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AB STRACT

Phytoplankton exopolymeric sub stances (EPS) con trib ute sig nif i cantly to the dis solved or ganic car bon (DOC) pool in the

ocean, play ing cru cial roles in the sur face ocean car bon cy cle. Re cent stud ies have dem on strated that ~10% of ma rine DOC can 

self-as sem ble as microgels through elec tro static Ca bonds pro vid ing hotspots of en riched mi cro bial sub strate. How ever, the

ques tion whether EPS can self-as sem ble and the for ma tion mech a nisms for EPS microgels have not been ex am ined. Here we

re port that EPS from three rep re sen ta tive phytoplankton spe cies, Synechococcus, Emiliania huxleyi, and Skeletonema

costatum can spon ta ne ously self as sem ble in ar ti fi cial sea wa ter (ASW), form ing mi cro scopic gels of ~ 3 - 4 mm in di am e ter.

Dif fer ent from the ma rine DOC poly mers as sem bly, these EPS sam ples can self-as sem ble in Ca2+-free ASW. Fur ther

ex per i ments from flu o res cence en hance ment and chem i cal com po si tion anal y sis con firmed the ex is tence of fair amounts of

hy dro pho bic do mains in these EPS sam ples. These re sults sug gest that hy dro pho bic in ter ac tions play a key role in the assembly 

of EPS from these three species of marine phytoplankton.
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1. IN TRO DUC TION

About half of the global photosynthetic ac tiv ity takes

place in the ocean (Chis holm 2000). Phytoplankton in sur -

face sea wa ter is a ma jor driv ing force in se ques ter ing green -

house gas CO2 (Falkowski et al. 2000; Chis holm 2000). A

sig nif i cant por tion of photosynthetic pro duc tion in phyto -

plankton is re leased as exopolymeric sub stances (EPS) into

the dis solved or ganic car bon (DOC) pool (Fogg 1983; Baines 

and Pace 1991) con trib ut ing to the pri mary ma rine car bon

res er voir. DOC is largely re frac tory with turn-over times that 

can reach up to 6000 years (Wil liams and Druffel 1987;

Hedges 1992; Hedges and Oades 1997). The re cent dis -

covery that ~ 10% of the DOC pool can self-as sem ble

form ing po rous mi cro scopic gels that can be readily colo-

nized and me tab o lized by ma rine bac te ria opens a new

path way for DOC and car bon cy cling 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

ma jor source of both the ma rine DOC and par tic u late or -

ganic car bon (POC) (Fog 1983; Baines and Pace 1991;

Hedges and Oades 1997; Wotton 2004), the ver i fi ca tion of

whether EPS can self-as sem ble and to un der stand the me -

ch a nisms how EPS microgels are formed are crititcally im -

por tant. The com plex ity of the com po si tions and the di ver -

sity of phytoplankton EPS es tab lish a sig nif i cant need to

ver ify if these free poly mers can self as sem ble and to in ves -

ti gate the mech a nisms re spon si ble for their crosslinking.

EPS re leased by Synechococcus, Emiliania huxleyi, and

Skeletonema costatum pro vide a con ve nient model to study 

self-as sem bly since their chem i cal fea tures have been re -
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cently re ported (Hung et al. 2005; Alvarado Quiroz et al.

2006).

Emiliania huxleyi is the most abun dant of the cocco -

lithophores and is ex cep tion ally wide spread ex cept in the

po lar oceans. It can grow in mas sive blooms when wa ter

con di tions are fa vor able. Dur ing these blooms the num bers 

of Emiliania huxleyi cells are higher than all other spe cies

com bined, fre quently ac count ing for 80 - 90% or more of

the to tal num ber of phytoplankton cells in the wa ter col umn 

(Delille 2003). Skeletonema costatum cells usu ally live in

rod-like ag gre gates, which are con nected by nu mer ous tiny 

spines to form long-chains, nor mally con tain ing two pig -

ment bod ies, with a nu cleus at the cen tre of each cell. This

di a tom spe cie is com monly found in most parts of the

ocean and is abun dant in many tem per ate oceans. Skele -

tonema costatum is also an abun dant phytoplankton spe -

cies dur ing coastal eutrophication. The ma rine uni cel lu lar

Syne cho coccus group plays an im por tant role as the base of 

the ma rine food chain (Drebes 1974; Medlin et al. 1991).

Synecho coccus spe cies have the abil ity to ac quire ma jor

nu tri ents and trace met als from the submicromolar con cen -

tra tions found in the oligotrophic open oceans and their

light-har vest ing ap pa ra tus is uniquely adapted to the spec -

tral dis tri bu tion of light in the ocean. Synechococcus spe -

cies are the main source of pri mary pro duc tion in oli go -

trophic, pe lagic ma rine wa ters. They can also cause de -

struc tive blooms pro duc ing neurotoxins (Camp bell et al.

1998; Zouni et al. 2001).

In this study, par ti cle siz ing by dy namic la ser scat ter ing

(DLS) was used to mon i tor the as sem bly pro cess of EPS.

Hy dro pho bic dye, Nile red, was ap plied to dem on strate the

ex is tence of hy dro pho bic do mains. Here we in ves ti gated

the rel a tive role of elec tro static and hy dro pho bic intractions

in EPS self-as sem bly.

2. EX PER I MEN TAL METH ODS

2.1 Chem i cals

Nile red was used as a hy dro pho bic in di ca tor (Mole -

cular Probes, Eu gene, OR, USA). EGTA (gly col- bis(2-

 aminoethylether)-N,N,N¢,N¢-tetraacetic acid) from Sigma-

 Aldrich (St. Lious, Mo, USA) was used to che late Ca2+ in ar -

ti fi cial sea wa ter (ASW). ASW (423 mM NaCl, 9 mM KCl,

9.27 mM CaCl2, 22.94 mM MgCl2, 25.5 mM MgSO4, and

2.14 mM NaHCO3) and Ca2+-free ASW (436.71 mM NaCl,

9 mM KCl, 22.94 mM MgCl2, 25.5 mM MgSO4, 2.14 mM

NaHCO3, and 1 mM EGTA) were pre pared us ing de-ion ized 

wa ter from a Milli-Q sys tem (Millipore, MA, USA) fol low -

ing es tab lished pro to cols from Ma rine Bi o log i cal Lab o ra -

tory, Woods Hole, MA (http://www.mbl.edu/Biological -

Bulletin/COM PEN DIUM/CompTab3.html). EGTA was

used here due to its better se lec tive bind ing for Ca2+ than

com monly used EDTA (ethylenediamine-tetra-ace tic acid)

(Blanchard 1984; Hamel et al. 1998). HPLC grade re agents

and salts in clud ing so dium chlo ride, po tas sium chlo ride, cal -

cium chlo ride, mag ne sium chlo ride, mag ne sium sul fate, and 

so dium bi car bon ate were pur chased from Sigma-Aldrich

(St. Lious, Mo, USA).

2.2 Separation and Pu ri fi ca tion of Phytoplankton
EPS

Cul tures of Synechococcus elongatus (CCMP1379),

Emiliania huxleyi (CCMP 374), and Skeletonema costatum

(CCMP2092) were pur chased from the Provasoli- Guillard

Na tional Cen ter for Cul ture of Ma rine Phytoplankton

(West Boothbay Har bor, Maine) and used to gen er ate EPS 

iso lated from the dis solved frac tion us ing an eth a nol pre -

cip i ta tion pro ce dure (Kushner et al. 1992; Hung et al. 2005;

Alvarado et al. 2006). These phytoplankton spe cies were

cul tured in a f/2 me dium at 20°C un der a 12 : 12 day/night

irradiance cy cle. The EPS from phytoplankton cul tures

were sam pled for iso la tion and pu ri fi ca tion dur ing their

ex po nen tial phase. The sam ples were first cen tri fuged,

which re sulted in a par tic u late (cap su lar) and a dis solved

EPS frac tion. The sam ple from the dis solved EPS frac tion

was iso lated by re peated al co hol pre cip i ta tion from the

nu tri ent me dium, fol lowed the pro ce dure of Hung et al.

(2005). The fi nal clear so lu tion was di a lyzed at 4°C for 5

days un der so dium azide. Af ter di al y sis, the retentate so -

lu tion was freeze-dried.

2.3 Char ac ter iza tion of Exopolymers

To tal car bo hy drate con cen tra tions in freeze-dried EPS

sam ples were mea sured by a spec tro pho to met ric method

(Myklestad et al. 1997), as mod i fied by Hung et al. (2005).

The con cen tra tion of pro tein in the EPS was mea sured by

a method us ing bicinchoninic acid and colorimetric de tec -

tion (Smith et al. 1985). Or ganic car bon was mea sured by

the method used by Guo et al. (1994). The con cen tra tion

of to tal uronic ac ids (URA), i.e., sug ars con tain ing car -

boxylic ac ids, was an a lyzed ac cord ing to Filisetti-Cozzi

and Carpita (1991), mod i fied by Hung et al. (2001). Neu -

tral monosaccharides and in di vid ual uronic ac ids were

methanolyzed and mea sured by the GC-MS method of

Doco et al. (2001). Hy dro pho bic Con tact Area was de ter -

mined ac cord ing to Van Oss (1995) and Schwehr et al. (in

prep a ra tion).

EPS from all three spe cies con tained 2 - 3% pro tein

(Table 1), which is suf fi cient to give these hy dro col loids

amphiphilic and emul si fy ing prop er ties (Dickinson 2003).

Ac cord ingly, mea sure ment of hy dro pho bic con tact area

(HCA) of EPS so lu tions from Skeletonema costatum and

Synecoccus re vealed 6 and 16 Å2 mol e cule-1, re spec tively

while EPS that un der went hydrolytic re moval of pro teins

using pronase treat ment ren dered only 2 Å2 mol e cule-1

(Schwehr et al. in prep a ra tion).
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2.4 Par ti cle Siz ing

EPS as sem bly was mon i tored in so lu tions con tain ing

100 mg L-1 EPS in ASW and Ca2+-free ASW. The size of as -

sem bled net works (microgels) was mon i tored by dy namic

la ser scat ter ing (DLS) fol low ing pro to cols pub lished else -

where (Chin et al. 1998). Briefly, sam ples were shaken, and

refiltered through a 0.22-mm Millipore mem brane (pre-

 washed with 0.1N HCl) be fore use. Aliquots were then

poured di rectly into scat ter ing cells. The scat ter ing cells

were po si tioned in the goniometer of a Brookhaven la ser

spec trom e ter (Brookhaven In stru ments, NY, USA). The

poly mer as sem bly was mon i tored for 8 ~ 10 days by an a lyz -

ing the scat ter ing fluc tu a tions de tected at a 45 de gree scat ter -

ing an gle. The autocorrelation func tion of the scat ter ing in -

ten sity fluc tu a tions was av er aged over a 10-min sam pling

time, us ing a Brookhaven BI 9000AT autocorrelator. Par ti -

cle size dis tri bu tion was cal cu lated by the CONTIN method

(Provencher 1982; Chin et al. 1998). Each mea sure ment was 

taken in trip li cate in 10-ml at room tem per a ture. A cal i bra -

tion of the DLS method was con ducted us ing stan dard sus -

pen sions of la tex microspheres (Polysciences, PA, USA).

2.5 Flu o res cence En hance ment Mea sure ment

Nile red is a com monly used hy dro pho bic flu o res cent

dye. It is a par tic u larly ef fec tive solvatochromic dye con tain -

ing a rigid ar o matic group and an exocyclic diethylamine

group. The absorbance and flu o res cence emis sion de pends

on the phys i cal prop er ties of the sur round ing sol vent en vi -

ron ment. The flu o res cence emis sion is en hanced with hy -

dro pho bic en vi ron ment ex po sure (Yablon and Schilowitz

2004). Sam ples of ASW were mixed with 13 mM Nile-red

in trip li cate. Flu o res cence of these mixed sam ples was mea -

sured be fore and af ter ad di tion of EPS from Emiliania

huxleyi, Skeletonema costatum, and Synecoccus. The flu o -

res cence mea sure ments were ob tained with a Shimadzu

RF-5000U spectrofluorophotometer (lex ci ta tion = 588 nm;

lemis sion = 633 nm). Nile red has also been used in our pre -

vious study to iden tify hy dro pho bic do mains in ma rine

baterial EPS sam ples (Ding et al. 2008).

2.6 Sta tis ti cal Anal y sis

Data rep re sent means ± SD. Each ex per i ment was per -

formed in trip li cate. A Stu dent’s t-test anal y sis was used to

de ter mine sta tis ti cal sig nif i cance. p val ues of < 0.05 were

used as stan dard for sta tis ti cal sig nif i cance (GraphPad Prism 

4.0, GraphPad Soft ware, Inc. San Diego, CA).

3. RE SULTS AND DIS CUS SION

3.1 As sem bly of EPS from Phytoplankton in ASW

The spon ta ne ous as sem bly of 100 mg L-1 Emiliania

huxleyi EPS so lu tions in ASW con tain ing 9 mM Ca2+ was

mon i tored by DSL for 6 - 8 days. As shown in Fig. 1a, EPS

from Emiliania huxleyi self-as sem ble fol low ing first-or der

ki net ics that reached steady-state as sem bly/dis per sion equi -

lib rium in ~ 42 hrs yield ing microgels of ~ 3.5 mm. Sim i lar

mea sure ment con ducted in 100 mg L-1 Emiliania huxleyi

EPS so lu tions in Ca-free ASW showed that the EPS can still

self-as sem ble in the ab sence of Ca2+. How ever, the equi lib -

rium size of the microgels in Ca2+-free ASW is much

smaller, i.e., only ~ 1.8 mm and took a much lon ger time

(140 hrs) to reach equi lib rium (Fig. 1a). Com pared with

DOC where self-as sem bly is mainly de pend ent on Ca2+

(Chin et al. 1998), Emiliania huxleyi EPS self-as sem bly re -

sults most likely from both Ca elec tro static bond ing and hy -

dro pho bic in ter ac tions.

The same pro to col was used to test the spon ta ne ous as -

sem bly of EPS from Skeletonema costatum (Fig. 1b) and

Synechococcus (Fig. 1c). Re sults show that in de pend ent of

the pres ence or ab sence of Ca2+, both types of EPS poly mers

can self-as sem ble fol low ing al most iden ti cal ki net ics and

reach ing sim i lar microgel equi lib rium sizes. These out -

comes sug gest that un like DOC, self-as sem bly of Skele -

tonema costatum (Fig. 1b) and Synechococcus EPS poly -

mers most likely re sults from hy dro pho bic rather than elec -

tro static Ca2+ bonds. Our re sults in di cate that these dif fer ent

EPS could spon ta ne ously as sem ble in Ca2+-free ASW. Al -

though self-as sem bly of EPS from Emiliania huxleyi pro -

bably re lies in both Ca2+ and hy dro pho bic bonds, EPS from 

the other two spe cies can readily self-as sem ble in Ca2+-free

ASW. Pro tein con tent of EPS is be lieved to be the pri mary

con trib u tor of hy dro pho bic do mains for phytoplankton due

to the ex is tence of hy dro pho bic amino ac ids (e.g., tryp -

tophan, leucine, or phenylalanine) (Alvarado et al. 2006).

These as sem bly re sults (Figs. 1a - c) are con sis tent with the

chem i cal anal y sis of EPS from Emiliania huxleyi in di cat ing

the low est pro tein and the high est car bo hy drate con tent of

Spon ta ne ous As sem bly of Exopolymers from Phytoplankton 743



three EPS sam ples (Ta ble 1). The re sults dem on strate that

EPS from dif fer ent phytoplankton spe cies might ex hibit dif -

fer ent mech a nisms of as sem bly de pend ing upon their che -

mical com po si tions. The vari a tions of the size mea sure -

ments with DLS (Figs. 1a - c) are sim i lar to our pre vi ous stu -

dies with DOC poly mers and EPS from Sagittula stellata

(Chin et al. 1998; Ding et al. 2008).

3.2 Flu o res cence En hance ment of Nile-Red by
Exopolymers from Phytoplankton

Our self-as sem bly ob ser va tions sug gest that hydro -

phobic in ter ac tions might play a sig nif i cant role in the for -

ma tion of EPS microgels and are con sis tent with pre vi ous

re ports on the chem i cal com po si tion of EPS from Emiliania

huxleyi, Synechococcus, and Skeletonema costatum (Hung

et al. 2005; Alvarado Quiroz et al. 2006). EPS poly mers

from ma rine or gan isms are polysaccharide-rich, con tain ing

uronic ac ids and pro teins, but their chem i cal com po si tion

can vary with nu tri ent and growth con di tions (Bhaskar and

Bhosle 2005). As might be in ferred, slight changes of their

com po si tion could af fect their physico-chem i cal prop er ties,

e.g., biosurfactant and emul si fy ing prop er ties. Hence, their

role and fate in biogeochemical cy cles is largely un ex plored

(Wotton 2004; Bhaskar and Bhosle 2005). The ma jor com -

po nents of these EPS sam ples are car bo hy drates, mak ing up

to 50% of the to tal car bon (Ta ble 1). Al though the acidic

groups in these EPS are mainly carboxylate, sul phate, and

phos phate, they also con tain around 2 - 8% pro teins, ren der -

ing them with suf fi cient hy dro pho bic do mains (Alvarado

Quiroz et al. 2006).

None the less, di rect ev i dence of the pres ence of hy dro -

pho bic do mains in these EPS poly mers that could com ple -

ment and fur ther sup port the idea that hy dro pho bic cros -

slinking could sta bi lize the for ma tion of EPS microgels is still

miss ing. We used Nile-red, a widely used flu o res cent probe

spe cific for hy dro pho bic do mains, to de tect the ex is tence

of hy dro pho bic re gions in EPS from Emiliania hu xleyi,

Skeletonema costatum, and Synechococcus (Fig. 2). Flu o res -

cence spec tra of Nile-red showed a very weak sig nal at max i -

mum emis sion wave length 633 nm in po lar ASW sol vent with

ex ci ta tion wave length 568 nm. When we added 100 mg L-1

EPS from these phytoplanktons into the sea wa ter sam ples

labeled with Nile-red, the flu o res cence sig nal was en hanced

~15% (Fig. 2). The ob served flu o res cence in crease sug gests

that hy dro pho bic do mains are pres ent in these sam ples. This

out come is con sis tent with pre vi ous re ports of EPS chem i cal

com po si tion in these phytoplankton spe cies (Hung et al.

2005; Alvarado Quiroz et al. 2006) and to gether with our

mea sure ments of self-as sem bly ki net ics of fer strong sup port

of the idea that hy dro pho bic in ter ac tions play a sig nif i cant

role in the self-as sem bly of EPS microgels. A sim i lar hy dro -

pho bic driven as sem bly has also been con firmed in ma rine

baterial EPS (Sagittula stellata) (Ding et al. 2008).

744 Ding et al.

Fig. 1. Spon ta ne ous as sem bly of exopolymers from phytoplankton in

ASW. (a) EPS from Emiliania huxleyi; (b) EPS from Skeletonema

costatum; (c) EPS from Synechococcus. Filled cir cles: ASW with Ca2+;

Squares: Ca2+-free ASW.

(a)

(b)

(c)



4. CON CLU SION

Our pre vi ous work in di cated that microgels re sult ing

from the self-as sem bly of DOC con tain a tan gled to pol ogy

sta bi lized mainly by elec tro static in ter ac tions re sult ing from

Ca2+ bonds (Chin et al. 1998; Verdugo et al. 2004, 2008).

Evidence that hy dro pho bic in ter ac tion could also be at play 

in the self-as sem bly of ma rine biopolymers just as exo -

polymers from the ma rine bac te rium Sagittula stellata can,

at nanomolar con cen tra tions, in duce DOC croslinking via

hy dro pho bic in ter ac tions (Ding et al. 2008). The re sults pre -

sented here show that EPS from Emiliania huxleyi, Ske -

letonema costatum, and Synechococcus can also self- as -

semble form ing microcopic gels. Con sis tent with the am -

phypathic na ture EPS from these phytoplankton spe cies

(Alvarado Quiroz et al. 2006), our data sug gest that both

elec tro static bond ing and hy dro pho bic in ter ac tions might

play a role in phytoplankton EPS self-as sem bly. The con -

cen tra tions of EPS used in our ex per i ments are sim i lar or

lower than the con cen tra tions of EPS found dur ing phyto -

plankton blooms sug gest ing that this self-as sem bly pro cess

could take place in sea wa ter and might strongly con trib ute to 

the for mation of hot spots of high bac te rial sub strate con -

cen tra tion in creas ing the sus cep ti bil ity of this im por tant

marine car bon stock to met a bolic remineralization (Fogg

1983; Baines and Pace 1991; Verdugo et al. 2004).
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