A.-S. Cussatlegras, P. Le Gal / Jowrnal of Experimental Marine Biology and Ecology 343 (2007) 74-81 79

A
Light emission (10%ph s cell!)
1.5
1 -
0.5 -
0 T y
0 5 10 18
Acceleration {m s2)
B
Shear (N m?9)
1.6

0.4 -

[

,fH”—'%“

Acceleration (m s2)

0 15

Fig. 5. (A) Maximum of bioluminescerce response as a function of
acceleration. For weak acceleration, the intensity of emitted light
vanishes but is an increasing function of the acceleration. (B)
Evolution of the threshokd (solid circles) and of the stiffness (open
circies) of the bioluminescence response as a function of the
acceleration. No clear evolution is visible. Error bars are estimated
from the experimental data scaffering and sofid lines are plotted to
guide the eye.

and Le Gal (2004). The critical shear value and the
stiffness of the curves show only slight evolutions with
acceleration (Fig. 5B). Therefore, although it exists for
most of the cells, a critical shear equal to 1 N-m ™2 in the
present case (note that this critical shear is equal 10 0.7 N
m 2 for P noctiluca, Cussatlegras and Le Gal, 2005),
the bioluminescent emission of the P. lunula population
is controlled by the temporal change of shear, that is
acceleration in the flow. For a weak acceleration, the

quantity of emitted light vanishes as was the case in the
stationary Couette flow experiments in Cussatlegras and
Le Gal (2004). This effect is also described by Von
Dassow et al. (2005) and these authors show that it is
linked to a desensitization process.

3.3. Derivation of the response curve

‘When subject to a mechanical stimulation, a certain
proportion of the cell population emits light. It may be
concluded that the concermned organisms possess a
bioluminescent threshold which is lower than the applied
one, Let us point out that this threshold corresponds to the
bioluminescent threshold of a given sub-group of cells
among the whole population and not to the biolumines-
cent threshold of the whole population as usually defined.
Therefore, the bioluminescence response curve can be
interpreted as a cumnulated probability to trigger biolumi-
nescence. The error function that fits the experimental
bioluminescence response is the integral of the Gaussian
function. Hence Fig. 6 shows the derivative of both the
experimental data points and the fitting curve of Fig. 3.
These Gaussian curves represent the probability density
function and the experimental normalized histogram to
trigger bioluminescence among a population of the
dinofiagellates P [unula when subject to a given shear,
As previously observed, the mean bioluminescent critical
shear {(averaged on the whole population), corresponding
to the maximum of the distribution and its standard
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Fig. 6. Normalized probabitity density function of bioluminescence
thresholds in Pyrocystis funieda as a function of shear and under a given
acceleration (here 1 1.5 m s~ 2). The mean threshold is | N a1 2, and the
standard deviation of the probability is 0.3 N m 2. The histogram is
calculated from the experimental measurements and the dotted line is
obtained from the derivation of the response fit. It illustrates the
diversity and variability of the dinofiagellate biojuminescence
response fo mechanical constrains.
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deviation, which controls the stiffhess of the response, are
only slightly dependent on the acceleration. The very left
part of the probability distribution, that comes from the
most sensitive cells, represents therefore the classical
“bioluminescent threshold” (as defined in Von Dassow et
al. (2005) for instance). As a direct consequence of Fig,
5B, this threshold does not depend neither on the
acceleration (or on the rate of change of shear) as it was
shown by Von Dassow et al. (2005) in their Fig. 6.
However, due to the exponential shape of the probability
distribution, we emphasize here the general difficulty to
define and measure a clear “bioluminescent threshold”
which is hidden by spontaneous biolurninescence or by
the limited accuracy of very weak light measurements.
Moreover, this “bioluminescent threshold” would be by
definition, sensitive to the total number of cells: as
observed by Von Dassow et al. (2005), only several
flashes (or even a single flash) can be recorded at low
shear and consequently the small number of these
sensitive cells may then interfere in the measurement.
For all these reasons, we prefer to consider a distribution
of thresholds with a typical and well-defined averaged
critical shear. Despite these difficulties, it can be seen from
Fig. 4, that the classical “bioluminescent threshold” (the
very left part of the histogram) of our own experiments
can be estimated around a value less than 0.2 or 0.3 N'm >
in agreement with admitted values (Latz et al.,, 1994) and
smaller by a factor of 5 than the population averaged
critical value.

4. Congclusion and discussion

Our first set of experiments have demonstrated that
the shear is indeed one of the confrol parameters of
bioluminescence stimulation in £ funula. The measure-
ments of light emission from three sets of experiments
which were performed with different mechanical stimuli
collapse on a single response curve when plotted as a
fimction of the average shear in the flow. This response
curve has been fitted with an error function. In a second
set of experiments, we have quantified the role of the
flow acceleration or temporal change of shear, which is
found to determine the quaniity of emitted light. This
result is in complete agreement with the recent
experiments of Blaser et al, (2002) where the acceler-
ation of an oscillating plate also controlled the intensity
of light emitted by the dinoflageliate Pyrocystis
Jusiformis. It is also consistent with the recent findings
that acceleration alone does not stimulate biolumines-
cence (Latz et al., 2004; Cussatlegras and Le Gal, 2003,
Von Dassow et al., 2003), More generally, these results
are also in agreement with recent observations of the

critical role of the stretching velocity in mechanical
stimulation of muscle cells (Burkholder, 2003) or endo-
thelial tissues (Mabasheri et al., 2001; Bao et al,, 1999).
Concerning fluid mechanical studies, the use of
phytoplankton bioluminescence as a flow diagnostic
was for the first time evoked by Rohr et al., 1997. In
particular, these authors showed that there was a relation
between the infensity of the emitted light and the wall
shear stress produced by laminar and turbulent pipe
flows. Thus, it could be possible to get quantitative
measurements of flow fields if the bioluminescent
response was clearly scaled versus the flow parameters.
Visualization of the flow patterns around dolphins, in
the wakes of spheres (Rohr et al., 1998) or in breaking
waves (Stokes et al., 2004) are today the more advanced
tentatives in this direction. However, as shown in this
study, it appears that the double dependence on
acceleration and shear that we exhibit in this study,
will complicate a lot the interpretation of the quantity of
emitted light. A weak shear reached with a high
acceleration can give the same luminescent response
as a high shear achieved through a weak acceleration.
The derivative of the response curve leads to the
distribution of bioluminescence threshold in the dino-
flagellates population. We think that the lack of'a unique
bicluminescent threshold (above which all the organisms
would emit the maximum of their potential light, and
where the response curve would be a step function) but
the existence of a guite large distribution of thresholds
comes {fom the natural diversity of the cell population.
This diversity can originate from the age or the shape of
the cells and/or from each organism variability at the
molecular level: differences in the strefch activated
channels number or channels with different sensitivities.
Finally, we show that the probability distribution of the
bioluminescent response (mean and standard deviation}
is a characteristic of the diversity of the dinoflagellates
and consequently is species dependant as shown in
Cussatlegras and Le Gal (2005) for 2 noctiluca.
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