transport back to Plymouth
Marine Laboratory. Although cell disruption by pumped
seawater systems may occur, no loss of cell numbers in
specific phytoplankton groups was observed between
the pumped seawater samples and samples collected
in 5 l Niskin bottles at the same time and depth.

To enable sufficient cells to be sorted to provide
adequate DMSP concentrations, natural samples from
both the eastern Atlantic Ocean and western English
Channel were pre-filtered through 200 µm mesh and
then concentrated by gravity filtration through a
0.22 µm cartridge filter (Supor membrane, AcroPak
1000, Pall Corporation). This produced approximately
a 150-fold concentration of cells in approximately
125 ml of seawater retained in the filter capsule. The
concentrating process took approximately 40 min.
Unconcentrated water from each sample was analysed
by flow cytometry to determine the natural abundance
of the specific groups that were sorted. The filtrate
from each concentration step was used as sheath fluid
for the flow cytometer during the sorting processes.

Piezoelectrically driven fluid switching (mechani-
cal) cell sorting. Flow cytometric mechanical sorting
and analysis of laboratory cultures and natural plank-
ton populations was conducted using a FACSort flow
cytometer (BD Biosciences) equipped with a blue
(488 nm) argon ion laser (Spectra Physics) and running
BD CellQuest™ software version 3.3. Bivariate plots of
cellular light scatter (side scatter) versus red fluores-
cence (>650 nm), and red fluorescence versus orange
fluorescence (575 ± 13 nm bandpass filter), were used
to discriminate and count Synechococcus cyanobacte-
ria, picoeukaryote phytoplankton, cryptophytes and
other nanoeukaryote phytoplankton (Fig. 1).

Fluorescent beads and cells were sorted in single cell
mode. Sorting performance was verified by sorting a
mixture of 3.6 µm diameter Flowset™ microspheres
(Beckman Coulter) and 10 µm diameter Immuno-
check™ microspheres (Beckman Coulter). Sort purity
and recovery of beads of different size and fluores-
cence were verified by reanalysis of sorted samples on
the flow cytometer. The same checks were also carried
out with phytoplankton populations and confirmed
100% purity and ≥95% recovery in sorted samples.

For the laboratory cultures, it was possible due to the
high abundance of cells to mechanically sort 2.5, 5.0
and 10 × 103 cells directly into 20 ml vials. Sorted vol-
umes were made up to 20 ml with Milli-Q water and
the addition of 1 ml of 10 mol l–1 NaOH. For the natural
populations, 4 to 5 proportional numbers of cells were
sorted for each phytoplankton group depending on
their expected DMSP content (e.g. 2, 4, 6, 8 and 10 ×
103 cells for the nanoeukaryote population, and 50,
100, 150, 200 and 250 × 103 cells for Synechococcus
spp.). For natural phytoplankton, sorted cells were col-
lected on a filter following mechanical sorting. This
was necessary due to the greater volume of sorted fluid
produced during the longer sort times that were
required for the comparatively dilute cell populations
found in the open ocean. The flow rate of the sorted
fluid stream was approximately 4.3 ml min–1. The fluid
stream containing sorted cells was dripped into a 15 ml
glass filter funnel (Millipore) containing a 25 mm glass
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Date Location Water depth Sample depth Water temp. Chlorophyll a Total DMSP (±SD)
(m) (m) (°C) (µg l–1) (nmol l–1)

Mechanical sorting: eastern Atlantic
14 May 2009 19° 52’ N, 18° 9’ W 2232 7 18.4 0.9 68.7 ± 3.0
19 May 2009 19° 43’ N, 18° 6’ W 2734 8 18.3 1.5 69.7 ± 2.5

Droplet sorting: western English Channel
6 June 2007 50° 2’ N, 4° 22’ W 60 1 14.0 1.4 28.1 ± 2.1
27 August 2008 50° 15’ N, 4° 13’ W 50 1 15.6 10.4 25.3 ± 2.5

Table 1. Details of the water samples used for FACS-GC based determination of intracellular DMSP content in natural phyto-
plankton communities
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microfiber filter (Advantec GF75, Toyo Roshi Kaisha).
To avoid cell disruption and loss of intracellular DMSP,
a gentle vacuum (<2 mm Hg) was applied to maintain
a minimum of 2 ml of fluid in the filter tower during the
sorting run. On completion of each sorting run the sort-
ing fluid stream was maintained for a further 10 s to
flush the line of any remaining cells. Drying of the fil-
ters was minimised and filters placed into 8 ml glass
vials containing 35 µl 50% sulphuric acid and 7 ml
Milli-Q water in order to preserve the DMSP. Vials
were stored at room temperature until processed for
DMSP analysis.

Comparison between mechanical sorting and filtra-
tion of laboratory cultures. In parallel to the mechani-
cal sorting of laboratory cultures, aliquots of each cul-
ture corresponding to 2.5, 5.0 and 10 × 103 cells were
gravity filtered onto 25 mm glass microfiber filters
(Advantec GF75, Toyo Roshi Kaisha) and rinsed with
2 ml of sterile f/2 media. Filters were transferred to
gas-tight glass vials containing 20 ml of 1 mol l–1 NaOH
in Milli-Q water and identical methods were used to
determine the DMSP content of vials containing either
mechanically sorted cells or filtered samples (see
below).
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Fig. 1. Flow cytograms of the natural
water samples analysed in (A,B) the
western English Channel and (C,D,E) the
eastern Atlantic. The FACS gates for the
specific phytoplankton groups for which
DMSP content was measured are shown
in each case. (E) In the eastern Atlantic,
Synechococcus spp. were sorted using
different instrument settings, compared 

to the remaining groups
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Droplet cell sorting. Flow cytometric droplet sorting
and analysis of natural coastal plankton populations
was carried out using a FACSAria flow cytometer (BD
Biosciences) equipped with a blue (488 nm) solid state
laser (Coherent® SapphireTM) and running BD FACS-
Diva software v4.1. Bivariate plots of cellular light scat-
ter (side scatter) and red fluorescence (695 ± 20 nm) and
red fluorescence versus orange fluorescence (576 ±
13 nm) were used to visualise and count Synechococcus
spp. cyanobacteria, picoeukaryote phytoplankton and
nanoeukaryote phytoplankton (Fig. 1). The FACSAria
was operated using a 100 µm nozzle, with a drop-drive
frequency of 30 000 Hz. BD FACSTM Accudrop beads
and the FACSDiva software were used to determine
the drop delay. Sort purity and recovery were checked
using the approach described for the mechanical sort-
ing method. Synechococcus spp. and picoeukaryote
cells were sorted simultaneously and nanoeukaryotes
were sorted alone in single cell mode (yield mask = 0,
purity mask = 32, phase mask = 16), with the sweet spot
on. Where possible, 3 different numbers of cells were
sorted in duplicate for each phytoplankton group. The
droplet stream containing the sorted cells was collected
in 8 ml glass vials containing 5 µl of 50% H2SO4, to pre-
serve the DMSP. Sorted samples were stored at room
temperature until processed for DMSP analysis.

Analysis of DMSP concentrations. Total DMSP in sea-
water samples, dissolved DMSP (DMSPd) concentrations
in the filtrate used as sheath fluid and DMSP concentra-
tions in FACS samples were measured as DMS following
alkaline hydrolysis. DMS concentrations were quantified
using a purge system and cryogenic trap linked to a
Varian 3800 gas chromatograph equipped with a pulsed
flame photometric detector (PFPD). The DMSP in mech-
anically sorted samples collected on filters and preserved
in 7 ml of acidified Milli-Q water was hydrolysed to DMS
by the addition of 1 ml of 10 mol l–1 NaOH. The smaller
volumes created by the droplet sorting approach were
made up to 2 ml with Milli-Q water and hydrolysed by
the addition of 0.25 ml of 10 mol l–1 NaOH.

Total DMSP concentrations were determined from
3 ml whole water samples, preserved with 15 µl of 50%
H2SO4 and subsequently hydrolysed with 0.5 ml of
10 mol l–1 NaOH, 1 ml of which was analysed. DMSPd

concentrations in the sheath fluid were determined in
3 ml samples, preserved and hydrolysed as for total
DMSP, except that the whole sample was analysed.
Samples were purged with 100 ml min–1 helium for 5 min
and the DMS trapped in liquid nitrogen. When triplicate
experimental samples were used to test for analytical er-
ror the coefficient of variation was typically <5% for
DMSP analysis. DMS standards for calibration were pre-
pared from DMSP (>98% purity, Center for Analysis
Spectroscopy and Synthesis, University of Groningen)
in a 1.0 mol l–1 NaOH solution in Milli-Q water.

RESULTS

Mechanical sorting of laboratory cultures

Significant relationships between number of cells
mechanically sorted and DMSP concentration were
observed for Emiliania huxleyi CCAP 920/3, Isochrysis
galbana CCAP 927/1 and Dunaliella tertiolecta CCAP
19/6B (Fig. 2A). The slope of the linear regression
between cell number and DMSP concentration pro-
vides an estimate of the intracellular DMSP content
of each species, with E. huxleyi containing more
than double the DMSP content of I. galbana, and a
very low but significant DMSP content in D. tertiolecta
(Table 2). The intercept value for D. tertiolecta was not
significantly different from zero, confirming a lack of
DMS or DMSP in the sorting fluid stream, which con-
sisted primarily of the Milli-Q water of the sheath fluid.
The slightly higher values for I. galbana of 242 ±
228 pg DMSP and E. huxleyi of 279 ± 111 pg DMSP
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(Table 2) suggest that a minor fraction of the measured
DMSP may have been dissolved DMS or DMSP pre-
sent in the original culture and included in the sorted
material as part of the sorting fluid stream.

Comparison between mechanical sorting and
filtration of laboratory cultures

By filtering volumes of culture containing the same
numbers of cells as were mechanically sorted, a com-
parable estimate of intracellular DMSP content can be
obtained from the relationship between number of
cells filtered and DMSP concentration retained by the
filter. This approach generated significant relation-
ships between cell number and DMSP
concentration for Emiliania huxleyi CCAP
920/3, Isochrysis galbana CCAP 927/1 but
not for Dunaliella tertiolecta CCAP 19/6B
(Fig. 2B, Table 2). Estimates of the intra-
cellular DMSP content in E. huxleyi were
significantly (p < 0.0001, F-test of re-
gression coefficients) higher using the fil-
tration approach than those determined
from the cell-sorting approach. In con-
trast, the filtration approach generated
lower but not significantly different (p >
0.05) estimates of intracellular DMSP
content for I. galbana and D. tertiolecta
(Table 2), suggesting that variations be-
ween the 2 approaches may in part be
related to taxonomy.

Mechanical sorting of natural
populations

In waters of the eastern Atlantic, me-
chanical sorting of pre-concentrated cells
belonging to 4 phytoplankton groups
(Fig. 1) provided sufficient DMSP signal to
obtain significant (p < 0.05) relationships
between cell number sorted and DMSP
concentration (Table 3, Fig. 3). For Syne-
chococcus spp. this amounted to between
40 × 103 and 160 × 103 cells sorted and
DMSP concentrations of between 350 and
650 pg DMSP, providing estimates of the
intracellular DMSP content for Syne-
chococcus spp. of 2.7 ± 0.9 and 1.3 ± 0.3 fg
cell–1 on 14 and 19 May 2009, respectively
(Table 3, Fig. 3). For the picoeukaryotes,
numbers of cells sorted ranged between 20
× 103 and 60 × 103, giving concentrations of
370 to 1500 pg DMSP and corresponding

to 16 ± 4 and 6 ± 1 fg cell–1 on 14 and 19 May, respec-
tively (Table 3, Fig. 3). For the cryptophytes, between 2
× 103 and 10 × 103 cells were sorted and concentrations
ranged from 700 to 1600 pg DMSP, resulting in esti-
mates of 116 ± 20 and 83 ± 11 fg cell–1 on the 14 and 19
May, respectively (Table 3, Fig. 3). From 5 × 103 to 25 ×
103 nanophytoplankton cells were sufficient to provide
concentrations of between 4200 and 42 000 pg DMSP,
giving estimates of 1600 ± 80 and 920 ± 90 fg cell–1 on
14 and 19 May, respectively (Table 3, Fig. 3).

The positive intercept of the linear regression in
each case (Table 3, Fig. 3) is attributable to the consis-
tent retention of liquid in the GF/F filters onto which
cells were sorted. This liquid consisted primarily of the
0.22 µm filtered seawater used as sheath fluid, and
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Phytoplankton a b r2 p
group (pg DMSP cell–1) (pg DMSP)

Sorted samples
Emiliania huxleyi 0.96 ± 0.02 279 ± 111 0.99 <0.0001
Isochrysis galbana 0.41 ± 0.03 242 ± 228 0.98 0.0002
Dunaliella tertiolecta 0.04 ± 0.01 –78 ± 97 0.43 0.05

Filtered samples
Emiliania huxleyi 1.26 ± 0.03 1237 ± 246 1.00 <0.0001
Isochrysis galbana 0.23 ± 0.07 1176 ± 457 0.86 0.03
Dunaliella tertiolecta 0.03 ± 0.03 68 ± 225 0.35 0.49

Table 2. Intracellular DMSP content in 3 phytoplankton laboratory cultures:
Emiliania huxleyi CCAP 920/3, Isochrysis galbana CCAP 927/1 and
Dunaliella tertiolecta CCAP 19/6B. Results (±SD) describe the least squares,
linear regression analyses (y = ax + b) between number of cells (x) sorted or
filtered and DMSP concentration (y) (Fig. 2). The coefficient of the slope a
provides an estimate of intracellular DMSP content. Values of b are
addressed in the section ‘Mechanical sorting of laboratory cultures’. p is the

significance of the F-ratio of the analysis of variance of the regression

Phytoplankton a b r2 p
group (pg DMSP cell–1) (pg DMSP)

14 May 2009
Nanoeukaryotes 1.60 ± 0.08 1310 ± 1290 0.99 0.0003
Cryptophytes 0.116 ± 0.020 583 ± 133 0.92 0.01
Picoeukaryotes 0.016 ± 0.004 593 ± 152 0.99 0.003
Synechococcus spp. 0.0027 ± 0.0009 272 ± 96 0.75 0.05

19 May 2009
Nanoeukaryotes 0.92 ± 0.09 869 ± 1460 0.97 0.002
Cryptophytes 0.083 ± 0.011 516 ± 74 0.95 0.005
Picoeukaryotes 0.006 ± 0.001 272 ± 39 0.93 0.008
Synechococcus spp. 0.0013 ± 0.0003 359 ± 96 0.93 0.04

Table 3. Mechanical sorting of phytoplankton from the eastern Atlantic.
Results (±SD) describe the least squares, linear regression analyses (y = ax +
b) between number of cells sorted (x) and DMSP concentration (y) (Fig. 3).
The coefficient of the slope a provides an estimate of the intracellular
DMSP content. Explanation of the values of b is addressed in the section
‘Mechanical sorting of natural populations’. p is the significance of the

F-ratio of the analysis of variance of the regression
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which contained DMSPd at a concentration of 4.3 nM
on 14 May and 3.3 nM on 19 May. Separate tests indi-
cated that the 25 mm GF/F filters retained 0.249 ±
0.014 g of liquid under the experimental conditions
and contributed a possible 145 ± 8 and 111 ± 6 pg
DMSPd to each analysed sample on 14 and 19 May,
respectively. These values are within the 95% confi-
dence intervals of the intercept value for all 4 phyto-
plankton groups on 14 May but in general are 100 to
200 pg lower than the values for 19 May. Why this is
the case is unclear, but suggests that on 19 May the
fraction of sample DMSP comprising sheath fluid was
underestimated by our calculations of volume retained
by the filters.

Droplet sorting of natural populations

High-speed droplet sorting of pre-concentrated, spe-
cific groups of phytoplankton (Fig. 1) from the western
English Channel also provided significant relation-
ships (p < 0.05) between numbers of cells sorted and
DMSP concentration (Table 4, Fig. 4). In order to deter-

mine an intracellular DMSP content, the concentra-
tions of DMSP measured for each sorted sample were
adjusted to account for the incorporation of DMSPd-
containing sheath fluid in the receiving vial. Droplet
volume containing each sorted cell was 3.57 ± 0.01 nl,
determined gravimetrically at a drop-drive frequency
of 29 × 103 Hz and assumed to consist primarily of
sheath fluid, with a total volume added to each vial
proportional to the number of cells sorted. The filtered
water used as sheath fluid contained 3.1 and 3.4 nmol
l–1 DMSPd for samples sorted on 6 June 2007 and
27 August 2008, respectively. The relative concentra-
tions of sheath fluid and cellular DMSP in each sample
varied in relation to the cell type; for example, sheath
fluid from 27 August 2008 contributed 19% of total
DMSP in the vials containing Synechococcus spp. and
<1% in the large nanoeukaryote samples.

Intracellular DMSP content varied from 6.2 ± 0.7 fg
DMSP cell–1 in Synechococcus spp. to as high as 1260 ±
40 fg cell–1 in the larger nanoeukaryote fraction from 6
June 2007 (Table 4, Fig. 4). The flow cytometrically de-
fined nanoeukaryote phytoplankton population cov-
ered relatively large variations in side scatter and fluo-
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rescence characteristics. In samples from 27 August
2008, smaller and larger sub-populations within the full
nanoeukaryote population were defined and sorted
(Fig. 1A). They varied in intracellular DMSP content
from 220 ± 60 to 1820 ± 90 fg DMSP cell–1, in compari-
son to the value of 730 ± 10 fg DMSP cell–1 when the to-
tal population was defined as the sort gate (Table 4).

Contribution to total DMSP concentrations

The contribution of each phytoplankton group to the
measured total DMSP concentration in each water

sample is shown in Table 5. Nanoeukary-
otes dominated the contribution of the de-
fined groups, contributing between 31
and 45% of the total DMSP. Cells sorted
from the larger sort gate within the nano-
eukaryote population (Fig. 1A) domin-
ated the total DMSP of the flow cytomet-
rically defined populations from 27
August 2008, although this was not the
case in samples from 6 June 2007. Com-
bining larger and smaller fractions of the
nanoeukaryote populations results in a
higher estimate of the total nanoeukaryote
DMSP than when the complete population
from 27 August 2008 was sorted (Table 5).
This may reflect the fact that the sort gates
defined for the small and large fractions
do not cover the full nanoeukaryote popu-
lation (Fig. 1A). Picoeukaryote and crypto-
phyte populations contributed relative mi-
nor proportions to the total DMSP in these
particular waters, whilst Synechococcus

spp. contributed between 2 and 21% of the total
DMSP, with the highest value observed in midsummer
in the western English Channel. The defined phyto-
plankton groups accounted for between 40 and 57% of
the total measured DMSP in the 4 water samples.

DISCUSSION

The present study illustrates that by using a FACS-
GC approach it is possible to obtain significant (p <
0.05) estimates of the intracellular DMSP content of
cultivated strains of microalgae and of phytoplankton
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Phytoplankton a b r2 p
group (pg DMSP cell–1) (pg DMSP)

6 June 2007
Synechococcus spp. 0.0062 ± 0.0007 79 ± 79 0.96 0.006
Picoeukaryotes 0.030 ± 0.002 225 ± 94 0.98 0.0002
Nanoeukaryotes 0.50 ± 0.02 –159 ± 403 0.99 <0.0001
Large nanoeukaryotes 1.26 ± 0.04 185 ± 131 1.00 0.0008

27 August 2008
Synechococcus spp. 0.0094 ± 0.0003 77 ± 32 1.00 0.001
Picoeukaryotes 0.012 ± 0.002 259 ± 106 0.97 0.02
Nanoeukaryotes 0.73 ± 0.01 –192 ± 226 1.00 0.0003
Small nanoeukaryotes 0.22 ± 0.06 –246 ± 978 0.82 0.04
Large nanoeukaryotes 1.82 ± 0.09 87 ± 288 0.99 0.003

Table 4. Droplet sorting of specific groups of phytoplankton from the
western English Channel. Results (±SD) describe the least squares, linear
regression analyses (y = ax + b) between number of cells sorted (x) and
DMSP concentration (y). Plots for the sample on 6 June 2007 are shown
in Fig. 4. The coefficient of the slope a is an estimate of the intracellular
DMSP content. Explanation of the values of b is addressed in the section
‘Droplet sorting of natural populations’. p is the significance of the F-ratio

of the analysis of variance of the regression
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Fig. 4. Intracellular DMSP content in specific phytoplankton groups separated using a droplet sorting flow cytometer in a sample
collected in the western English Channel on 6 June 2007 (Table 1): (A) nanophytoplankton (Nano: full nanoeukaryotic phyto-
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groups that are routinely encountered in natural
waters. As will be discussed, the approach has sev-
eral advantages over size fractionation or correlative
methods to partition natural DMSP standing stocks
amongst phytoplankton functional types (PFTs). It is a
potentially powerful tool that may have particular
benefits in laboratory- and field-based studies of the
physiological role of DMSP, potentially improving our
capability to predict DMS production in mechanistic
models.

Conventional approaches to determine intracellular
DMSP content of cultivated phytoplankton have used
filtration either to collect the particulate fraction of
DMSP or to determine the dissolved component of the
total DMSP pool, from which a particulate fraction can
be estimated by difference (Keller et al. 1989, Archer et
al. 2010). The intention of the filtration-based esti-
mates of the present study was to provide a bench
mark against which to compare the FACS-GC ap-
proach. Whilst values for Isochrysis galbana CCAP
927/1 and Dunaliella tertiolecta CCAP 19/6B were not
significantly different (Table 2), the significantly
higher filtration-based estimates of intracellular DMSP
content in Emiliania huxleyi CCAP 920/3 make it diffi-
cult to draw conclusions about the accuracy of the
FACS-GC approach. It does, however, raise some
uncertainty in the routinely used filtration approach, as
applied in the present study. In particular, the high
intercept values from the relationship between num-
ber of filtered cells and DMSP concentration in the E.
huxleyi and I. galbana cultures (Fig. 2B) suggest that
DMSP not contained in the enumerated phytoplankton
cells was retained by the GF/F filters. Possible sources
include compromised phytoplankton cells that lacked
sufficient autofluorescence to be included in the flow

cytometric counts, bacterial cells in the
non-axenic cultures, cell debris or possibly
DMSPd retained in the filter volume
despite the rinsing of filters with sterile
media. This may account for the higher fil-
tration-based estimates of intracellular
DMSP content in E. huxleyi (Table 2). In
the case of the laboratory cultures, the
≥95% recovery of cells following mechan-
ical sorting (see ‘Materials and methods’)
and quantification of DMS and DMSP in
the entire sorted volume, including the
sheath fluid and minor component of the
original culture media in the sorted sam-
ple stream (see ‘Results’), means that any
loss of DMSP from the cells, either as
DMSP or DMS, is likely to have been
included in the estimates of intracellular
DMSP content. It is less straightforward to
verify the integrity of cells collected on

GF/F filters, but variations in response to mechanical
stress have been shown to be species specific (Wolfe et
al. 2002), possibly explaining the taxonomic differ-
ences observed when comparing mechanically sorted
and filtered samples.

The values of intracellular DMSP content in the lab-
oratory cultures generated from both cell sorting and
filtration approaches (Table 2) are consistent with pre-
vious studies, accepting that intracellular DMSP con-
tent may alter with growth environment and between
culture strains. For instance, the 960 ± 20 fg DMSP
cell–1 value measured in Emiliania huxleyi CCAP
920/3 falls within the range of 1860 to 730 fg DMSP
cell–1 measured in filtered samples from cultures of E.
huxleyi B92/11 acclimated to low or high light, respec-
tively (Archer et al. 2010). Similarly, the value obtained
by using the FACS-GC approach falls within the 5-fold
variation of 470 to 2440 fg DMSP cell–1 found in 6
strains of E. huxleyi (Steinke et al. 1998). Previous
reports of DMSP content in Isochrysis galbana range
from a very low value of 60 fg DMSP cell–1 for the same
strain used in the present study (Hatton & Wilson
2007), to a more comparable value of 500 fg DMSP
cell–1 in I. galbana ISO (Keller et al. 1989). Although
Dunaliella tertiolecta is sometimes considered not to
produce DMSP, the FACS-GC approach was suffi-
ciently sensitive to confirm that strain 19/6B has low
intracellular DMSP content (40 ± 10 fg DMSP cell–1)
(Table 2), as also observed in strain D. tertiolecta
(DUN) (Matrai & Keller 1994). The major benefit that
FACS-GC based determination of intracellular DMSP
content provides over other approaches is the potential
to physically separate different cell types. This may
prove useful in studies on the influence of DMSP and
derivatives on the interactions between phytoplankton
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Phytoplankton 14 May 19 May 6 June 27 August 
group 2009 2009 2007 2008

Synechococcus spp. 8 ± 2.7 4 ± 0.9 21 ± 2.4 2 ± 0.1
Picoeukaryotes 3 ± 0.3 1 ± 0.2 5 ± 0.4 5 ± 0.8
Nanoeukaryotes 36 ± 2.50 33 ± 3.20 31 ± 1.2 45 ± 0.8
Small nanoeukaryotes [7 ± 1.8]
Large nanoeukaryotes [8 ± 0.3] [49 ± 2.4]
Cryptophytes 2 ± 0.3 2 ± 0.2
Total contribution (%) 49 40 57 52

Table 5. Phytoplankton group-specific percent contributions to the total
DMSP concentrations measured in each water sample (Table 1), calculated
from the intracellular DMSP content and abundance for each group. Large
and small nanoeukaryote groups are sub-groups of the main nanoeukaryote
populations (Fig. 1). Errors shown are SD based on estimates of intracellular
DMSP content and do not incorporate uncertainty in the cell counts. Coeffi-
cients of variation for cell counts of specific phytoplankton groups from trip-
licate subsamples from each water bottle were <2%. Values in square
brackets are not included in the calculation of the total contribution as they 

are a component of the full nanoeukaryote population
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prey and protozoan grazers, amongst phytoplankton
species and between phytoplankton and bacteria. It
may be possible to combine flow cytometric determi-
nation of the physiological status of specific cells
(Jochem 2000) with the determination of their intra-
cellular DMSP content.

The high proportion of total DMSP accounted for by
the flow cytometrically defined phytoplankton popu-
lations substantiates the potential value of this
approach for model parameterisation or validation
and for deciphering the environmental factors that
control the diversity of DMSP production. The 40 to
57% of total DMSP accounted for by the sorted
groups in the present study (Table 5) compares
favourably with the average (±SD) of 65 ± 16% of
total particulate DMSP found in the <10 µm size frac-
tion in 200 samples compiled from contrasting regions
of the oceans (Belviso et al. 2001). It also demonstrates
that the DMSP in this size fraction is likely to be pri-
marily of phytoplankton origin. Moreover, the present
study confirms the importance of nanoeukaryotic
phytoplankton to DMSP standing stocks in the surface
ocean (Table 5). The intracellular DMSP content of
the natural nanoeukaryote populations was relatively
high, being similar to values measured in a variety of
cultivated prymnesiophyte taxa of similar size (0.79 to
1.83 pg DMSP cell–1) that are considered to be high
DMSP producers (Keller & Korjeff-Bellows 1996). The
values are similar to those measured in the 2 strains of
Emiliania huxleyi and Isochrysis galbana during the
present study (Table 2), both of which would fall
within the nanoeukaryote gates set for the natural
seawater samples (Fig. 1). The separation of the
nanoeukaryote group into large and small fractions
from 27 August 2008 (Fig. 1) illustrated that cells
within the sorting gate group varied 8-fold in intra-
cellular DMSP content (Table 4), possibly reflecting
differences in cell volume rather than intracellular
DMSP concentration. For instance, an equivalent
8-fold difference in volume exists between cells of 2.5
and 5 µm diameter, reasonable estimates of the aver-
age size of cells in the 2 sub-fractions. Attempts to
define cell size by flow cytometry are complicated by
the lack of a straightforward relationship between cell
size and light scatter (Vives-Rego et al. 2000). An indi-
cation of phytoplankton size distribution has been
determined by combining filter fractionation with flow
cytometric analysis (Tarran et al. 2001) and this
approach could be extended to the determination of
intracellular DMSP amongst the cells of each size
class.

The sometimes high proportion of the total DMSP
contained in picophytoplankton has been attributed
primarily to photosynthetic picoeukaryotes, but the
FACS-GC based approach indicates that this may not

be the case. Filter fractionation of samples from the
Mediterranean and sub-tropical Atlantic indicated
that picoplankton (0.7 to 2 µm) account for 2 to 25%
of the total DMSP pool (Corn et al. 1996). Measure-
ments of intracellular DMSP content of a variety of
prokaryote and eukaryote strains grown in culture in
combination with measurements of natural cell abun-
dance suggested that eukaryotes made up the over-
whelming fraction of this picoplanktonic DMSP (Corn
et al. 1996). However, the present study illustrates
that cyanobacteria, in particular Synechococcus spp.,
may equal or exceed the contribution by picoeukary-
otes (Table 5).

Direct estimates of intracellular DMSP content in
picoeukaryotes in the eastern Atlantic and western
English Channel ranged from 6 to 30 fg DMSP cell–1

(Tables 3 & 4) and are similar to those measured in lab-
oratory cultures of picoplanktonic prasinophytes and
chlorophytes (Corn et al. 1996). The prasinophyte
Micromonas pusilla is generally the dominant photo-
synthetic picoeukaryote in the western English Chan-
nel (Not et al. 2004), and is likely to have had a sub-
stantial influence on the values of DMSP in the
picoeukaryote populations in samples from 6 June
2007 and 27 August 2008 (Table 4). M. pusilla is wide-
spread in temperate coastal and oceanic waters and
the FACS-GC based values of intracellular DMSP con-
tent may be representative of the picoeukaryote popu-
lations in these waters. Conversely, flow cytometric
sorting in combination with the construction of 18S
rRNA gene clone libraries revealed a spatially and ver-
tically highly variable picoeukaryote population domi-
nated by uncultivated lineages in the oligotrophic
southeast Pacific (Shi et al. 2009). The intracellular
DMSP content of picoeukaryotes in oligotrophic waters
may be more variable as a consequence of the greater
diversity of dominant species. FACS-GC based deter-
mination of intracellular DMSP content in combination
with taxonomic characterisation through fluorescence
in situ hybridisation or 18S rRNA gene clone libraries
may prove powerful approaches to determine the prin-
cipal producers of DMSP amongst picoeukaryote and
nanoeukaryote phytoplankton.

Mechanical and droplet sorting approaches pro-
vided robust (p < 0.05) estimates of DMSP content of
the natural Synechococcus spp. of 6 to 27 fg DMSP
cell–1 (Tables 3 & 4). These values are >3 orders of
magnitude higher than those measured in 3 strains
maintained in culture (Corn et al. 1996). This discrep-
ancy is unlikely to be due to the different analytical
approaches between the studies. Although not speci-
fied, relatively high numbers of cells are likely to have
been present in samples of cultured Synechococcus
spp. and the analytical system used for measuring
DMSP concentrations was of similar sensitivity to that
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used in the present study (Corn et al. 1996). It is possi-
ble that inter-strain differences in Synechococcus spp.
intracellular DMSP content are even greater than the
2-fold variation observed between the 3 strains exam-
ined by Corn et al. (1996). Alternatively, cultured
strains may lose the requirement or ability to synthe-
sise or accumulate high intracellular DMSP concentra-
tions. Assuming a similar cell volume to the cultured
strains (0.5 µm3) suggests an intracellular DMSP con-
centration of 20 to 140 mmol l–1 for the natural Syne-
chococcus spp. from the eastern Atlantic and western
English Channel. These concentrations are not unrea-
sonable, being comparable to many DMSP-producing,
eukaryotic phytoplankton in culture (Matrai & Keller
1994). Natural populations of Synechococcus spp. have
been shown to assimilate sulphur from DMSP into high
molecular weight biomass (Malmstrom et al. 2005).
The intracellular DMSP content observed in FACS
samples suggests that Synechococcus spp. may also
sequester DMSP. FACS of unpreserved samples fol-
lowing 35S-DMSP tracer additions, in combination with
estimates of intracellular DMSP content, may help to
elucidate whether Synechococcus spp., and other
groups, synthesise or accumulate intracellular pools of
DMSP.

Although highly informative in their present form,
both mechanical- and droplet-FACS-GC approaches
to determine intracellular DMSP content could be
improved in several respects. Both approaches would
benefit from further investigation into optimisation of
the sheath fluid composition. In part to increase sensi-
tivity when sorting cells containing relatively low
DMSP, the seawater filtrate containing DMSPd was
used as sheath fluid in each application. Although not
a complication when the mechanically sorted samples
were collected on filters, a correction for the DMSPd

component was required when droplet sorting was
carried out (see ‘Results’). Use of artificial seawater as
sheath fluid may be a superior approach, obviating the
need to apply any correction, whilst better maintaining
cell integrity than proprietary sheath fluids or Milli-Q
water. Increased sensitivity could equally effectively
be achieved by doping of sorted and fixed samples
with known precise quantities of DMSP. Investigation
into the extent to which optical and hydrodynamic
stresses involved in each cell sorting approach (Olson
et al. 1993) affect intracellular DMSP content may be
required, particularly for species or strains possessing
high DMSP-cleavage capacity. Similarly, although not
achieved in the present study, the affect of pre-concen-
tration on the particulate DMSP pool should be moni-
tored and approaches that minimise cell disruption
and loss of DMSP should be investigated. For instance,
it may be possible to optimise sample pre-concentra-
tion to the particular planktonic groups under investi-

gation, taking into account natural cell abundance and
instrument sorting rates. Decreasing the time required
for preconcentration and controlling the environment
during the process would certainly benefit attempts to
examine links between physiological state and DMSP
cell content.

Of greater value to modellers would be simultaneous
information on the relative contribution that intracellu-
lar DMSP makes to the content of FACS phytoplankton
groups in terms of modelled currency; either carbon,
nitrogen or possibly sulphur. There are an increasing
number of biochemical techniques that potentially
have sufficient sensitivity to determine the elemental
composition of the relatively low amount of biomass
produced in FACS samples. These include X-ray
microanalysis (Heldal et al. 1985), modified isotope
ratio mass spectrometry (IRMS) (Eek et al. 2007) and
secondary ion mass spectrometry (SIMS) (Orphan &
House 2009). The latter 2 approaches potentially pro-
vide estimates of stable isotopic composition of small
sample sizes, opening up the potential to combine
FACS-GC based estimates of intracellular DMSP con-
tent in specific groups with measures of their metabolic
activity, including possibly in vitro DMSP synthesis
(Stefels et al. 2009). One advantage of the mechanical-
FACS mechanism is the capability to use radioisotope
tracers to determine metabolic activity, including
DMSP uptake, in specific components of microbial
populations (Zubkov et al. 2001, Vila-Costa et al. 2006)
without the problems associated with production of
radioactive aerosols that droplet-FACS mechanisms
potentially produce.

In recommending which PFTs should be included in
mechanistic DMS models, Stefels et al. (2007) defined
6 groups on the basis of cell size, DMSP content and
DMSP-lyase activity. Encouragingly, the FACS-GC
approach presented here potentially provides informa-
tion on the intracellular DMSP content of 4 of these
PFTs. If present in sufficient numbers, it may also be
possible to determine the intracellular DMSP content
of the smaller components (20 to 60 µm) of the remain-
ing 2 larger PFTs comprising dinoflagellates and
diatoms of 20 to 200 µm. Additionally, the FACS-GC
approach may be of value in validating phytoplankton
types that emerge from any future attempts to apply
stochastic modelling strategies (Follows et al. 2007) to
study the relations between ecosystem structure, DMS
biogeochemistry and climate change. Further studies
are required to expand our understanding of how the
interplay between taxonomic composition and envi-
ronmental forcing determines the intracellular DMSP
content of PFTs and, ultimately, DMS production. This
will require optimisation of the FACS-GC approach
and its application in interdisciplinary studies of DMS
biogeochemistry.
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