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In situ determination of cellular DMSP and pigment quotas in a

Prorocentrum minimum bloom near the Falkland Islands
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aScripps Institution of Oceanography, UC San Diego, 9500 Gilman Drive, 0244, La Jolla,
CA 92093-0244; bGrice and Hollings Marine Laboratories, College of Charleston, Charleston,

South Carolina 29412, USA

(Received 2 September 2014; accepted 19 September 2014)

Marine phytoplankton play critical roles in the biogeochemistry of open and coastal
oceans. However, the impact that individual species have on an ecosystem-wide scale
can strongly depend on the production of cellular compounds, especially those that are
climatically active such as dimethylsulfide (DMS). Herein, we use sorting flow
cytometry to separate a distinct phytoplankton population from four samples taken
along the Patagonian shelf near the Falkland Islands. Morphological, genetic, and
biochemical analyses demonstrated that three of the sorted samples were dominated
by a bloom of the dinoflagellate Prorocentrum minimum. Cellular quotas of the DMS-
precursor dimethylsulfoniopropionate (DMSP) ranged from 1.23�4.11 pg cell¡1 in
the same population at different sampling stations. Causes of this variability may be
due to different growth stages of the P. minimum bloom or changes in other
environmental variables. Overall, in situ intracellular DMSP concentrations were
lower than what would be expected based on previous, culture-based measurements.
We demonstrate the difficulties inherent in sorting individual phytoplankton species
from natural samples in order to determine in situ species-specific cellular quotas of
important biogeochemical compounds.

Keywords: dimethylsulfoniopropionate; Patagonian shelf; dinoflagellate; pigments;
sorting flow cytometer

1. Introduction

Marine phytoplankton can modulate global biogeochemical cycles such as carbon seques-

tration to the deep ocean [1�2] and air-sea fluxes of important climate-controlling com-

pounds such as CO2 and dimethylsulfide (DMS) [3�5]. The impact that phytoplankton

have on oceanic biogeochemical cycles can be strongly dependent on the interspecific

variability in production rates of primary and secondary metabolites [6]. However, much

of our understanding of the biogeochemical production and cycling of these compounds

comes from laboratory studies involving unialgal cultures. By contrast, in situ conditions

generally include multiple species simultaneously subjected to multiple environmental

stressors. Recent reviews on the development of DMS ecosystem models and their incor-

poration into global climate models have highlighted the fact that our quantitative under-

standing of the drivers of DMS variability is severely limited [7�8]. These limitations

are partly due to our lack of knowledge on the taxon-specific cellular quotas of dimethyl-

sulfoniopropionate (DMSP), the precursor to DMS, in natural communities.
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DMS is a climatically active and volatile gas thought to play an important role in the

formation of cloud condensation nuclei (CCN) [9]. Although the exact nature of the role

played by DMS in CCN formation is a subject of much debate, a significant proportion of

the sulfate in CCN is derived from DMS, making it a critical component of climate regu-

lation mechanisms [10�11]. DMS in marine ecosystems largely comes from the break-

down of DMSP, which is produced by a broad range of eukaryotic phytoplankton [12].

Along with being a source of atmospheric DMS, DMSP is also important in microbial

food webs and the oceanic carbon and sulfur cycles [13�14]. The cellular quotas of

DMSP in marine phytoplankton taxa range by orders of magnitude between classes, gen-

era, and species, and have mostly been determined in laboratory cultures [12,15�16]. A

number of environmental conditions have also been shown to change intraspecific cellular

DMSP concentrations, including temperature, salinity, light, and in some taxa nutrient

limitation [8,17�21]. The differences in phytoplankton DMSP production under chang-

ing environmental conditions have been well established in the laboratory, but taxon-spe-

cific field measurements are rare [22]. This limitation has the potential to introduce bias

into models when extrapolating laboratory-based cellular quotas to the environment due

to, among other things, the nutrient enriched conditions of culture media and the age of

the cultures.

In order to understand the coupling between the production of climatically active

compounds by phytoplankton and their impact on the environment, it is critical to first

determine taxon-specific cellular quotas under in situ conditions. While the influence of

simultaneous multiple environmental stressors can make it difficult to constrain responses

in natural samples, comparison between natural communities and laboratory cultures can

provide context for the results from each situation. Sorting flow cytometry is a practical

technique that can be used to separate marine phytoplankton populations in situ [22�24],

and has the potential to better inform marine ecosystem models on this more fundamental

level [6,8].

Previous work has used sorting flow cytometry to elucidate cellular DMSP production

in groups of phytoplankton functional types (PFTs) in natural samples from the Maurita-

nian Upwelling in the eastern Atlantic Ocean [22]. However, the approach of Archer

et al. [22] did not elucidate the contribution that individual species made in situ to the

cellular DMSP production within each PFT class. Relationships of DMSP per cell in

cytometrically-sorted PFT classes ignore taxon-specific cellular quotas of DMSP produc-

tion, making it difficult to extrapolate any of the size class relationships to other regions

of the world’s oceans where species composition may differ within each PFT. Some field

studies have shown correlations between different algal pigments and particulate DMSP

(DMSPp) concentrations in the environment [25�27]. For example, Sunda et al. [27]

showed a strong correlation between the dinoflagellate-specific pigment peridinin and

DMSPp in a coastal Belize lagoon, indicating that dinoflagellates were the predominant

producer of DMSP in that system. This result demonstrates that variability in the phyto-

plankton population of pelagic ecosystems can exert strong control on the variability of

DMSP through intracellular, species-specific production. However, it is well known that

algal pigment concentrations can also vary with external factors such as light availability

[28], which could affect any relationship between algal-specific pigments and intracellu-

lar DMSP concentrations. Therefore, it is important to determine both the in situ species-

specific cellular quota of any taxon-specific pigments along with DMSP.

Herein, we report results from the flow cytometric sorting of a distinct phytoplankton

population along the Patagonian shelf and subsequent analysis of important cell-specific

compounds (DMSP and algal pigments). The phytoplankton population was sorted from
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raw seawater using a high speed sorting flow cytometer (FCM) and identified using both

morphological and genetic analyses. Combining flow cytometric sorting with other

analyses may allow for the determination of cellular-specific quotas of important phyto-

plankton compounds (e.g. particulate organic carbon) and physiologically important

metabolites throughout the world’s oceans.

2. Materials and methods

2.1 Field site and sampling

All samples were obtained during the COPAS’08 expedition along the Patagonian shelf

aboard the R/V Roger Revelle [29]. The expedition lasted from 04 December 2008 until

02 January 2009, and followed a sampling track from Montevideo, Uruguay to Punta

Arenas, Chile. Salinity and temperature data from the ship’s flow-through system along

with satellite images of the sampling sites are given in Figure 1. One sample was taken at

a profile station (S46) using a Niskin bottle, while the other three samples (U56, U59, and

U63) were taken from the ship’s underway system as it passed through areas of high sur-

face chlorophyll concentrations just north of the Falkland Islands (Figure 1, Table 1).

More details on the expedition including hydrographic data are reported elsewhere

[29�30].

2.2 Flow cytometry

After collection, all samples were filtered through a 70 mm mesh and kept in the dark prior

to FCM sorting, which was usually completed within a few hours of sampling. Seawater

samples were first analyzed on a shipboard Beckman Coulter MoFlo Legacy in order to

identify a distinct population in the cytograms suitable for sorting. For all sorting analyses,

a 488 nm argon laser was used for excitation with the forward scatter (FSC) detector set to

488 § 10 nm and a chlorophyll fluorescence detector set to detect emission wavelengths at

670 § 15 nm. In all of the samples, the same distinct population of phytoplankton was sep-

arated according to its unique chlorophyll and FSC signature (Figure 2). All samples were

sorted for morphological, genetic, pigment, and DMSP analyses, although some sorted

samples were lost during processing (see below for more details; Table 1).

2.3 Scanning electron microscopy

Cells were sorted directly into 0.2 mm filtered seawater containing 1% paraformaldehyde

and stored at ¡80�C until further analysis. In the laboratory, samples were gravity filtered

onto a 1 mm polycarbonate membrane filter and ran through a series of salt water dilu-

tions ending in 100% deionized water. The samples were then dehydrated through a

graded series of ethanol and allowed to air dry. The filters were mounted onto stubs, sput-

ter-coated with gold and imaged using a JEOL JSM5600-LV scanning electron micro-

scope (SEM). Images of the phytoplankton cells were identified based on morphological

characteristics [31].

2.4 Phylogenetics

Samples used for the phylogenetic analysis were sorted into 1 mL of sterilized seawater

and frozen immediately at ¡80�C. Direct polymerase chain reaction (PCR) was used to

Advances in Oceanography and Limnology 3

D
ow

nl
oa

de
d 

by
 [M

U
SC

 L
ib

ra
ry

], 
[P

et
er

 L
ee

] a
t 1

2:
18

 2
0 

O
ct

ob
er

 2
01

4 



amplify the 18S rDNA region of the sorted samples [32]. Each sample was spun down at

14,000 rpm and 4�C for 10 min. The supernatant was aspirated off and 1 mL of sterile

water was added, after which the samples were subjected to two freeze-thaw cycles in liq-

uid nitrogen in order to further lyse any cells. The samples were then spun down again

(14,000 rpm, 4�C, 10 min) and the supernatant was aspirated off. GoTaq PCR mix with

universal 18S primers (Table 2) [33] was pipetted directly onto the cells and transferred

into PCR tubes after mixing. The sequences were amplified as follows: denaturing at

95�C for 2 min then 35 cycles of denaturing at 94�C for 45 s, annealing at 45�C for 45 s,

extension at 72�C for 90 s with a final extension period at 72�C for 5 min [33]. The PCR

products were visualized by gel electrophoresis using a 1.5% ethidium bromide agarose

Figure 1. A) Sea surface temperature (measured using the ship’s flow-through SBE 45 MicroTSG
thermosalinograph) between 11 and 25 December 2008; B) Sea surface salinity; C) Chlorophyll a
false color image (MODIS/Aqua satellite imagery collected 15 December 2008) showing the loca-
tion of the four sampling stations S46, U56, U59, and U63 just north of the Falkland Islands;
D) Chlorophyll a false color image (satellite imagery collected 25 December 2008).
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gel. DNA from weak bands was excised and cleansed using the Wizard SV Gel and PCR

Cleanup System (Promega) and re-amplified as above.

Prior to cloning, all PCR products were purified using the Wizard SV Gel and PCR

Cleanup System (Promega). The samples were cloned using a TOPO TA cloning kit for

sequencing (Invitrogen). The vector was made with 4 mL of PCR product, 1 mL of a salt

solution, and 1 mL of TOPO T4 vector. Two mL of this vector solution was added to

TOPO TA Oneshot Top10 competent cells. The cells were incubated on ice for one hour

and then heat shocked at 42�C for 30 s. Following the heat shock, 250 mL of room tem-

perature Super Optimal Broth (SOC) medium was added to the cells and set to shake hori-

zontally at 150 rpm and 37�C. After one hour, 100 mL of the cells were spread evenly

Table 1. The date, depth, and location of water collection at each of the four sampling stations.
The number of cells sorted for each analysis is shown along with the number of analyses (n) of each
sort, n.s. means no sort was obtained.

Location Analyses and # of cells sorted (n)

Station Date Depth Latitude Longitude DMSP Genetics SEM Pigments

S46 14-Dec-08 6 m �47.498 �60.383 5,000 (4) 10,000 (1) 4,500 (1) 66,023 (1)

U56 18-Dec-08 Surface �49.042 �60.829 500 (4) n.s. n.s. 132,462 (1)

U59 18-Dec-08 Surface �49.750 �61.045 1,000 (3) 10,000 (1) n.s. n.s.

U63 19-Dec-08 Surface �49.750 �60.163 500 (4)
1,000 (4)

10,000 (1) ? (1) 106,105 (1)

Figure 2. A representative cytogram from station U63 with the log of chlorophyll fluorescence
plotted on the y-axis and the log of forward scattered light (488 nm) plotted on the x-axis. The
sorted population was the same for all stations and is colored red and circled in the upper
right corner.
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onto a pre-warmed Kanamycin-resistant selective lysogeny broth (LB) plate (1 mg mL¡1

Kanamycin) and incubated at 37�C for 48 h. Ten colonies from each sample were selected

for further analysis. Each colony was inoculated into 5 mL of LB medium and incubated

at 37�C for 18�20 h. The cultures were then spun down at 3000 g for 10 minutes and the

resulting pellet was run through the QIAprep Spin Miniprep kit (QIAgen). The samples

were digested with EcoRI and colonies with products in the proper size range were

sequenced using the primers T3, T7, SR4, SR6, SR7, and SR10 (Table 2).

Sample sequences were assembled using Seqman (DNAStar). In order to reconstruct a

phylogenetic tree, 18S rDNA sequences with a similar Blast score to the sorted samples

were taken from Genbank and added to the analysis. The sequences consisted of 25 dino-

flagellate and 7 diatom species from Genbank plus 10 sequences from each of the three

unknown samples (S46, U59, and U63), for a total of 62 sequences. Sequences were

aligned using Clustal W (European Bioinformatics Institute) and proofread by eye using

BioEdit (Ibis Biosciences). A maximum parsimony analysis was performed on 1800

aligned base pairs using the phylogenetic software MEGA 4 [34].

2.5 Pigment analysis

Samples for high-performance liquid chromatography (HPLC) pigment analysis were

sorted directly into 0.2 mm filtered seawater. Due to the large number of cells needed and

subsequently long sort times (up to 8 h) for the pigment samples, the filtered seawater was

kept in the dark at 2�C in order to reduce any pigment degradation. Directly after sorting,

the samples were filtered onto glass microfiber filters (GF/F) (Whatman), wrapped in foil,

and stored at ¡80�C until analysis in the laboratory. Bulk water samples were also filtered

onto GF/F filters and stored and analyzed the same way as the sorted samples. Pigments

were extracted by placing the filters in 100% acetone over night at ¡20�C. The extracted

pigments were then injected into an Agilent 1100 HPLC with Diode Array and Fluores-

cence detectors, and separated according to the method of DiTullio and Geesey [35].

2.6 DMSP analysis

Cells for the determination of intracellular DMSP were sorted directly into 0.2 mm fil-

tered seawater containing 2% sulfuric acid. Samples were then allowed to sit overnight

before analysis. The number of cells that were sorted for each sample varied

based on the cellular quota of the target population. Typically, between 500 cells

Table 2. The primers used in the phylogenetic analysis of the sorted samples.

Name Position Sequence

UE18S1 18S universal eukaryote 50-CGAATTCAACCTGGTTGATCCTGCCAGT-30

UE18S2 18S universal eukaryote 50-CCGGATCCTGATCCTTCTGCAGGTTCACCTAC-30

T3 18S internal, forward 50- ATTAACCCTCACTAAAG-30

T7 18S internal, reverse 50-TAATACGACTCACTATAGGG-30

SR4 18S internal, forward 50-AAACCAACAAAATAGAA-30

SR6 18S internal, forward 50-TGTTACGACTTTTACTT-30

SR7 18S internal, reverse 50-GTTCAACTACGAGCTTTTTAA-30

SR10 18S internal, forward 50-TTTGACTCAACACGGG-30

6 T. Cyronak et al.
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(for dinoflagellate-dominated populations) and 5000 cells (for diatom-dominated popula-

tions) were sorted during each run (Table 1). Samples for total DMSP (DMSPt) and dis-

solved DMSP (DMSPd) in bulk seawater were collected following a small-volume

gravity filtration procedure and analyzed by conventional gas chromatography techni-

ques [36]. Particulate DMSP (DMSPp) was calculated as the difference between DMSPt
and DMSPd. A small aliquot (�20 mL) of each sample was immediately acidified with

50% sulfuric acid (10 mL mL¡1) then stored at 4�C for the determination of DMSPt. A

second aliquot (�20 mL) was gravity-filtered through a GF/F filter, collected and acidi-

fied with 50% sulfuric acid for the determination of DMSPd. All sample preparation was

conducted at room temperature. Upon analysis, all DMSP samples were base-hydrolyzed

in strong alkali (2 mol L¡1 sodium hydroxide) and analyzed for DMS using conven-

tional cryogenic purge and trap gas chromatography [36]. Instrumental analysis was car-

ried out on a Hewlett-Packard 5890 Series II gas chromatograph fitted with a flame

photometric detector.

3. Results and discussion

3.1 Morphological and phylogenetic identification of the sorted population

SEM identification of the sorted population from stations S46 and U63 revealed that the

population was dominated by the dinoflagellate species Prorocentrum minimum. Exami-

nation of SEM images from samples S46 and U63 revealed ovoid or triangular cells that

were about 10 mm in diameter with regularly distributed small spines along the thecal

plates (Figure 3). The periflagellar area was comprised of two different sized pores

and an apical spine, which are all distinct characteristics of P. minimum [31]. While P.

dentatum can be confused with P. minimum, morphological studies show P. dentatum

cells to be larger (»17 mm) and more elongated with an asymmetrical and pointed end,

unlike the rounded edge of P. minimum [31,37]. P. dentatum also has regularly distributed

spines on the thecal plates, however, it does not have an apical spine like P. minimum and

the sorted populations from S46 and U63.

A phylogenetic analysis was also conducted with the sorted populations from sta-

tions S46, U59, and U63. Clones from both S46 and U63 grouped mainly within the

Prorocentrum clade (Figure 4). In both of the populations from S46 and U63, 7 of the

10 clones grouped strongly with P. minimum, while the remaining 3 clones grouped

with other dinoflagellates. Only 1 of the 10 clones grouped closely with P. minimum in

the sample from station U59, while 6 of the 10 clones grouped closely with Thalassio-

sira species of diatoms (Figure 4). The majority of diversity within each sample was

likely due to the sorting of multiple species from a single population. When taken in

context with the morphological and HPLC pigment (discussed in detail below) analyses,

it can be concluded that the sorted populations from S46, U56, and U63 had a strong

affinity to P. minimum. The population from U59, on the other hand, was most likely

dominated by a diatom species. The high concentration of the diatom marker pigment

fucoxanthin (up to 1.04 mg L¡1; unpublished data) in bulk water samples taken from a

station near U59 supports this result, however, sorted pigment samples were unfortu-

nately not obtained to confirm this. These findings demonstrate that while the sorted

population was well separated from the majority of other phytoplankton using the FSC

and chlorophyll detectors (Figure 2), it is often difficult to sort a taxon-specific eukary-

otic population from a community of similar sized cells without using specific fluores-

cent markers in marine systems.

Advances in Oceanography and Limnology 7
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Figure 4. Phylogenetic tree derived from maximum parsimony analysis with the sorted popula-
tions from S46, U59, and U63 included. Stations U63 and S46 grouped mainly within the Prorocen-
trum clade while U59 grouped mainly with diatoms in the genera Thalassiosira.

Advances in Oceanography and Limnology 9
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3.2 Intracellular pigment concentrations

Bulk water samples that were collected for HPLC pigment samples throughout

the COPAS’08 expedition can provide insight into the phytoplankton community compo-

sition. The dinoflagellate-specific pigment peridinin was elevated in the areas of high

chlorophyll fluorescence from the satellite image (Figures 1, 5), indicating that the phyto-

plankton bloom contained a significant dinoflagellate population. The carotenoid

Figure 5. Depth profiles of peridinin concentrations (ng L‑1) across the three transects where the
samples were sorted. The top graph corresponds to the transect containing station S46; the middle
graph to the transect containing U56; and the bottom graph to the transect containing U59 and U63.

10 T. Cyronak et al.
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pigments in the sorted populations from S46, U56, and U63 were also dominated by peri-

dinin, indicating that these populations were photoautotrophic dinoflagellates (Figure 6).

These results agree well with both the morphological and phylogenetic analyses of the

sorted population from those stations. FlowCAM and microscopic evidence confirmed

the dominance of dinoflagellates in this region as well [29]. The locations where S46,

U56 and U63 were sampled coincided with high peridinin concentrations in the bulk phy-

toplankton community, while U59 was taken from an area with lower peridinin (Figure 5).

Although the sorted pigment sample was lost from U59, the lack of peridinin from the

bulk community samples where U59 was taken from agrees well with the morphological

and phylogenetic analyses of that sorted population (see section 3.1).

Figure 6. A) Cellular quotas of the algal pigments (fg cell¡1) chlorophyll c2 (Chl c2), peridinin
(Per), diadinoxanthin (DD), chlorophyll a (Chl a), and b-carotene (b Car); B) percent of chlorophyll
a for each pigment; C) DMSP quotas (pg cell¡1) in the sorted population from each station.

Advances in Oceanography and Limnology 11
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In the sorted populations of P. minimum the cellular-specific quota of chlorophyll

a ranged from 562 to 1,141 fg cell¡1, while peridinin concentrations ranged from 55 to

529 fg cell¡1 (Figure 6). These concentrations are within the range of concentrations

reported in culture experiments of P. minimum [38]. The population from S46 had much

lower intracellular pigment concentrations, which may be due to the low number of cells

sorted (about half of U56 and U63) causing the sample to be near the limit of detection

for the HPLC analysis (Table 1). However, using the average cellular quota of peridinin

from U56 and U63 (516 § 18.8 fg cell¡1) and community peridinin concentrations, an

estimate of the P. minimum cell density can be made. A selection of surface stations along

the sampling transects had peridinin concentrations ranging from 0.03 to 1.6 mg L¡1,

which equate to cell densities of 0.05 to 3.1 £ 106 cells L¡1, respectively (Table 3). If the

cellular quota of peridinin from S46 is used (55 fg cell¡1) the cell densities become much

greater (0.5 to 29.0£ 106 cells L¡1). Unfortunately, cell densities of the sorted population

were not obtained from bulk samples due to problems with the calibration of the ship-

board counting bead stock. Nonetheless, the cell densities calculated using the average

peridinin quota from U56 and U63 fit well within the range of P. minimum densities (up

to 8 £ 106 cells L¡1) measured along the Patagonian shelf in a previous study [39]. Cell

densities of P. minimum have been measured to be as high as 70 and 350 £ 106 cells L¡1

in other locations [40�41], demonstrating that the higher cell densities derived from the

S46 quota are also realistic. The variability of the in situ cellular quotas of pigments, and

subsequent estimates of P. minimum cell densities, suggests that the ability to analyze

cell-specific pigment concentrations in the field could be important in modeling efforts

that use pigment concentrations as proxies for the cellular abundance of algal taxa, as

well as for the ground validation of satellite algorithms.

3.3 Intracellular DMSP concentrations

Intracellular DMSP concentrations derived from FCM sorting ranged from 1.14 to

4.11 pg cell¡1, with the lowest levels found in the sorted sample from U59. This low con-

centration may result from U59 being dominated by a species other than P. minimum,

potentially a diatom of the Thalassiosira genera (Table 4, Figure 6). Previous studies

have found that the Dinophyceae (dinoflagellates) have relatively large amounts of intra-

cellular DMSP when compared to other classes of phytoplankton, especially the Bacillar-

iophyceae (diatoms) [12,16,42�43]. Values of intracellular DMSP concentrations cover

a broad range in dinoflagellates (0.68 to 593 pg cell¡1) and appear species-specific [12].

In the populations strongly associated with P. minimum (S46, U56, and U63), intracellular

concentrations of DMSP were higher than in U59 and ranged from 1.23 to 4.11 pg cell¡1.

Yet when compared to laboratory cultures of P. minimum, these intracellular concentra-

tions were below the lower end of the reported range (8 to 43 pg cell¡1; Table 4). While

this discrepancy could be due to contamination of the sorted sample with other phyto-

plankton species, we believe that this is unlikely as the populations from S46, U56, and

U63 had a strong association with P. minimum as revealed by multiple lines of evidence

including morphological, phylogenetic, and biochemical.

The population strongly associated with a diatom (U59; 1.14 pg DMSP cell¡1) had a

higher intracellular DMSP concentration when compared to other Thalassiosira species

(0.08�0.33 pg DMSP cell¡1), except for one reported in Keller et al. [12] to have 5.48 pg

DMSP cell¡1 that was designated as an unknown Thalassiosira sp. (Table 4). This result

could be due to a high DMSP producing Thalassiosira sp. as observed by Keller et al.

[12] or could have been caused by the concurrent sorting of P. minimum with any diatom

12 T. Cyronak et al.

D
ow

nl
oa

de
d 

by
 [M

U
SC

 L
ib

ra
ry

], 
[P

et
er

 L
ee

] a
t 1

2:
18

 2
0 

O
ct

ob
er

 2
01

4 



T
ab
le
3
.

D
at
a
fr
o
m

se
le
ct
ed

su
rf
ac
e
st
at
io
n
s
d
u
ri
n
g
th
e
C
O
P
A
S
’0
8
cr
u
is
e.
L
at
it
u
d
e
(L
at
),
lo
n
g
it
u
d
e
(L
o
n
g
),
d
ep
th
,
p
ar
ti
cu
la
te
an
d
d
is
so
lv
ed

D
M
S
P
(D

M
S
P
p
an
d

D
M
S
P
d
)
co
n
ce
n
tr
at
io
n
s,
p
er
id
in
in
,
an
d
th
e
ra
ti
o
o
f
p
er
id
in
in

to
o
th
er

ac
ce
ss
o
ry

p
ig
m
en
ts
(P
er

A
c
c
)
in

th
e
b
u
lk

se
a
w
at
er

sa
m
p
le
s.
C
el
l
d
en
si
ti
es

o
f
P
.
m
in
im
u
m
es
ti
-

m
at
ed

fr
o
m

th
e
ce
ll
u
la
r
p
er
id
in
in

q
u
o
ta
s
fr
o
m

th
e
av
er
ag
e
o
f
U
5
6
an
d
U
6
3
an
d
fr
o
m

S
4
6
,
an
d
th
e
ca
lc
u
la
te
d
co
n
tr
ib
u
ti
o
n
o
f
P
.
m
in
im
u
m
to

b
u
lk

D
M
S
P
p
co
n
ce
n
tr
a-

ti
o
n
s
es
ti
m
at
ed

fr
o
m

ce
ll
u
la
r
p
er
id
in
in

an
d
D
M
S
P
q
u
o
ta
s
as

d
es
cr
ib
ed

in
th
e
te
x
t.

D
ep
th

D
M
S
P
p

D
M
S
P
d

P
er
id
in
in

C
el
l
D
en
si
ty

(U
5
6
&
U
6
3
)

C
el
l
D
en
si
ty

(S
4
6
)

C
al
c
D
M
S
P

(U
5
6
&
U
6
3
)

C
al
c
D
M
S
P

(S
4
6
)

L
at

L
o
n
g

(m
)

(m
g
L
¡1
)

(m
g
L
¡1
)

(m
g
L
¡1
)

P
er

A
c
c

(c
el
ls
L
¡1

£
1
0
6
)

(c
el
ls
L
¡1

£
1
0
6
)

(m
g
L
¡1
)

(m
g
L
¡1
)

�4
7
.4
9
8
4
1
7

�6
0
.3
8
3
1
3
3

6
6
1
.5

0
.9

0
.8
7

0
.5

1
.7
2

1
6
.1
1

6
.6

1
9
.8

�4
7
.4
9
8
4
1
7

�6
0
.3
8
3
1
3
3

6
5
8
.0

0
.9

0
.8
7

0
.5

1
.7
2

1
6
.1
1

6
.6

1
9
.8

�4
8
.7
5
0
1
1
7

�5
7
.0
0
0
8
8
3

4
5
.6

0
.6

0
.0
3

0
.0
6

0
.0
5

0
.4
9

0
.2

0
.6

�4
8
.7
1
7
1
5
0

�5
8
.1
1
1
6
0
0

4
.4

2
9
.4

0
.9

0
.0
6

0
.0
7

0
.1
1

1
.0
5

0
.4

1
.3

�4
8
.7
1
7
1
5
0

�5
8
.1
1
1
6
0
0

2
2
1
.3

0
.8

0
.0
8

0
.0
8

0
.1
5

1
.4
3

0
.6

1
.8

�4
8
.7
4
9
5
8
3

�5
9
.1
6
3
1
3
3

6
.7

4
2
.5

1
.2

0
.1
2

0
.0
3

0
.2
4

2
.2
2

0
.9

2
.7

�4
8
.7
4
9
5
8
3

�5
9
.1
6
3
1
3
3

3
.3

5
6
.5

1
.4

0
.1
2

0
.0
4

0
.2
3

2
.1
4

0
.9

2
.6

�4
8
.7
4
8
2
5
0

�6
0
.3
5
1
0
5
0

6
1
6
0
.4

0
.7

1
.5
0

0
.7
8

2
.9
0

2
7
.2
2

1
1
.2

3
3
.5

�4
8
.7
4
8
2
5
0

�6
0
.3
5
1
0
5
0

3
1
4
0
.5

0
.9

1
.6
0

0
.7
9

3
.1
0

2
9
.0
4

1
1
.9

3
5
.8

�4
8
.7
4
9
4
3
3

�6
1
.4
9
8
5
3
3

5
5
.2

1
.0

0
.1
2

0
.2

0
.2
2

2
.1
0

0
.9

2
.6

�4
9
.7
5
0
0
0
0

�6
1
.5
8
8
5
0
0

6
8
.1

0
.8

0
.0
8

0
.1
5

0
.1
5

1
.4
2

0
.6

1
.8

�4
9
.7
5
0
0
0
0

�6
1
.5
8
8
5
0
0

1
9
.7

0
.7

0
.0
6

0
.1
4

0
.1
2

1
.0
9

0
.4

1
.3

�4
9
.7
5
0
0
1
7

�6
0
.4
7
0
8
1
7

4
1
2
.7

0
.7

0
.2
0

0
.1
7

0
.3
9

3
.6
4

1
.5

4
.5

�4
9
.7
5
0
0
1
7

�6
0
.4
7
0
8
1
7

2
1
3
.2

0
.8

0
.2
1

0
.1
8

0
.4
1

3
.8
6

1
.6

4
.8

�4
9
.7
4
9
9
4
8

�5
9
.3
2
5
8
1
8

4
8
.5

0
.8

0
.1
6

0
.1
2

0
.3
1

2
.9
1

1
.2

3
.6

Advances in Oceanography and Limnology 13

D
ow

nl
oa

de
d 

by
 [M

U
SC

 L
ib

ra
ry

], 
[P

et
er

 L
ee

] a
t 1

2:
18

 2
0 

O
ct

ob
er

 2
01

4 



species. Unfortunately, no pigment sample was obtained at U59, which may have helped

to clarify what taxa dominated the sorted population. It must be also noted that some of

the disparity observed between laboratory-based and flow-cytometrically-sorted results

likely stems from the fact that many laboratory-based experiments use conditions

(e.g. light levels, nutrients, growth temperatures) that are considerably more luxuriant as

compared to in situ conditions. In addition, many laboratory phytoplankton species have

been in culture for many years and may have genotypical and phenotypical variations

from when they were first isolated.

Laboratory studies have demonstrated strong variations in phytoplankton intracellular

DMSP concentrations due to changes in environmental conditions. Therefore, it is not

surprising that variations were observed between the intracellular DMSP concentrations

at the different stations (Figure 6). Multiple studies have demonstrated that intracellular

DMSP concentrations of P. minimum are dependent on the growth phase, with up to

4-times greater intracellular DMSP concentrations observed during the early stages of the

growth phase [16,43]. Some correlation has also been observed between nitrogen limita-

tion and increased production of intracellular DMSP. Algae with relatively low-DMSP

content tend to produce less nitrogen-based osmolytes and more sulfur-based DMSP as

nitrogen availability decreases, although the same trend is not observed for high-DMSP

producing species [7,15]. Other studies have also shown an increase in intracellular

DMSP concentrations of phytoplankton in response to other types of nutrient limitation,

which could be due to an overall increase in oxidative stress [20,21].

It is well known that salinity can alter the intracellular concentration of marine algae,

and intracellular P. minimum DMSP concentrations were shown to increase from 8.9 to

12.5 pg cell¡1 with an increase in salinity from 22 to 34 [19]. Changes in temperature

have also been linked to greater intracellular DMSP concentrations [8,17], which may

also be due to increases in oxidative stress. Therefore, the differences in intracellular

DMSP concentrations between the sorted populations could also be explained by a num-

ber of confounding variables including salinity, temperature, general oxidative stress,

growth phase of the algal bloom, and nutrient limitation. It is interesting to note that the

P. minimum population with the lowest intracellular DMSP concentration (S46) was

taken at a time when the bloom was starting to intensify (Figure 1c and 1d). However,

S46 was also taken towards the edge of the bloom, which originated close to the Falk-

land Islands (Figure 1). The lower intracellular DMSP concentration in S46 may reflect

that P. minimum populations in this region were approaching the senescent phase of

Table 4. Intracellular DMSP concentrations from this and other studies.

Species Intracellular DMSP (pg cell¡1) Sample type Reference

Prorocentrum spp. 16.4 - 593.0 Batch culture Keller et al. 1989 [12]

P. minimum 21.4 Batch culture Keller et al. 1989 [12]

P. minimum 43 Batch culture Matrai and Keller 1994 [43]

P. minimum 8 - 32.6 Batch culture Keller et al. 1999a [16]

P. minimum 8.9 - 12.5 Batch culture Zhuang et al. 2011 [19]

P. minimum 1.23-4.11 Natural sample This study

Thalassiosira spp. 0.08 - 5.48 Batch culture Keller et al. 1989 [12]

T. pseudonana 0.16-0.33 Chemostat culture Keller et al. 1999b [15]

Unknown (U59) 1.14 Natural sample This study

14 T. Cyronak et al.
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growth similar to DMSP quotas reported in culture studies [42�43]. Both nitrate and

phosphate tended to decrease as the bloom moved further from the Falkland Islands

(see Figure 11 in Painter et al. [30]) which may have resulted in nutrient limitation.

However, nutrient depletion should have resulted in higher intracellular DMSP concen-

trations at station S46. Finally, the range of salinity was small throughout the area

encompassing the bloom (Figure 1 and [29�30]), and therefore unlikely to have caused

the observed differences in DMSP quotas. Independent of what caused the variation in

intracellular DMSP concentrations between the stations, these results have important

implications in extrapolating DMSP concentrations from culture‑based methodology to

the field.

The measurement of intracellular quotas of both pigments and DMSP allows us to

estimate the contribution of P. minimum to the total amount of DMSPp measured in bulk

water samples. Within the near surface stations, DMSPp varied from 5.2 to 160.4 mg L¡1

(Table 3). Based on the estimates of cell densities from peridinin concentrations and cel-

lular DMSP quotas, P. minimum could account for up to 50% of total community DMSPp

concentrations (Table 3). If the average cellular ratio of DMSP to peridinin from stations

U56 and U63 is used (7.4 pg DMSP:pg peridinin cell¡1), the percent contribution of

P. minimum to total DMSPp ranges from 1.5 to 16.5%. However, if the ratio from S46 is

used (22.4 pg DMSP:pg peridinin cell¡1) the percent contribution ranges from 4.4 to

49.5%. The ratio of peridinin to other accessory pigments (PerAcc) in the bulk sea water

samples ranged from 0.03�0.79, indicating that other phytoplankton groups could be

responsible for the rest of the measured DMSPp concentration (Table 3). Therefore, it is

important to use taxon-specific cellular quotas that match the true intracellular concentra-

tions of marine phytoplankton when developing ecosystem level models.

4. Conclusions

The ability to measure intracellular, taxon-specific DMSP and pigment concentrations by

sorting flow cytometry offers a valuable tool to oceanographers for developing biogeo-

chemical and ecosystem level models. Furthermore, in order to successfully model the

effects of climate change on phytoplankton community structure, it is necessary to mea-

sure the effects of physical parameters on the physiology and biochemistry of microalgae

in their natural environment. While tightly controlled laboratory experiments can provide

important information on relationships between DMSP and a stressor, these taxon-spe-

cific measurements only provide a ‘snap-shot’ of ecologically relevant species growing

under modified environmental conditions. In this instance, in situ intracellular DMSP

concentrations of P. minimum were on the order of 10-fold lower than would be expected

based on previous, culture-based measurements. By knowing the amount of cellular

DMSP produced in natural ecosystems, models can better predict the effect of algal

blooms on local cloud cover and the radiation budget. While the flow cytometric sorting

of specific eukaryotic microbial species in the field remains difficult without specific fluo-

rescent markers, combining epifluorescent microscopy on sorted samples with a range of

post-sort techniques will help to alleviate this problem and help to identify distinct popu-

lations for making biochemical measurements.
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