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ABSTRACT

Phytoplankton exopolymeric substances (EPS) contribute significantly to the dissolved organic carbon (DOC) pool in the
ocean, playing crucial roles in the surface ocean carbon cycle. Recent studies have demonstrated that ~10% of marine DOC can
self-assemble as microgels through electrostatic Ca bonds providing hotspots of enriched microbial substrate. However, the
question whether EPS can self-assemble and the formation mechanisms for EPS microgels have not been examined. Here we
report that EPS from three representative phytoplankton species, Synechococcus, Emiliania huxleyi, and Skeletonema
costatum can spontaneously self assemble in artificial seawater (ASW), forming microscopic gels of ~ 3 - 4 um in diameter.
Different from the marine DOC polymers assembly, these EPS samples can self-assemble in Ca*'-free ASW. Further
experiments from fluorescence enhancement and chemical composition analysis confirmed the existence of fair amounts of
hydrophobic domains in these EPS samples. These results suggest that hydrophobic interactions play a key role in the assembly

of EPS from these three species of marine phytoplankton.
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1. INTRODUCTION

About half of the global photosynthetic activity takes
place in the ocean (Chisholm 2000). Phytoplankton in sur-
face seawater is a major driving force in sequestering green-
house gas CO, (Falkowski et al. 2000; Chisholm 2000). A
significant portion of photosynthetic production in phyto-
plankton is released as exopolymeric substances (EPS) into
the dissolved organic carbon (DOC) pool (Fogg 1983; Baines
and Pace 1991) contributing to the primary marine carbon
reservoir. DOC is largely refractory with turn-over times that
can reach up to 6000 years (Williams and Druffel 1987,
Hedges 1992; Hedges and Oades 1997). The recent dis-
covery that ~ 10% of the DOC pool can self-assemble
forming porous microscopic gels that can be readily colo-
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nized and metabolized by marine bacteria opens a new
pathway for DOC and carbon cycling in the oceans (Chin et
al. 1998; Wells 1998; Orellana et al. 2000; Verdugo et al.
2004; Ding et al. 2008; Verdugo et al. 2008). Since EPS is a
major source of both the marine DOC and particulate or-
ganic carbon (POC) (Fog 1983; Baines and Pace 1991,
Hedges and Oades 1997; Wotton 2004), the verification of
whether EPS can self-assemble and to understand the me-
chanisms how EPS microgels are formed are crititcally im-
portant. The complexity of the compositions and the diver-
sity of phytoplankton EPS establish a significant need to
verify if these free polymers can self assemble and to inves-
tigate the mechanisms responsible for their crosslinking.
EPS released by Synechococcus, Emiliania huxleyi, and
Skeletonema costatum provide a convenient model to study
self-assembly since their chemical features have been re-



742 Ding et al.

cently reported (Hung et al. 2005; Alvarado Quiroz et al.
2006).

Emiliania huxleyi is the most abundant of the cocco-
lithophores and is exceptionally widespread except in the
polar oceans. It can grow in massive blooms when water
conditions are favorable. During these blooms the numbers
of Emiliania huxleyi cells are higher than all other species
combined, frequently accounting for 80 - 90% or more of
the total number of phytoplankton cells in the water column
(Delille 2003). Skeletonema costatum cells usually live in
rod-like aggregates, which are connected by numerous tiny
spines to form long-chains, normally containing two pig-
ment bodies, with a nucleus at the centre of each cell. This
diatom specie is commonly found in most parts of the
ocean and is abundant in many temperate oceans. Skele-
tonema costatum is also an abundant phytoplankton spe-
cies during coastal eutrophication. The marine unicellular
Synechococcus group plays an important role as the base of
the marine food chain (Drebes 1974; Medlin et al. 1991).
Synechococcus species have the ability to acquire major
nutrients and trace metals from the submicromolar concen-
trations found in the oligotrophic open oceans and their
light-harvesting apparatus is uniquely adapted to the spec-
tral distribution of light in the ocean. Synechococcus spe-
cies are the main source of primary production in oligo-
trophic, pelagic marine waters. They can also cause de-
structive blooms producing neurotoxins (Campbell et al.
1998; Zouni et al. 2001).

In this study, particle sizing by dynamic laser scattering
(DLS) was used to monitor the assembly process of EPS.
Hydrophobic dye, Nile red, was applied to demonstrate the
existence of hydrophobic domains. Here we investigated
the relative role of electrostatic and hydrophobic intractions
in EPS self-assembly.

2. EXPERIMENTAL METHODS
2.1 Chemicals

Nile red was used as a hydrophobic indicator (Mole-
cular Probes, Eugene, OR, USA). EGTA (glycol-bis(2-
aminoethylether)-N,N,N’,N'-tetraacetic acid) from Sigma-
Aldrich (St. Lious, Mo, USA) was used to chelate Ca®" in ar-
tificial seawater (ASW). ASW (423 mM NaCl, 9 mM KCl,
9.27 mM CaCl,, 22.94 mM MgCl,, 25.5 mM MgSOy, and
2.14 mM NaHCO;) and Ca*'-free ASW (436.71 mM NaCl,
9 mM KCl, 22.94 mM MgCl,, 25.5 mM MgSOy, 2.14 mM
NaHCO;, and 1 mM EGTA) were prepared using de-ionized
water from a Milli-Q system (Millipore, MA, USA) follow-
ing established protocols from Marine Biological Labora-
tory, Woods Hole, MA (http://www.mbl.edu/Biological-
Bulletin/COMPENDIUM/CompTab3.html). EGTA was
used here due to its better selective binding for Ca*" than
commonly used EDTA (ethylenediamine-tetra-acetic acid)
(Blanchard 1984; Hamel et al. 1998). HPLC grade reagents

and salts including sodium chloride, potassium chloride, cal-
cium chloride, magnesium chloride, magnesium sulfate, and
sodium bicarbonate were purchased from Sigma-Aldrich
(St. Lious, Mo, USA).

2.2 Separation and Purification of Phytoplankton
EPS

Cultures of Synechococcus elongatus (CCMP1379),
Emiliania huxleyi (CCMP 374), and Skeletonema costatum
(CCMP2092) were purchased from the Provasoli-Guillard
National Center for Culture of Marine Phytoplankton
(West Boothbay Harbor, Maine) and used to generate EPS
isolated from the dissolved fraction using an ethanol pre-
cipitation procedure (Kushner et al. 1992; Hung et al. 2005;
Alvarado et al. 2006). These phytoplankton species were
cultured in a f/2 medium at 20°C under a 12 : 12 day/night
irradiance cycle. The EPS from phytoplankton cultures
were sampled for isolation and purification during their
exponential phase. The samples were first centrifuged,
which resulted in a particulate (capsular) and a dissolved
EPS fraction. The sample from the dissolved EPS fraction
was isolated by repeated alcohol precipitation from the
nutrient medium, followed the procedure of Hung et al.
(2005). The final clear solution was dialyzed at 4°C for 5
days under sodium azide. After dialysis, the retentate so-
lution was freeze-dried.

2.3 Characterization of Exopolymers

Total carbohydrate concentrations in freeze-dried EPS
samples were measured by a spectrophotometric method
(Myklestad et al. 1997), as modified by Hung et al. (2005).
The concentration of protein in the EPS was measured by
a method using bicinchoninic acid and colorimetric detec-
tion (Smith et al. 1985). Organic carbon was measured by
the method used by Guo et al. (1994). The concentration
of total uronic acids (URA), i.e., sugars containing car-
boxylic acids, was analyzed according to Filisetti-Cozzi
and Carpita (1991), modified by Hung et al. (2001). Neu-
tral monosaccharides and individual uronic acids were
methanolyzed and measured by the GC-MS method of
Doco et al. (2001). Hydrophobic Contact Area was deter-
mined according to Van Oss (1995) and Schwehr et al. (in
preparation).

EPS from all three species contained 2 - 3% protein
(Table 1), which is sufficient to give these hydrocolloids
amphiphilic and emulsifying properties (Dickinson 2003).
Accordingly, measurement of hydrophobic contact area
(HCA) of EPS solutions from Skeletonema costatum and
Synecoccus revealed 6 and 16 A? molecule™, respectively
while EPS that underwent hydrolytic removal of proteins
using pronase treatment rendered only 2 A? molecule™
(Schwehr et al. in preparation).
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Table 1. Chemical composition of EPS from phytoplankton species.

Phytoplankton Species TCHO/OC (%) Protein-C/OC (%) URA/OC (%) HCA (A” molecule™)
Synechococcus 13.2 3.1 1.4 16
Emiliania huxleyi 48.9 2.1 7.4 -
Skeletonema costatum 35.6 24 9.7 6

2.4 Particle Sizing

EPS assembly was monitored in solutions containing
100 ug L' EPS in ASW and Ca*'-free ASW. The size of as-
sembled networks (microgels) was monitored by dynamic
laser scattering (DLS) following protocols published else-
where (Chin et al. 1998). Briefly, samples were shaken, and
refiltered through a 0.22-um Millipore membrane (pre-
washed with 0.1N HCI) before use. Aliquots were then
poured directly into scattering cells. The scattering cells
were positioned in the goniometer of a Brookhaven laser
spectrometer (Brookhaven Instruments, NY, USA). The
polymer assembly was monitored for 8 ~ 10 days by analyz-
ing the scattering fluctuations detected at a 45 degree scatter-
ing angle. The autocorrelation function of the scattering in-
tensity fluctuations was averaged over a 10-min sampling
time, using a Brookhaven BI 9000AT autocorrelator. Parti-
cle size distribution was calculated by the CONTIN method
(Provencher 1982; Chin et al. 1998). Each measurement was
taken in triplicate in 10-ml at room temperature. A calibra-
tion of the DLS method was conducted using standard sus-
pensions of latex microspheres (Polysciences, PA, USA).

2.5 Fluorescence Enhancement Measurement

Nile red is a commonly used hydrophobic fluorescent
dye. Itis a particularly effective solvatochromic dye contain-
ing a rigid aromatic group and an exocyclic diethylamine
group. The absorbance and fluorescence emission depends
on the physical properties of the surrounding solvent envi-
ronment. The fluorescence emission is enhanced with hy-
drophobic environment exposure (Yablon and Schilowitz
2004). Samples of ASW were mixed with 13 uM Nile-red
in triplicate. Fluorescence of these mixed samples was mea-
sured before and after addition of EPS from Emiliania
huxleyi, Skeletonema costatum, and Synecoccus. The fluo-
rescence measurements were obtained with a Shimadzu
RF-5000U spectrofluorophotometer (Aexcitation = 588 nm;
Aemission = 033 nm). Nile red has also been used in our pre-
vious study to identify hydrophobic domains in marine
baterial EPS samples (Ding et al. 2008).

2.6 Statistical Analysis

Data represent means + SD. Each experiment was per-

formed in triplicate. A Student’s t-test analysis was used to
determine statistical significance. p values of < 0.05 were
used as standard for statistical significance (GraphPad Prism
4.0, GraphPad Software, Inc. San Diego, CA).

3. RESULTS AND DISCUSSION
3.1 Assembly of EPS from Phytoplankton in ASW

The spontaneous assembly of 100 ug L Emiliania
huxleyi EPS solutions in ASW containing 9 mM Ca®" was
monitored by DSL for 6 - 8 days. As shown in Fig. 1a, EPS
from Emiliania huxleyi self-assemble following first-order
kinetics that reached steady-state assembly/dispersion equi-
librium in ~ 42 hrs yielding microgels of ~ 3.5 um. Similar
measurement conducted in 100 pg L™ Emiliania huxleyi
EPS solutions in Ca-free ASW showed that the EPS can still
self-assemble in the absence of Ca®". However, the equilib-
rium size of the microgels in Ca*'-free ASW is much
smaller, i.e., only ~ 1.8 um and took a much longer time
(140 hrs) to reach equilibrium (Fig. la). Compared with
DOC where self-assembly is mainly dependent on Ca®"
(Chin et al. 1998), Emiliania huxleyi EPS self-assembly re-
sults most likely from both Ca electrostatic bonding and hy-
drophobic interactions.

The same protocol was used to test the spontaneous as-
sembly of EPS from Skeletonema costatum (Fig. 1b) and
Synechococcus (Fig. 1c). Results show that independent of
the presence or absence of Ca*", both types of EPS polymers
can self-assemble following almost identical kinetics and
reaching similar microgel equilibrium sizes. These out-
comes suggest that unlike DOC, self-assembly of Skele-
tonema costatum (Fig. 1b) and Synechococcus EPS poly-
mers most likely results from hydrophobic rather than elec-
trostatic Ca*" bonds. Our results indicate that these different
EPS could spontaneously assemble in Ca®'-free ASW. Al-
though self-assembly of EPS from Emiliania huxleyi pro-
bably relies in both Ca®" and hydrophobic bonds, EPS from
the other two species can readily self-assemble in Ca**-free
ASW. Protein content of EPS is believed to be the primary
contributor of hydrophobic domains for phytoplankton due
to the existence of hydrophobic amino acids (e.g., tryp-
tophan, leucine, or phenylalanine) (Alvarado et al. 2006).
These assembly results (Figs. 1a - ¢) are consistent with the
chemical analysis of EPS from Emiliania huxleyi indicating
the lowest protein and the highest carbohydrate content of
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Fig. 1. Spontaneous assembly of exopolymers from phytoplankton in
ASW. (a) EPS from Emiliania huxleyi; (b) EPS from Skeletonema
costatum; (c) EPS from Synechococcus. Filled circles: ASW with Ca®";
Squares: Ca*'-free ASW.

three EPS samples (Table 1). The results demonstrate that
EPS from different phytoplankton species might exhibit dif-
ferent mechanisms of assembly depending upon their che-
mical compositions. The variations of the size measure-
ments with DLS (Figs. 1a - ¢) are similar to our previous stu-
dies with DOC polymers and EPS from Sagittula stellata
(Chin et al. 1998; Ding et al. 2008).

3.2 Fluorescence Enhancement of Nile-Red by
Exopolymers from Phytoplankton

Our self-assembly observations suggest that hydro-
phobic interactions might play a significant role in the for-
mation of EPS microgels and are consistent with previous
reports on the chemical composition of EPS from Emiliania
huxleyi, Synechococcus, and Skeletonema costatum (Hung
et al. 2005; Alvarado Quiroz et al. 2006). EPS polymers
from marine organisms are polysaccharide-rich, containing
uronic acids and proteins, but their chemical composition
can vary with nutrient and growth conditions (Bhaskar and
Bhosle 2005). As might be inferred, slight changes of their
composition could affect their physico-chemical properties,
e.g., biosurfactant and emulsifying properties. Hence, their
role and fate in biogeochemical cycles is largely unexplored
(Wotton 2004; Bhaskar and Bhosle 2005). The major com-
ponents of these EPS samples are carbohydrates, making up
to 50% of the total carbon (Table 1). Although the acidic
groups in these EPS are mainly carboxylate, sulphate, and
phosphate, they also contain around 2 - 8% proteins, render-
ing them with sufficient hydrophobic domains (Alvarado
Quiroz et al. 2000).

Nonetheless, direct evidence of the presence of hydro-
phobic domains in these EPS polymers that could comple-
ment and further support the idea that hydrophobic cros-
slinking could stabilize the formation of EPS microgels is still
missing. We used Nile-red, a widely used fluorescent probe
specific for hydrophobic domains, to detect the existence
of hydrophobic regions in EPS from Emiliania huxleyi,
Skeletonema costatum, and Synechococcus (Fig. 2). Fluores-
cence spectra of Nile-red showed a very weak signal at maxi-
mum emission wavelength 633 nm in polar ASW solvent with
excitation wavelength 568 nm. When we added 100 pg L™
EPS from these phytoplanktons into the seawater samples
labeled with Nile-red, the fluorescence signal was enhanced
~15% (Fig. 2). The observed fluorescence increase suggests
that hydrophobic domains are present in these samples. This
outcome is consistent with previous reports of EPS chemical
composition in these phytoplankton species (Hung et al.
2005; Alvarado Quiroz et al. 2006) and together with our
measurements of self-assembly kinetics offer strong support
of the idea that hydrophobic interactions play a significant
role in the self-assembly of EPS microgels. A similar hydro-
phobic driven assembly has also been confirmed in marine
baterial EPS (Sagittula stellata) (Ding et al. 2008).



Spontaneous Assembly of Exopolymers from Phytoplankton 745

(a)
1501
X
5
o
5
3 1004 —
wn
g
Q
=
&
= 50
&
2
Z
0~ 1 I
[E.Hux]= 100 pg L [E.Hux]=0 pg L
b
®) 1501
X
I
o
=
© 1001 =
wn
)
=
o
=
=
= 501
&
2
Z
0 -1 -1
[Syn]=100 gL [Syn]=0 ug L
¢
© 1504
X
5%
Q
=}
Y 1004
w2
)
—
)
=
=
"8 504
T
2
Z

[ Ske.cos]=100 pg L™ [ Ske.cos]=0 ug L™

Fig. 2. The detection of hydrophobic domains with Nile-red. Nile-red is a
fluorescent dye specific for hydrophobic regions (Ex/Em = 568/633 nm).
In the ASW, Nile-red emitted a very weak fluorescence signal. With
the addition of 100 ug L' EPS, the fluorescence intensity was en-
hanced by ~15% (p” < 0.001). (a) Emiliania huxleyi; (b) Synechococcus;
(c) Skeletonema costatum.

4. CONCLUSION

Our previous work indicated that microgels resulting
from the self-assembly of DOC contain a tangled topology

stabilized mainly by electrostatic interactions resulting from
Ca*" bonds (Chin et al. 1998; Verdugo et al. 2004, 2008).
Evidence that hydrophobic interaction could also be at play
in the self-assembly of marine biopolymers just as exo-
polymers from the marine bacterium Sagittula stellata can,
at nanomolar concentrations, induce DOC croslinking via
hydrophobic interactions (Ding et al. 2008). The results pre-
sented here show that EPS from Emiliania huxleyi, Ske-
letonema costatum, and Synechococcus can also self-as-
semble forming microcopic gels. Consistent with the am-
phypathic nature EPS from these phytoplankton species
(Alvarado Quiroz et al. 20006), our data suggest that both
electrostatic bonding and hydrophobic interactions might
play a role in phytoplankton EPS self-assembly. The con-
centrations of EPS used in our experiments are similar or
lower than the concentrations of EPS found during phyto-
plankton blooms suggesting that this self-assembly process
could take place in seawater and might strongly contribute to
the formation of hot spots of high bacterial substrate con-
centration increasing the susceptibility of this important
marine carbon stock to metabolic remineralization (Fogg
1983; Baines and Pace 1991; Verdugo et al. 2004).
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