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breadbasket was magnified, no doubt,
by the stress on a largely agrarian society,
and Egypt’s ability to withstand Rome
was diminished by famine.” Egypt was
absorbed into the Roman empire after
Cleopatra’s suicide in 30 BCE.

No one knows whether the birth of
the Roman Empire would have happened
without Okmok’s influence. But the ex-
treme climate the volcano produced could
have hastened it.

Mark Wilson
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Mechanically stressed phytoplankton light up

The bioluminescent intensity
depends on the rate and
amplitude of the micro-
organism'’s deformation.

identified the source of the phospho-

rescent “burning of the seas,” like the
glow off the Taiwanese coast in figure 1,
that had mesmerized nautical explorers
for centuries. His prowess in microscopy
led him to identify a unicellular “illumi-
nous animal,” Noctiluca scintillans, that
emits light when disturbed, perhaps by
a ship’s bow or a rower’s oar. Under-
standing of the biochemical processes that
generate luminescence in N. scintillans
and other bacteria or dinoflagellates
in marine and freshwater environments
progressed rapidly. But what mecha-
nisms ultimately trigger biolumines-
cence? American zoologist E. Newton
Harvey in 1920 commented, “That prob-
lem must be left to the physicist.”

The complex series of chemical reac-
tions through which bioluminescent ma-
rine organisms produce light begins when
calcium ions enter the cell through chan-
nels in the cell wall. Biologists hypothe-
size that fluid flow outside the cell causes
the cell’s outer wall to stretch, which opens
those ion channels. One puzzle, however,
arises from experiments that use differ-
ent methods of stimulating the cell to elicit
a bioluminescent flash: How exactly do
those methods, which involve both fluid
and mechanical perturbation, lead to a
distribution of forces over the cell body
that cause the cell to stretch?

Maziyar Jalaal, Raymond Goldstein,
and colleagues at the University of Cam-
bridge now have taken a step toward
solving that puzzle. In a series of exper-
iments, the researchers pinpoint the me-
chanical stresses that deform the vis-
coelastic membrane of the dinoflagellate
Pyrocystis lunula and trigger light emis-
sion.! Linking macroscopic flows to mi-
croscopic cellular processes could im-
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English naturalist Henry Baker in 1753

FIGURE 1. SWARMS OF THE DINOFLAGELLATE Noctiluca scintillans emit blue light that
illuminates the coastline in Taiwan. In historical accounts of nautical adventures, mariners
marveled at the milky seas caused by bioluminescence. (Photo by RobbinChang.)

prove understanding of the ecology and
evolution of bioluminescent organisms.

Poking and prodding
P. lunulahas occupied the spotlight for bio-
luminescence studies for several decades.
The large (130 um long) organism, shown
in figure 2, has arigid cell wall, has limited
mobility, has a density greater than that of
seawater, and is transparent. Because of
those properties, handlers can easily ma-
nipulate the dinoflagellate’s position and
observe its internal activity. Experiments
by several research groups in the 1960s
demonstrated that stirring or bubbling
water around the creature could cause it
to emit flashes of light from its central
cytoplasmic area.? That work motivated
quantitative investigations of how fluid
motion triggers bioluminescence.
Subsequent studies using improved
flow visualization tools have shed light
on the process. In the early 2000s, Michael
Latz and colleagues at the Scripps Insti-
tution of Oceanography estimated the
magnitude of stress required to trigger
light production in P. Iunula under differ-
ent methods of forcing. In one study, they
poked a cell at a single point using an

atomic force microscope until the cell lit
up.? In other studies, they pumped water
alongside the cell and found that emitted
light intensity depends on the shear.!
And zoophysiology experiments per-
formed by Latz’s group have shown how
much stress is required to trigger stretch-
activated proteins in dinoflagellate bio-
luminescence signalling pathways.’

But there are discrepancies in biolu-
minescent responses to different forms of
stimulation. Those variations are likely
based on the unknown distribution of sen-
sors in the cell that respond to mechanical
stimulation and on how the sensors’ activ-
ity isintegrated into a whole-cell response.

Jalaal and his colleagues have now
performed a quantitative study that could
help resolve the discrepancies. Their ex-
periments explored two ways of stimu-
lating P. lunula cells to flash. In the first
protocol, the researchers pumped a lig-
uid through a microscopic pipette to cre-
ate a shearing force along the surface of
a cell (figure 3a and b). Tiny particles in
the liquid traced the flow lines near the
cell surface, revealing the velocity and
the resulting distribution of forces on the
cell. A high-speed camera recorded the



FIGURE 2. A SINGLE CELL LIGHTS UP. The unicellular marine phytoplankton Pyrocystis
lunula is a common subject for bioluminescence studies. The organism’s cytoplasmic
core emits flashes of light when external stresses push on the cell wall. (Adapted

from ref. 1.)

tracer-particle positions and the cell’s
distortion and light emissions. Only
when the imposed fluid pressure was
high enough to sufficiently deform the
cell’s outer membrane did the cell flash.

In the second protocol, the researchers
used two pipettes to hold and gently
squeeze the cell, and that squeezing cre-
ated a highly localized deformation
(figure 3c and d). Micromanipulators al-
lowed them to independently vary both
the magnitude and rate of the deforma-
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P. lunula

tion. As with the fluid flow experiment,
a high-speed camera recorded the cell’s
distortion and light emissions.

Sensitive stretches

For both experimental protocols, the
imposed forces were increased at a con-
stant rate to achieve a final deformation,
after which the force was held fixed.
P. lunula emitted a quick flash of light that
slowly decayed. Observations of light in-
tensity at different deformation rates
(10-900 um/s) and magnitudes (1-10 pm)
showed that light intensity depends not
only on how much the cell is deformed
but also on the speed of the deformation.

FIGURE 3. TWO DIFFERENT
MECHANISMS trigger a Pyrocystis
lunula specimen to produce light. In both
experiments, the unicellular phytoplankton
sits on the tip of a micropipette. (@) Under
fluid stimulation, a jet of liquid directed
toward the cell at velocity u creates
normal and shear forces. The upper half
sketches the flow lines (blue), and the
color map indicates flow speed u; the
lower half shows streaks of particle tracers
in the fluid. (b) Streamlines map out the
flows that ultimately deform the cell wall
(red) and elicit light production. (c) Under
direct mechanical stimulation, a second
pipette squeezes the cell. (d) The pipette
deforms the cell wall (red) by an amount
6 until light production ceases. (Adapted
from ref. 1.)

By repeating both experiments several
times on individual cells, the researchers
showed that the maximum light inten-
sity emitted by a cell decreased in subse-
quent perturbations.

The findings led Jalaal and coworkers
to develop a mathematical model that
quantifies light production as a visco-
elasticresponse. The model describes the
triggering signal in terms of a strain rate
that’s scaled by the relaxation time of the
viscoelastic cell wall. The relationship
between that signal and the emitted light
intensity depends on the time scale on
which the light-emitting biochemical re-
action completes and on the time scale
on which the cell resets and prepares to
flash again. The triggering signal satu-
rates at a maximum value—perhaps
when all available ion channels in the cell
membrane are open: The signal might be
a proxy for the influx of calcium that re-
sults from the opening of channels. The
model captures the observation that peak
light intensity occurs when cells are highly
deformed at high speed.

Combined with earlier studies that
involved perturbing cells with different
mechanical forces or flows, the new ob-
servations suggest that a cell may gener-
ate the same amount of light in response
to a small force spread over a large area
or a large force focused on a small area—
that is, the light could result from weakly
stretching many ion channels in the cell
membrane or from strongly stretching
just a few. Jalaal notes that further stud-
ies will be needed to investigate more
realistic environmental fluid-flow condi-
tions and determine “the distribution of
forces on the cells and details of fluid-cell
membrane interaction.”

Bioluminescence is a tool that organ-
isms use to communicate with their sur-
roundings—for example, to scare off pred-
ators. An improved understanding of its
biochemical and physical origins provides
the opportunity to explore its ecological
significance across scales and species.

Rachel Berkowitz
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