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Oxygenic photosynthesis as driving process in 
exopolysaccharide production of benthic diatoms
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ABSTRACT: T he secre tion  of exopolysaccharide  in an  axen ic  cu ltu re  of the  m arine  ben th ic  diatom  
C ylindro theca  closterium  w as in vestiga ted . T he cen tra l question  of the  experim en ts w as if po ly sacch a­
ride secre tion  w as d e p e n d e n t on ligh t and  photosynthesis. Cells w ere  incu b a ted  in the  light, in the 
dark , or in the  light w ith  add ition  of the  inh ib ito r of Photosystem  II, 3 -(3 ,4 -d ich lo ropheny l)-l, 1-dim ethyl 
u rea  (DCMU). T hese  trea tm en ts  w ere  also ap p lied  to a p o p u latio n  of ben th ic  d iatom s on an  in te rtida l 
m udfla t in the  W esterschelde  (Scheldt estuary, T he N etherlands). In the  ligh t (60 pm ol photons m -2 s"') 
C. closterium  show ed  h igh  ra tes of po lysaccharide  secretion , w hile  no secretion  w as observed  in the 
d a rk  or in  the  p re sen ce  of DCM U. No in trace llu la r carb o h y d ra te  w as converted  to exopolysaccharide 
in the d a rk  or in th e  ligh t w ith DCM U ad d ed . This ind ica ted  th a t secre tion  of exopolysaccharide  was 
d e p en d e n t on oxygenic pho tosyn thesis . Similarly, h igh ra tes of exopolysaccharide  accum ulation  w ere 
observed  du rin g  day tim e em ersion  on the m udflat, but not in d a rk en e d  or D C M U -treated  sed im ent. 
This d em o n s tra ted  that th e  p a tte rn  obse rv ed  in cu ltu res of C. closterium  w as rep roducib le  in situ. It was 
obse rv ed  th a t d u n n g  day tim e em ersion  p a tte rn s of vertical m igration  in the  dark  and  D C M U -treated  
plots did not differ from  those in the light. This im plies that m otility w as not the  s teering  factor for the 
o b se rv ed  accum ula tion  of exopolysaccharide  in the  light. W hen an  axen ic  cu ltu re  of C. closterium  was 
in cu b a ted  u n d e r an  a lte rn a tin g  12 h light: 12 h d a rk  cycle, exopolysaccharide concen tra tions d ec reased  
in the  dark . D eg rad a tio n  of exopo lysaccharide  w as also obse rv ed  in the  n a tu ra l popu lation  on the  m u d ­
flat du rin g  em ersion  a t night. B ecause no bac teria  w ere  p re se n t in the  C. closterium  cultures, it was 
conceived  th a t th e  d eg rad a tio n  of exopolysaccharide  observed  in cu ltu res w as due  to sec re tio n  of 
hydrolytic  enzym es by C. closterium .
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INTRODUCTION

Benthic diatoms inhabiting  in tertidal sed im ents  p ro ­
duce  la rge  am ounts  of extracellular polymers, also 
deno ted  as EPS or mucilage, w hich mainly consist of 
polysaccharides (Decho 1990, H oag land  et al. 1993). 
Epipelic species (motile species which are p redom i­
nantly  found in sed im ents  with a small grain size) are
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particularly well know n for their la rge  production of 
exopolysaccharide (Hoagland et al. 1993). The sec re ­
tion of exopolysaccharide by epipelic diatoms has been  
shown to contribute to stabilization of the sediment,  
thereby  increasing  resis tance tow ards erosion (Hol­
land et al. 1974, Vos et al. 1988, Paterson 1989, S u ther ­
land et al. 1998). Small sedim ent particles are  t rapped  
in the exopolysaccharide matrix, p robably  th rough  
interactions with sugars substituted with  acidic groups 
(Dade et al. 1990).

The function of exopolysaccharide production for the 
diatoms is not precisely known. Several functions have 
been  conceived, such as protection aga inst desiccation 
or grazing, scavenging  inorganic nutrients or metals,
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or a t tachm ent. Epipelic diatoms (mud-dwelling sp e ­
cies) show  extensive motility (McIntyre & Moore 1977). 
Since epipelic species generally  p roduce more exo ­
polysaccharide than  non-motile (epipsammic) species 
(Hoagland et al. 1993) it has  also b ee n  suggested  that 
exopolysaccharide secretion is associated with motility 
(Harper 1977, E dgar & Pickett-Heaps 1984, H oagland  
et al. 1993). It has also been  shown that carbohydrate 
secretion by diatoms was d e p e n d e n t  on abiotic factors 
such as nutrients  (Myklestad & H aug  1972, M yklestad 
1977, Waite et al. 1995, Sutherland  et al. 1998). In a d d i ­
tion, ben th ic  diatoms are subject to la rge  variations in 
light intentsity (Fenchel & Straarup  1971, Pinckney & 
Z ingm ark 1991), which may also influence exopolysac­
charide production. However, the am ount of work 
done on the effect of light on exopolysaccharide p ro ­
duction is still limited.

In the presen t investigation, experim ents  are  d e ­
scribed tha t study the d ep e n d en c e  of exopolysaccha­
ride production by benthic  diatoms on light and  p h o ­
tosynthesis. The main questions of the experiments 
were: (1) Are polysaccharides only secreted  in the 
light, or also in the dark? (2) Are polysaccharides se ­
cre ted  w hen  photosynthesis is inhibited? and  (3) What 
is the effect of light intensity on exopolysaccharide 
production? The approach  that was taken  was to incu­
bate cells in the light, in the dark, or in the light with 
addition of a photosynthesis blocker. These trea tm ents  
w ere  applied  not only to axenic cultures of C ylindro­
theca closterium , but also to a natura l diatom com ­
munity on an intertidal mudflat in the W esterschelde 
(Scheldt estuary, The Netherlands). Furthermore, poly­
saccharide secretion during a light:dark cycle was 
monitored, both in cultures and  in situ. Also, the ef fect  
of d ifferent light intensities on secretion was s tudied  in 
cultures of C. closterium.

MATERIALS AND METHODS

Organism  and culture conditions. A strain of C ylin ­
drotheca closterium  (Ehrenb.) Reimann & Lewin isolated 
from the  Ems-Dollard area (The Netherlands) was kindly 
provided by H. Peletier (RIKZ, Haren, The Netherlands). 
Cells w ere  grown in Rester m edium  (Rester et al. 1967) 
at a salinity of 33 PSU. Cells w ere  cultivated on a solid 
substratum of purified sea sand (Merck, Darmstadt,  G er­
many) in 300 or 1000 ml glass Erlenmeyer flasks at 20°C. 
Cultures were  illuminated by 2 white  fluores< ont tubes 
(Philips TI.E 32/33) which gave an incident irradiance of 
60 pmol m - s ' at the surface of the: culture flask. Ax- 
enicity of the) cultures was checked  by plating on 
ag a r /m ed ium  and by microscopic observation.

C onditions of culture experim ents. The effect of 
light and dark trea tm ent and of the inhibitor of oxy­

genic photosynthesis  3-(3, 4-dichlorophenyl)- l ,  1-di­
methyl urea (DCMU) was investiga ted  in an  axenic  
culture which was grow n u n d e r  continuous light at an 
incident irradiance of 60 pmol photons m “2 s ' 1. Early 
stationary p h ase  cells w ere  used  because  dur ing  the 
logarithmic growth p h ase  the re  w as no production 
of exopolysaccharide, w hereas  during  the transition 
towards stationary growth the production ra te  was 
high (Staats et al. 1999). In order  to es tablish a dark  to 
light transition tha t would correspond  to natura l  cond i­
tions, the  culture was incubated  in the dark  for 10 h 
before the start of the experim ent.  The culture was 
then  divided into experim ental subcultures. T hese  
w ere  incubated  either in the light (60 pmol photons m ' 2 
s ' 1), in the light with IO'5 M DCMU, in low light 
(15 pmol photons m ' 2 s"1) or in the  dark. The stock 
solution of DCMU (IO"2 M) was m ade  up in 70%  
ethanol. This t rea tm en t resulted  in a final co ncen tra ­
tion of 0.07% ethanol. Therefore  a control subculture  
was incubated  with a final concentra tion  of 0.07% 
ethanol. Low light conditions w ere  ob ta ined  by w ra p ­
ping a 2-stop neutra l  density  filter (Capilux, A m ste r­
dam) around  the culture flask. C om plete  da rkness  was 
obta ined  by w rapp ing  the culture flask in several lay­
ers of a lum inium  foil. At the start of the experim ental 
incubations the starting culture was harvested .  At f re ­
quen t intervals  during the incubations, sam ples  w ere  
taken  from the subcultures. To harves t  cells, cultures 
w ere  gently sh a k en  until all cells h ad  gone  into su s ­
pension. Subsequently , the sand  was allowed to settle 
before the cell suspension was p ou red  off.

In ano ther  exper im en t the culture was grown u nder  
an a l ternat ing  12 h light: 12 h dark  cycle (incident i r ra ­
diance: 60 pmol photons n r 2 s ' 1). W hen the cu ltu re  had  
reached  early stationary phase, samples w ere  taken  
every 3 h during 1 l ighbdark  cycle.

All trea tm ents  w ere  perfo rm ed  twice in in d e p e n d e n t  
runs to ensure  reproducibility. Level of significance of 
differences b e tw e en  time points or b e tw e en  t r e a t ­
ments of the variables ana lyzed  w ere  tested  using 
analysis of variance (Sokal & Rohlf 1981).

Isolation of exopolysaccharide from cultures. Two 
fractions of exopolysaccharide w ere  d istinguished. A 
detailed  description of isolation and  characterization  
of these fractions is given in Staats et al. (1999). 
T hese  fractions d itfered in composition and  show ed  
different pa t te rns  of accum ulation  during  a growth  
curve (Staats et al. 1999). The fraction that was not or 
only loosely a t tached  to the cell surface w as obta ined  
by centrifuging the coli suspension  for 15 min at 
20 000 X g  and  10=C. The su p e rn a tan t  was des ignated  
'non-attached exopolysaccharide This fraction show ed 
no concentra tion changes  during a g row th  curve 
(Staats e» al. 1999). Subsequently , the pellet w as incu­
ba ted  with tap  w ate r  for 1 h at 30°C and  centr ifuged
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for 15 min at 20 000 x g  and  10°C. This extract con ­
ta ined  ca rbohydra tes  tha t w ere  closely associated 
with the cells, which  w ere  des igna ted  'a t tached  exo­
polysaccharide '.  The production rate  of this fraction 
strongly increased  during the transition towards s ta ­
tionary growth (Staats et al. 1999). It was show n that 
nei ther  of the  2 fractions w as contam inated  with 
in tracellular carbohydra te  (Staats et al. 1999). Poly­
mers w ere  isolated from both  fractions by overnight 
precipita tion in cold (-20°C) 80%  (v/v) ethanol. The 
prec ip ita te  was dried  u n d e r  a flow of n itrogen  gas 
and  stored  dry at -20°C  until analysis. In some cases 
p a r t  of the  su p e rn a tan t  of the e thano l- trea ted  sam ple  
was also dried u n d e r  n itrogen  gas  and  stored  at 
-20°C. This y ie lded low molecular w eigh t (LMW) 
carbohydra tes  (monomers and  oligomers), which did 
not p recip ita te  in cold 80%  (v/v) ethanol. O ne exper i­
m e n t  was perfo rm ed  in which concentra tions of poly­
saccharide  and  LMW carbohydra te  w ere  m onitored 
in an  extract of a t tached  extracellular carbohydrate, 
incuba ted  in the absence  of cells. The extract was 
isolated halfway through  the  dark  period from an 
axenic culture that had  been  grow n u n d e r  a 12 h 
light: 12 h dark  cycle. The extract w as incubated  in 
triplicate un d er  sterile conditions.

A nalyses of cultures. Cells w ere  counted  in triplicate 
using a Coulter counter  (model ZM) eq u ip p ed  with a 50 
pm  ap e r tu re  tube. Cell p rotein  was d e te rm in ed  in tr ip­
licate on freeze-dried  cells by the Lowry m ethod  (Her­
bert et al. 1971) using bovine serum  album in (BSA) as a 
reference. Intracellular carbohydra te  was de term ined  
after extracting the  extracellular ca rbohydra tes  as d e ­
scribed above and  freeze-dry ing  the  rem ain ing  pellet. 
Extracellular carbohydra te  was ana lyzed  using the 
ph.enol/H2S 0 4 assay with glucose as a s tandard  (Dubois 
et al. 1956). The p h en o l /H 2S 0 4 assay was generally  
p re fe r red  as a 'total ca rbohydra te '  assay, because  it 
ana lyzes pentoses  and  hexoses (Dubois et al. 1956) but 
ap p e a re d  less suitable for analysis of w hole algal cells. 
Therefore  total hexose content of the  pellets was d e te r ­
m ined  with the A nthrone re a g e n t  using glucose as a 
s tandard  (Herbert e t al. 1971). Since cell carbohydra te  
consisted mainly of hexoses (Staats et al. 1999) these 
m ethods  w ere  quantita tively com parable .

Site of field experim ents. Field experim ents  w ere  
p erfo rm ed  on a tidal mudflat n ea r  Ellewoutsdijk, in the 
no r thern  par t  of the W esterschelde (Scheldt estuary, 
The Netherlands).  The sed im en t was com posed of silt 
a n d  the surface w as covered  with a d en se  biofilm of 
ben th ic  diatoms. Salinity of the pore  w ate r  was 31 PSU, 
m e asu red  with a refractom eter  (Atago). Light intensity 
at the field site w as m easu red  using a Li-250 light 
m e te r  (Li-Cor).

Sam pling of natural population. The field exper i­
m e n t  was carried  out in May 1997. Im mediately upon

tidal emersion 3 plots of 2 m 2 w ere  m a rk e d  on the m u d ­
flat. The 3 plots w ere  situated  close toge ther  and  did 
not ap p e ar  to differ in morphology. O ne plot was d a rk ­
ened  using black plastic foil. The second plot was 
sprayed  evenly with a solution of DCMU. The solution 
was p rep a re d  by diluting a IO-2 M stock solution p r e ­
p ared  in 70% ethanol to IO"5 M in 33 g I“1 NaCl, 
approxim ating the salinity of the pore  water. The final 
concentration of 0.07% ethanol in the  solution applied 
to the sed im ent did not have  any deleterious effects on 
growth or exopolysaccharide p roduction  in cultures of 
Cylindrotheca closterium . Therefore  it was assum ed 
that this would  also be the case in sediment.  The third 
plot was left untrea ted .  The plots w ere  sam pled im m e­
diately after t rea tm en t and  subsequen tly  at intervals of 
2 to 3 h. From each  plot, replicate  cores w ere  taken  
randomly (n = 10) using stainless s teel corers of 1.75 cm 
diameter. The sam ple sed im en t surface rem ained  
undis turbed  by pressing  the corer into the sediment, 
closing it airtight with a ru b b er  s topper  and  lifting the 
corer. Immediately after the cores w ere  taken, the top
2.5 m m  w ere  sliced using a cus tom -m ade slicer and 
stored on ice in the dark. Sam pling w as  continued for a 
24 h period with the exception of the  immersion per i­
ods. W hen the experim ent was com pleted  samples 
w ere  taken  to the laboratory and  stored  at -20°C. Level 
of significance of differences b e tw e en  time points or 
be tw een  trea tm ents  of the variab les  ana lyzed was 
tested using analysis of variance (Sokal & Rohlf 1981).

Isolation and analysis of exopolysaccharide from  
sedim ent. Prior to analysis, sed im ent samples w ere  
freeze-dried. To approxim ately  100 m g of dry sedi­
ment, 1.5 ml of distilled w ater  was added , followed by 
incubation at 30°C for 1 h. Subsequently , the extract 
was centrifuged at 20 000 x g  and  10°C for 15 min. As a 
second extraction step, the pellet w as incubated  with
1.5 ml of a solution of 150 mM  EDTA at 20°C for 6 h. 
The extract was centrifuged at 20 000 x g  for 15 min. 
From both the w ater  and  EDTA extracts high m olecu­
lar w eigh t (HMW) and  LMW carbohydra tes  w ere  s e p ­
ara ted  by addition of e thanol to a final concentration of 
80% (v/v) and. overnight incubation at -20°C. The p r e ­
cipitate (HMW) and  the su p e rn a tan t  (LMW) were  
dried under  a flow of nitrogen gas  an d  stored at -20°C 
until analysis.  The ca rbohydra te  concentra tion of the 
fractions was assayed  using the p h en o l /H 2S 0 4 assay 
with glucose as a s tandard  (Dubois et al. 1956).

Isolation and analysis of ch lorophyll a (chi a) from  
sedim ent. To approxim ately  100 m g  of freeze-dried 
sediment, 0.7 ml of N ,N-dim ethylform am ide (DMF) 
was added. Samples w ere  incuba ted  for 1 h in the 
dark. After centrifugation at 20 000 x g  for 5 min, the 
absorption of the extract was read  at 665 nm. To 
correct for phaeophytin , the absorption  was read  at 
665 nm after add ing  15 pi HC1 (5 N) to the 0.5 ml
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extract.  Concentra tions w ere  calculated according to 
the following equations (De Winder et al. 1999):

chi a (g 
p h a e o p h y ta  (g

I - 1) = K- 
= K-

( f  „ -  e j / a

[ R - E a -  E„)/A

with E n = extinction neutra l extract, Ed = extinction 
acidified extract,  A  = 72.114, K  = 2.30 and R = 1.80. 
Values for A, K  and  R w ere  experimentally  obta ined  
using purified chi a and  phaeophytin.

RESULTS 

Culture experim ents

The p roduction  of exopolysaccharide by an early s ta ­
tionary p hase  culture of Cylindrotheca closterium  is 
shown in Fig. la .  Within 2 h, a significantly h igher  
am ount of polysaccharide was secreted  in the  light 
than in the dark, after transfer from darkness  (p < 0.05). 
W hen the  cells w ere  incubated  in the dark  no secretion 
of polysaccharide w as observed. W hen the inhibitor of
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Fig. 1 C o n cen tra tio n s oi (at ex trace llu la r polysaccharide  and 
|b) in trace llu la r carbohydra te  (m ean ± SD of 3 rep lica te  sam ­
ples) in ' u ltn ros oi C ylindrotheca , lo s ten u m  upon incubation  
in the light (60 pm ol pho tons m '2 s ' 1) ( • ) ,  in the  dark (A) or in 
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Fig. 2. C o ncen tra tions of ex trace llu la r po ly sacch arid e  (m ean ± 
SD of 3 rep lica te  sam ples) in cu ltu res of C ylindrotheca  
closterium  upo n  in cubation  a t 60 pm ol p h o tons n r 2 s ' 1 ( • ) ,  

15 pm ol photons m "2 s ' 1 (+) or in the  d a rk  (A)

Photosystem II, DCMU, was ad d e d  no exopolysaccha­
ride was p roduced  either. This was not an  effect of 
ethanol, in which DCM U was dissolved. A control cu l­
ture with the sam e final concentra tion of e thanol 
(0.07 %) (not shown) did not differ from the culture 
incubated  in the light without ethanol.

C h a n g es  in storage ca rbohydra tes  are  show n in 
Fig. lb . In the light, no changes  in in tracellular ca rb o ­
hydrates  w ere  observed. Both in the dark, as well as in 
the light in the p resence  of DCMU, a slight d ec rease  of 
intracellular ca rbohydra te  was noted  d u n n g  the first 
2 h of incubation. However, a statistically significant 
difference (p < 0.05) was only found b e tw e en  the light 
and  dark  trea tm en ts  after 2 h. The control culture with 
0.07% ethanol did not devia te  from the light in c u b a ­
tion (not shown). The fact that only a small d ec rease  of 
intracellular ca rbohydra te  w as found in the dark  was 
probab ly  due  to the fact tha t the stationary p h ase  cells 
possessed  low metabolic rates while hav ing  a high 
level of intracellular storage carbohydrate.

W hen com paring secretion of polysaccharides upon 
transfer from dark  to light at 2 different levels of illu­
mination (15 and  60 pmol photons n r 2 s ' 1), it was obvi­
ous that a m in im um  level of illumination was requ ired  
for production  of exopolysaccharide (Fig. 2). At an  ir ra­
d iance of 15 pmol photons n r 2 s ' 1 the am oun t of 
exopolysaccharide rem a ined  constant, as w as the case 
in the dark, w h erea s  at an irradiance of 60 pmol p h o ­
tons m  s a significantly h igher am oun t of po lysac­
charide was m easu red  after 6 h (p < 0.05).

The differences observed in both carbohydra te  con- 
centralions and  accum ulation rates be tw een  the con ­
trol cultures dep ic ted  in Figs. l a  & 2 m ay be explained  
by the small age difference b e tw e en  the cultures used 
in these  experiments.  Cultures w ere  in the transition 
ph ase  tow ards stationary growth, which w as the  p hase
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Fig. 3. C oncen tra tions of a tta ch ed  ex trace llu la r po ly sacch a­
ride  (■), n o n -a ttach ed  ex trace llu la r po lysaccharide  (A), total 
low  m olecu lar w e ig h t (LMW) ex trace llu la r carb o h y d ra te  (+) 
an d  in trace llu la r c arb o h y d ra te  ( • )  in a cu ltu re  of C ylin ­
drotheca closterium  du ring  a 12 h light: 12 h d a rk  cycle. D ark 
period  in d ica ted  by b lack  bar. V alues a re  m ean  ± SD of 3 

rep lica te  sam ples

in which the  rate  of exopolysaccharide production 
s ta rted  to increase (Staats et al. 1999). The culture 
incuba ted  at 60 pmol photons m"2 s"1 show n in Fig. la  
w as slightly older (8 d) than  the  culture incuba ted  at 
60 pmol photons m “2 s"1 show n in Fig. 2 (6 d), and  
therefore exhibited  a h igher  exopolysaccharide ac cu ­
m ula tion  rate  (consequently, the  initial concentra tion 
of exopo lysacchande  w as also higher).

In Fig. 3 concentra tions of d ifferent carbohydra te  
pools in a culture grown un d er  a 12 h light: 12 h dark  
cycle are  shown. During the  light period, concen tra ­
tions of extracellular po lysaccharide closely associated 
with cells significantly inc reased  (p < 0.01), with the 
most p ronounced  increase  during  the  first few hours 
after the  onset of the  light period (as w as  also observed 
in Fig. la). The concentra tion  of the  non-a ttached  
exopolysaccharide fraction, consisting of exopolysac­
charide  not associa ted  with cells but found in the 
m edium , did not exhibit any significant changes  d u r ­
ing the light period. Interestingly, both a t tached  and  
no n -a t tached  exopolysaccharides show ed  a m arked  
d ec rease  during  the dark  period (p < 0.05 and  p < 0.01, 
respectively). A small am ount of extracellular LMW 
carbohydra tes  w as found, which did not show any s ig­
nificant changes  in concentra tion  during the  light 
period, but d ec reased  significantly during  the  dark  
period (p < 0.05). It was rem arkab le  tha t the  pool of 
in tracellular carbohydrates  did not show any significant 
changes  in concentra tion  during  the light:dark cycle.

In order  to ge t  a be t te r  insight into the decrease  of 
a t tached  exopolysaccharide observed  during  the  dark  
period, an  extract of a t tached  extracellular carbohy­
drate  was incubated  in the  absence  of cells. In Fig. 4

concentrations of polysaccharide and  LMW carbohy­
drate in this extract are  shown. T he  polysaccharide 
fraction dec reased  significantly during  the  first 6 h 
(p < 0.05), while the  am ount of LMW carbohydrates 
significantly increased  (p < 0.05). The decrease  in poly­
saccharide was completely balanced  by the increase in 
LMW carbohydrate, and  could therefore be explained 
by degradation  (and not e.g. by polysaccharide stick­
ing to the  glass wall).

Field experim ents

During the  24 h field experiment,  the concentration 
of chi a in the  up p er  2.5 m m  during daytime emersion 
ave raged  69 ± 8 pg (g sedim ent)"1. T here  w ere  no s ig­
nificant differences in chi a concentra tion be tw e en  the 
trea tm ents  or with time. In addition, the re  was no s ig­
nificant difference in chi a concentra tion before and 
after tidal emersion, concentrations in the control plot 
averag ing  78 ± 4 pg  (g sedim ent)"1 at night. This was 
taken  as ev idence tha t no growth or resuspension  had  
occurred  during the  experiment. Microscopic obse rva­
tions show ed tha t the  major part of the  diatom com m u­
nity consisted of epipelic species, w ith  species of the 
genus G yrosigm a  dominating.

Fig. 5a shows the concentra tions of water-ex- 
tractable polysaccharides in the u p p e r  2.5 mm  of 
sed im ent during a 24 h period. During the  daytim e 
emersion period, w ater-extractable  polysaccharides 
increased  considerably (p < 0.05). In the experim ental 
plot that was darkened , concentrations of water- 
extractable polysaccharides did not change  signifi­
cantly during daytime emersion. In the plot trea ted  
with DCMU, concentrations of w ater-ex tractab le  poly­
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Fig. 4. C o ncen tra tions of po lysaccharide  ( • )  and LMW carb o ­
hy d ra te  (+) in an  ex tract of a ttach ed  ex trace llu la r carb o h y ­
dra te  se p a ra ted  from  cells g row n at a 12 h light: 12 h dark  

cycle. V alues a re  m ean  ± SD of 3 rep lica te  bottles
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saccharide rem a ined  constant during the first hours. 
M easu rem en ts  of oxygen dep th  profiles perform ed 
after application of DCMU show ed tha t oxygen p ro ­
duction was completely inhibited  (S. van Bergeijk pers. 
comm.). However, tow ards the end of emersion con­
centrations significantly increased  (p < 0.05), probably  
because  by this time DCMU had  diffused out of the 
sed im ent or becam e otherwise inactive. During the 
period of inundation  (15:30 to 20:00 h) no samples w ere  
taken. After inundation the concentration of water- 
extractable polysaccharide in the control plot had  
dec reased  considerably (p < 0.05). During tidal em e r ­
sion at night, the concentra tion continued  to decrease  
significantly (p < 0.05).

The concentra tion  of LMW carbohydra tes  in the 
water-soluble extract was quite high com pared  to 
polysaccharide concentrations (Fig. 5b). At the start of 
emersion concentrations did not differ be tw een  plots, 
but during  emersion concentrations rem ained  signifi­
cantly h ighe r  in the light than in the plots that were  
d a rk e n ed  or trea ted  with DCMU (p < 0.05). After tidal 
immersion, this pool had  not decreased  significantly, 
but during  the night no clear pa t te rn  was found.
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of a tidal flat in th e  W esterscholde in a plot trea te d  with 
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Fig. 6. (a) E D T A -extractable po lysaccharide  and  (b) LMW c a r­
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of a tidal flat in th e  W esterschelde  in a plot trea te d  w ith 
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At the start of emersion, the concentra tion  of EDTA- 
extractab le  polysaccharide was in the sam e order  of 
m agn itude  as w ate r-ex tractab le  polysaccharide, but 
this fraction show ed  no significant changes  during  a 
24 h cycle (Fig. 6a). However, the LMW carbohydra tes  
in the EDTA extract show ed a p ronounced  inc rease  in 
the light (p < 0.01), but not in the d a rk e n e d  or in the 
D C M U -treated  sed im ent (Fig. 6b). In the light, this 
fraction increased  approxim ate ly  5-fold over a 6 h 
period, up to a concentra tion  h igher  than  observed  for 
any other fraction analyzed. After tidal inundation  vir­
tually all of this materia l had  d isappeared .

DISCUSSION

Axenic cultures of C ylindrotheca closterium  incu­
ba ted  in the  dark  secreted no exopolysaccharide, 
w hereas  w hen  incubated  in the light exopolysarcha-  
n d e  concentra tion  increased. Also, incubation  in the 
light with oxygenic photosynthesis  blocked by DCMU 
inhibited  production of Sxopolysaccharides. Although 
cells had  b ee n  incuba ted  in the dark  for 10 h, the con-
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centration  of in tracellular s torage carbohydra te  was 
still high. Therefore, the  fact tha t no polysaccharide 
w as secre ted  in the dark  would  ap p e a r  not to be  a t ­
tr ibutable to depletion  of in tracellular carbohydra te  
reserve. The d ec rease  in in tracellular ca rbohydra te  in 
the  dark  w as not reflected in an  increase  in exo­
polysaccharide , indicating tha t  in tracellular ca rbohy­
drate  w as not converted  to exopolysaccharide in the 
dark  bu t w as probab ly  respired. T hese  results d e m o n ­
strate tha t  oxygenic photosynthesis  is a p rerequ is i te  for 
secretion  of polysaccharides. T hey  contradict results 
repo r ted  by Smith & U nderw ood  (1998), w ho observed  
an  increase  in exopolysaccharide in darkness ,  co r re ­
sponding  to a d ec rease  in in tracellular storage ca rbo­
hydrate . Interestingly, exopolysaccharide accum ula ­
tion w as especially h igh  during  the  first 2 h after 
transfer to light. This could not be  explained  m ere ly  by 
light functioning as a trigger, since in the  DCMU- 
t rea ted  culture no secretion w as observed. Possibly, 
w h e n  cells w ere  transfe rred  from dark  to light, sec re ­
tion functioned as a sink for excess photosynthate ,  and  
photosynthate  production  was ad jus ted  upon  p ro ­
longed  incubation. The fact tha t a certain  minim um  
light intensity was requ ired  for secretion confirmed 
tha t  such an  overflow m etabolism  m ay be a steering 
factor for exopolysaccharide production.

The sam e trea tm en ts  (light, dark, DCMU) were  
app lied  to na tu ra l  d iatom com munities in situ. To com ­
p a re  exopolysaccharide production  in culture and  in 
the  field, an  im portan t  issue w as to w h a t  ex ten t  ca rbo­
hydra te  fractions extracted  from cu ltured  cells and  
from sed im ent could be  com pared. While extraction 
from cultures w as perfo rm ed  on fresh cells, sed im ent 
sam ples  w ere  stored  at -20°C  and  freeze-dried  prior to 
extraction. U nderw ood  et al. (1995) found tha t ex trac­
tion with w a te r  on f reeze-dried  sed im ent m ay lead  to 
contam ination of the  extract with intracellular ca rbo­
hydrate .  However, the  storage carbohydra te  of benthic 
diatoms, chrysolaminarin  (Beattie et  al. 1961, Darley 
1977), is a polym er tha t does not p rec ip ita te  in cold 
e thanol (Myklestad 1988, Staats et al. 1999). Therefore, 
if cell lysis h a d  occurred  during  an  extraction, this 
po lym er would  have  b e e n  ob ta ined  in the LMW frac­
tion of the  extract.  Therefore  it w as concluded that 
polysaccharide  in the  w a te r  extract from sed im ents  
could be  quantita tively  com pared  to po lysaccharide in 
the  w a te r  extract from cultures. T hese  polysaccharides 
w ere  the  p roduct of secretion (Taylor & Paterson 1998, 
U nderw ood  & Smith 1998, Staats et al. 1999). R em ark ­
ably, LMW carbohydra tes  in the  EDTA extract show ed 
a p ro n o u n ced  increase  in the light and, hence,  w ere  
probab ly  also a p roduct of photosynthesis .  Possibly, 
cell lysis occurred  upon  extraction with  EDTA, and  the 
LMW carbohydra te  consisted of chrysolaminarin. The 
concentra tion  of this m ateria l dec reased  considerably

during tidal inundation, suggesting  tha t this material 
may have been  used  by the diatoms as a carbon source 
for respiration (Myklestad 1988, Smith & U nderwood
1998).

The field situation rep rese n ted  a m uch  m ore com ­
plex system than  an  axenic culture of Cylindrotheca  
closterium . Nevertheless, the  experim ents  in which 
natura l sedim ents w ere  subjected  to dark  conditions or 
t rea tm ent with DCMU also show ed  tha t in the field no 
exopolysaccharide was p roduced  in the dark  or upon 
t rea tm ent with DCMU. This indicates tha t the d e p e n ­
dence of polysaccharide secretion on photosynthesis 
was not a culture artefact. Furtherm ore, a decrease  of 
polysaccharide in the w ate r  extract was found in the 
dark, both in culture (when grown un d er  an a l te rna t­
ing light:dark cycle) and  in the field. The decrease  
observed in the field after tidal inundation  may have 
been  due to w ash-out by the tide. This was also 
observed by U nderw ood & Smith (1998). In contrast, 
G rant et al. (1986) found tha t diatoms w ere  w ashed  
aw ay by the tide while the exopolysaccharide matrix 
rem a ined  more or less intact. Alternatively, polysac­
charides w ere  possibly subject to hydrolysis. This was 
supported  by the facts tha t (1) during  emersion in the 
night the  am ount of polysaccharide also decreased  
(consistent with result reported  by Van Duyl et al.
1999), and  (2) no w ash-out of LMW carbohydra te  was 
observed. In the C. closterium  culture grown u nder  an  
alternating  l ighbdark  cycle, a decrease  of exopolysac­
charide was observed  during the dark  period as well. 
Since no bacteria w ere  p resen t in culture, it was con­
ceived that the diatom itself was capab le  of hydrolysis 
of extracellular polysaccharide. A substantial am ount 
of protein  was observed in the  extract (Staats et al. 
1999), but it rem ained  unclear  w h e th e r  these  w ere  an 
in tegral part  of the exopolymer or consisted of secreted  
enzymes. W hen degradation  of exopolysaccharide was 
monitored in an extract incubated  separa te  from cells, 
it w as accom panied  by an  increase  in LMW carbohy­
drate. However, w hen  cells w ere  p resen t  (i.e. in the 
l ighbdark  grown culture), the  decrease  in exopoly­
saccharide was accom panied  by a d ec rease  in LMW 
carbohydrate, suggesting  tha t the hydrolysis product 
was taken  up. Chem ohetero trophic  growth has been  
encoun te red  frequently  in ben th ic  diatoms (Hellebust 
& Lewin 1977). This may be an im portan t adapta tion  
for benthic  phototrophic organism s that are often, 
though  irregularly, exposed to long periods of d a rk ­
ness, while concentrations of organic carbon are  high 
in intertidal m uddy  sediments.  Indeed, Saks et al. 
(1976) dem onstra ted  tha t C. closterium  is a facultative 
heterotroph. Although secretion of hydrolytic enzymes 
has  b ee n  dem onstra ted  for some benthic diatoms that 
ap p e a re d  to be  able to digest macromolecules such 
as agar, casein and  cellulose (Lewin & Lewin 1960,
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H ellebust & Lewin 1977, T anaka  & O hw ada  1988), no 
reports have been  m ade  of diatoms that w ere  ab le  to 
hydrolyze their own secretion product (Tuchman 
1996).

It w as not clear why degradation  of polysaccharides 
in the dark  in cultures of C ylindrotheca closterium  was 
observed w hen  cells w ere  grow n under  an  a l ternat ing  
l ighbdark  cycle, but not w hen  cells had  previously 
been  grow n in continuous light. An explanation  for this 
may be tha t continuous light-grown cells do not con ­
vert to heterotrophic  growth very rapidly, as has been  
observed  for glucose and  lactate up take  in Cyclotella  
cryptica  and  C ylindrotheca fusiformis, respectively 
(Lewin & H ellebust 1970, Hellebust 1971). T hese  s p e ­
cies show ed  a lag period of about 1 d before transport 
systems w ere  induced. In contrast, l ighbdark  grown 
cells m ay  be ad justed  to the recurring  dark  period. 
However, to gain more insight into the possibility that, 
u nder  conditions unfavourable for photosynthesis , 
benthic  diatoms are able to take  up their own secretion 
product, m ore information is nee d ed  on secretion of 
hydrolytic enzymes.

Exopolysaccharides play a role in cell locomotion 
(Edgar & Pickett-Heaps 1984). The exopolysaccharide 
matrix a t taches the cell to a substratum, which is a 
p rerequis ite  for m ovem ent (W etherbee et al. 1998). 
The question remains, however, to w hat ex ten t other 
factors (e.g. overflow metabolism) play a role in s te e r ­
ing exopolysaccharide production. For example, the 
am ount of polysaccharide secreted  d ep e n d e d  on the 
growth  status of the cells in studies by Sutherland  et 
al. (1998) and  Staats et al. (1999). During our field 
study, up w ard  migration of diatoms at the start of d a y ­
time em ersion was observed by the brown coloration 
of the sed im ent surface both in the light and in the 
dark  plots. Indeed, Hopkins (1966) a lready show ed 
that u pw ard  migration took place even  w h en  sed i­
m ent was darkened ,  and  Serodio et al. (1997) show ed 
that diatoms continue to m igrate upw ards  at the start 
of subjective daytime emersion w hen  incubated  in the 
dark  lor a n u m b e r  of days. This suggests  tha t the 
observed  differences m exopolysaccharide accum ula ­
tion be tw een  the treatm ents  were  not likely to be  due 
to differences in motility. Indeed, Edgar & Pickett- 
H eaps  (1984) concluded that no large am ounts of 
polysaccharide have to be secreted  for motility, hence  
other factors, such as overflow metabolism, m ay en- 
h ance  secretion of polysaccharide during daytime 
emersion. Ruddy el ul. (1998) calculated that the  ac cu ­
mulation of carbohydra te  in the sedim ent during 
em ersion may well he the result of excess carbon fixa­
tion due  to n itrogen limitation. T here  m ay b e  a d d i­
tional benefits in secretion of polysaccharides, such as 
p ro tec ting  cells aga inst resuspension or desiccation. 
This conclusion is not in line with the work of Smith &

U nderw ood  (1998), who concluded tha t  exopolysac­
charide  production was closely linked to migratory  
rhythms.

In summary, secretion of po lysaccharide by C ylin ­
drotheca closterium  occurred  in the light bu t not in the 
dark. No exopolysaccharide w as  produced  w h en  p h o ­
tosynthesis w as inhibited. The am ount of polysac­
charide secre ted  w as d e p e n d e n t  on light intensity. 
All these  observations ind icated  that polysaccharide 
secretion was d e p e n d e n t  on photosynthesis .  The r e ­
sults sugges t  tha t overflow metabolism w as a steering 
factor for secretion, and  tha t exopolysaccharide was 
not only p roduced  for motility. The d e p e n d e n c e  of 
po lysaccharide secretion on photosynthesis  was not 
only observed  in monocultures, but also in a natura l 
d iatom population.
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