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ABSTRACT 

A mechanism for the regulation of internal osmolarity in the 

Bacillareophyta was investigated using the intertidal/estuarian pennate 

diatom, Cylindrotheca fusiformis, Reimann and Lewin. It was found that 
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the intracellular pools of the free sugar, mannose, and its respective 

polymer, polymannose, are in a dynamic equilibri~ which rapidly responds to 

changes in external osmotic pressure. Increasing the salinity shifts the 

steady-state in the direction of free mannose while decreasing the salinity 

stimulates polymerization of the free mannose to its polysaccharide. The 

mechanism requires a response of certain key enzymes to osmotic pressure 

rather than to levels of any particular ion since increasing the external 

osmolarity with an organic solute (sorbitol) was as effective in eliciting 

a response as using inorganic ions. 

Key index words: osmoregulation. diatoms, mannose, polymannose. 
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An organism which resides in an aqueous environment faces the problem 

of regulating the movement of water between itself and its environment. 

When the;concentration of total solute particles inside the organism is 

equal to the concentration of total solute particles outside, then the 

system is at equilibrium and the individual is considered to be "isotonic" . 

with respect to its environment. For all practical purposes, one large 

molecule contributes the same amount to the osmotic potential as does 

one small molecule. Because the osmolarities of most aqueous environments 

undergo periodic changes, it is necessary for the organisms residing in these 

environments to be able to adjust their internal osmolarity accordingly in 

order to maintain proper water balance. 

The control of internal osmolarity is important to all algae, and the 

use of organic solutes in regulating osmolarity has been well established 

in many of the algal phyla. Some of the most definitive work in this regard 

has been performed with the euryhaline flagellate Duna1iella (2,3,13). These 

cells make copious quantities of glycero1 in response to the high salinity 

of their environment and in fact have been reported to contain concentrations 

as high as 2 M under very saline conditions (1). Osmoregulation in fresh-

water algae has been most heavily investigated by Kauss (7,9) who studied 

theChrysophyte Ochromonas malhamensis. He found that the cellular concentration 

of the free sugar isofloridoside varied directly with the external osmotic 

pressure and that, in addition, a reciprocal transformation between the free 

sugar and a polysaccharide seemed to be involved. Similar findings have been 

made with some red macrophytes, Iridophycus flaccidum and Porphyra perforata 

(8). 

little information on osmoregulation in Bacillareophyta is available. 

In the present study I have selected a diatom which is characteristically 



found in the intertidal or estuarian environment and thus one which is 

routinely subjected to large salinity changes in its natural environment. 

MATERIALS AND METHODS 

Culture Conditions. Axenic cultures of Cy1indrotheca fusiformis 

Reimann and Lewin (obtained from Dr. B.L Volcano., Scripps Institution of 

Oceanography) were cultured at 21°C and 400 ~E.M-2.sec-1 (warm white 

fluorescent lamps) in an enriched seawater medium, approximately 32 0/00 

salinity (4). Cells were grown to midexponential concentrations (1 x 106 

ce11s/ml), centrifuged and resuspended in enriched seawater to a concentra

tion of approximately 3 x 106 ce1ls/ml. 
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Experimental Procedure. 4 m1 a1iquots of the. cells were added to 10 ml . 

round-bottom flasks which were attached to a Plexiglas shaker bath illuminated 

from below (6). Assays were performed at 21°C and at a light intensity of 

450 ~E.M-2.sec-1. Osmoregulation in the light was assessed by first incubating 

the cells with H14CO; (5 mM, 15.8 ~Ci/~mo1e) for 30 min and then either 1) 

diluting the salinity 15% with distilled water (from approximately 32 0/00 

to 27 0/00) or 2) increasing the salinity 15% with saline-enriched seawater 

(from approximately 32 0/00 to 37 0/00). Control flasks were also run in 

whlch an appropriate volume of assay medium (seawater) was added at 30 min. 

Cell samples were taken throughout the 30 min preincubation with H14COj 

and for 20 min following the change in 0~mo1arity. 500 ~l aliquots were 

removed in each sampling and quickly injected onto a glass fiber filter 

under suction which was then plunged into absolute ethanol. This procedure 

allowed for the separation of most of the salt water medium from the cells 

and hence aided the ensuing chromatographic procedure. 

Osmoregulation in the dark was analyzed by first preincubating the cells 

with H14COj (10 mM, 5.~ ~Ci/~mo1e) for 12 h in the light (400 ~E.M-2·sec-l), 
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then placing 4 ml aliquots as before in 10 ml round-bottom flasks and 

incubating in the dark on the Plexiglas shaker bath. After a 60 min dark 

incubation, salinities were changed as in the light experiment and the 

incubation continued for an additional 60 min. 500 ~l samples were taken 

throughout the dark period and treated as in the light experiment. 
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Osmoregulatory response to other osmoticums was checked by adding 

sorbitol/seawater rather than saline-enriched seawater to an aliquot of the 

cells in the light. Cells were sampled and treated as in the previous light 

experiment. 

Analysis of Photosynthetic Products. Separation of the l4C-1abeled 

metabolites was effected by 2-dimensional descending paper chromatography and 

radioautography (Fig. 1). One-half of the ethanol extract plus homogenized 

filter was spotted on Whatman No.1 paper and developed first with phenol

water-acetic acid treated to ensure correct solvent acidity (12) and then 

in the second dimension with butanol-water-propionic acid (11). The ~nso1uble 

fraction (obtained from chromatogram origins) and the polysaccharide fractions 

were hydrolyzed with trifluoroacetic acid for 1 hr at 120°C and chromatographed 

as before with appropriate standards to allow identification of the sugar 

residues (10). More than 95% of the radioactivity contained in the poly

saccharide fraction was recovered as labeled free mannose following hydrolysis 

while labeled compounds obtained from hydrolysis of the insoluble fraction 

consisted of amino acids (from proteins) and the free sugars, glucuronic 

acid and mannose (from the cell wall). 

RESULTS 

Salinity Changes in the Light. Altering the external osmolarity in the 

light caused a slight chang~ in the overall rate of CO2 incorporation (Fig. 2). 

Raising the salinity induced a 10-15% increase in rate while lowering the 

salinity effected a 10-15% decrease. The most dramatic effect, however, was 
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the variation in the sizes of pools of free mannose and polymannose (Fig. 3). 

Raising the salinity stimulated an immediate increase in free mannose and 

a slight decrease in palymannose relative to the control cells, while 

decreasing the salinity caused a drop in the free mannose pool an~ a con

comitant steep increase in polymannose. 20 min after the salinity change, 

mannose accounted for 23% of the total incorporated l4C in the high salinity 

cells versus 14.5% in the control cells and 7% in the low slainity cells. 

On the other hand, po1ymannose at this time accounted for only 3% of the 

incorporated l4C in the high salinity cells ~ersus 4% in the control and 

10% in the low salinity cells. 

Other intermediary metabolites were also investigated. Of four amino 

acids studied (alanine, aspartate, glutamate, and glutamine), only alanine 

displayed a small change in pool size with the new osmolar conditions. The 

effect on overall internal osmolarity was slight, since the pool in the 

control cells accounted for less than 1% of the newly incorporated carbon. 

The TCA cycle intermediates, malate and citrate, were similarly monitored 

and found to be unaffected by changing salinities., 

Salinity Changes in the Dark. The osmotic response in the dark is 

somewhat complicated by the fact that pool sizes are changing even in the 

control cells due to dark metabolism. The general relationship of free 

mannose and polymannose to the osmolarity change is, however, the same as 

the situation in the light (Fig. 4). It should be noted that the free 

mannose pool in the control cells decreases in size to less than 50% of 

its initial value after 2 h in the dark. At the same time the po1ymannose 

pool actually increases for a time, flattens out by 2 h and only sometime 

after that does it begin to be consumed in the cells' dark metabolism. 
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One striking difference between the cells' dark response to osmotic 

changes versus the cells' light response is the behavior of the short-chain 

mannoses. While these pools remain static and small in the light, they 
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are larger in the dark and covary with the free mannose pool; that is,· 

increasing with increasing salinity and decreasing with decreasing salinity 

(Fig. 5). As was the situation in the light, other metabolites investigated 

(amino and org~nic acids) were not significantly affected by salinity changes 

in the dark. 

Effect of Other Osmoticums. Raising the external osmolarity in the light 

by using sorbitol-enriched seawater induced exactly the same response by the 

cells as when saline-enriched seawater was used under the same conditions 

(Table 1). 

DISCUSSION 

The response of f. fusiformis to osmotic stress seems to be largely 

effected by an interplay of a free mannose pool with polymannose. In the light, 

photosynthesis is responsible for maintaining the free mannose pool at a 

sufficiently high concentration to counterbalance the external osmolarity. 

When the external osmolarity drops (a hypotonic condition), a pool of poly

mannose acts as an immediate sink for the excess free mannose and the internal 

osmotic pressure may thus be brought rapidly into equilibrium with the 

external environment. On the other hand, raising the external osmolarity 

necessitates a rapid increase of the free mannose pool. This is accomplished 

both by increasing the rate of CO2 fixation as well as inhibiting the synthesis 

of polymannose. 

In the dark with photosynthetic carbon fixation inoperative, it is the 

polymannose pool which is responsible for maintaining the free mannose at a 
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desired level. Thus increasing the external osmolarity stimulates an immediate 

hydrolysis of the polysaccharide to the free sugars. The concomitant increase 

in short-chain polymers of mannose (2-10 units) at this time is a good 

indication that the hydrolysis of the polymannose is accomplished by the 

activation of endo-as well as exohydrolases. In addition to being sensitive to J 

the relative external osmolarity, these enzymes are apparently dark activated 

(or light inhibited) since short-chain polymers of mannose are hardly detectable 

in. the light. 

In the dark as in the light, po1ymannose may also act as a sink for 

excess free mannose (i.e. under hypotonic conditions). I have no clue at this 

time as to the mechanism of this sink interaction; that is, whether the 

polymerization is accomplished by a phosphorylase (with mannose-P as substrate) 

or by a diphosphonucleotide pyrophosphory1ase (with UDP-mannose as substrate). 

Either mechanism would require activated phosphate (i.e. ATP) and therefore 

net energy consumption to operate. The activation/inactivation of the enzymes 

involved in osmoregulation is apparently not a response to changes in anyone 

ion, since substituting an organic osmoticum (sorbitol) induced the same 

response as the saline osmoticum. This general response to osmotic pressure 

has also been reported with the euryha1ine alga, Duna1ie11a (13). 

While the interconversion of amino acids and po1yamines has been 

suggested as the major osmoregulatory mechanism in many marine invertebrates 

(5), this interaction does not appear to contribute significantly to main-

taining osmotic balance in the marine diatom. Similarly, other organic acids 

also were not affected by changing external salinities. 

One additional point of interest which should be discussed is the apparent 

continued net conversion of mannose to po1ymannose in control cells even after 

the lights are shut off. This could reflect an increase in pool sizes of 



certain small metabolites in the dark compensated by a concomittant 

decrease in the pool of free mannose (hence increase in polymannose). After 

approximately 2 h in the dark, the mannose pool in the control cells 

stabilizes and a net consumption of polymannose for dark respiration ensues. 

CONCLUSION 

Osmoregulation in the marine diatom, Cylindrotheca fusiformis, is 

accomplished in both light and dark largely by the interaction of the free 

sugar, mannose, with its respective polymer, polymannose. The system 

requires the presence of suitable polymer synthesizing as well as polymer 

degrading enzymes which are somehow regulated by the relative external 

osmolarity rather than changes in any particular ion. 
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~ABLE I. COMPARISON OF THE EFFECTS OF DIFFERENT OSMOTICUMS ON THE 

INTRACELLULAR CONCENTRATION OF MANNOSE IN CYLINDROTHECA 

FUSIFORMIS. 

The osmolarity was increased 15% using either saline-enriched seawater 

or sorbitol-enriched seawater. 

Cells 

Control 

Saline Osmolarity Increase 

Sorbitol Osmolarity Increase 

Mannosea 

Before Osmolarityb After Osmo1arityC 
Change Change 

7.77 

8.01 

7.92 

8.04 

19.70 

21.90 

aexpressed as ~g-atoms C per mg Ch1 in mannose. 

bpoo1 size of mannose at steady-state just prior to increasing 

osmolarity. 

cpoo1 size of mannose 20 min after the osmolarity change. 
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. LEGENDS TO FIGURES 

Figure 1: . Radioautogram from 2-dimensional paper chromatogram of ethanol 

extract from C. fusiformis. 

Figure 2: Effect of salinity change on gross CO2 incorporation rate. 

Salinity was altered (arrow) after a 30 min preincubation with 

H14co;. (0) control cells; (V) salinity increased 15%; (L1) 

sa1inity- decreased 15%. See Materials and Methods for details. 

Figure 3: Effect of salinity change on the pool sizes of (a) Mannose ~nd 

(b) Po1ymannose in the light. Salinity was altered (arrow) after 

a 30 min preincubation with H14CO;. «()) control cells; (V) 

sa1~nity increased 15%; (~) salinity decreased 15%. 

Figure 4: Effect of salinity change on the pool sizes of (a) Mannose and 

(b) Polymannose in the dark. Cells were princubated with H14cO; 
for 12 h in the light, then dark incubated for 60 min before the 

salinity was altered (arrow). (0) control cells; ("\7) salinity 

increased 15% (~) salinity decreased 15%. See Materials and 

Methods for details. 

Figure 5: Effect of salinity change on the pool sizes of short-chain 

polymers of mannose in the dark. Cells incubated as in Fig. 4. 

(0) control cells; (V) salinity increased 15%; (~) salinity 

decreased 15%. 
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