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Bubble stimulation efficiency of dinoflagellate
bioluminescence

Grant B. Deane, M. Dale Stokes and Michael I. Latz*

ABSTRACT: Dinoflagellate bioluminescence, a common source of bioluminescence in coastal waters, is stimulated by flow agita-
tion. Although bubbles are anecdotally known to be stimulatory, the process has never been experimentally investigated. This
study quantified the flash response of the bioluminescent dinoflagellate Lingulodinium polyedrum to stimulation by bubbles
rising through still seawater. Cells were stimulated by isolated bubbles of 0.3-3 mm radii rising at their terminal velocity, and also
by bubble clouds containing bubbles of 0.06-10 mm radii for different air flow rates. Stimulation efficiency, the proportion of cells
producing a flash within the volume of water swept out by a rising bubble, decreased with decreasing bubble radius for radii less
than approximately 1 mm. Bubbles smaller than a critical radius in the range 0.275-0.325 mm did not stimulate a flash response.
The fraction of cells stimulated by bubble clouds was proportional to the volume of air in the bubble cloud, with lower stimulation
levels observed for clouds with smaller bubbles. An empirical model for bubble cloud stimulation based on the isolated bubble
observations successfully reproduced the observed stimulation by bubble clouds for low air flow rates. High air flow rates
stimulated more light emission than expected, presumably because of additional fluid shear stress associated with collective
buoyancy effects generated by the high air fraction bubble cloud. These results are relevant to bioluminescence stimulation
by bubbles in two-phase flows, such as in ship wakes, breaking waves, and sparged bioreactors. Copyright © 2015 John Wiley
& Sons, Ltd.

Keywords: bubble; dinoflagellate; Lingulodinium; model
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Introduction created by divers and moving platforms such as surface ships and
submerged vehicles has important military implications (6,27,28).

Early observations of bubble-stimulated bioluminescence indi-
cated that isolated, ascending bubbles were highly stimulatory of
dinoflagellate bioluminescence (Latz and Case, unpublished data).
The objective of this study was to quantify bioluminescence stim-
ulation by isolated bubbles and bubble clouds. Isolated bubble ex-
periments determined the relationship between the intensity of
bubble-stimulated bioluminescence and bubble size, in which
equivalent diameters ranged from 0.3-3 mm, and identified a
critical bubble diameter for stimulating bioluminescence. Bubble
cloud experiments examined the interactions of bubbles in com-
parison with isolated bubble results.

Bioluminescence, the production of visible light by organisms, is
ubiquitous in the world’s oceans and found in all regions, at all
depths. Dinoflagellates, the most common sources of biolumines-
cence in surface coastal waters (1,2), use light emission as an anti-
predator strategy. Bioluminescence stimulation is also associated
with high shear flows created in boundary layers around swim-
ming animals (3-5), in ship wakes (2,6), and in breaking surface
waves (2,7,8), leading to spectacular displays of bioluminescence
during periods of high cell abundance (2,4,9).

The bioluminescence of dinoflagellates is stimulated by spatial
gradients in fluid velocity rather than absolute flow velocity
(10-12) and can thus serve as a reporter of local fluid shear stress,
making it a unique tool for both field (6,13) and laboratory
(7,14-16) flow visualization. Based on laboratory studies of biolu- Experimental
minescence stimulation in cylindrical Couette flow (10,17-19), a
statistical model has been developed that predicts biolumines-  organisms
cence intensity as a function of fluid shear-stress level and cell
concentration (20). This model has been used to infer levels of fluid
shear stress and turbulence in the complex two-phase flows found
in the crests of actively breaking waves, which are not easily mea-
sured with other means.

Study of the interaction between cells and bubbles has applica-
tion to a number of subjects. The aerosolization of cells scavenged |
by bubbles entrained by breaking surf is thought to be part of the * Correspondence to: Michael I. Latz, University of California San Diego, 9500
dispersal pathway of certain near-shore marine pathogens, such as Gilman Drive m/c 0202, La Jolla, CA 92093-0202, USA.
cholera (21) and brevetoxin, a neurotoxin produced by the dinofla- E-mail: mlatz@ucsd.edu
gellate Karenia brevis, which forms harmful blooms in the Gulf of
Mexico (22). Bubble-induced aeration and mixing in bioreactors
creates high stresses that can lyse cultured cells (23-26). In
addition, the nighttime stimulation of bioluminescence by bubbles Abbreviations: CCD, charged coupled device; PMT, photomultiplier tube.

The study was conducted with cultures of Lingulodinium
polyedrum (Stein) Dodge 1989, a well studied dinoflagellate in
terms of general biology (29) and flow responses (17-19,30,31). L.
polyedrum is a coastal species of 35 um in diameter (32) that is re-
sponsible for extensive blooms (33,34) with dramatic nighttime

Scripps Institution of Oceanography, University of California San Diego, La
Jolla, California, USA
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displays of bioluminescence (9). L. polyedrum was grown in half-
strength f/2 medium (35) minus silicate at 20°C on a 12 h:12 h
light:dark cycle. Only cultures in mid-exponential growth phase, i.
e, 5-20 days after inoculation, were used for testing. Cell concen-
trations were determined from cell counts of replicate defined
volumes (usually 10 pl) using a stereomicroscope.

Bubble apparatus

The bubble apparatus (Fig. 1) consisted of a bubble stimulation
tank constructed out of clear acrylic with dimensions 15.2 x 15.2
cm square and 47.5 cm high and placed within a 61 cm diameter
spherical light integrating chamber. The spherical chamber had
ports for video imaging and light measurements. An air line termi-
nating in a Swagelok fitting was plumbed through the base of the
tank to supply air to the bubble injection system. The air injection
rate was controlled using a needle valve placed between the labo-
ratory air supply and the acrylic tank. Syringe needles of varying
gauge were attached to the gas line terminus to create bubbles
with different diameters. An ITC 1089D broad-band hydrophone
(1-300 kHz) was placed within the stimulation tank approximately
1 cm to the side of the nozzle to record the acoustic emissions of
individual bubbles as they were released (Fig. 2a).

Stimulated bioluminescence was imaged with a Roper Scientific
Cascade:512B electron multiplication charged coupled device
(CCD) camera system fitted with an f/0.95 Schneider Optics lens
used at the widest aperture. The camera was positioned 75 cm
from the test tank, providing a view of the entire tank volume
through an 8.9 x 24 cm opening in the wall of the integrating
chamber. Image analysis was limited to the region of the tank
through which the bubbles rose, thereby eliminating light from
other regions of the tank, such as spontaneous flashes and biolu-
minescence stimulated by bubbles bursting at the surface. Camera
settings, image acquisition, and image analysis were controlled
using MetaMorph software (Molecular Devices, LLC). Biolumines-
cence was also measured with an Electron Tubes model P10232

Integrating sphere

PMT and

O
Baffle

Imaging
port °

Camera

Hydrophone — | /'Sgggfgee

Pressure

10cm

Figure 1. Schematic of the acrylic bubble stimulation tank showing the syringe nee-
dle bubble injector and hydrophone inside the integrating light collection chamber.
An imaging camera views the tank through a port on one side of the integrating
sphere, and a photomultiplier tube (PMT) is positioned behind a second port oriented
at right angles to the imaging camera (behind the sphere as drawn in the schematic),
viewing a baffle so that it measures integrated light intensity.

photomultiplier tube (PMT) detector fitted with a Vincent Associ-
ates electronic shutter (36). The PMT signal was recorded synchro-
nously with the output from the 1089D hydrophone using custom
code written with Labview software (National Instruments Corp.).

Toward the end of the light phase, when dinoflagellate biolumi-
nescence is not mechanically stimulatable (37), a sample from the
culture was diluted with glass fibre filtered seawater to a final con-
centration of 100 cells mL™"; for isolated bubbles < 0.5 mm a
higher concentration of 500 cells mL™~" was used. The diluted cul-
ture was then gently added to the test chamber, which remained
undisturbed until testing. The apparatus was further swathed in
black cloth to minimize light leakage during data collection, which
took place in a darkened room at the culture temperature of 20°C.

Bubble generation

Single, isolated bubbles were generated by releasing air through
nozzles and generating small electrolysis bubbles with an elec-
trode. Bubble clouds were created by forcing air through two grids
of different spacing (0.135 mm and 1 mm), an air stone made of
ceramic, and another made of wood.

Nozzle release of isolated bubbles. The nozzles released air bub-
bles with radii in the range 1-3 mm at a rate controlled by adjusting
a needle valve. A typical data collection run was 100 sec in duration.
Bubbles were released at a nominal rate of 1 every 2 sec, yielding
20-40 stimulation events per run. When a bubble detaches from
a nozzle, it produces an exponentially decaying sinusoidal pulse
of sound (38). The frequency of the sound pulse is inversely
proportional to the radius of the bubble, according to the rela-
tionship (39):

3.3

for —
0% %

M

where fy is the frequency in Hz and R, is the bubble radius in
mm. The hydrophone recording was used to determine the
bubble radius, in addition to timing their release and providing
a total count of bubbles released.

During experiments, the air flow was adjusted so that individual
bubbles were released every few seconds, as indicated by the
acoustic pulse (Fig. 3a), which lasts for only a few tens of millisec-
onds, so the pulses show up as thin, vertical bands when displayed.
The PMT record shows bursts of light synchronized with the bub-
ble release. The terminal velocity of a contaminated 1.3 mm radius
air bubble in water is approximately 21 cm sec” ' and the depth of
the water from nozzle to surface was approximately 13 cm.
Neglecting the time taken for the bubble to reach its terminal ve-
locity, the expected rise and stimulation time for cells is approxi-
mately 0.6 sec. Most of the stimulated bioluminescence occurred
within 0.6 sec or so of the acoustic pulse (Fig. 3b). However, consid-
erable numbers of flashes that occurred after the bubble had
finished rising through the tank were associated with two
additional processes. The first additional stimulation mechanism
is spontaneous emission from cells near or on the bottom of the
test tank. Spontaneous flashes are well known to occur in L.
polyedrum (37,40,41). The second mechanism occurs when bub-
bles bursting at the surface of the tank stimulate bioluminescence;
bubbles encountering the surface remained for a short period of
time before bursting. These two mechanisms accounted for more
than half of the stimulated cell emission, and, because of the na-
ture of the light integrating chamber, could not be eliminated from
the PMT recordings.

Luminescence 2016; 31: 270-280
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Figure 2. Side view of the acrylic bubble stimulation tank showing the results from a stream of isolated bubbles. (a) White light image showing the nozzle injection system and
hydrophone. The composite image shows a stream of 1.8 mm radius bubbles formed by a 20 gauge needle and bursting at the surface. Panels (b-e) show a single 90 sec duration
time exposure image of the bioluminescence of Lingulodinium polyedrum, at a concentration of 100 cells mlq, stimulated by isolated bubbles, and have a similar pixel grey scale
range. (b) Bioluminescence stimulated by 39 bubbles of 1.3 mm radius. (c) Bioluminescence stimulated by 24 bubbles of 1.5 mm radius. (d) Bioluminescence stimulated by 26
bubbles of 1.9 mm radius. (e) Bioluminescence stimulated by 12 bubbles of 3.0 mm radius. For analysis of bioluminescence intensity, flashes within the solid, white rectangle la-
belled region | are associated with the rising bubbles. The dashed rectangle labelled Il is a control region that is used to estimate the background light level. Contaminating light
from cells flashing at the base of the tank and bursting bubbles at the water surface are thus eliminated from analysis.

0.04 " . . . Images of bubble-induced bioluminescence (Fig. 2) were ana-
S (@) . lyzed as follows. Single frame exposures of either 90 or 120 sec
‘é’ 0.02} I l 1 were translated into a rectangular matrix of pixel intensities p,
% 0 where i,j denote row and column index, respectively. A rectangu-
L o l » lar region of image (the solid rectangle annotated Il in Fig. 2e) was
z ' selected to estimate the background counts from stray illumina-

-0.04 . . 1 . tion and electronic noise from the camera. The background pixel

0 2 4 6 8 10 ; Lo . .
intensity within the region was calculated using:
2 3000 1
g _ Pk =— % p; )]
=) —_— Npk Region Il
85s
§ [ where nyy is the number of pixels in the background region. The
=
é < 1000 total light output in the analysis region (the dashed rectangle an-
E™ notated | in Fig. 2e) was then found by summing all the pixel
2 0 : : . s values in the analysis region minus the aver. kground:
a o > 3 : = P alues in the analysis regio us the average background
T
ime (s) Piot = > (pij - Pbk) 3)
Region|

Figure 3. Representative record of synchronized time series of five bubble releases.

(a) Hydrophone output. (b) PMT measurement of bioluminescence of Lingulodinium

polyedrum stimulated by each rising bubble. The number of flashes contributing to P, can be estimated if
the light output for a single flash, Py is known. This number was
estimated by identifying a number of isolated flashes in the im-
ages and summing the light output (minus the background) for
each one and then averaging. With an average P, determined,
the total flashes stimulated per bubble, f, is given by:

A second methodology involving imaging was developed to
eliminate the contribution of bioluminescence from spontaneous
flashes and bursting bubbles. The acrylic test tank was imaged
by a low-light camera, providing a view that revealed the position
of flashing cells. This approach allowed image analysis to be f _ 1 Pua
limited to a field of view that included the region of water through ng Py
which bubbles rose, thereby eliminating spontaneous emission
associated with the tank bottom and emission stimulated by
bubbles bursting at the surface. Due to the high 16-bit pixel reso-
lution and gain stability of the camera, images could be used as
quantitative measurements of light emission using standard Electrolysis production of isolated bubbles. As the nozzle release
image processing techniques. method did not provide a reliable stream of bubbles smaller than

(4)

where ng is the number of bubbles released during the exposure
time, determined by counting the acoustic pulses in the synchro-
nized hydrophone record.
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a 1.3 mm radius, smaller bubbles were generated by electrolysis on
glass-encased, platinum electrodes. The electrodes were fabri-
cated by melting a glass capillary tube over fine platinum wire
and then abrading the wire until it was flush with the glass tip.
The generation of bubbles on the electrode tip depended sensi-
tively on the microscopic topography of the tip end, but the fabri-
cation of several electrodes provided one that reliably produced a
stream of isolated bubbles. The selected electrode was attached to
the syringe mount near the base of the acrylic tank (Fig. 4a) and
used as a cathode to produce bubbles of hydrogen gas. A second
electrode, encased in reticulated, small-cell foam, was placed at
the top of the tank. Without the foam jacket, hypochlorous acid
created by chlorine gas released by the anode diffused through
the tank and stimulated considerable levels of bioluminescence
due to the low pH, which directly activates the dinoflagellate light
emitting chemical reaction (42,43). The electrolysis setup was suc-
cessful in producing small bubbles (Fig. 4b).

Bubbles were generated by controlling the passage of current
between the two electrodes with a custom-fabricated, charge-
control system. This system controlled both the duration of the
current bursts and their frequency. As the volume of gas produced
at the electrode tip is directly proportional to the total charge
passed between the electrodes, this method allowed for a precise
control of bubble radius from 50 to 500 pm, and precise control of
the bubble release rate. The electrode method has the disadvan-
tage that a cap of magnesium and calcium electrolysis byproducts
builds up over the electrode and eventually disrupts bubble gener-
ation. This undesirable effect was managed by pre-conditioning

Figure 4. Bioluminescence of Lingulodinium polyedrum stimulated by small bubbles re-
leased from an electrode. (a) Image of the electrode assembly taken through the side wall
of the stimulation tank. The electrode at the upper left was not encased in its foam jacket
for the picture. (b) Single 90 sec time exposure image of bioluminescence stimulated by a
stream of 0.5 mm radius bubbles released from the electrode. Due to the long exposure
time, the bubble-stimulated bioluminescence appears as a light vertical streak directly
above the electrode. The region of light at the electrode tip was apparently caused by mi-
croscopic spark discharges at the electrode end that were sufficiently bright to be imaged
by the camera. This source of light was excluded from the subsequent image analysis.

the electrode with a large current burst. The continuous stream
of bubbles generated in this way acted to dislodge the scale and
clean the electrode. Once conditioned, the electrode would reli-
ably generate a stream of roughly 100-200 bubbles before it
needed reconditioning. Bubble release was checked at the begin-
ning and end of all electrode experiments and any runs terminat-
ing in unreliable bubble release were discarded.

The electrode was calibrated by determining the relationship
between charge flux and bubble size. The 500 um radius bubble
was sufficiently large to have its size determined from photo-
graphs taken through the side wall of the test tank. The smallest
bubble was too small to be sized by imaging, so its radius was in-
ferred by measuring its ascent velocity and assuming the bubble
was not contaminated with surfactants, as the relationship
between bubble size and terminal velocity in seawater is well
established (44). Because the volume of hydrogen gas produced
on the cathode scales directly with total charge, knowing the
diameter of a single bubble and its associated charge flux is
sufficient to determine the bubble size versus charge flux relation-
ship for the entire range of bubbles produced. However, mea-
suring the radii and associated charge fluxes of two bubbles at
the extreme ends of the bubble size range provided redundant
data and enabled us to cross-check the electrode performance
across its working range. The theoretical estimates of the smallest
bubble diameter, based on measurement of its associated charge
flux and the charge flux, and size of the largest bubble were con-
sistent with the radius inferred from the velocity measurement.

Bubble clouds. Two experiments were conducted to study the
stimulation of cells by clouds of bubbles. The first made use of
two mesh screens with different grid sizes (1 and 0.135 mm grids)
placed across the outlet of a short segment of 4.2 cm diameter PVC
pipe, which was mounted on the same air outlet at the base of the
test tank that we used for the isolated bubble tests (Fig. 5a). A fixed
volume of air was manually injected through the grids from a sy-
ringe connected to the base of the test tank. Air was injected at dif-
ferent rates to check the sensitivity of cell stimulation to variability
in the flow rate between runs. Single frame exposures of biolumi-
nescence, typically 10 sec in duration, were taken for air injection
volumes of 10, 20, 40 or 60 ml (Fig. 5).

For measuring bubble size and abundance, bubble clouds were
separately imaged at 250 frames sec”' with a Kodak Motion
Corder analyzer through the glass wall of an aquarium filled with
salt water. Selected images were analyzed using the NIH Image
program (http://rsb.info.nih.gov/nih-image/). Bubbles in the images
were manually sized and counted by drawing ellipses around
bubble edges and determining the equivalent bubble radii from
the measured cross-sectional areas. Results from multiple frames
were combined to produce the estimates of the bubble size
distributions (Fig. 6). The 0.5-mm grid fragments a fixed volume
of air into a larger number of smaller bubbles than the 1-mm grid.

Although the mesh experiments served to demonstrate that, in
general, the stimulating capacity of a fixed volume of air decreases
as the volume is broken up into smaller bubbles, they had the
problem that occasional large bubbles would escape through
the mesh without fragmentation. Because we wished to make a
detailed comparison between the isolated bubble model devel-
oped in the section on ‘Analysis of the air stone bubble cloud data’
with the bubble cloud stimulation, and because the presence of
very large bubbles lay outside of the range of single bubble sizes
investigated, we performed additional bubble cloud experiments
with air stones.

Luminescence 2016; 31: 270-280
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Figure 5. Bioluminescence of Lingulodinium polyedrum stimulated by a cloud of bubbles created by forcing 60 ml of air through a 1-mm sized mesh. The cell concentration was
100 cells ml ™. (a) Single 30 msec image of the chamber showing the mesh holder positioned over the air orifice. (b) Single 10 sec time exposure image of bioluminescence stim-
ulated by a -mm mesh. (c) Single 10 sec time exposure image of bioluminescence stimulated by a 0.135-mm mesh.
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Figure 6. Bubble size distributions for clouds of bubbles. Bubbles were created by
forcing air through a 0.5-mm mesh (solid black line) or 1-mm mesh (dashed black line).
The smaller mesh resulted in a peak in the bubble distribution at about 150 um radius
and a rapid decrease in bubble density at around 1 mm radius. The larger mesh re-
sulted in a peak at about 200 pum radius and a relatively larger number of bubbles
greater than 2 mm radius. Bubbles were also created by air stones, which created bub-
bles within a narrow size range, with a peak of 1.5 mm radius for the ceramic air stone
(solid grey line) and 0.14 mm radius for the wood air stone (dashed grey line). As vol-
ume air fraction was not measured for the air stone bubble clouds, the results were
scaled to a 0.05% air fraction for the ceramic air stone and a 1.6 x 10" % air fraction
for the wood air stone so that the size distributions could be displayed along with that
of the mesh-created bubbles.

Two air stones were used to produce a well defined and control-
lable cloud of bubbles, labelled ‘ceramic’ and ‘wood'. The gas pres-
sure at the air stone inlet was varied and the resulting air flow rate

was determined by timing the interval required to fill a known
volume within a graduated flask inverted above the air stone.
Bubble size distributions were determined by analyzing photo-
graphic images following the same procedure used to determine
the mesh bubble distributions. Experiments were conducted to
measure the bioluminescence stimulation potential for both air
stones as a function of air flow rate, as discussed in the section
‘Analysis of the air stone bubble cloud data’.

The number of flashes per ml of air injected through the mesh at
the base of the chamber was calculated by first dividing the total
light stimulated by the volume of air injected during the 10 sec in-
tegration time, then dividing this number by the light emission
from a single flash. Background levels were estimated from an
image taken with no injected air.

Results

Isolated bubble stimulation

Bioluminescence stimulation was highly correlated with the size of
isolated bubbles (Fig. 7). There is a critical bubble radius of 0.325 mm
in that smaller bubbles were not observed to stimulate light emis-
sion greater than background levels. Bubbles larger than 1 mm
radius were much more effective in stimulating bioluminescence
than smaller bubbles.

Mesh bubble cloud stimulation

Single frame images of bubble cloud stimulation with an exposure
time of 10 sec (Fig. 5) were analyzed in a similar manner as for in-
dividual bubbles, in which light emission due to flashes at the tank
bottom or surface was excluded.

Total light increased with increasing air volume (Fig. 8a) based
on the average image pixel value from bubble cloud stimulation
for the 1-mm and 0.5-mm grids. The 0.5-mm grid created a bubble
cloud that was less efficient at stimulating bioluminescence than

wileyonlinelibrary.com/journal/luminescence
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Figure 7. Bioluminescence of Lingulodinium polyedrum stimulated by individual
bubbles. Bioluminescence response expressed as flashes per bubble was highly corre-

lated with bubble radius, according to the log-log relationship y = 1.70 * % (R2 =
0.96).
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Figure 8. Bioluminescence of Lingulodinium polyedrum stimulated by bubble clouds.
(a) Bioluminescence intensity, expressed as average pixel grey scale value, from
images of bioluminescence of Lingulodinium polyedrum stimulated by a cloud of bub-
bles as a function of volume of air forced through a 0.5-mm mesh (squares) ora 1-mm
mesh (circles). (b) Bioluminescence of Lingulodinium polyedrum, expressed as number
of flashes mL™", stimulated by a cloud of bubbles as a function of the volume of air
forced through a 0.5-mm mesh. Two relative speeds of air release were tested: slow
(triangles) and fast (diamonds).

the 1-mm grid for the same volume of air injected. As discussed
later, this result is a consequence of the tendency of the 0.5-mm
grid to fragment a fixed volume of injected air into a larger number
of smaller bubbles than the 1-mm grid, with the overall effect of
reducing the stimulation capacity.

The number of flashes per ml of air injected was independent of
both injection rate and total volume of air injected (Fig. 8b). The
overall response rate was 680 + 110 flashes per mL, reflecting a
16% variation.

Air stone bubble cloud stimulation

The bubble size distributions from the air stones were narrow com-
pared with the mesh bubble clouds; the radius was 1.5 + 0.3 mm
for the ceramic air stone and 0.14 + 0.03 mm for the wood air stone
(mean with standard deviation) (Fig. 6). Thus the ceramic air stone
produced bubbles that were slightly more than a factor of 10
larger in mean radius than those produced by the wood air stone.

Single frame images of air stone stimulation with an exposure
time of 1 sec were analyzed in a similar manner as for individual
bubbles, in which a test region was selected so that light emission
due to flashes at the tank bottom or surface was excluded. Biolu-
minescence increased as a function of air flow rate, but was always
approximately two times greater for the ceramic air stone, which
produced larger bubbles (Fig. 9).

Analytical models for cell stimulation

This section details the development of a simple collision-based in-
terpretation of the bioluminescence stimulated by isolated bub-
bles and a theoretical framework for understanding bubble
cloud stimulation in terms of a probabilistic stimulation model de-
veloped by Deane and Stokes (20).
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Figure 9. Observed and modelled bioluminescence of Lingulodinium polyedrum
stimulated by bubbles from air stones as a function of air flow rate. Bioluminescence,
expressed as flashes sec” ', was stimulated by bubbles from the ceramic air stone with
a mean bubble radius of 1.5 mm (open squares), and predicted based on the isolated
bubble stimulation model (solid line). Bioluminescence was stimulated by bubbles
from the wood air stone with a mean bubble radius of 0.14 mm (open circles) and pre-
dicted based on the model for isolated bubble stimulation (solid grey line). When the
model prediction for the wood air stone is multiplied by 1000 ( grey dashed line) it bet-
ter fits the experimental data.
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A simple model for single bubble stimulation. The single,
isolated bubble stimulation model is based on the experimental
finding that, when accounting for cell concentration and bubble
swept volume, the number of flashes stimulated by an isolated
bubble scales with the bubble cross-sectional area for bubbles
larger than the critical bubble radius. One interpretation of this
observation is that stimulated emission is the result of collisions
between the bubble and cells encountered within the volume
swept out as it rises, with each collision having a finite probability
of resulting in a flash.

The model starts with flash probability, #, defined as the ob-
served number of flashes stimulated per bubble divided by the
number of cells encountered in the volume swept out by the bub-
ble during its ascent from the nozzle to the surface. The rise trajec-
tories of bubbles greater than approximately 1 mm radius can take
a spiral path depending on water temperature and nozzle exit con-
ditions. We have ignored this complication here and assume that
all bubbles rise to the surface in a straight line path. With this as-
sumption, a formula for the stimulation efficiency, defined as the
fraction of bubbles encountered that flash, is given by:

~f
" ma*hC

n (5)
where f is the number of cells stimulated to flash, a is the bubble
radius, h is the distance from the end of the nozzle to the water
surface and C is the cell concentration. Stimulation efficiency,
calculated using eqn (5) and values for f obtained from Fig. 7
(Fig. 10a), for bubbles larger than 1 mm radius suggest that these
bubbles stimulate a constant fraction of the cells they encounter
(approximately 1 in 24 cells for L. polyedrum) during their ascent
to the surface. For the three smaller bubbles in the size range
0.325-0.5 mm radius, the probability of stimulation tended to de-
crease with decreasing bubble size, the stimulation efficiency for
the 0.5-mm radius bubble being an exception to this rule. Isolated
bubbles smaller than 0.3 mm radius were not observed to stimu-
late bioluminescence in L. polyedrum at all for the cell concentra-
tions studied.

From egn (5), the number of cells stimulated by a bubble is
given by:

f = (wa®hC)n (6)

As the flash probability 7 is approximately constant for bubbles
in the size range 1-3 mm adius, the total number of cells stimu-
lated by a bubble in this size range scales with the cross-sectional
area of the bubble, or bubble radius squared. The flash probability
shows a very different dependence on bubble radius for smaller
bubbles, decreasing rapidly with decreasing bubble radius.

The overall shape of the relationship between stimulation effi-
ciency with bubble radius has features in common with bubble
terminal rise velocity (Fig. 10b), based on the terminal velocity ex-
pression for contaminated seawater (45; eqn 2.11), as the high con-
centration of dinoflagellates in the test solution most likely
resulted in the presence of surface-active exudates. Bubble termi-
nal velocity is approximately constant for bubbles with radii in the
range 1-3 mm, and scales with radius to the power of roughly 1.5
for bubbles smaller than a 1 mm radius.

Based on the roughly constant stimulation efficiency observed
for bubbles in the 1-3 mm range, and the rapid decrease in stim-
ulation efficiency for smaller bubbles, we explored a purely empir-
ical description of bubble-stimulated bioluminescence in terms of
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Figure 10. Probability of bioluminescence stimulation of Lingulodinium polyedrum
by isolated bubbles. (a) Experimental data showing the probability that a cell encoun-
tering an ascending bubble will stimulate a flash as a function of bubble radius. The
solid black and dash-dot black curves show two least-mean-squares empirical-
model fits for flash probability as a function of bubble terminal velocity. The dash-
dot line shows the best overall fit. The solid black line shows the best fit with the flash
probability constrained to fixed power of terminal velocity (see text for details). (b)
Bubble terminal rise speed as a function of bubble radius for contaminated bubbles.

bubble terminal velocity. The bubble-stimulated flash probability
has been expressed as uj, raised to the power of 7¢p,,, and multi-
plied by a constant denm, resulting in the empirical formula:

n,
Nemp = Gemply”™ o)
Values for #epmp and aemp Were determined using a least-mean-

squares analysis of the residues between the data in Fig. 7 and
eqgn 7, where the residue was calculated using:

2
<’7k - nemp,k)

k=1 Mk

(8)

where the index k runs from 1 to the total number of bubbles stud-
ied and #emp« Was calculated using egn (7) and Fan and Tsuchiyas’
formula (45) for contaminated bubble terminal rise speed given
the kth bubble radius. The residue has been normalized by 1/,
to increase the weight of the small probabilities encountered for
the small bubbles studied. As 7, is dimensionless, the residue is
also dimensionless.

Two analyses were performed (Fig. 10). The first employed a
global, two-parameter search across values for #¢pmp and demp to
find the minimum residue defined by eqn (8). This search yielded
the values #7emp=7.704 and 0., =6909 for the best-fit curve
(Fig. 10a, dashed line). A study of the behaviour of the residue R
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showed that there is an ambiguity between #jemp and depmp; pairs of
these parameters tended to give good fits to the data with ap,, in-
creasing with increasing #emp. This behaviour motivated a second
analysis, which was to find the value of g, that minimized the
residue for a fixed value nen,, = 5, which provided a better fit for
the small-sized bubbles. This power law scaling was chosen to
minimize the dependence of flash probability on terminal velocity,
while keeping the minimum residue within a factor of 2 of the
global minimum. The result of this analysis was a value of
Gemp = 87.04 for the empirical probability (Fig. 10a, solid line). Both
curves give an adequate fit to the data for bubbles greater than 1
mm radius. The #.m, = 5 value gives a superior fit to the flash prob-
abilities for small bubbles, if it is accepted that the flash probability
observed for the 0.5-mm radius bubble is anomalously low.

Stimulation by clouds of bubbles. A model for cell stimulation
by clouds of bubbles is accomplished by calculating the value of
shear stress throughout a volume of pure fluid that would have
the same stimulating capacity as the total collection of rising bub-
bles, neglecting bubble-bubble interaction effects. By neglecting
bubble-bubble interaction effects, we assume that bubbles within
a cloud have the same stimulating capacity as isolated bubbles.
Thus, the potential for cells to be stimulated by buoyancy-driven
shear instabilities at the edge of the bubble cloud, for example, is
not accounted for. The motivation for this model development is
to simplify the computational fluids dynamics problem of deter-
mining bioluminescence stimulation in two-phase flows. Once an
equivalent model has been formulated, cell stimulation by bubbles
and fluid shear stress can be treated in a uniform manner in fluid
dynamic calculations of the stimulatory effects of air-entraining
breaking waves, or ship wakes, for example.

The objective is to describe the stimulation of bioluminescence
by bubbles in terms of the same theoretical construct presented
by Deane and Stokes (20) for the stimulation of bioluminescence
by fluid shear stress in a single phase flow. The theoretical formula-
tion begins with the assumption that the probability P, of a cell
flashing over some small time interval At is proportional to the prod-
uct of the time interval with a parameter A that depends on the cell
species, and potentially the cell’s history of prior stimulation:

Po = AAL 9)

For a population of N cells, the mean number of cells that flash
per second is:

O =N (10)

in which case 1 is the mean flash rate of the population subjected to
a specified fluid shear stress. Assuming that the N cells are distributed
uniformly throughout a sample of volume V, then the number of
cells that flash per second, per cubic metre of volume, Z, is given by:

[1]
Il
s
|
Il
s
(@)

amn
where C is the cell concentration in cells per cubic metre.

Rearranging egn (11) yields an expression for 4 in terms of cell con-
centration and Z=:

(12)

[aYRb

The objective is to compute a value of 4 for a cloud of bubbles,
assuming that the bubbles stimulate cells uniformly throughout

the volume V, and this computation can be done by determining
the total number of cells that flash per second per cubic metre
for a specified cell concentration, and then using eqn (12).
Consider a single bubble of radius a rising through the water
column, which contains a concentration of C cells per cubic metre.
The number of cells stimulated by the bubble, N, is given by:

Ng = 3nCVq (13)

where 7 is the stimulation efficiency of the bubble and V, is the
volume swept out by the bubble, which is V,=za’h, where h is
the length of the bubble trajectory. The number of cells stimulated
per second by the rising bubble, @, is just N, divided by the bub-
ble ascent time z:

h
Qp=—= anaz; = yCra’ug (14)

where N, is computed using eqn (13) and u, is the bubble terminal
velocity.

Equation (14) applies to a single bubble. Now suppose that the
volume of water contains n(a) bubbles per cubic metre, per metre
radius increment. The number of bubbles per cubic metre in the
radius range do— Aa/2<a<ap+Aa/2 is given by n(ap)Aa, and
the number of cells stimulated per second per cubic metre by
these bubbles is given by the product of the cells stimulated per
second by a single bubble multiplied by the number of bubbles
within the radius increment:

Oq = ©gn(a)Aa (15)

The total number of cells flashing per second per cubic metre is
the integral of 8, over the range of bubble radii present:

Eq = [ Ogn(a)da = C[}! n,ma’usn(a)da (16)

where ao, a1 respectively, are the smallest and largest bubbles in
the distribution, and eqn (14) has been used to substitute for @,.
Note that n(a) is often encountered in the bubble literature with
units of bubbles per cubic metre per micrometre radius increment,
and with these units the right hand side of eqn (16) needs to be
multiplied by 10° to make the calculation correct. From eqns (12)
and (16), 4, is given by:

o = Tl n,a’uan(a)da (17)

where both 7, and u, are functions of bubble radius and 1,At is the
probability that any individual cell within the total population of
cells interacting with the cloud of rising bubbles will be stimulated
to flash in the time interval At. Equation (17) provides a means of
computing a flash probability that is indistinguishable from the
flash stimulating potential of fluid shear stress, and thus provides
a simple means of comparing the light emission from bubble
clouds with that of fluid turbulence, for example.

Calculation of the cell flash rate requires knowledge of all the
terms in eqn (17) as a function of bubble radius: the bubble stim-
ulation efficiency, the bubbile rise velocity, and the bubble size dis-
tribution. Our current, best estimate for the stimulation efficiency is
given by the velocity power law of eqn (7) with ne,,=5 and
Oermp = 87.04.

Equation (17) has some deficiencies. An important assumption
in its derivation is that collective buoyancy effects can be
neglected. This assumption may be adequate when air fractions
are low and bubbles are large (>0.7 mm radius), for which stimu-
lation efficiencies are greater than 0.01 (Fig. 10a), but it breaks
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down in the case of high air fraction clouds of small bubbles. In this
case, the observed stimulation efficiencies of isolated bubbles are
small (see Fig. 10a) but fluid turbulence within the bubble cloud
due to collective buoyancy can still drive cells to flash. An example
of this situation is described in section ‘Analysis of the air stone
bubble cloud data’.

Analysis of the air stone bubble cloud data

A model for the bioluminescence stimulated by the bubble clouds
generated by the ceramic and wood air stones is formulated as fol-
lows. As the size distribution of bubbles injected by each air stone
is relatively narrow, it is assumed that all bubbles are created with
the mean bubble radius. This assumption yields reasonable results
provided that the bubble stimulation efficiency is a slowly varying
function over the range of bubble sizes produced by the air stone.
In this case, the bubble size distribution is approximated by:

n(a) = Nmd(a — am); (18)
m =1 for ceramic, m = 2 for wood

where a,,, and N, respectively are the mean bubble radius and the
number of bubbles per cubic metre generated by the ceramic or
wood air stone. Substituting eqn (18) into eqn (17) yields:

da = nNmiyaa,Znua = nNmnaa,znh (19)

where N,, is the number of bubbles per cubic metre released
per second. The total number of cells predicted to be observed
flashing per second is given by eqn (19) multiplied by the cell
concentration and bubble cloud volume.

The bubble cloud volume was calculated using estimates of its
width and height. The total number of bubbles released per
second was derived by dividing the volume of air injected every
second, Q, measured by the timed collection of air into an inverted
container, by the volume of the mean bubble. The air flow rate Q
was measured for a range of inlet gas pressures after the biolumi-
nescence experiments, and these measurements were used to
compute the gas flux from the inlet gas pressure, which was
monitored during the bioluminescence trials. The gas flux divided
by the mean bubble volume is converted into units of bubbles
released per second per cubic metre by dividing through by the
bubble cloud volume.

For model calculations for the ceramic and wood air stones (Fig. 9),
the bubble rise velocity and stimulation efficiency were taken to be
20 cm sec ' and 0.0279, respectively, for the 1.5-mm bubble
cloud, while for the 0.14-mm bubble cloud they were 2.5 cm sec '
and 85 x 107/, respectively. The stimulation potential calculated
for the ceramic air stone, which produced large bubbles with a rela-
tively high stimulation efficiency, is in good agreement with the ob-
servations. This encouraging result indicates that the empirical
characterization of the isolated bubble stimulation efficiency can
be used to accurately predict stimulation from a cloud of bubbles,
and that bubble-bubble interaction effects did not play a dominant
role in this case.

In contrast, the predicted stimulation for the wood air stone is
approximately three orders of magnitude less than the observed
stimulation. The isolated bubble stimulation efficiency extrapo-
lated down to a bubble of 0.14 mm radius is very small and, in
addition, bubbles of this size lie below the observed critical bubble
radius for stimulation of 0.32 mm. The model calculations predict
that less than two flashes sec " were expected across the air flux
range studied (for an air flux of 1 ml sec™", 119,000 bubbles sec™"

were released from the wood air stone, which were expected to
stimulate fewer than one flash sec™"). The thousand-fold differ-
ence between the modelled and observed flash rates suggests
that when a fixed flux of gas is broken into microbubbles,
bubble-bubble interactions can be very important in stimulating
bioluminescence, with fluid shear stress associated with collective
buoyancy effects dominating the stimulating potential of single
bubble-cell interactions.

The bubble-bubble interaction effects for the wood air stone
cloud are consistent with casual observation of the bubble cloud
produced by the wood air stone. It was visually apparent that the
cloud was sufficiently dense for collective buoyancy effects to
dominate its behaviour. Water entrained inside the plume gained
vertical momentum, reducing the drag on individual bubbles
within the plume and creating a region of enhanced fluid shear
at the plume boundary. Small-scale flow vortices mixing bubble-
free water with the plume were observed at the edges of the
plume, resulting in a growth of the plume cross-section with
height above the air stone. We speculate that the enhanced shear
at the plume boundary, and turbulence within the plume, are re-
sponsible for the enhanced levels of stimulation observed. The
net result is that the stimulation efficiency of the plume of small
bubbles is only a factor of approximately three less than the larger
bubbles, despite the fact that the stimulation potential of a small
isolated bubble is a factor of approximately 33,000 less than the
larger. The implication is that the stimulation potential of clouds
of small bubbles is strongly dependent on the air fraction of the
plume, but there are insufficient data in this study to make any
quantitative statements.

Conclusions

This study presents a quantitative analysis of the potential of
isolated bubbles rising at their terminal velocity and plumes of
bubbles to stimulate a bioluminescence flash response from
suspended cells of the dinoflagellate Lingulodinium polyedrum. Iso-
lated bubble experiments have shown that bubbles with radii in
the range 1-3 mm stimulate an approximately constant fraction
of the cells they encounter whereas the stimulation potential of
smaller bubbles decreases rapidly with bubble radius. The similar-
ity of the scaling between flash probability and bubble terminal ve-
locity as a function of bubble radius motivated the study of an
empirical model for flash stimulation based on terminal velocity.
A least-mean-squares fit between the probability of stimulating a
flash and bubble terminal velocity showed that the flash response
scales with terminal velocity raised to the power of an index lying
in the range 5-7. Bubbles smaller than a 0.325 mm radius were not
observed to stimulate a flash response, a phenomenon almost cer-
tainly related to the fact that L. polyedrum cells have a fluid shear
stress threshold for flash stimulation (10,19).

The isolated bubble empirical flash model was applied to the
stimulation of cells by a cloud of bubbles. Good agreement was
observed between the modelled and measured flash response
for a cloud of 1.5 mm radius bubbles, suggesting that the isolated
bubble model can adequately predict the stimulation of a cloud of
relatively large (>1 mm radius) bubbles. Very poor agreement was
found when the model was applied to a cloud of 0.14-mm radius
bubbles, with observed stimulation exceeding modelled stimula-
tion by a factor of 1000. We attribute the high levels of stimulation
observed relative to the model predictions to fluid shear stress
driven by collective buoyancy effects in the microbubble plume.
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This research has application to bubble-cell interactions beyond
the field of bioluminescence, such as the study of airlift bioreactors,
where clouds of air bubbles are used to maintain cells in suspen-
sion and promote mixing for mass transfer of gases and nutrients
(23,46). According to Hua et al. (46): ‘it would be unlikely for either a
supported or suspended cell to experience shear stresses due to
rising bubbles much larger than perhaps 1 dyn cm™ in aqueous
media’. However, based on the data presented here it can be con-
cluded that L. polyedrum cells interacting with a rising bubble
greater than 1 mm radius are subjected to an effective fluid shear
stress exceeding their threshold for stimulation, which is approxi-
mately 0.2 N m~2 (=2 dyn cm2). Sparged bioreactors are charac-
terized by a range of bubble sizes depending on the type of
sparger. For example, a ring sparger can create bubbles ranging
from 2.5-5 mm in diameter, a G-4 disk with 5-10-um orifices
creates bubbles of 45-100 um in diameter, and a G-1 disk with
100-200 um orifices creates bubbles of 250-500 pum in diameter
(47). The results of this study suggest that the effects of bubble-
cell interactions in the bulk media would be minimized by using
bubbles somewhat smaller than a 1 mm radius. Unfortunately
the hydrodynamic conditions lead to cell damage due to cell
bursting at the surface (48-51) and not cell-bubble interactions
within the bulk fluid (26,52,53). Bubbles adhere to the rising bub-
ble and experience large mechanical stresses when the bubble
bursts at the air-water interface, thus any reduction in bubble—cell
interactions in the bulk gained by reducing bubble size would
have to be weighed against the damage caused by an increased
number of smaller bubbles bursting at the surface.

Acknowledgements

This study was funded by the Defense Advanced Research Projects
Agency, coordinated by Space and Naval Warfare Systems Center
San Diego with J. Rohr acting as Contracting Officer's Representa-
tive. We are grateful to T. Nguyen for assistance with image
analysis and M. Hyman for helpful discussions. The study was
inspired by early work of M.l. Latz with J. Case.

References

1. Tett PB. The relation between dinoflagellates and the bioluminescence
of sea water. J Mar Biol Assoc UK 1971;51:183-206.

2. Staples RF. The distribution and characteristics of surface biolumines-
cence in the oceans. Technical Report TR-184. Washington: US Naval
Oceanographic Office, 1966;1-48.

3. Hobson ES. Visual orientation and feeding in seals and sea lions. Nature
1966;210:326-7.

4. Rohr J, Latz MI, Fallon S, Nauen JC, Hendricks E. Experimental ap-
proaches towards interpreting dolphin-stimulated bioluminescence. J
Exp Biol 1998;201:1447-60.

5. Williams TM, Kooyman GL. Swimming performance and hydrody-
namic characteristics of harbor seals Phoca vitulina. Physiol Zool
1985;58:576-89.

6. Rohr J, Hyman M, Fallon S, Latz MI. Bioluminescence flow visualization
in the ocean: an initial strategy based on laboratory experiments.
Deep-Sea Res 2002;49:2009-33.

7. Stokes MD, Deane GB, Latz MI, Rohr J. Bioluminescence imaging of
wave-induced turbulence. J Geophys Res 2004;109:1-8.

8. Turner RJ. Notes on the nature and occurrence of marine bioluminescent
phenomena. UK: National Institute of Oceanography, 1965.

9. Latz MI, Rohr J. Glowing with the flow: ecology and applications of
flow-stimulated bioluminescence. Opt Photonics News 2005;16:40-5.

10. Latz M, Rohr J. Luminescent response of the red tide dinoflagellate
Lingulodinium polyedrum to laminar and turbulent flow. Limnol
Oceanogr 1999;44:1423-35.

11. Maldonado EM, Latz MI. Shear-stress dependence of dinoflagellate bio-
luminescence. Biol Bull 2007;212:242-9.

—_

2

—_

3

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Blaser S, Kurisu F, Satoh H, Mino T. Hydromechanical stimulation of bio-
luminescent plankton. Luminescence 2002;17:370-80.

. Rohr J, Schoonmaker J, Losee J, Latz MI, Hyman M, editors. Flow visual-
ization in the ocean - implications of laboratory bioluminescence ex-
periments. In: Proceeding of the Oceans ‘99 MTS/IEEE, 13-16
September 1999, Seattle, Washington, USA.

. Chen AK, Latz MI, Frangos JA. The use of dinoflagellate biolumines-
cence to characterize cell stimulation in bioreactors. Biotechnol Bioeng
2003;83:93-103.

. Watanabe Y, Tanaka Y. Bioluminescence-based imaging technique for
pressure measurement in water. Exp Fluids 2011;51:225-36.

. Foti E, Faraci C, Foti R, Bonanno G. On the use of bioluminescence for
estimating shear stresses over a rippled seabed. Meccanica
2010;45:881-95.

. Latz MI, Juhl AR, Ahmed AM, Elghobashi SE, Rohr J. Hydrodynamic
stimulation of dinoflagellate bioluminescence: a computational and
experimental study. J Exp Biol 2004;207:1941-51.

. Latz MI, Nauen JC, Rohr J. Bioluminescence response of four species of
dinoflagellates to fully developed pipe flow. J Plankton Res
2004;26:1529-46.

. Latz MI, Case JF, Gran RL. Excitation of bioluminescence by laminar

fluid shear associated with simple Couette flow. Limnol Oceanogr

1994;39:1424-39.

Deane GB, Stokes MD. A quantitative model for flow-induced biolumi-

nescence in dinoflagellates. J Theoret Biol 2005;237:147-69.

Vezzulli L, Pruzzo C, Huqg A, Colwell RR. Environmental reservoirs of

Vibrio cholerae and their role in cholera. Environ Microbiol Rep

2010;2:27-33.

Pierce RH, Henry MS, Blum PC, Lyons J, Cheng YS, Yazzie D, et al.

Brevetoxin concentrations in marine aerosol: human exposure levels

during a Karenia brevis harmful algal bloom. Bull Environ Contam

Toxicol 2003;70:161-5.

Chisti Y. Hydrodynamic damage to animal cells. Crit Rev Biotechnol

2001;21:67-110.

Trinh K, Garcia-Briones M, Chalmers JJ, Hink F. Quantification of dam-

age to suspended insect cells as a result of bubble rupture. Biotechnol

Bioeng 1994;43:37-45.

Chalmers JJ. Cells and bubbles in sparged bioreactors. Cytotechnology

1994;15:311-20.

Michaels JD, Mallik AK, Papoutsakis ET. Sparging and agitation-induced

injury of cultured animal cells: do cell-to-bubble interactions in the bulk

liquid injure cells? Biotechnol Bioeng 1996;51:399-409.

Donaldson TQ. USS Kennedy conducts bioluminescence study in the

Mediterranean. Naval Oceanogr Command News 1989;3-4.

Lapota D. Night time surveillance of harbors and coastal areas

using bioluminescence camera and buoy systems. In: De Weert MJ,

Saito TT, editors. Photonics for Port and Harbor Security 5780. Proc SPIE

Int Soc Opt Eng 2005:128-37.

Lewis J, Hallett R. Lingulodinium polyedrum (Gonyaulax polyedra) a

blooming dinoflagellate. Oceanogr Mar Biol Ann Rev 1997;35:97-161.

Juhl AR, Latz MI. Mechanisms of fluid shear-induced inhibition of pop-

ulation growth in a red-tide dinoflagellate. J Phycol 2002;38:683-94.

Juhl AR, Velazquez V, Latz MI. Effect of growth conditions on flow-

induced inhibition of population growth of a red-tide dinoflagellate.

Limnol Oceanogr 2000;45:905-15.

Kamykowski D, Reed RE, Kirkpatrick GJ. Comparison of sinking velocity,

swimming velocity, rotation and path characteristics among six marine

dinoflagellate species. Mar Biol 1992;113:319-28.

Harrison WG. Nitrate metabolism of the red tide dinoflagellate

Gonyaulax polyedra Stein. J Exp Mar Biol Ecol 1976;21:199-209.

Gregorio DE, Pieper RE. Investigations of red tides along the Southern

California coast. Bull Southern California Acad Sci 2000;99:147-60.

Guillard RRL, Ryther JH. Studies of marine planktonic diatoms. I.

Cyclotella nana Hustedt, and Detonula confervacea (Cleve) Gran. Can J

Microbiol 1962;8:229-39.

Jin K, Klima JC, Deane G, Stokes MD, Latz MI. Pharmacological investi-

gation of the bioluminescence signaling pathway of the dinoflagellate

Lingulodinium polyedrum: evidence for the role of stretch-activated ion

channels. J Phycol 2013;49:733-45.

Biggley WH, Swift E, Buchanan RJ, Seliger HH. Stimulable and sponta-

neous bioluminescence in the marine dinoflagellates, Pyrodinium

bahamense, Gonyaulax polyedra, and Pyrocystis lunula. J Gen Physiol
1969;54:96-122.

Longuet-Higgins MH. Bubble noise mechanisms - a review. In: Kerman

BR editor. Natural physical sources of underwater sound, 1993:419-52.

Luminescence 2016; 31: 270-280

Copyright © 2015 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/luminescence




N
(0]
o

LUMINESCENCE

The Journal of Biological and Chemical Luminescence

G. B. Deane et al.

39.

40.

41.

42.

43.

45,

46.

Minnaert M. The frequency of the sound pulse is inversely proportional
to the radius of the bubble. Phil Mag 1933;16:235-48.

Krasnow R, Dunlap JC, Taylor W, Hastings JW, Vetterling W, Gooch V.
Circadian spontaneous bioluminescent glow and flashing of Gonyaulax
polyedra. J Comp Physiol B 1980;138:19-26.

Latz MI, Lee AO. Spontaneous and stimulated bioluminescence in the
dinoflagellate, Ceratocorys horrida (Peridiniales). J Phycol 1995;31:
120-32.

Fogel M, Hastings JW. Bioluminescence: mechanism and model of con-
trol of scintillon activity. Proc Natl Acad Sci U S A 1972;69:690-3.
Krieger N, Hastings JW. Bioluminescence: pH activity profiles of related
luciferase fractions. Science 1968;161(3841):586-9.

. Clift R, Grace JR, Weber ME. Stability of bubbles in fluidized beds. Ind

Eng Chem Fund 1974;13:45-51.

Fan L-S, Tsuchiya K. Bubble wake dynamics and liquids and liquid-solid
suspensions. Butterworth-Heinemann: Stoneham, MA, 1990.

Hua J, Erickson LE, Yin T-Y, Glasgow LA. A review of the effects of shear
and interfacial phenomena on cell viability. Crit Rev Biotechnol
1993;13:305-28.

47

48.

49.

50.

51.

52.

53.

. Zhang S, Handacorrigan A, Spier RE. Oxygen transfer properties of
bubble in animal cell culture media. Biotechnol Bioeng 1992;4:252-9.
Papoutsakis ET. Fluid-mechanical damage of animal cells in bioreac-
tors. Trends Biotechnol 1991;9:427-37.

Bavarian F, Fan LS, Chalmers JJ. Microscopic visualization of insect cell-
bubble interactions. I: Rising bubbles, air-medium interface, and the
foam layer. Biotechnol Prog 1991;7:140-50.

Chalmers JJ, Bavarian F. Microscopic visualization of insect cell-bubble
interactions. Il. The bubble film and bubble rupture. Biotechnol Prog
1991;7:151-8.

Trinh K, Garcia-Briones M, Hink F, Chalmers JJ. Quantification of dam-
age to suspended insect cells as a result of bubble rupture. Biotechnol
Bioeng 1994;43:37-45.

Ma NN, Chalmers JJ, Aunins JG, Zhou WC, Xie LZ. Quantitative studies
of cell-bubble interactions and cell damage at different pluronic F-68
and cell concentrations. Biotechnol Prog 2004;20:1183-91.

Sobczuk TM, Camacho FG, Grima EM, Chisti Y. Effects of agitation on the
microalgae Phaeodactylum tricornutum and Porphyridium cruentum.
Bioprocess Biosyst Eng 2006;28:243-50.

wileyonlinelibrary.com/journal/luminescence

Copyright © 2015 John Wiley & Sons, Ltd.

Luminescence 2016; 31: 270-280





