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Summary

A non-invasive ion-selective microelectrode tech-
nique was used to elucidate the ionic mechanisms of
osmotic adjustment in a marine protist thraus-
tochytrid. Hypoosmotic stress caused significant
efflux of Na+, Cl– and K+ from thraustochytrid cells.
Model calculations showed that almost complete
osmotic adjustment was achieved within the first
30 min after stress onset. Of these, sodium was the
major contributor (more than half of the total osmotic
adjustment), with chloride being the second major
contributor. The role of K+ in the process of osmotic
adjustment was relatively small. Changes in Ca2+ and
H+ flux were attributed to intracellular signalling. Ion
flux data were confirmed by growth experiments.
Thraustochytrium cells showed normal growth
patterns even when grown in a sodium-free solution
provided the medium osmolality was adjusted by
mannitol to one of the seawater. That suggests that
the requirement of sodium for thraustochytrid growth
cycle is due to its role in cell osmotic adjustment
rather than because of the direct Na+ involvement in
cell metabolism. Altogether, these data demonstrate
the evidence for turgor regulation in thraustochytrids
and suggest that these cells may be grown in the
absence of sodium providing that cell turgor is
adjusted by some other means.

Introduction

Thraustochytrids are often referred to as the lower fungi
(Jennings, 1995) and were shown to require macro-
amounts of sodium for growth (Jennings, 1983; Garrill
et al., 1992). However, the specific functions of sodium in
this organism remain unknown. At least two options

should be considered. First, requirement for Na may be
associated with the role of this element in cell osmotic
adjustment. Second, sodium might be directly involved in
cell metabolism.

Goldstein (1963) proposed that Thraustochytrium
roseum is an obligatory marine organism. However, it was
shown later that thraustochytrids may inhabit a wide
range of osmolarities and ion compositions (Booth, 1971).
Being inhabitants of terrestrial waters, thraustochytrids
are exposed to frequent variations in osmolarity during
their life cycle (Damare and Raghukumar, 2008). Conse-
quently, they are expected to have developed an adaptive
mechanism for osmotic adjustment to the changing
environment.

Cell osmotic adjustment to stress may be achieved
either by regulation of uptake of inorganic ions from an
external solution, or by changes in the cytosolic concen-
tration of compatible solutes acting as osmolytes (Jones
and Pritchard, 1989). The first option has an advantage of
being rapid enough to provide the fast osmotic adjustment
under the sudden changes in medium osmolarity, while
compatible solutes are likely to be involved in a ‘fine
tuning’ of cell turgor (Shabala and Lew, 2002).

The important role of transport processes across the
plasma membrane (PM) in cell osmotic adjustment was
shown for mammalian (Lang et al., 1998 and references
within), bacterial (Blount and Moe, 1999; Shabala et al.,
2009) and algal (Bisson and Gutknecht, 1975; Okazaki
and Tazawa, 1990; Beilby et al., 1999; Shepherd and
Beilby, 1999) cells. Evidence for fungi is not that numer-
ous (Burgstaller, 1997; Lew et al., 2006) and, to the best
of our knowledge, marine fungi remain essentially
unexplored.

In the present study, the non-invasive ion-selective
microelectrode (MIFE) technique was used to elucidate
the ionic mechanisms of osmotic adjustment in a marine
protist traustochytrid ACEM C. The relevant contribution
of each ion in the process of cell osmotic adjustment was
quantified, and the possible signalling mechanisms were
elucidated. The MIFE experiments were supplemented by
measurements of cell growth in medium of different osmo-
larities. Altogether, these data demonstrate the evidence
for turgor regulation in thraustochytrid and suggest that
these cells may be grown in the absence of sodium pro-
viding that cell turgor is adjusted by some other means
(such as the use of compatible solutes).

Received 29 October, 2008; accepted 28 January, 2009. *For
correspondence. E-mail Sergey.Shabala@utas.edu.au; Tel. (+61) 3
62267539; Fax (+61) 3 62262642. †Present address: Menzies
Research Institute, University of Tasmania, Hobart, Tas. 7001,
Australia.

Environmental Microbiology (2009) 11(7), 1835–1843 doi:10.1111/j.1462-2920.2009.01908.x

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd

mailto:Sergey.Shabala@utas.edu.au


Results

Transient ion flux kinetics

In steady conditions (cells adapted to 200 mM NaCl for
1–2 h), net fluxes of K+, Na+ and Cl– measured from the
cell surface were around zero. Onset of hypoosmotic
stress (changes in NaCl concentration in the medium from
200 to 1 mM) caused significant transient net efflux of
these ions (Fig. 1). This efflux gradually decreased, and
returned to the original values 15–20 min after the
hypoosmotic stress onset. At the same time, a significant
(~150 nmol m-2 s-1) net H+ influx into the thraustochytrid
cell was measured, peaking 5–7 min after the treatment,

followed by a gradual decline in net H+ flux back to the
initial value (Fig. 2A).

In steady-state experiments, net H+ fluxes were mea-
sured from the thraustochytrid surface after cell pre-
incubation in an experimental solution containing variable
NaCl concentration (0, 1, 10, 50, 100 mM) for 1 h. Net H+

extrusion increased progressively with an increase in
NaCl concentration in the solution. Protons were taken up
at NaCl concentrations below 10 mM and actively
extruded above this concentration (Fig. 2B).

At 200 mM NaCl in the medium thraustochytrid ACEM C
had net Ca2+ flux close to zero. The shift in medium
osmolality from 200 to 1 mM NaCl resulted in net Ca2+

influx of up to ~80 nmol m-2 s-1 followed by decrease to
the original value in ~15 min (Fig. 3, open symbols). The
presence of 200 mM LaCl3 suppressed transient calcium
flux responses indicating that the observed Ca2+ influx
was via Ca2+ channels (Fig. 3, closed symbols). Interest-
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Fig. 1. Kinetics of net K+, Na+ and Cl– flux in response to
hypoosmotic stress in thraustochytrid ACEM C. Cells were adapted
to 200 mM NaCl for 2 h, and solution was then changed to 1 mM
NaCl at time zero. Error bars are SEM (n = 8). Due to low
signal-to-noise ratio, steady Cl– and Na+ flux values at 200 mM
NaCl concentration in the experimental solution are not shown
(statistically not different from zero).
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Fig. 2. A. Kinetics of net H+ flux in response to hypoosmotic stress.
Cells were adapted to 200 mM NaCl for 2 h, and solution was then
changed to 1 mM NaCl at 3 min. Error bars are SEM (n = 8).
B. Net H+ flux as a function of NaCl concentration. Net H+ flux was
measured in steady-state conditions after 1 h of adaptation at
indicated salinities. Error bars are SEM (n = 15–30 cells).
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ingly, pre-treatment with La3+ have dramatically altered
kinetics of hypoosmotic-induced H+ flux responses
(closed circles in Fig. 2A) while no significant (P < 0.05)
impact on K+ flux kinetics was observed (data not shown).
Effects of La3+ on Cl– and Na+ fluxes were not examined.

Quantitative assessment of ion flux contribution to
osmotic adjustment

High spatial resolution and a unique ability of the MIFE
technique to measure concurrently fluxes of three ions in
the same experiment and from the same cell enabled the
relative contribution of efflux of each specific ion (Na+, K+

and Cl–) in the osmotic adjustment of thraustochytrid cells
to be quantified.

Assuming average cell radius R = 10 mm, the cell
volume (V) is

V R= = × −4 3 4 18 103 15 3π . ,m

and the cell surface area (S)

S R= = × −4 1 25 102 9 2π . .m

From Fig. 1, the average net efflux of ions over the
30 min interval, observed during the transient response, is

K efflux nmol m s+ − −= 25 2 1,

Na efflux nmol m s+ − −= 390 2 1,

Cl efflux nmol m s− − −= 150 2 1.

Assuming surface area of the thraustochytrid cell
S = 1.25 ¥ 10-9 m2 (see above), and the flux being uniform
over the cell surface, then in 30 min, the total loss of ions
from the cell will be

ΔN = × ×Flux Surface area Time,

ΔN = × − +5 65 10 14. ,mol of K

ΔN = × − +8 79 10 13. mol of Na

ΔN = × − −3 39 10 13. .mol of Cl

According to van’t Hoff’s law, the loss of each of these
ions will cause a drop DY in the cell turgor as we showed
previously (Shabala, 2000)

Δ ΔY = ∗ ∗N R T V ,

where R = 8.31 is the universal gas constant; T = 296 K
is the ambient temperature; and V = 4.18 10-15 m3 is an
average cell volume (see above).

Then

ΔY = +0 04. ,mPa for K

ΔY = +0 51. ,mPa for Na

ΔY = −0 20. .mPa for Cl

Overall, efflux of these three ions will result in the drop
of cell turgor by about 0.75 mPa. At the same time, tran-
sition from 200 to 1 mM NaCl is expected to cause the
change in osmotic potential of about 0.8 mPa (West,
1974). Therefore, almost complete (> 95%) osmotic
adjustment is achieved within the first 30 min by efflux of
Na+, K+ and Cl– ions in thraustochytrid cells. Of these,
sodium is a major contributor (more than half of the total
osmotic adjustment), with chloride being the second
major contributor. The role of K+ in the process of osmotic
adjustment appears to be relatively small.

Changes in growth parameters

Growth experiments suggested that the optimal growth of
thraustochytrium ACEM C does not necessarily require
full-strength seawater solution. At 200 mM NaCl, cell
growth rate was identical to the control (500 mM) and the
yield was even slightly higher (Fig. 4A). When the con-
centration of NaCl was below 200 mM, both the growth
rate and cell yield (Fig. 4A) decreased dramatically. The
data were further confirmed by counting the cell numbers
after growth for 5 days (Fig. 4B). There was a clear rela-
tionship between the total cell number and yield and
the amount of sodium present in the medium. At low
Na concentrations (0–1 mM), these parameters were
between 4% and 7% from control (500 mM NaCl) (Fig. 4).
However, when the medium osmolality was adjusted to
one equivalent of the 500 mM NaCl (0.98 Os kg-1) with
mannitol, neither the rate of cell growth nor cell yield was
different from control even in the absence of sodium
(Fig. 5). Regardless the amount of sodium in the growth
medium, cell growth patterns were similar to those in
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Fig. 3. Kinetics of net Ca2+ flux in response to hypoosmotic stress.
Cells were adapted to 200 mM NaCl for 2 h, and solution was then
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symbols – cells pre-treated with 200 mM LaCl3. Error bars are SEM
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control for all the variants with isotonic mannitol solutions
(Fig. 5B).

Discussion

Our data provide the evidence for osmotic adjustment in
thraustochytrid ACEM C cells and demonstrate the impor-
tance of PM ion transport activity to this process under
hypoosmotic conditions.

In their natural habitats, microorganisms are often
exposed to significant osmotic changes. When cells are
affected by hypoosmotic stress they are subject to sub-
stantial inward flows of water. A decrease in the external
solute concentration from 250 mM to near zero would
increase the intracellular pressure by more than six atmo-
spheres (Blount and Moe, 1999). Unless steps are taken,
these drastic forces will cause the cell to rupture.

Among the cytoplasmic solutes that may be released
upon hypoosmotic stress are inorganic ions and solutes of
organic origin (proline, trehalose, glycine betaine and
even small proteins) (Sukharev et al., 1993; Cui and
Adler, 1996; Blount and Moe, 1999; Jones et al., 2000).
Wethered and Jennings (1985) suggested that inorganic
ions made the major contribution to solute potential of
Thraustochytrium spp. sporangia, and estimated the con-
tribution of organic solutes to be insignificant. Our data
are consistent with these observations (Fig. 1). Up to 95%
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Fig. 4. Kinetics of Thraustochytrium sp. growth.
A. Typical examples of growth curves for different NaCl
concentrations.
B. The number of cells in the culture after 5-day growth at different
NaCl concentrations. Data are average of two experiments with
four to six replicates in each treatment. Error bars are SEM
(n = 8–12).
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Fig. 5. Sodium is not essential for Thraustochytrium sp. growth.
A. Growth curves at isoosmotic conditions. Closed symbols –
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of cell turgor was adjusted within first 30 min by the efflux
of three inorganic ions (Na+, Cl– and K+). These ions are
usually attributed to osmotic adjustment of cells of
different origin including animal (Ikehara et al., 1992;
Orlov et al., 1993; Hoffmann and Dunham, 1995), yeast
(Thome-Ortiz et al., 1998), algae (Bisson and Krist, 1995;
Beilby and Shepherd, 1996; Beilby et al., 1999; Shepherd
et al., 1999), marine fungi (Rauferova et al., 1997) and
plant cells (Jones and Pritchard, 1989).

The overall contribution of each of above three ions,
however, might be different in various organisms. There
is a still a debate in the literature about the relative con-
tribution of each of these ions in turgor regulation in
thraustochytrids. As mentioned above, Wethered and
Jennings (1985) reported that inorganic ions contributed
about 90% of the osmotic potential of solutes within the
protoplast of Thraustochytrium aureum. In contrast,
Garrill and colleagues (1992) showed that sodium and
potassium contributed less than 25% of the osmotic
potential of T. roseum required for osmotic balance at
seawater salinity. Our data estimate the relative contri-
bution of the latter two ions as 65% and 5% respectively.
Strain specificity might explain this difference. The
remaining 25% in our experiments are attributed to Cl–

efflux, the ion that was not measured by Garrill and col-
leagues (1992).

The overall osmotic adjustment was very rapid. Thirty
minutes after the stress onset, 95% of the cell turgor was
adjusted (Fig. 1 and model calculations), and fluxes of all
ions were levelled around net zero (Figs 1–3). Such a
quick response may be explained by relatively small cell
volume of thraustochytrid cells (15–30 mm diameter). This
is in accord with findings of Bisson and colleagues (1995)
who showed that turgor regulation in Chara longifolia
occurs in two distinct phases: (i) the fast phase, lasting
c. 5 min, during which about 25% of initial turgor is recov-
ered, and (ii) the slow phase, when the remaining balance
of the turgor pressure is achieved. The authors showed
that the duration of the second phase was strikingly dif-
ferent between different cells, and showed very strong
dependence on cell size (volume). In small cells, its dura-
tion was about 40 min, while in larger cells full turgor
restoration required up to several days. The calculations
presented in our study suggest that almost complete cell
turgor was restored within 30 min of stress onset in our
experimental conditions. Due to small cell size, the effi-
cacy of turgor regulation in thraustochytrids should be
much higher than in giant algae.

The second group of ions studied here, namely H+ and
Ca2+, does not directly contribute to the osmotic adjust-
ment of an organism. The fact that H+ influx was more
pronounced at lower NaCl concentrations (Fig. 2B) sug-
gests that this observation is the consequence of osmotic
imbalances. Our data are in accord with observations

of cytosolic acidification in response to hypoosmotic
stress using animal cells (Lang et al., 1998), bacteria
(Berrier et al., 1992; Schleyer et al., 1993), fungi (Luard,
1982) and plants (Li and Delrot, 1987). Interestingly,
hypoosmotic-induced H+ flux kinetics was significantly
affected by cells pre-treatment in 200 mM La3+, a known
Ca2+ channel blocker. This might suggest that effect of
changing osmolality on H+ flux may be not direct but
mediated by changes in cytosolic-free Ca2+. It have been
previously reported that hypotonic treatment has caused
a significant elevation in cytosolic-free Ca2+ in a brackish
water charophyte Lamprothamnium succinctum (Okazaki
et al., 2002). At the same time, inhibitory phosphorylation
of H+-ATPase is known to be Ca2+-dependent (Palmgren,
2001). Also, hypoosmotic-induced Ca2+ uptake (Fig. 3) is
expected to cause significant membrane depolarization
(similar to one reported by Okazaki et al., 2002 for Lam-
prothamnium), and H+-ATPase pumps in both higher
plants and algae are strongly voltage-dependent (Beilby
and Walker, 1996; Buschmann and Gradmann, 1997;
Gradmann, 2001; Shabala et al., 2006b). Further experi-
ments using H+-ATPase inhibitors are needed to fully
address this issue.

At 200 mM NaCl in the medium thraustochytrid cells
had net Ca2+ flux close to zero. This is a common feature
for all living organisms (Norris et al., 1996; Sanders and
Bethke, 2000). An increase in cytosolic-free calcium ion
concentration in response to hypoosmotic stress similar to
one observed in the present study was reported for a
number of cells of different origin: in plant cells (Takahashi
et al., 1997a,b; Cessna and Low, 2001), marine organ-
isms (nematocytes and algae respectively) (La Spada
et al., 1999; Stento et al., 2000), yeast (Lichko et al.,
1980; Eilam, 1982) and mammalian cells ( Mongin et al.,
1997; Lang et al., 1998). In certain cell types, extracellular
Ca2+ was shown to be essential for cell volume regulation
( Wong et al., 1995; Cessna and Low, 2001). The nature
of the observed elevation in cytosolic-free Ca2+ is unclear,
and both Ca2+ influx from the extracellular medium and
Ca2+ release from internal organelles were suggested
(Shepherd and Beilby, 1999; Cessna and Low, 2001). In
this study, significant net Ca2+ influx (Fig. 3) supports the
idea of Ca2+ entry into the hypoosmotically stressed cell
from the external solution.

Due to Donnan exchange in the cell wall (Arif et al.,
1995), the observed Ca2+ uptake might be a result of
increased H+ uptake in response to hypoosmotic stress
(Fig. 2A). However, LaCl3, a known blocker of PM Ca2+

channels, completely inhibited stress-induced Ca2+ influx
into thraustochytrid cells, indicating that the observed
Ca2+ influx occurred via Ca2+ channels (Fig. 3, closed
symbols). This is consistent with literature reports, when
other Ca2+ channel blockers were used (Stento et al.,
2000).
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The physiological role of the observed hypoosmoti-
cally induced Ca2+ uptake remains to be elucidated.
Most likely, Ca2+ plays a regulatory role for other chan-
nels as was reported for a number of organisms
(Ikehara et al., 1992; Lang et al., 1998; Shepherd and
Beilby, 1999). It was reported that influx of Ca2+ is
essential for activation of the Ca2+-dependent Cl– chan-
nels in turgor-regulating charophytes (Beilby and Shep-
herd, 2006). It might be interesting to investigate in the
future whether hypotonic-induced Cl– flux kinetics will be
altered (prevented) in the presence of Ca2+ channel
blockers. Interestingly, however, no effect of La3+ was
found on kinetics of K+ flux upon the shift in external
osmolality from 200 to 1 mM NaCl (data not shown).
This may suggest that voltage-gated K+ channels do not
contribute to observed K+ efflux, pointing out to the pos-
sible involvement of stretch-activated channels. This
issue has also to be studied in more details in the future.

The observed Ca2+ and H+ influx in thraustochytrid cells
might also provide the charge balance. Compensatory ion
fluxes are necessary for repolarization of the PM after
depolarization due to hypoosmotic stress similar to ones
reported by other authors (Hunter and Segel, 1973;
Slayman, 1977; Eilam and Chernichovsky, 1987).

According to the literature, sodium has always been
considered as an essential nutrient for the growth of
thraustochytrid cells. Various studies have shown that
thraustochytrids can grow in salinities ranging from 10%
to 100% seawater, but cannot grow at zero salinity (Gold-
stein, 1963; Bahnweg, 1979; Garrill et al., 1992). In our
experiments, both cell growth rate and yield were severely
affected by decrease in NaCl concentration in growth
solution (Fig. 4A). Only 4% of the total cell numbers were
yielded in sodium-free growth solution (Fig. 4B). It was
shown that the requirement for Na+ can be met only partly
by potassium (Jennings, 1983; Garrill et al., 1992). Based
on this information, it has been suggested that Na+ plays
a crucial role in normal thraustochytrid cell growth and
development. However, it was unclear if sodium is directly
involved in cell metabolism. Here we demonstrate that
sodium appears to be not an essential nutrient in a thraus-
tochytrid studied. In isotonic mannitol solutions, both cell
growth rate and yield were unaffected in a wide range of
sodium concentrations, ranging from 200 to 0 mM. This
observation indicates that decreased yield of thraus-
tochytrid cells at low NaCl concentration (Fig. 4) was due
to low osmolality of the growth medium rather than to lack
of NaCl per se. Therefore, it is likely that thraustochytrid
requirements for sodium is due to the role of this ion in cell
osmotic adjustment, rather than because of its direct
involvement in cell metabolism. One can expect that,
under natural conditions, the osmotic role of sodium could
be easily assumed by potassium, or by some other means
(such as the use of compatible solutes). On a practical

note, the finding that cell growth characteristics appear to
be unaffected when solution osmotic potential is main-
tained at the optimal level, similar to those for the sea-
water (Fig. 5), may be of significant importance for bio-
technology industry, where thraustochytrids are grown on
a large scale. The use of high concentration of NaCl in the
growth medium causes rapid corrosion of fermentation
tanks, resulting in significant economic penalties. The use
of mannitol (or other compatible solutes) to adjust the
medium osmolality may be a possible alternative to exist-
ing practices. Findings presented here may lead to large
savings for companies involved in growth of thraus-
tochytrids and possibly other organisms of marine origin.

Experimental procedures

Culture preparation and experimental conditions

A culture of thraustochytrid ACEM C (kindly provided by Dr
T. Lewis, University of Tasmania) was grown for 4 days
essentially as described by Shabala and colleagues
(2001a). For MIFE experiments, cells were harvested by
centrifugation of 1 ml of culture at 3000 g for 10 min; the
pellet was washed twice with 2 ml of measuring solution
(0.1 mM CaCl2, 0.2 mM KCl, 5% glucose, and 200 mM
NaCl if not stated otherwise) and re-suspended in 1 ml of
the same solution. Thraustochytrid cells were immobilized
on a glass slip inserted into a measuring chamber of 5 ml
volume. Poly-L-lysine was used to attach cells to the glass
surface essentially as described by Shabala and colleagues
(2001a,b; 2006a) followed by cell adaptation to the experi-
mental solution for at least 1 h.

For growth experiments, 4-day-old culture was washed in a
modified sodium-free medium (25 mM MgCl2; 10 mM MgSO4;
35 mM CaCl2; 30 mM glutamic acid; 15 mM KCl; 0.1 mM
KH2PO4; 5 g l-1 bacteriological peptone; 5 g l-1 glucose; 3 g l-1

yeast extract; vitamins and trace metals were provided in
amounts stated by Shabala et al., 2001a). The culture was
used as an inoculum. Growth studies were performed in
L-shaped tubes containing 10 ml of above growth medium
plus various concentrations of NaCl (0, 1, 10, 50, 100, 200,
500 mM) and mannitol. Half of the cells grew at different
levels of NaCl in the absence of mannitol (and therefore, in
solutions with different osmolality), while the other half had
been grown in isotonic solutions of ~0.98 Os kg-1 (equivalent
of the seawater, e.g. 500 mM NaCl). The osmolality of growth
medium for each treatment was measured and adjusted
using 5520 Vapro Vapor Pressure osmometer (Wescor, USA)
by adding an appropriate amount of mannitol.

Tubes were inoculated with prepared thraustochytrid
culture to give starting OD650 = 0.063. Culture was grown in
thermostatic conditions at 20°C with shaking by the oscilla-
tory motion of the incubator through an arc of 60° at a rate of
60 oscillations min-1 (Toyo Kagaku Sangyo, Tokyo, Japan).
Kinetics of the growth was monitored spectophotometrically
at 650 nm (Spectronic 20+, Milton Roy, USA). The sample
size was 4–6 for each treatment, and experiment was
repeated twice. Cell number in 1 ml of the culture was
counted using the Neubauer Haemacytometer.
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Microelectrode ion flux measuring technique (MIFE)

The theory of non-invasive ion flux measurements and
detailed description of the MIFE system used in these experi-
ments were given previously (Newman, 2001; Shabala et al.,
2001a,b; 2006a). Briefly, oven-dried and silanized microelec-
trodes with external tip diameter of 3–5 mm were first back
filled with the appropriate solution (500 mM CaCl2 for
calcium; 15 mM NaCl + 40 mM KH2PO4 adjusted to pH 6
using NaOH for hydrogen; 200 mM KCl for potassium and
chloride; 500 mM NaCl for sodium microelectrodes). Imme-
diately after back filling, the electrodes were front filled with
commercially available ionophore cocktails (Fluke catalogue
No. 95297 for H+ 21048 for Ca2+ 60031 for K+ 24902 for Cl–;
71178 for Na+). The electrodes were calibrated in a known set
of standards before and after use. Electrodes with a response
of less than 50 mV pIon-1 for monovalent ions or 25 mV pCa-1

were discarded. The reference electrode was a flattened
glass microelectrode with tip diameter of about 50 mm con-
taining 1 M KCl in 2% agar.

Ion selective electrodes were mounted on a manipulator
providing three-dimensional positioning. The experimental
chamber containing thraustochytrid cells was placed on a
three-way hydraulic micromanipulator, and electrodes were
positioned in a line parallel to the chosen cell 10 mm above
the surface. In most experiments, three different ions were
measured simultaneously from each cell at each time. The
chamber was slowly moved up and down by a computer-
controlled stepper motor providing electrode movement
between 10 and 60 mm from the cell surface at a frequency of
0.1 Hz. The recorded voltages were converted into concen-
tration differences using the calibrated Nernst slopes of the
electrodes. Ion fluxes were then calculated using the MIFE
software assuming spherical diffusion geometry (Newman,
2001).

Experimental protocol

Two types of MIFE experiments, namely kinetic and steady-
state experiments, were performed. In kinetic experiments,
a 200 mM NaCl experimental solution in a measuring
chamber was replaced with one containing 1 mM NaCl. A
peristaltic pump (rate of solution flow up to 6 ml min-1) was
used. At least six chamber volumes were pumped through
the measuring chamber. Net ion fluxes were measured for
10 min prior to solution change (at high osmolality) foll-
owed by 60 min of measurements after the solution was
replaced.

In steady-state experiments fluxes were measured from
individual cells adapted to new conditions (0, 1, 10, 50 and
100 mM NaCl) for 60 min Fifteen to 30 cells were measured
in each treatment.

Lanthanum chloride (a Ca2+ channel blocker) was used at
200 mM concentration. The kinetics of Ca2+ flux were mea-
sured from the surface of thraustochytrid cells pre-treated in
an experimental solution containing 200 mM LaCl3 at two
levels of NaCl in the solution: at 200 mM NaCl (for
10–15 min) and after a shift to 1 mM NaCl concentration (for
40–50 min). All the measurements were conducted at room
temperature (20 � 2°C).
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