
ABSTRACT

McKay, Laurie Lyn Elizabeth.  K. brevis cells’ swimming speeds and internal cellular states
over a range of temperatures and light intensities.  (Under the direction of Daniel
Kamykowski.)

Karenia brevis is an autotrophic dinoflagellate responsible for many harmful algae

bloom (HAB) events in the Gulf of Mexico.  Behavior is an integral part of the life history of

K. brevis, and swimming data is used in modeling bloom events.  In this study, three strains

of K. brevis, Apalachicola (APA), Manasota (MAN), and Jacksonville (JAX), are examined

under a range of light intensities and temperatures that correspond to the viable range of the

organism.

In Part I, cell swimming speed is examined over a temperature range from 13°C -

30°C and swimming speed is examined with respect to an increasing stimulus light to

consider the immediate effect of increasing light on swimming speed.   Swimming speed

remains fairly constant over all temperatures but the coldest.  While examined under

increasing light, swimming speed tends to increase.  The increase in swimming speed with

increases in light is similar to the response of Gyrodinium dorsum, but the increase in speed

with Karenia brevis is only observable after increases in light intensity.

In Part II, Electron Transfer Rate (ETR) and photosynthetic yield are examined for

cultures acclimated to different temperatures.  The two strains have opposite trends, APA has

higher ETR at higher temperatures and MAN has higher ETR at lower temperatures.  In

another experiment, in order to examine the relationship between swimming capabilities,

light exposure, and the cell’s internal physiological state, swimming speed (measured with

red light), photosynthetic yield, ETR, Adenosine triphosphate (ATP) concentration, and

neutral lipid content are examined after 6 h incubations at 10 light intensities in the radial



photosynthetron.  ETR increases as light increases from low to higher light and swimming

speed decreases.  As light increases more, ETR decreases and swimming speed increases.

With further increases in light, ETR and swimming speed decrease.  Neutral lipids follow a

pattern similar to ETR, only lipids peak after ETR at a light intensity that corresponds to the

increase in swimming speed.   The results, which suggest complex swimming-physiological

relationships, generate questions to how cells partition energy. Swimming speed, yield, and

ETR are examined over 12 h incubations as well - with sampling throughout the day.  The

patterns in these experiments are more difficult to interpret.

In Chapter 2, cell surface aggregation patterns among K. brevis strains are examined.

The strains show distinct and consistent surface patterns.  There are no apparent differences

in lipid content and organelle distribution in samples of the aggregates of the strains.

Throughout this study, APA tends to swim the fastest when taped in the dark, whereas

JAX tends to swim the slowest.  Despite variation among the strains examined, the overall

swimming speed of the species is in line with accepted values.  Information from the three

strains is combined to produce a species response to light and temperature ranges, and for

comparison with physiological data.
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INTRODUCTION

The harmful algal bloom (HAB) species, Karenia brevis, is an autotrophic

dinoflagellate common in the Gulf of Mexico.  The goal of this study is to understand this

alga’s swimming behavior based on environmental and internal cues, and to relate this to

possible bioconvection within the surface population.

Toxic dinoflagellate blooms can significantly impact the health and vitality of

animals and people exposed to the blooms (Burkholder and Glasgow 2001; Van Dolah et al.

2001).  Blooms of K. brevis have deleterious effects on marine organisms like fish and

marine mammals (Lansburg 2002, Colman and Ramsdell 2003).  Toxins, excreted by live

cells and/or released by lysed cells, can be incorporated into sea spray and can cause

respiratory irritation and flu-like symptoms in humans (Pierce et al. 1990; Koley et al. 1995;

Pierce et al. 2003).  Brevetoxins also accumulate in the tissues of filter-feeders exposed to K.

brevis blooms (Plakas et al. 2002).  Shellfish beds are closed when concentrations reach 5000

cells l-1.   Humans who ingest affected shellfish risk Neurotoxic Shellfish Piosoning (NSP), a

serious condition of the nervous system that causes nausea, diarrhea, numbness in the

extremities and mouth, and dizziness (Poli et al. 2000).  Symptoms usually last several days

and can be severe.  Concentrations higher than 5000 cells l-1 have been documented as far

north as North Carolina (Tester and Steidinger 1997).  Cases of NSP linked to K. brevis

blooms have been reported in Florida, North Carolina, and Mexico (Sierra-Beltrán et al.

1998).

The species is abundant off Florida’s gulf coast, but has bloomed throughout the Gulf

of Mexico and the southeastern United States.  K. brevis exists in background concentrations

of 1-1000 cells l-1 throughout the year (Red Tides in Florida 2002).  Blooms predominantly
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occur in the late summer or early fall, but can and do occur anytime in the year.  During

bloom events concentrations can exceed 100 million cells l-1 (Red Tides in Florida 2002).

Behavior is an integral part of the life history of K. brevis.  K. brevis cells are

dinokonts and swim with two flagella.  The transverse flagellum (in the equatorial groove)

causes rotation of the cell along its length axis and contributes to propulsion.  The

longitudinal flagellum is analogous to a rudder and like the transverse flagellum contributes

to translational movement.  It may also cause rotation perpendicular to the length axis

(Fenchel 2001). The relative contributions of each flagella to translational movement varies

among species (Goldstein 1992). The interaction of the two flagella lets cells to swim in

helical paths with two to three degrees of freedom in these paths (Fenchel 2001).  Swimming

shares energetic resources with all other active processes in living cells. While swimming lets

dinoflagellates take advantage of light and nutrient conditions in the vertical water column,

cells must pay an energetic price to create and to operate flagella though absolute energetic

expenditure appears to be negligible compared to the cells total energy budget (Raven and

Richardson 1984).

K. brevis populations show dynamic distributions in the field, varying in the

horizontal (x and y planes), with depth (z), and over time (Kamykowski et al. 1998).  The

species undergoes a diel vertical migration where cells typically aggregate at the surface

during the day, although field observations have recorded aggregates at depth.  K. brevis

demonstrates positive phototaxis and negative geotaxis during the light period.  Cells

typically redistribute uniformly throughout the water column at night.  

Swimming characteristics, combined with physical factors like flow, density, and

temperature, dictate the distance a cell can move in a 3-dimensional space.  Vertical
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interactions influence environmental exposure (light, nutrients) while horizontal movement

depends on a cell’s position in the water column relative to flow regimes that vary with

depth.  Understanding the interplay of the behavior of the alga cells with the environment and

with the cells’ biochemical state is necessary to better predict bloom dynamics.

In a mesocosm experiment (Kamykowski et al. 1998), biochemical cellular states

were examined with respect to the orientation of cells in the tank.  Samples of neutral lipids,

carbohydrate, RNA, DNA, and protein were taken for evaluation from mid and surface

depths every six hours over a three-day period.  Cells from the surface aggregate showed

significantly lower amounts of lipids and chlorophyll a per cell than cells from the middle

depth (roughly 1 m from the surface) in the 1200 and 1800 h samples.   Liu et al. (2001)

generated a K. brevis bloom dynamics model based on these findings.  Sparse K. brevis

specific literature (Heil 1986) was supplemented with data representative of dinoflagellates

in general (Kamykowski and McCollum 1986, Kamykowski et al 1988) to build a model of

swimming capabilities. The swimming rules included the use of internal carbon and external

nitrate, which was used as a proxy for nutrients generally in the model to determine a cell’s

speed and direction. The higher the cell’s internal carbon, the faster the cell’s descent and the

slower the cell’s ascent.  The higher the ambient nitrate concentration, the slower the cell’s

swimming speed.   A cell with higher internal carbon was assumed to descend faster because

its demand for light for photosynthesis was low.  A cell in nitrate abundant conditions swam

slower to take advantage of these conditions.

The similarities between the observed field population and the model were

encouraging.   The ECOHAB 2000-C process cruise followed a K. brevis bloom with distinct

surface and bottom populations and was able to track migrations in both populations.  The
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vertical distribution recorded was similar to that predicted in the model by Liu et al. 2001

with surface and bottom nutrient sources (Figure 1).  Continued work on the specifics of K

brevis swimming in light and temperature conditions representative of its observed natural

occurrence will make future behavioral models more specific to K. brevis than that used in

Liu et al. (2001).  Hopefully, improved biological models can in time be integrated with

detailed physical models improving bloom prediction and understanding.
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Figure 1:  Comparison of predicted cell distributions when exposed to surface and bottom nitrate plumes (Liu et al.
2001) and observed cell distributions from the Pelican cruise (Kamykowski, per. com).
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K. brevis Background and Previous work

Geographic distributions:  Temperature and light ranges

K. brevis bloom events are considered to undergo four phases:  initiation, growth,

maintenance, and dissipation.  Blooms start 18-75 km off Florida’s west coast in subsurface

waters (Tester and Steidinger 1997).  Favorable chemical and physical conditions lead to

population growth and possible advection near shore.  Blooms last from days to many

months depending on the suitable environmental conditions, and finally dissipate when the

conditions become unfavorable (Steidinger et al. 1996).

Field data on K. brevis has been collected for approximately fifty years (Red Tides in

Florida 2002).  Cell concentrations reach >100,000 cells l-1 at temperatures from 12°C-33°C

in waters off Florida’s Panhandle and Gulf coasts  (Figure 2).  Although usually associated

with Florida’s Gulf coast, K. brevis blooms have been documented on Florida’s east coast

and up the South Atlantic Bight.  The first documented bloom on Florida’s east coast

occurred in 1972, and was likely transported by the loop current from cells originating in the

waters near Sanibel Island on Florida’s west coast (Murphy et al., 1975).  In 1987, a bloom

theorized to have initiated in the same area was transported farther up the southeastern

Atlantic coast.  This bloom persisted in the bays of North Carolina through October and

November.  Significant cell concentrations remained present into the winter months at sea

temperatures approaching 10°C (Tester et al. 1991).

The day length during the peak bloom months of August and September is around

12:12 light/dark.  During these months K. brevis cells in Gulf waters typically are exposed to

high light (~1500 µmol quanta m-2s-1) if they are at the surface during a sunny midday and

experience an exponential decrease in light at depth depending on the attenuation coefficient,
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Figure 2:  Historical temperature and count field data (Red Tides in Florida 2002)
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k, of Beer’s law; Iz = I0
-kz.  These light intensities are consistent with observations of physical

water characteristics made on the RV Pelican 2000 - C ECOHAB Process Cruise where two

distinct K. brevis aggregates, one at the surface and one at depth, were observed during the

midday (Figure 3).  During that cruise light intensities reached 100 µmol quanta m-2 s-1 at

15m depth at midday (Kamykowski per. com.).

 Understanding the geographical variability of this organism depends on

understanding the physics of its environment and the biology of the organism.  While this

study does not specifically address the physics of the Gulf and South Atlantic waters, it

investigates the behavior of the organism under environmentally relevant conditions

representative of K. brevis’s reported geographic range using laboratory cultures.
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Figure 3:   Physical water characteristics during the Pelican 2000 Research Cruise.  PAR is high (between 1000 -
2000 µmol quanta m-2 s-1) at the surface and relatively low at depth.  Cells are present throughout the sampled
water column (Kb counts).  Temperature is relatively uniform over the depth range examined.  (Kamykowski,
per com.).
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Strain comparisons

In phytoplankton ecology, single strains are often used for interspecific comparisons.

Investigators encounter challenges when basing species studies on single strains or clones.

(Wood and Leatham 1992).  Studies have demonstrated that various strains of the same

species respond differently to the same treatment, and can have different toxicities and

tolerances (Lundholm and Moestrup 2000; Bates 2000; Edvardsen et al. 2003).  Comparisons

of salinity tolerances of diatoms varied considerably between species as well as among

strains within species (Clavero 2000).  Twenty-five morphologically identical strains of the

colonial green flagellate species Gonium pectoral were examined for mating type and for

DNA comparisons.  While many of the strains were similar, at least two main groupings or

subspecies were apparent in the analysis (Fabry 1999).  Likewise, diverse geographic strains

of Gymnodinium catenatum, a chain forming dinoflagellate, exhibited variation in selenium

requirements that appeared to be influenced by collection conditions.  These strains also

differed in growth rates and chain formation/chain lengths (Doblin et al. 2000).  Minimum

caution requires that intraspecific differences among strains be investigated before making

comparisons between species.

Until recently many experiments involving K. brevis have used the Wilson strain,

which was isolated over fifty years ago (Wilson 1949).  The amount of time this isolate has

been captive raises questions concerning the applicability of experimental results derived

from it.   Newer isolates may better represent the current field population.  Now that many K.

brevis strains are available, intraspecific comparisons are possible.  Additionally strains

isolated from different temperatures and geographic areas may show responses that reflect

their collection conditions.  Schaeffer et al. (in review) investigated the photosynthetic
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capabilities of eight K. brevis strains (Figure 4).  Groupings have been defined as high light

capable (Jacksonville, Piney Island, Manasota, and New Pass strains) and high light sensitive

(Wilson, Mexico Beach, Apalachicola, and Charlotte Harbor strains). While this work

suggested high light capable and high light sensitive strains, additional experiments indicated

each strain may have a range of capabilities that depends on culture density and growth rate

(Schaeffer per. com.).  More work is needed on each strain to specify these ranges and to

determine what factors such as acclimation, biochemical context, and gene expression, cause

shifts within these ranges.

In this study three strains of K. brevis –Apalachicola (APA), Manasota (MAN), and

Jacksonville (JAX) are examined.  These three strains have been isolated within the last three

years and were provided by the Florida Marine Research Institute (APA – c6 and JAX – c3

strains) and Mote Marine Laboratory (MAN strain – ccmp 2229).  These strains were chosen

because they were isolated from different geographic areas on Florida’s panhandle (APA),

west coast (MAN) and east coast (JAX), and because the initial work by Schaeffer et al.

indicated that they might have different photosynthetic capabilities.

In Chapter 1, Part I, cultures are exposed to a range of temperatures and light

intensities that correspond to the viable range of K. brevis and swimming speed is examined.

In Chapter I, Part II swimming speed is evaluated with aspects of internal cellular states that

potentially influence behavior.  In Chapter 2, the surface aggregation characteristics of each

strain are examined.
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Figure 4:  Comparison of diameter, photosynthetic yield and ETR after 6 hr incubation
(Schaeffer et al. – in review).
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CHAPTER 1

Part I:  Effects of temperature and light on swimming speed.

Dinoflagellate swimming speeds vary among species, ranging from ~50-550+ µm s-1

(Levandowsky and Kaneta 1987) in standard conditions.  Swimming speeds are also

influenced by environmental conditions.  The swimming speeds of Gyrodinium and

Gonyulax sp. were lower (150 and 180 µm s-1 respectfully) at salinities near the ends of the

range examined than at optimum salinities (250 and 300 µm s-1 respectfully).  Nonetheless,

both seemed to have robust capabilities until salinity was drastically altered (Hand et al.

1965).  Swimming speeds of these two species were affected by changes in temperature as

well.  Optimum swimming speeds (~300 µm s-1 for both) were recorded at intermediate

temperatures within the ranges considered.  The range of temperatures of swimming for

Gyrodinium was greater than the range for Gonyaulax (Hand et al. 1965).  Cells from both

species lost motility when exposed to sudden changes in temperature. Gymnodinium

splendens exhibited higher mean swimming speeds (~300 µm s-1) at higher temperatures than

at lower temperature (~160 µm s-1) when considering a range from 13°C - 25°C that

approximated its viable range (Hunte 1986).  Gymnodinium dorsum, the species used to

model K. brevis behavior, similarly exhibited faster swimming at higher temperatures within

its viable range (10°C – 35°C) – increasing from ~280 µm s-1  at 10°C to ~450 µm s-1 at

32°C, before decreasing considerably at 35°C, the highest temperature examined

(Kamykowski et al.1988).  In a comparison of 11 species, different dinoflagellates exhibit

varied swimming speed responses to temperature (Kamykowski and McCollum, 1986).  The

swimming velocity of G. dorsum changed markedly with respect to changes in light as well

(Kamykowski et al 1988).  The trend for G. dorsum was towards faster swimming with



14

higher light as light was slowly increased throughout the day.  When light was increased

fairly quickly and then returned to a baseline, swimming speed jumped in response to the

light increase and subsequently returned to baseline swimming speed.

Species-specific analyses are required to get the most accurate account of swimming

capabilities.  In the present case, Heil (1986) measured the swimming speed of K. brevis

using the Wilson strain at two temperatures, 20°C and 25°C, and found mean speeds of

respectfully of 210 and 270 µm s-1 using a micrographic measuring technique.   Cells

analyzed videographically at 25°C had roughly the same speed as the microscope sample at

20°C.  In the lab, the measured range of viable temperatures for K. brevis is generally

between 9°C - 33°C with maximum growth rates occurring between 22°C - 28°C (Steidinger

and Tester 1996).  The present study further examines how K. brevis swimming speed

responds to temperature over this viable range and newly examines how K. brevis swimming

speed responds to light.

Part II:  Swimming and internal cellular states

Axonemal dyneins are Adenosine triphosphotases (ATPases) responsible for flagellar

movement.  Dynein controls flagella beat by powering microtubule sliding at the molecular

level (Goldstein 1992).  Laboratory studies completed on sea urchin sperm flagella (Tani and

Kamimura, 1998) found an increase in maximal angular change of axenome arms with

increases in Adenosine-triphospate (ATP) concentration.  Shiroguchi and Toyoshima (2001)

similarly found an increase in microtubule sliding velocity with increases in ATP

concentration.  Since K. brevis flagella are controlled by same basic mechanisms as sperm

flagella (Goldstein 1992), ATP cellular concentration is meaningful to cells’ motility.  As
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ATP is cleaved to ADP, and then ADP to AMP, energy is produced.  It is possible that

cellular increases of ATP in dinoflagellates relate to increases in the rate of flagella beat and

consequently the swimming speed of the organism.

Cells produce and consume ATP throughout metabolic processes.  In the light during

photosynthesis, ATP is produced and subsequently used to fuel the building of

carbohydrates.  In the dark, photosynthesis ceases and ATP must be produced from other

processes such as lipid hydrolysis.  In this study, energy availability in K. brevis was

examined by three internal cellular measurements:  Electron Transport Rate (ETR), ATP

concentration cell-1, and neutral lipid concentration cell-1.  These three parameters give

depictions of the internal state of the cell throughout photosynthetic and metabolic pathways.
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GENERAL METHODS

Incubation methods

Standardized growth conditions

Non-axenic cultures were grown in modified L1/2 media with added soil extract and

no silica or copper (Guillard and Hargraves 1993) using filtered autoclaved seawater at

~35%o as the base. Unless otherwise noted all cultures were grown in an environmentally

controlled room at 22°C under full spectrum, cool fluorescent white lights emitting 100 µmol

quanta m2 s-1 of light to the plane at the top of the culture container.  Cultures were grown on

a 12:12 light/dark cycle.

Temperature bath incubation

 The temperature gradient bath (Figure 5) allowed for incubation of cultures at specific

temperatures.  Cool fluorescent bulbs positioned above the bath and emitting 100 µmol

quanta m2 s-1 of light to the plane at the top of the culture container provided light on a 12:12

light/dark cycle. The bath consisted of 10 chambers:  a cold flow and a warm flow at

opposites ends, and eight experimental chambers in between differing by 2°- 4°C from

chamber to chamber.   The temperatures maintained in each of the experimental chambers

from coldest were 13°C, 17°C, 19°C, 21°C, 23°C, 25°C, 27°C and 30°C.  Each of the eight

experimental chambers held three 125 ml Erhlenmeyer flasks.

Prior to the experiments batch cultures were incubated and maintained under

standardized growth conditions until reaching a concentration of ~1300 cells ml-1.  The batch

culture was uniformly distributed into 24 Erhlenmeyer flasks.  Cultures in six of the flasks
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Figure 5:  Temperature gradient bath.  During experiments the lights were placed
directly over the bath (inserted photo).  Cold water (9°C) was pumped continuously
through the cold end of the bath and warm water (33°C) was pumped continuously
through the opposite end.  Temperatures in the experimental chambers were: 13°C,
17°C, 19°C, 21°C, 23°C, 25°C, 27°C and 30°C.  Temperatures were accurate to +0.5°C.
The diagram below shows the temperatures of the experimental chambers.

were placed in the middle two chambers of the temperature gradient bath, corresponding to

temperatures of 21°C and 23°C.  These temperatures were closest to that of the standardized

conditions.  The other 18 flasks were grown in the same room under standardized conditions

until they were placed into the baths.  Every 24 hours the flasks were shifted towards the end

of the bath by one chamber.  Six new flasks were put in the middle chambers each day after

C 13 H302725232119
9

17

Hot water

Cold water
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the shift until the temperature gradient bath was full.  All 24 flasks were distributed in the

bath after 4 days.

Radial photosynthetron incubation

The modified radial photosynthetron (Figure 6) consisted of twelve black boxes

surrounding a 250 Watt metal halide light (OSRAM HQISE250DX) and was based on the

design by Baden et al. 1984 as modified by Schaeffer (per. com.).  Each box held 10

incubation bottles of 25 ml or 50 ml volume.  The distance each bottle was from the light

determined the light intensity at that bottle.   The maximum light intensity at the bottle

closest to the bulb was ~2100 µmol quanta m-2 s-1.  When appropriate, neutral filters were

added to change the light gradient.  Light levels at each bottle for specific experiments are

listed under the description of that experiment.  Water pumped into each box from reservoirs

connected to chillers controlled the temperature within the boxes keeping it uniform

throughout the box.  For temperature experiments, chillers were set to different temperatures

and connected to different boxes so that groups of boxes had different temperatures.   All

measurements of photosynthetic yield and Electron Transport Rate (ETR) except that of the

12 h experiments were taken after 6 h incubations in the radial photosynthetron.  In the 12 h

experiments subsamples for photosynthetic yield and ETR were collected from the radial

photosynthetron at 730, 1000, 1230, 1430, 1700, and 1900 hours.  Photosynthetic yield was

used as a indicator of photosynthetic efficiency;  ETR was used as an estimate of electron

transport efficiency.



19

Figure 6:  The modified radial photosynthetron.

Analytical methods

Expert Vision Motion Analysis

For the temperature and light experiments, the dissecting microscope and camera set

up was like the single cuvette set-up described in Kamykowski et al. (1988).  The

temperature of water flowing through the water jacket was set to the incubation conditions of

the experiment.  In experiments with more than one temperature treatment, the temperature

of the flow through water was adjusted before analyzing each treatment.

Red light was used to illuminate samples for videotaping because K. brevis has no

known response to red light.  The stop response is an observable cessation of movement
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followed by a phototaxis and has been used to index light reception.  The action spectra of

the stop response for several Gymnodinium species peaks at 280 nm and at 450-475 nm far

from the red end of the spectra and show minimal response to red spectrum light (Forward

and Davenport 1970; Forward 1970, 1973, 1974).  Thus, samples were videotaped in the dark

with a red measurement light illumination at 150x magnification for all experiments except

for the immediate light response experiment in which an overhead full spectrum stimulus

light was also used. Stimulus light intensities were increased stepwise from 0 – 2000 µmol

quanta m-2 s-1 for the immediate light response experiment.   For all experiments, swimming

velocities and patterns were recorded in a cuvette that provided a 3-dimensional environment

(1 cm x 2 cm x 0.5 cm).  However, for the purpose of the experiments, all paths captured

were parallel to the focal plane (estimated to be 25-50 µm based on cell with dimensions

~20x20x5 µm and the helical swimming radius of the cells) of the scope.  ‘Parallel’ is

defined here as a nominal K. brevis along a measured path of 300+ µm.  Some random error

is expected as cells may not swim absolutely perpendicular to the focal plane.

Swimming velocities and patterns were analyzed with the Expert Vision Motion

Analysis package described in Kamykowski et al. (1988).  Interpixel distance for the

magnification applied (150x) was determined using the recorded image of a stage

micrometer.  This allowed for distance calibration.  Using a gray scale capturing system,

portions of the videos were analyzed frame by frame for 5 to 10 seconds with the frame rate

per second set at either 5 or 10.  These two parameters were set to optimize video capture of

cell movement, and the frame rate used in any experiment was kept constant for that

experiment.  Throughout the analyzing process parameters such as search area, minimum

frames/second and path length were set to eliminate spurious paths due to dirt, sinking,
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s

Figure 7:   Scope and cuvette set-up for videotaping samples The cuvette has a water
jacket for temperature control.  Water pumped through the jacket was kept at the
incubation temperature of the experiment.

or stationary objects.  The motion analysis software captured raw data on a computer and

converted it to centriods - dots that correspond to the placement of any captured shape for

one frame. Centriods representing the same cell in successive frames were connected into

paths.  The path length per unit time was then recorded as swimming speed.   The average

swimming speed of each treatment is calculated by noting the average speed of each cell’s

path, and, subsequently, averaging the speed of all the cells’ average path speeds.   Roughly

20 to 60 cell paths were analyzed for each replicate in the swimming speed experiments.

Stimulus visible light

Measurement
red light
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Water-Pulsed Amplitude Modulated Chlorophyll Fluorometer (PAM-Fl)

The PAM-Fl was used for all measurements of photosynthetic yield and Electron

Transport Rate (ETR).  The PAM-Fl was calibrated according the manual specifications and

calibrated with respect to chl a.  The PAM-Fl has become a rapid method for estimating

photosynthetic efficiency (Villeral and Morton 2001; Juneau et al. 2001; Frankart et al. 2003;

Campbell et al. 2003).  Photosynthetic yield refers to the ratio of photosystem II (PSII)

reaction centers that are occupied with exposure to a specific light intensity over the

maximum number of PSII reaction centers that are occupied with exposure to a saturating

light pulse.   The PAM-Fl uses chlorophyll fluorescence to quantify these measurements by

reading the initial dark-adapted fluorescence with a probe light intensity, applying a

saturating light pulse that maximizes fluorescence and suppressed photochemical yield in

samples, and reading the resultant fluorescence state with a probe light intensity.  Each

sample was tested at the probe light intensity at which it was incubated.  Photosynthetic yield

was calculated by the change in variable fluorescence over the maximal fluorescence; Yield

= ΔF/Fm.  This measure indicates the photochemical efficiency of PSII.  ETR was calculated

from yield as ETR = yield * PAR * 0.5 * ETR-factor.  The ETR-factor was the maximum

photosynthetic yield for a dark-adapted sample and was set here at 0.600 as recommended by

the manufacturer.  Thus, the yield is also used as an estimate of the efficiency of electron

transport.  While the limitations of PAM-Fl are still being considered (Franklin and Badger

2001; Suggett et al. 2003), PAM-Fl has been shown to correlate fairly well with yield

measurements obtained by traditional 3'-(3,4-dichlorophenyl)-1',1'-dimethyl urea (DCMU)

inhibition experiments (Parkhill et al. 2001; Schaeffer per com.).  This work uses PAM-Fl
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derived measurements of photosynthetic yield and ETR simply for comparative data among

strains and treatments in controlled laboratory settings.

Coulter Multisizer II Particle Analyzer (Coulter counter)

The Coulter Multisizer II Particle Analyzer Counter (Beckman-Coulter Inc., Miami,

FL) was used to collect all data on cell counts and cell diameters.  The Coulter counter was

flushed and blanked with filtered seawater before counts were taken.  Ten mls of uniformly

mixed samples were used for all cell counts.  The Coulter counter was set to count all

particles between 13.31 – 28.00 µm in diameter for each sample.  The mean diameter of all

the particles within these thresholds also was recorded for each sample.

Multi-laser research-grade COULTER® ALTRA™ flow cytometer

Samples were analyzed for bulk neutral lipids with the flow cytometer (Cooksey et al.

1987).  For all experiments, 10 ml live samples were stained with 25 µls of Nile red and

fixed with 50 µls 1.5% glutaldehyde.  The samples were centrifuged down to <1 ml,

resuspended in 2 mls of seawater, and then taken to the flow cytometer (NCSU Center for

Applied Aquatic Ecology) for analysis.  The flow cytometer passes individual cells through a

laser and examines the fluorescence and optical properties of each cell.  Each run on the flow

cytometer had a minimum of 5000 events (cells per sample). The relative average

fluorescence for each sample was obtained from the resultant peaks.
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TD 20/20 Luminometer

ATP concentration cell-1 was determined by analysis with the TD 20/20

Luminometer.  Subsamples were taken from cultures incubated in the radial photosynthetron

and were analyzed with the Promega ENLITEN® ATP Assay System Bioluminescence

Detection Kit detailed by Turner Designs (Turner Designs, 2003). ATP enables the oxidation

of luciferin by luciferase, which produces light.  ATP is the limiting factor in the reaction.

Using the detection kit, the amount of light produced during the reaction is proportional to

the ATP concentration.  Subsamples removed from the incubation bottles in the radial

photosynthetron were analyzed for bulk ATP concentration with this method.  Dividing the

concentration of each sample by the number of cells in the sample indicated the amount of

ATP cell-1.

Statistical Analysis

Statistical analyses were run with SigmaStat 3.0 software. One-Way, Two-Way, and

Three Way ANOVAs were used to determine statistical differences.   One-Way ANOVAs

were run for each strain with raw data in the immediate response swimming experiments.   In

the 6 h experiments, a Two-Way ANOVA was run to consider strain comparisons and strain

* light interactions on swimming.  One “dummy” point was estimated for the APA strain

2159 sampling to make interaction analysis possible for the software.  Swimming for the

other strains examined was lowest at this light intensity.  The lowest average swimming

speed examined among the other light intensities for APA was used as a conservative

estimate for this data point.  This point was taken out of all subsequent analysis and not used

in the reported results.
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Statistics for the 12 h experiments were utilized primarily for comparing

photosynthetic data.  To determine differences in photosynthetic yield, a linear fit was

applied to yield data for each sample time.  A Three-Way ANOVA on the slopes calculated

from the linear fits was used to examine differences in yield with time and light variation.

For ETR, alpha (the initial slope of the P-I curve) and Pmax (the maximum photosynthetic rate

indicated by these data) were determined for comparisons among strains and over time for

the experiment.  Three-Way ANOVAs were run for alpha and for Pmax with regards to the

light treatment (constant or changing), time, and strain.  Interactions were considered.  A

Tukey test was used for multiple comparisons of main effects.
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SPECIFIC METHODS

Part I:  Effects of temperature and light on swimming speed.

Temperature experiments

Triplicate cultures grown in Erlenmeyer flasks in the temperature gradient bath were

acclimated to eight temperatures, 13°C, 17°C, 19°C, 21°C, 23°C, 25°C, 27°C and 30°C.

Ten ml subsamples from each flask were taken for Coulter cell counts every three days to

quantify growth rate at each acclimated temperature.  After approximately two divisions (6

days), samples were taken for the Expert Vision Motion Analysis system and the mean

swimming speed at each temperature was determined within 5 minutes of sampling.   Water

from each experimental chamber was pumped through the cuvette’s water jacket to assure

the temperature during videotaping was the same as growth conditions.  Each strain was

sampled in triplicate at each temperature.

Light experiments - Immediate response light experiments

Swimming speed was measured for cultures of the three strains under increasing light

(Table 1).  This is the only experiment in which cells were videotaped under a stimulus light.

All other motion analysis measurements were taken in the dark with a red measurement light.

Light irradiating culture samples within the cuvette was increased every 2 minutes by 100 -

400 µmol quanta m-2 s-1 until 2000 µmol quanta m-2 s-1 was reached.  Samples were

videotaped in the cuvette for 1 minute at each intensity.  The light source was an ENH 120V-

250W bulb attached to a variable autotransformer.  A blue filter was placed above the cuvette

to compensate for any spectral shifts that occurred as the light changed.
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Table 1: Light intensity “steps” as light was increased from 0 – 2000 µmol quanta m-2s-1

Light intensity
steps

0
100
200
400

800
1200
1600

2000

Light experiments - 6 h radial photosynthetron

Four-liter batch cultures were grown until cell counts reached approximately 6000

cells ml-1.   Cultures were mixed and siphoned into thirty 50 ml incubation bottles and

incubated in the radial photosynthetron for 6 h at 10 light intensities ranging from 50 µmol

quanta m-2 s-1 to 2159 µmol quanta m-2 s-1 (Table 2).  After the 6 h incubation, samples were

taken from a randomly selected light intensity.  Samples from each 50 ml bottle at that

intensity were videotaped in the dark with red light illumination.  The elapsed time from

removal of sample from the radial photosynthetron to videotaping was under 5 minutes for

all samples.
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Table 2:  Light intensity (µmol quanta m-2 s-1) at each bottle in the radial
photosynthetron for the temperature experiments and the 6 h light experiments.

Bottle #
Light

intensity

10 2159

9 1660

8 1326

7 1198

6 963

5 631

4 298

3 92

2 66

1 50

Light experiments 12 h time course - radial photosynthetron

Four-liter batch cultures were grown under standardized conditions until reaching

Coulter cell counts of approximately 2500 cells ml-1.  The batch cultures were then mixed

and siphoned into six sets of ten 50 ml bottles (60 bottles total) for incubation in the radial

photosynthetron.  Each bottle in a set of ten was at a different light intensity with bottle 1 at

the lowest light intensity and bottle 10 at the highest light intensity.  The six sets were

divided into two light exposure treatments – constant light and changing light.  Three sets of

bottles were kept at constant light for the 12 hours (Table 3:  Constant light).  Another three

sets of bottles underwent light changes throughout the day in stepwise increments  (Table 3:

Changing light).  Light increased for six hours and decreased for six hours.  Temperature was

kept constant throughout the experiment for all bottles/boxes.  Subsamples from three bottles

(3, 6, 9) of each set of 10 were analyzed for swimming speed in the dark within 5 minutes of

sampling with the Expert Vision Motion Analysis package approximately every 2 hours.
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Table 3:  Time, light (µmol quanta m-2 s-1) and bottle schedules for swimming speed
sampling.  Subsamples for swimming speed only were taken from the bottles indicated
in red at each time interval.

Constant light

Bottle #/Time 730 1000 1230 1430 1700 1900*

10 1495 1495 1495 1495 1495 dark

9 1245 1245 1245 1245 1245 dark

8 830 830 830 830 830 dark

7 747 747 747 747 747 dark

6 581 581 581 581 581 dark

5 465 465 465 465 465 dark

4 166 166 166 166 166 dark

3 75 75 75 75 75 dark

2 37 37 37 37 37 dark

1 25 25 25 25 25 dark

Changing light

Bottle #/Time 730 1000 1230 1430 1700 1900*

10 847 1495 2159 1495 847 dark

9 623 1245 1660 1245 623 dark

8 473 830 1326 830 473 dark

7 389 747 1198 747 389 dark

6 224 581 963 581 224 dark

5 159 465 631 465 159 dark

4 105 166 298 166 105 dark

3 28 75 92 75 28 dark

2 25 37 66 37 25 dark

1 17 25 50 25 17 dark

*At 1900 all samples were in the dark.  The light intensities from 1700 were used for ETR measurements
with the PAM-Fl at 1900.

Part II:  Swimming speed and internal cellular states.

Temperature experiments

On day 7 of the temperature experiments described in Part I, triplicates from three

temperatures, 17°C, 21°C, 27°C, were combined and redistributed into thirty 25 ml bottles -

ten at each temperature.  The bottles were incubated in the radial photosynthetron (Table 1)
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at 10 light intensities at their acclimated temperatures for six hours.  Samples were evaluated

for photosynthetic yield and ETR via the Water PAM-Fl at the end of the 6 h incubation.

Due to limited sample volume, replicates were not performed.

Light experiments 6 h radial photosynthetron

During the 6 h radial photosynthetron experiment described in Part 1, subsamples

were taken for photosynthetic yield and ETR, ATP cell-1, and neutral lipids for comparison

with swimming speed data.  Photosynthetic yield and ETR were measured with the Water

PAM-Fl.   ATP cell-1 was examined with a TD 20/20 luminometer using an ATP assay

described on the Turner Designs website.  Neutral lipids were stained with Nile Red and

analyzed with flow cytometry by the NCSU Center for Applied Aquatic Ecology.  Mean cell

diameter was analyzed with the Coulter Counter.

Light experiments 12 h time course – 12 h radial photosynthetron time course

During the 12 h radial photosynthetron time course experiment described in Part I,

subsamples were taken for photosynthetic yield and ETR for comparison with swimming

speed data (Table 3).  At midday (1230) and after lights out (1900) subsamples from the

incubation bottles were examined with the Coulter Counter for cell counts and mean cell

diameter.
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RESULTS

Part I:  Effects of temperature and light on swimming speed and growth

Temperature Experiments

Temperature vs. growth and temperature vs. swimming speed data are available for

the APA and the MAN strains (Table 4).  Three attempts were made to grow the JAX strain in

the temperature bath.  The JAX cultures terminated between days 0 and 3 (after being put at

their final temperature) during each experiment.

The data for both swimming speed vs. temperature and growth vs. temperature

(Figure 8-9) is fit with the 5 parameter equation:

VT = VA [1-e-a(T-TL)] [1-e-b(TH-T)] (Kamykowski and McCollum 1986)

VT is the velocity or growth rate at temperature T, VA is the asymptotic rate for the two

curves, T is the ambient temperature, TL is the low temperature, TH is the high temperature,

and a and b are the initial and final slopes of the curve.  The important swimming parameter

estimates, VA, TL, and TH are highly significant p < 0.05.  Note that parameter estimates for

the growth rate application are less useful (Table 5).  Swimming speed is markedly slower at

the coldest temperature, but remains fairly steady at all other temperatures for both strains

(Figure 8).  The cultures did not survive in baths >31°C.  The growth constant, k, was

calculated by:

k = (Ln Nt – Ln N0)
t

The APA and MAN strains show an optimum growth rate between 21-25°C (Figure 9).  At

higher and lower temperatures growth rate was lower.  “G”, defined as the number of days it
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takes a population to double, is another expression of growth.  “G” was calculated by:

G =   Ln 2 -
      k

The APA and MAN strains have similar swimming speed vs. temperature and growth

vs. temperature ranges.  The APA strain, however, has a higher k value than the MAN strain

at every temperature.  With respect to temperature, both strains have a considerably wider

swimming range than growth range based on the duration of the present experiment.

Table 4:  Growth rate and swimming speed data for temperature acclimated cultures.

APA

Temperature SS (µm s-1) Stdev k (doublings/day) Stdev
G(days to
doubing) Stdev

30 417.6 115.5 0.11 0.02 6.33 1.09

27 281.3 87.7 0.23 0.01 3.01 0.18

25 341.3 91.0 0.31 0.04 2.26 0.28

23 256.8 74.4 0.26 0.06 2.80 0.66

21 380.0 112.0 0.28 0.03 2.48 0.27

19 348.7 93.1 0.22 0.02 3.18 0.32

17 345.4 99.1 0.18 0.02 3.87 0.39

13 153.5 78.4 0.06 0.03 14.14 6.85

MAN

Temperature SS (µm s-1) Stdev k (doublings/day) Stdev
G(days to
doubing) Stdev

30 296.8 109.5 0.00   -- 10.00  --

27 284.7 165.6 0.03 0.11 8.17 3.17

25 295.8 110.0 0.22 0.06 3.35 0.93

23 322.1 116.3 0.23 0.00 3.07 0.03

21 305.9 86.0 0.20 0.05 3.68 1.05

19 306.9 75.3 0.20 0.02 3.50 0.29

17 279.3 81.3 0.17 0.00 3.98 0.09

13 217.9 63.5 0.00 0.03 10.00 0.00
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Figure 8:  Graph of swimming speed vs. temperature. Zero points were estimated at
temperatures where no cells survived.
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Figure 9:  Graph of growth constant, k, vs. temperature.
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Table 5:  Parameter estimates for curve fit to swimming speed and growth rate.
 Swimming speed   Growth constant   

 APA MAN  APA MAN  

Parameter Estimate p Estimate p Estimate p Estimate p

Va 364.5 0.0013 309.1826 <0.0001 188.6 1.0 4316.5 1.0

a 0.18 0.1549 0.2644 0.0021 0.00 1.0 0.041 1.0

TL 8.1 0.0006 8.0154 <0.0001 11.3 0.0 13.0 0.0

b 59.1 1 1.6293 0.09 0.120 0.9 0.000 1.0

TH 32.0 <0.0001 32.0 <0.0001 31.4 <0.0001 29.6 0.0

r2  0.874  0.99  0.958  0.861

Light Experiments

Immediate response light experiments

Cultures of each strain were sampled for swimming speed with light increasing from

0 – 2000 µmol quanta m-2 s-1 (Table 6).  There is a tendency towards lower speeds at

intermediate light intensities (100-800 µmol quanta m-2 s-1).  Swimming speeds in the dark

and at higher light intensities are slightly higher (Figure 10).  One-Way ANOVAs were run

for each strain across the light gradient.  At 95% confidence, there are no significant

differences found for swimming speed over a range of light levels for the APA (p = 0.368)

and JAX (p = 0.100) strains.  A significant difference for swimming speed at different light

intensities was determined for the MAN strain with p < 0.001.  A Tukey multiple pairwise

comparison, showed that swimming speeds for the MAN strain generally are lower in the 100

- 400 µmol quanta m-2 s-1 range than at 2000 µmol quanta m-2 s-1  (Table 7).
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Table 6:  Swimming speed (SS) and standard deviation for each strain as light was
increased from 0 –2000 µmol quanta m-2 s-1.  Speed low points are highlighted in red.

Figure 10:  Swimming speeds of three strains as light is increased stepwise.

Table 7:  One-Way ANOVA for the Man strain immediate light response experiment –
Tukey Test:

Comparison Diff of Means p q P P<0.050
2000 vs. 100 136.262 8 6.591 <0.001 Yes
2000 vs. 200 122.889 8 5.623 0.002 Yes
2000 vs. 400 116.092 8 6.003 <0.001 Yes
2000 vs. 0 92.100 8 4.925 0.012 Yes
2000 vs. 1600 87.635 8 4.532 0.029 Yes
1200 vs. 100             97.374        8  4.710     0.020     Yes

APA MAN JAX

Light SS Stdev Light SS Stdev Light SS Stdev

0 250.3 89.6 0 266.0 84.6 0 275.7 107.0

100 249.3 86.0 100 221.9 59.4 100 288.7 79.8

200 222.8 93.4 200 235.2 73.8 200 272.5 101.8

400 209.7 90.2 400 242.0 79.9 400 261.9 77.2

800 257.3 96.4 800 296.9 77.3 800 247.7 97.9

1200 242.7 90.3 1200 319.2 120.9 1200 310.4 101.3

1600 214.5 90.4 1600 270.5 102.6 1600 314.0 88.6

2000 277.8 107.3 2000 358.1 142.8 2000 330.4 132.8
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6 h experiments with swimming speed measured in the dark

Triplicate swimming speed measurements were analyzed for each strain (Table 8).

Average error bars are shown beside the tables.  The error is intrinsic in the variability of

behavior.  The consistency of the measurements, however, adds credibility to the resulting

trend.

After a 6 h incubation in the radial photosynthetron, each strain exhibits similar

patterns across the light gradient (Figures 11-13).  After initially high swimming speeds,

there is an apparent “dip” in speed for each strain between ~300 – 1000 µmol quanta m-2 s-1.

Swimming speed increases again before decreasing as light becomes high.  In this

experiment, the APA strain appears to swim considerably faster than the JAX strain.  The

MAN strain appears to swim at an average speed between the other two strains.

To determine if these apparent differences along the light gradient are significantly

different, a Two-Way ANOVA (Table 9) was performed to examine differences in speed

with strain, light, and with consideration given to strain * light interactions.  Differences

among the three clones in swimming speed were found with p < 0.001.

The Tukey multiple comparisons show the differences detected are among the high

and low points in swimming speed.  For the APA strain, the comparison shows a difference

for the low light – faster swimming samples and the moderate light – slower swimming

samples, and a difference for the low light-faster swimming samples and the slower

swimming samples at the highest light intensity.  Similarly, the differences in swimming

speed for the MAN strain are due to the significant swimming speed differences between the

low light samples and the highest light sample.  The swimming speed pattern described is
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most apparent in the JAX strain.  The Two-Way ANOVA shows significant differences in

swimming speed over the light gradient examined.

Table 8:  Swimming speed measurements after incubation at 10 light intensities for
each strain.  Highlighted data includes video clip of the cells.  Click on the highlighted
data (or insert CD) to view the cells swimming after the described incubation with
different light intensities.   

APA JAX

Light Swimming speed Light Swimming speed

1 2 3 1 2 3

50 381.3 352.0 353.1 50 206.7 242.8 218.9

66 337.9 349.1 330.4 66 210.1 213.7

92 360.1 400.4 346.1 92 213.2 247.0 259.4

298 285.0 278.3 302.2 298 232.4 257.1 247.1

631 284.1 248.1 240.9 631 205.7 193.9 196.7

963 263.8 305.1 291.1 963 206.2 182.2 169.7

1162 350.2 230.0 1162 231.6 229.8 218.2

1328 300.4 340.8 1328 214.4 196.2 216.4

1660 230.7 267.0 271.2 1660 159.4 189.8 187.6

2150 -- -- -- 2159 147.0 162.4 150.9

MAN

Light Swimming speed

1 2 3

50 305.0 301.2 288.9

66 307.8 322.0 266.0

92 258.5 307.1 278.8

298 246.1 280.6 251.1

631 256.2 269.2 249.6

963 278.8 291.2 311.9

1162 297.6 268.2 304.4

1328 257.3 266.6 284.0

1660 234.6 306.3 232.9

2159 252.1 227.0 220.5

Avg Standard 
deviation of 

Swimming speed

50

150

250

350

450

*note scale 
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Figure 11:  Triplicate swimming speed measurements for the APA strain.  White circles
are average with error.
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 Figure 12:  Triplicate swimming speed measurements for the MAN strain.  White
circles are average with error.
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Jacksonville 6 hr triplicates
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Figure 13: Triplicate swimming speed measurements for the JAX strain.  White circles
are average with error.

Table 9:  Two Way Analysis of Variance for 6-hour swimming speed experiments.

Source of Variation  DF  SS  MS   F   P 
strain 2 121949.155 60974.578 123.134 <0.001
light intensity 9 55618.131 6179.792 12.480 <0.001
strain x light intensity 18 24638.831 1368.824 2.764 0.002
Residual 55 27235.373 495.189
Total 84 249610.398 2971.552

The difference in the mean values among the different levels of strain is greater than would
be expected by chance after allowing for effects of differences in light intensity.  There is a
statistically significant difference (P = <0.001).

Comparisons for factor: strain
ComparisonDiff of Means p q P P<0.050
APA vs. JAX 92.724 3 21.055 <0.001 Yes
APA vs. MAN 25.948 3 5.956 <0.001 Yes
MAN vs. JAX 66.776 3 16.234 <0.001 Yes
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Comparisons for factor: light intensity
Comparison Diff of Means p q P P<0.050
92.000 vs. 2159.000 91.205 10 10.648 <0.001 Yes
92.000 vs. 1660.000 65.685 10 8.855 <0.001 Yes
92.000 vs. 631.000 58.477 10 7.884 <0.001 Yes
92.000 vs. 963.000 41.222 10 5.557 0.008 Yes
50.000 vs. 2159.000 88.882 10 10.377 <0.001 Yes
50.000 vs. 1660.000 63.363 10 8.542 <0.001 Yes
50.000 vs. 631.000 56.155 10 7.570 <0.001 Yes
50.000 vs. 963.000 38.899 10 5.244 0.016 Yes
66.000 vs. 2159.000 77.638 10 8.794 <0.001 Yes
66.000 vs. 1660.000 52.118 10 6.751 <0.001 Yes
66.000 vs. 631.000 44.911 10 5.817 0.005 Yes
1162.000 vs. 2159.000 63.359 10 7.176 <0.001 Yes
1162.000 vs. 1660.000 37.840 10 4.901 0.032 Yes
1328.000 vs. 2159.000 60.745 10 6.880 <0.001 Yes
298.000 vs. 2159.000 58.881 10 6.875 <0.001 Yes
963.000 vs. 2159.000          49.983       10  5.836      0.005             Yes

Comparisons for factor: light intensity within APA
Comparison Diff of Means p q P P<0.05
92.000 vs. 1660.000 112.560 10 8.761 <0.001 Yes
92.000 vs. 631.000 111.160 10 8.652 <0.001 Yes
92.000 vs. 963.000 82.237 10 6.401 0.001 Yes
92.000 vs. 298.000 80.381 10 6.256 0.002 Yes
92.000 vs. 1162.000 78.761 10 5.483 0.010 Yes
50.000 vs. 1660.000 105.797 10 8.235 <0.001 Yes
50.000 vs. 631.000 104.397 10 8.126 <0.001 Yes
50.000 vs. 963.000 75.474 10 5.875 0.004 Yes
50.000 vs. 298.000 73.618 10 5.730 0.006 Yes
50.000 vs. 1162.000 71.997 10 5.012 0.026 Yes
66.000 vs. 1660.000 82.794 10 6.444 0.001 Yes
66.000 vs. 631.000 81.394 10 6.335 0.002 Yes

Comparisons for factor: light intensity within MAN
Comparison Diff of Means p q P P<0.05
66.000 vs. 2159.000 65.416 10 5.092 0.022 Yes
50.000 vs. 2159.000 65.192 10 5.074 0.023 Yes
963.000 vs. 2159.000 60.777 10 4.731 0.044 Yes
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Comparisons for factor: light intensity within JAX
Comparison Diff of Means p q P P<0.05
298.000 vs. 2159.000 92.044 10 7.164 <0.001 Yes
298.000 vs. 1660.000 66.563 10 5.181 0.018 Yes
92.000 vs. 2159.000 86.406 10 6.725 <0.001 Yes
92.000 vs. 1660.000 60.926 10 4.742 0.043 Yes
1162.000 vs. 2159.000 73.073 10 5.688 0.006 Yes
50.000 vs. 2159.000         69.342    10  5.397         0.012         Yes

12 h experiments – with constant and changing light

The swimming speeds for the 12 h experiment are reported in Table 11.   Results

were similar for the constant and changing light experiments (Figure 14 and 15). The

swimming speeds of the APA strain samples in constant light were fairly constant throughout

the day except for samples examined from bottle 3 which exhibited higher swimming speeds

at midday.  In changing light, the APA strain increased in speed until midday.  The fastest

speeds again were from samples taken from bottle 3 at midday.   The MAN strain generally

decreased in speed throughout the day.  The highest swimming speed was at midday from

bottle 3.  The JAX strain also generally decreased in speed throughout the day.

In this experiment, the APA strain again exhibits the fastest swimming speeds.  The

MAN strain has speeds slightly lower than that of the APA strain.  The JAX strain exhibits the

slowest swimming speeds.  Due to limitations caused by missing/lost data points, statistical

analyses of the swimming data for the 12 h experiments was limited.  Averages over time of

the swimming speed for each bottle were computed and a Three-Way ANOVA was run for

swimming speed with respect to strain, constant and changing light, and bottle number

(Table 10).  Bottle number relates to light intensity (Refer to Table 3).  Differences in

swimming speed among strains are apparent with p < 0.001.  There are no significant

differences in swimming between samples in constant and changing light and among bottles,
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but the interaction terms between both of these and strain are close to significance at p =

0.088.  Interactions might be important.  This time and light information is still used for

general tendencies and comparative purposes.

Table 10:  Three-Way ANOVA comparing strain, constant and changing light, and
bottle number.

Treatments are significantly different:
P(strain) = <0.001
P(light treatment) = 0.276
P(bottle) = 0.534
P(strain x light treatment) = 0.088
P(strain x bottle) = 0.088
P(light treatment x bottle) = 0.213
P(strain x light treatment x bottle) = --

Tukey Test:
Comparisons for factor: strain
Comparison Diff of Means p q P P<0.050
APA vs. JAX 121.452 3 23.731 <0.001 Yes
APA vs. MAN 47.211 3 9.224 0.006 Yes
MAN vs. JAX              74.242       3    14.506      0.001       Yes
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Table 11:
Swimming
speeds of each
clone at three
light intensities
over a 12 h
experiment.
Constant
samples were
kept at
 constant light.
Changing
samples were
increased until
noon and
decreased until
lights off.  Empty
boxes result
from loss of
samples on
videotape.  Refer
to Table 3 for
light intensities.

APA constant APA  changing

Time/Bottle # 3 Stdev 6 Stdev 9 Stdev Time/Bottle # 3 Stdev 6 Stdev 9 Stdev

730 237.7 99.2 248.6 91.5 238.2 90.4 730 257.4 110.1 271 89.8 239.5 94.7

1000 252.9 108.5 244.8 81.4 254.6 83.9 1000 275.4 105.7 240.7 95.9 233.3 85.1

1230 309.7 114.8 250.5 76.9 260.6 75.2 1230 327.1 118.1 250.5 81.3 227.4 71.1

1430 311.3 134.8 252 89.6 244 58.5 1430 283.3 116 260.3 91 239.9 76.1

1700 246.8 99.9 231.7 92.3 226.1 77.2 1700 316.4 104.7 261.6 94.2 231.6 68.5

1900 264.1 112.6 288.2 103.8 282.8 101.3 1900 302.9 104.7 343.4 118 296.1 97.9

average 270.4 252.6 251.1 averages 293.8 271.3 244.6

MAN constant MAN  changing       
Time/Bottle # 3 Stdev 6 Stdev 9 Stdev  Time/Bottle # 3 Stdev 6 Stdev 9 Stdev

730 228.9 80.5 290 87.1 263.7 82  730 249.4 29.8 281.5 96.1 237.5 86.7

1000 213.7 66.2 229.9 82.6 254.8 94.7  1000 238.5 70.6 231.5 78.9 194.3 64.8

1230 314.9 81.6 224.4 69.2 244.4 67.5  1230 261.2 87.5 222.9 63.2 219.9 75

1430 204.2 84.4   212.5 60.2  1430 209.6 76.5 202.2 77.7   

1700 178.8 61.9 192.6 55.3 220.9 67.9  1700 162.7 37.7 191.1 48.8 184.8 57.7

1900 157.2 45 174.4 34.3 224.5 60.9  1900 121.9 46.2 159.9 82.1 178.8 54

averages 207.2 215.9 236.8 Averages 207.21667 214.85 203.06

JAX constant JAX changing

Time/Bottle # 3 Stdev 6 Stdev 9 Stdev Time/Bottle # 3 Stdev 6 Stdev 9 Stdev

730 46.1 25.7 220.6 75 167.1 88.8 730 152.3 86.6 266.4 83.1 240.7 69.3

1000 85.3 77.1 167.8 61.8 138.4 61.4 1000 201.3 52.3 172.2 61.3 189.8 60.9

1230 146.7 81.5 184.1 86.7 221.3 64.8 1230 165.7 71.9 168.2 47.7 160.6 55.7

1430   145.8 61.3   1430   158.3 53.5   

1700 86.1 61.4 125.7 65.1 84.3 34.3 1700 135.3 89 104.7 30.8 130.1 54.2

1900 79 26.4 98.3 34.4 93.7 36.5 1900 85.5 17.4 75.5 22.9 92.8 38.2

averages 88.64 157.05 140.96 averages 148.02 157.55 162.8
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Figure 14:  Swimming speed at each bottle over time from the constant light treatment.
Refer to Table 3.
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Apalachicola - changing light
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Figure 15:  Swimming speed at each bottle over time from the changing light treatment.
Refer to Table 3.
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Part II:  Internal cellular state and swimming speed

Temperature experiments

 The APA and MAN strains exhibited different photosynthetic trends at the acclimated

temperatures (Table 12, Figures 16-17).  Since no replicates were taken due to limited

volume of acclimated cultures, the following description is based on the patterns in the data.

The APA strain has the highest ETR and photosynthetic yield at the highest temperature

examined (27°C) and the lowest ETR and photosynthetic yield at the lowest temperature

examined (17°C) (Figure 17).  In contrast, the MAN strain has the highest ETR and

photosynthetic yield at the lowest temperature examined (17°C) and the lowest ETR and

photosynthetic yield at the highest temperature examined (27°C) (Figure 18).  The APA

strain is inhibited at light levels over ~1000 µmol quanta m-2 s-1 at each temperature.

Photoinhibition begins at slightly lower light intensities at 17°C and slightly higher light

intensities at 27° C.  The MAN strain shows no photoinhibition at either 17°C or 27°C.

The average swimming speeds for samples from acclimated cultures of each strain at

17°C, 22°C, and 27°C are similar (between 280 – 380 µm s-1), and there is no apparent

relationship between swimming speed and ETR (Figure 6).  The strains have different

tendencies for growth rate vs. temperature (Figure 7).  Notably, the APA strain’s growth rate

peaks at 25°C - 27°C, whereas the MAN strain’s growth rate peaks between 17°C -21°C.  The

overall ETR is higher for both strains at temperatures where growth rate is higher.
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Table 12:  Radial Photosynthetron data; temperature acclimated cultures

APA

Temperature

17 22 27

Light ETR Yield Diameter ETR Yield Diameter ETR Yield    Diameter

50 9.0 0.598 21.83 9.7 0.649 20.56 9.9 0.662 20.96

66 11.5 0.583 21.21 12.8 0.65 21.12 13.0 0.66 21.14

92 15.8 0.571 21.34 17.9 0.651 21.43 17.6 0.641 21.35

298 50.0 0.559 22.07 54.4 0.61 21.41 54.4 0.609 21.09

631 90.7 0.479 22.07 102.4 0.541 21.86 104.6 0.553 21.71

963 102.8 0.356 21.9 121.0 0.419 129.9 0.45 22.73

1162 55.7 0.161 23.15 132.4 0.38 134.5 0.386 24.03

1328 3.1 0.01 24.7 84.8 0.213 22.77 109.5 0.275 22.69

1660 5.4 0.014 24.21 39.8 0.08 23.63 68.6 0.138 23.55

2159 0.0 0 24.61 27.1 0.042 24.11 35.6 0.055 23.88

MAN

Temperature

17 27

Light ETR Yield Diameter ETR Yield   Diameter

50 9.0 0.604 21.51 8.0 0.536 22.5

66 11.6 0.59 21.76 10.5 0.533 22.58

92 16.4 0.597 21.55 14.9 0.543 22.87

298 50.2 0.563 22.31 -- -- 23.26

631 99.4 0.525 22.95 96.1 0.508 23.55

963 137.7 0.477 22.89 109.1 0.378 24.23

1162 161.3 0.449 22.96 123.9 0.345 23.98

1328 180.9 0.455 22.98 144.7 0.364 24.14

1660 197.6 0.397 22.84 145.4 0.292 23.65

2159 197.5 0.305 22.7 128.2 0.198 --
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Figure 16:  Graph of ETR at three acclimated temperatures for the APA strain.  (No
replicates were taken.)

17 Rsqr = 0.99209049

27 Rsqr = 0.97787132
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 Figure 17:  Graph of ETR at three acclimated temperatures for the MAN strain.  (No replicates
were taken.)
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Light experiments – 6 h radial photosynthetron

Production potential and swimming speed of the APA, MAN, and JAX strains (Table

13, Figures 18-20) show a dynamic relationship that depends on the light intensity under

which the cells were incubated.  All strains exhibit a similar pattern of swimming speed

change relative to ETR change, but the light intensities at which the changes in the pattern

occur are strain specific (Table 14).  At low light (APA:  <92 µmol quanta m-2 s-1, MAN: < 66

µmol quanta m-2 s-1, and JAX:  < 298 µmol quanta m-2 s-1), ETR is low while swimming

speed is relatively high for each strain.  Under moderate light (APA:  92 – 631 µmol quanta

m-2 s-1, MAN:  63-632 µmol quanta m-2 s-1, JAX:  298 – 963 µmol quanta m-2 s-1), ETR

increases while swimming speed decreases.  Under higher light (APA:  631-1328 µmol

quanta m-2 s-1, MAN:  631-1198 µmol quanta m-2 s-1, JAX:  963- 1198 µmol  quanta m-2 s-1),

ETR reaches a maximum as swimming speed increases to a rate that approaches that at low

light.  The fastest swimming speed resulting from this increasing rate occurs after the peak in

ETR.  At the highest light intensities (APA:  >1328 µmol quanta m-2 s-1, MAN:  >1198 µmol

quanta m-2 s-1, and JAX:  >1198 µmol quanta m-2 s-1), ETR and swimming speed again

decrease.

For the strains examined, neutral lipids generally exhibit a pattern that follows ETR.

Note that all strains exhibit a neutral lipid peak near the swimming speed peak that occurs

after the ETR peak at higher light intensities.  ATP measurements show changes along the

light gradient, but the pattern varies among strains.   Cell diameter and cell neutral lipid

content have a linear relationship.  Note that neutral lipids generally increase as cell diameter

increases for each strain (Figure 21).



50

Table 13:  Summary of 6 hr radial photosynthetron experiment.
*SS = Swimming speed (µm s-1)

APA      
Light ETR Stdev Yield Stdev SS Stdev Neutral lipids pg ATP/cell cell diameter
50 10.4 0.12 0.696 0.01 358.9 137.5 5.4 0.035 20.98
66 13.9 0.15 0.704 0.01 350.4 177.4 5.97 0.032 21.12
92 18.7 0.12 0.679 0 368.1 158 6.71 0.025 21.58
298 54.7 1.14 0.612 0.01 286.2 100.3 9.23 0.02 22.72
631 98.8 6.21 0.523 0.03 259.7 80.1 10.3 0.039 22.46
963 93.8 11.58 0.325 0.04 281.9 115.9 10.47 0.034 22.59
1162 70.2 18.25 0.202 0.05 296.4 114.7 9.46 0.034 22.65
1328 40.4 24.31 0.102 0.06 328.7 107.8 11.4 0.031 22.33
1660 38.3 27.12 0.077 0.05 262.9 73.5 8.33 0.023 21.99
2159 -- -- -- --   --   --   --   --   --

       
MAN       
Light ETR Stdev Yield Stdev SS Stdev Neutral lipids pg ATP/cell cell diameter
50 10.2 0.06 0.625 0 298.5 116.8 5.35 0.021 20.09
66 13.4 0.21 0.622 0.01 306 101.1 5.61 0.019 20.3
92 18.6 0.1 0.601 0 278.2 115.5 5.08 0.022 20.6
298 48 3.79 0.534 0.04 258 84.8 6.66 0.021 21.62
631 75.7 6.13 0.389 0.03 258.7 88.6 7.02 0.021 21.79
963 67.1 3.64 0.22 0.01 293.5 85.7 8.36 0.022 22.09
1162 80 5.4 0.165 0.02 294.2 89.6 7.41 0.024 21.77
1328 61.4 24.97 0.119 0.06 270.3 76.5 6.58 0.021 21.68
1660 34 13.71 0.062 0.03 258.6 85.1 7.2 0.02 21.65
2159 18.5 20.22 0.096 0.03 236.9 103.3 7.64 0.017 21.13

       
JAX         
Light ETR Stdev Yield Stdev SS Stdev Neutral lipids pg ATP/cell cell diameter
50 9.3 0.15 0.685 0.01 221.4 69.3 8.64 0.025 20.99
66 12.3 0.15 0.682 0.01 212.5 47 8.46 0.025 21.05
92 16.5 0.32 0.677 0.01 240.8 91.3 8.3 0.02 21.39
298 47.7 0.71 0.537 0.01 245.6 91.8 11.35 0.029 21.54
631 73.6 2.93 0.4 0.02 199.3 65.3 11.46 0.017 21.86
963 63.6 1.25 0.232 0 182.9 45.4 11.12 0.024 21.48
1162 57.5 2.3 0.23 0.01 226.4 89.4 11.26 0.016 21.59
1328 47.2 9.33 0.154 0.02 208.8 83.8 8.96 0.017 21.49
1660 31 16.56 0.068 0.03 183.8 37.4 9.87 0.025 21.38
2159 35.4 9.78 0.029 0.02 152.6 30.5 9.05 0.028 21.15
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Figure 18:  Graph showing how ATP cell-1, neutral lipids, ETR, and swimming
speed compare after 6 h incubation at 10 light levels for APA.   Average deviation
bars for ETR are on the plot.

Manasota

Light (µmol quanta m-2 s-1)

0 500 1000 1500 2000 2500

A
T

P
 (pg cell

-1
)

0.02

0.02

0.02

0.02

0.02

0.03

R
elative N

ile R
ed F

luorescence (Lipids)

4.0

5.0

6.0

7.0

8.0

9.0

E
T

R

0

20

40

60

80

100

S
w

im
m

ing speed (
µ

m
 s

-1
)

230

240

250

260

270

280

290

300

310

ATP
Lipids
ETR
Swimming speed

Figure 19:  Graph showing how ATP cell-1, neutral lipids, ETR, and swimming
speed compare after 6 h incubation at 10 light levels for MAN.  Average deviation
bars for ETR are on the plot.
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Figure 20:  Graph showing how ATP cell-1, neutral lipids, ETR, and swimming
speed compare after 6 h incubation at 10 light levels for JAX.  Average deviation
bars for ETR are on the plot.

Table 14:  Changes in swimming speed (denoted SS on Table) and corresponding
light intensities (with units µmol quanta m-2 s-1) for each strain.

Strain/Light intensity High SS Decreasing SS Increasing SS Decreasing SS

APA <92 92-631 631-1328 >1328

MAN <66 66-631 631-1198 >1198

JAX <298 298-963 631-1198 >1198
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Figure 21:  Linear relationship between neutral lipids and cell diameter.

Light experiments 12h time course – 12 h radial photosynthetron time course

Since the APA, MAN, and JAX strains (Tables 15-17) are visually similar with

regards to photosynthetic yield and ETR, plots of these variables are only provided for

the APA strain (Figures 22-25).  Differences in photosynthetic yield and ETR are more

apparent at light intensities > 500 µmol quanta m-2 s-1.  Also note that while constant and

changing light plots for photosynthetic yield and ETR are similar, there is more scatter in

the changing light data.

For the strains examined, photosynthetic yield is near ~0.65-0.70 for the 630

baseline samples and the low light samples.  Under constant light (Figure 22),

photosynthetic yield at 730 linearly decreases from ~0.65 – 0.70 at low light (25 µmol

quanta m-2 s-1) to 0.20 – 0.40 at high light (1495 µmol quanta m-2 s-1).    Photosynthetic
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yield generally increases until 1230, then decreases at 1700, and finally recovers at 1900

after lights out.  The changing light treatment is similar (Figure 23) with photosynthetic

yield linearly decreasing from ~0.70 at low light (17 µmol quanta m-2 s-1) to ~0.45 at the

highest light examined (847 µmol quanta m-2 s-1).  Photosynthetic yield for the constant

light treatment is ~0.45 at a similar light intensity of 830 µmol quanta m-2 s-1.

Photosynthetic yield follows the same general trend at 1030 and 1230 as at 730.

Photosynthetic yield decreases at 1430 and 1700 before increasing at 1900 after lights

out.

To determine differences, a linear fit was applied to yield data for each sample

time.  A Three-Way ANOVA on the slopes calculated from the linear fits is used to

examine differences in yield with time and light variation (Table 18).  Due to test

freedom limitations, only two-way interactions could be computed, and only Tukey

pairwise comparisons could be generated for main effects.  Significant differences are

apparent among strains, p = 0.013, between constant light and changing light, p = 0.006,

and with time p < 0. 001.  There is a significant interaction between time and light, p

<0.033.

The 630 baseline sample for ETR shows a linear increase with ETR as light

intensity increases (Figure 24-25).  In constant light at 730, ETR follows increases

linearly at light intensities from 25-465 µmol quanta m-2s1 from a relative rate of ~5 to 90

µmol e- m-2 s-1 (Figure 24).  At light intensities from 465-1495 µmol quanta m-2 s-1 ETR

increases more slowly - from ~90 to 150 µmol e m-2 s-1.  The maximum ETR generally

increases until 1230-1430, decreases at 1700, and recovers at 1900.  In changing light at

730, ETR again increases linearly at light intensities from 17-473 µmol quanta m-2 s-1
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from a relative rate of ~5 to 110 µmol e- m-2 s-1, and at light intensities from 473-847

µmol quanta m-2 s-1, ETR increases more slowly - from ~110 to 160 µmol e- m-2 s-1

(Figure 26).  The maximum ETR vs. light is similar for the 1000 and 1230 samples, it

decreases at 1430 and 1700, and recovers at 1900.

To indicate if the differences were significant and if there was any difference

between samples in constant light treatments and changing light treatments, Three-Way

ANOVAs were run on alpha and on Pmax for light treatment (constant or changing), time,

and strain (Tables 19-20).   The points were fit with a spline fit.  Alpha was calculated

from the slope of the first three points on the light curve and Pmax was estimated by the

maximum ETR.

For alpha, there are no significant time effects, p > 0.05.  Constant and changing

light are significantly different for alpha with p < 0.001.  Alpha also exhibits significant

differences among strains with p < 0.001.  However, the interaction between treatment

and strain is also highly significant, p < 0.001.  This interaction may mask the actual

significance of the main effects and it is possible it is lower.  There are no significant

interactions in the analysis of Pmax.  Strain has no significant effect on Pmax.   Time (p =

0.05) and light treatment (p = 0.025), however, are both significant.
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Table 15:  APA photosynthetic yield and ETR over 12 hours in constant and
changing light.

730 730

Constant Yield Std ETR stdev Changing Yield Std ETR Stdev

1495 0.241 0.021 108.2 9.3 847 0.463 0.045 164.5 15.9

1245 0.397 0.069 148.2 25.6 623 0.523 0.031 136.8 8.2

830 0.451 0.1 112.2 24.8 473 0.589 0.051 116.9 10.1

747 0.519 0.039 116.3 8.7 389 0.634 0.028 103.5 4.6

581 0.592 0.027 117.5 11.4 224 0.63 0.02 59.2 1.9

465 0.622 0.064 86.7 8.9 159 0.689 0.01 45.9 0.7

166 0.699 0.022 34.7 1 105 0.706 0.011 31 0.5

75 0.712 0.007 15.9 0.1 28 0.724 0.005 8.4 0.1

37 0.715 0.005 7.9 0 25 0.721 0.009 7.5 0.1

25 0.685 0.084 5.1 0.6 17 0.687 0.067 4.8 0.5

1000 1000

Constant Yield Std ETR Stdev Changing Yield Std ETR Stdev

1495 0.285 0.072 127.6 32.3 1495 0.37 0.028 232 17.6

1245 0.422 0.095 157.7 35.6 1245 0.461 0.044 240.8 22.8

830 0.481 0.038 119.6 9.4 830 0.542 0.04 188.7 13.9

747 0.547 0.027 122.5 6 747 0.578 0.011 181.2 3.3

581 0.576 0.03 100.3 5.3 581 0.574 0.014 140 3.5

465 0.62 0.017 86.4 2.4 465 0.656 0.019 128.1 3.7

166 0.675 0.014 33.6 0.7 166 0.695 0.012 48.4 0.9

75 0.703 0.013 15.7 0.3 75 0.703 0.009 22.1 0.3

37 0.702 0.006 7.7 0.1 37 0.714 0.009 11 0.1

25 0.516 0.258 3.8 1.9 25 0.71 0.013 7.4 0.1

1230 1230

Constant Yield Std ETR Stdev Changing Yield Std ETR Stdev

1495 0.361 0.108 162 48.4 2159 0.176 0.03 159.5 26.8

1245 0.439 0.072 163.8 27 1660 0.229 0.072 159.8 50.2

830 0.487 0.045 121.3 11.3 1326 0.403 0.041 224.2 23.1

747 0.581 0.037 130.2 8.2 1198 0.472 0.042 237.4 21.2

581 0.578 0.027 100.6 4.7 963 0.457 0.047 184.8 19.1

465 0.598 0.066 83.4 9.2 631 0.613 0.016 162.4 4.1

166 0.69 0.006 34.3 0.3 298 0.667 0.016 83.4 2

75 0.697 0.011 15.6 0.2 92 0.695 0.004 26.8 0.2

37 0.715 0.009 7.9 0.1 66 0.724 0.009 20 0.3

25 0.742 0.03 5.5 0.2 50 0.698 0.029 14.6 0.7
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Table 15 (cont’)
1430 1430

Constant Yield Stdev ETR Stdev Changing Yield Stdev ETR Stdev

1495 0.345 0.166 154.8 74.6 1495 0.165 0.134 151.6 21.7

1245 0.45 0.116 167.9 43.3 1245 0.343 0.054 179.3 28.3

830 0.502 0.053 125 13.1 830 0.499 0.037 173.8 12.9

747 0.573 0.035 128.4 7.7 747 0.557 0.02 174.6 6.4

581 0.613 0.031 106.9 5.3 581 0.551 0.063 134.3 15.4

465 0.607 0.078 84.6 10.8 465 0.647 0.012 126.2 2.3

166 0.691 0.021 34.4 1.1 166 0.702 0.008 48.9 0.5

75 0.715 0.008 16 0.2 75 0.706 0.003 22.1 0.1

37 0.734 0.004 8.1 0 37 0.724 0.008 11.1 0.2

25 0.679 0.088 5 0.7 25 0.783 0.054 8.2 0.6

1700 1700

Constant Yield Stdev ETR Stdev Changing Yield Stdev ETR Stdev

1495 0.31 0.175 154.8 74.6 847 0.297 0.119 151.6 21.7

1245 0.418 0.124 167.9 43.3 623 0.441 0.039 179.3 28.3

830 0.444 0.094 125 13.1 473 0.545 0.029 173.8 12.9

747 0.582 0.032 128.4 7.7 389 0.601 0.015 174.6 6.4

581 0.607 0.02 106.9 5.3 224 0.605 0.062 134.3 15.4

465 0.615 0.099 84.6 10.8 159 0.68 0.005 126.2 2.3

166 0.709 0.01 34.4 1.1 105 0.707 0.011 48.9 0.5

75 0.712 0.009 16 0.2 28 0.721 0.002 22.1 0.1

37 0.735 0.01 8.1 0 25 0.725 0.008 11.1 0.2

25 0.704 0.063 5 0.7 17 0.678 0.107 8.2 0.6

1900 1900

Constant Yield Stdev ETR Stdev Changing Yield Stdev ETR Stdev

1495 0.398 0.109 178.4 49 847 0.433 0.134 154.1 47.6

1245 0.485 0.092 181.1 34.2 623 0.548 0.022 143.3 5.7

830 0.469 0.153 116.6 38 473 0.601 0.024 119.4 4.7

747 0.603 0.019 135 4.3 389 0.634 0.012 103.5 2.1

581 0.616 0.021 107.3 3.7 224 0.627 0.091 58.9 8.6

465 0.629 0.07 87.7 9.7 159 0.686 0.005 45.7 0.3

166 0.703 0.004 35 0.2 105 0.707 0.015 31.1 0.7

75 0.704 0.007 15.8 0.1 28 0.712 0.01 8.3 0.1

37 0.713 0.003 7.9 0 25 0.708 0.009 7.3 0.1

25 0.569 0.178 4.2 1.3 17 0.674 0.066 4.7 0.5
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Table 16:  MAN photosynthetic yield and ETR over 12 hours in constant and
changing light.

730 730

Constant Yield Stdev ETR Stdev Changing Yield Stdev ETR Stdev

1495 0.258 0.015 161.9 9.4 847 0.377 0.07 134 25

1245 0.302 0.056 158 29.2 623 0.419 0.038 109.6 9.9

830 0.373 0.031 130.1 10.7 473 0.46 0.043 91.4 8.6

747 0.417 0.035 130.6 10.8 389 0.515 0.003 84 0.5

581 0.472 0.047 115.2 11.5 224 0.569 0.025 53.4 2.3

465 0.542 0.02 105.8 3.8 159 0.595 0.011 39.6 0.7

166 0.598 0.008 41.6 0.6 105 0.644 0.019 28.3 0.9

75 0.633 0.011 19.9 0.4 28 0.667 0.005 7.8 0.1

37 0.64 0.011 9.8 0.2 25 0.654 0.009 6.8 0.1

25 0.544 0.193 5.6 2 17 0.507 0.235 3.5 1.7

1000 1000

Constant Yield Stdev ETR Stdev Changing Yield Stdev ETR Stdev

1495 0.2517 0.0315 157.9 19.8 1495 0.272 0.063 170.9 39.7

1245 0.3027 0.0146 158.2 7.6 1245 0.322 0.065 168.3 34

830 0.3987 0.0117 138.9 4 830 0.355 0.073 123.6 25.3

747 0.4313 0.0105 135.2 3.3 747 0.453 0.006 142.1 1.8

581 0.4437 0.0348 108.2 8.6 581 0.447 0.036 109.1 8.6

465 0.536 0.014 104.6 2.7 465 0.554 0.037 108.2 7.1

166 0.5533 0.0117 38.5 0.8 166 0.591 0.011 41.1 0.7

75 0.6077 0.0012 19 0.1 75 0.641 0.015 20.1 0.5

37 0.6307 0.009 9.7 0.2 37 0.632 0.005 9.7 0.1

25 0.558 0.129 5.8 1.4 25 0.507 0.241 5.3 2.6

1230 1230

Constant Yield Stdev ETR Stdev Changing Yield Stdev ETR Stdev

1495 0.321 0.053 201.5 33.2 2159 0.194 0.046 175.8 42.1

1245 0.312 0.047 162.9 24.7 1660 0.25 0.058 174.4 40.7

830 0.41 0.016 142.9 5.7 1326 0.322 0.043 179.5 23.8

747 0.458 0.017 143.5 5.3 1198 0.421 0.049 211.9 24.7

581 0.46 0.017 112.1 4 963 0.374 0.046 151.2 18.5

465 0.549 0.014 107.2 2.8 631 0.524 0.025 138.8 6.7

166 0.568 0.009 39.5 0.6 298 0.559 0.006 69.8 0.8

75 0.602 0.03 18.9 1 92 0.592 0.004 22.8 0.2

37 0.626 0.01 9.6 0.2 66 0.624 0.012 17.2 0.3

25 0.502 0.214 5.2 2.3 50 0.637 0.013 13.3 0.3
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Table 16 (cont’)
1430 1430

Constant Yield Stdev ETR Stdev Changing Yield Stdev ETR Stdev

1495 0.335 0.035 210.3 21.9 1495 0.279 0.065 174.9 40.6

1245 0.368 0.033 192.2 17 1245 0.355 0.042 185.7 21.9

830 0.437 0.024 152.2 8.3 830 0.426 0.004 148.3 1.4

747 0.472 0.005 148 1.7 747 0.472 0.008 147.9 2.4

581 0.44 0.019 107.4 4.7 581 0.452 0.028 110.3 6.7

465 0.526 0.04 102.7 7.9 465 0.542 0.013 105.7 2.6

166 0.598 0.005 41.6 0.4 166 0.582 0.014 40.4 1

75 0.615 0.009 19.2 0.3 75 0.612 0.015 19.1 0.5

37 0.629 0.011 9.7 0.2 37 0.644 0.005 9.9 0.1

25 0.544 0.162 5.6 1.7 25 0.495 0.238 5.1 2.5

1700 1700

Constant Yield Stdev ETR Stdev Changing Yield Stdev ETR Stdev

1495 0.231 0.038 145.2 23.6 847 0.316 0.051 112.2 18.1

1245 0.31 0.029 162.2 14.9 623 0.361 0.051 94.3 13.4

830 0.419 0.014 146.1 4.8 473 0.464 0.023 92.1 4.5

747 0.467 0.016 146.6 5 389 0.536 0.03 87.4 4.8

581 0.462 0.035 112.6 8.5 224 0.513 0.003 48.2 0.2

465 0.569 0.017 111 3.2 159 0.605 0.013 40.3 0.9

166 0.638 0.014 44.4 1 105 0.641 0.006 28.1 0.3

75 0.645 0.003 20.2 0.2 28 0.645 0.003 7.5 0.1

37 0.653 0.013 10.1 0.2 25 0.658 0.013 6.8 0.1

25 0.564 0.204 5.8 2.1 17 0.528 0.206 3.7 1.5

1900 1900

Constant Yield Stdev ETR Stdev Changing Yield Stdev ETR Stdev

1495 0.331 0.09 207.5 56.6 847 0.442 0.008 157 2.9

1245 0.379 0.042 197.9 22 623 0.461 0.015 120.5 3.9

830 0.5 0.019 174.4 6.5 473 0.52 0.007 103.3 1.5

747 0.525 0.026 164.6 8 389 0.583 0.022 95.1 3.5

581 0.528 0.012 128.7 2.8 224 0.581 0.011 54.6 1

465 0.626 0.011 122.2 2.2 159 0.63 0.019 42 1.2

166 0.644 0.013 44.8 0.9 105 0.66 0.011 29 0.5

75 0.647 0.015 20.3 0.5 28 0.654 0.009 7.6 0.1

37 0.667 0.008 10.3 0.1 25 0.649 0.012 6.7 0.1

25 0.505 0.268 5.2 2.8  17 0.566 0.169 4 1.2
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Table 17:  JAX photosynthetic yield and ETR over 12 hours in constant and
changing light.

730 730

Constant Yield Std ETR Stdev Changing Yield Std ETR Stdev

1495 0.233 0.044 104.6 19.7 847 0.437 0.078 111.1 19.8

1245 0.302 0.049 112.6 18.4 623 0.497 0.026 92.8 4.8

830 0.415 0.034 103.3 8.5 473 0.551 0.002 78.1 0.3

747 0.461 0.027 103.2 5.9 389 0.598 0.014 69.7 1.7

581 0.52 0.037 90.6 6.4 224 0.601 0.019 40.3 1.3

465 0.621 0.008 86.5 1.1 159 0.665 0.012 31.6 0.6

166 0.65 0.022 49.9 0.8 105 0.698 0.027 25 0.2

75 0.679 0.007 15.2 0.1 28 0.677 0.003 5.6 0

37 0.688 0.002 7.5 0 25 0.691 0.006 5.1 0.1

25 0.698 0.016 5.2 0.1 17 0.693 0.005 3.5 0

1000 1000

Constant Yield Std ETR Stdev Changing Yield Std ETR Stdev

1495 0.328 0.076 146.9 34.3 1495 0.362 0.081 162.3 36.1

1245 0.383 0.007 143 2.7 1245 0.45 0.03 167.9 11.2

830 0.488 0.031 121.5 7.7 830 0.509 0.011 126.7 2.8

747 0.515 0.027 115.4 6.1 747 0.542 0.036 121.4 8

581 0.531 0.026 92.5 4.5 581 0.546 0.02 95.1 3.5

465 0.617 0.013 86 1.9 465 0.641 0.012 89.4 1.6

166 0.646 0.036 49.6 1.2 166 0.678 0.02 52.4 0.3

75 0.665 0.013 14.9 0.3 75 0.693 0.019 15.5 0.5

37 0.674 0.013 7.4 0.1 37 0.697 0.02 7.7 0.2

25 0.684 0.014 5.1 0.1 25 0.699 0.008 5.2 0

1230 1230

Constant Yield Std ETR Stdev Changing Yield Std ETR Stdev

1495 0.432 0.058 193.7 25.8 2159 0.257 0.046 166.4 29.6

1245 0.448 0.012 167.1 4.4 1660 0.325 0.057 161.6 28.1

830 0.502 0.036 124.8 8.9 1326 0.434 0.032 172.4 12.7

747 0.529 0.038 118.4 8.5 1198 0.496 0.015 178.3 5.5

581 0.54 0.012 94 2 963 0.541 0.015 156.2 4.3

465 0.635 0.027 88.5 3.7 631 0.61 0.003 115.5 0.5

166 0.655 0.036 50.1 1 298 0.647 0.022 76.8 0.8

75 0.663 0.006 14.9 0.1 92 0.666 0.004 18.3 0.1

37 0.67 0.016 7.4 0.2 66 0.686 0.01 13.5 0.2

25 0.69 0.004 5.1 0 50 0.687 0.006 10.2 0.1
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Table 17 (cont’)
1430 1430

Constant Yield Std ETR Stdev Changing Yield Std ETR Stdev

1495 0.403 0.051 253 31.7 1495 0.375 0.05 168 22.2

1245 0.463 0.037 242 19.3 1245 0.416 0.042 155.3 15.8

830 0.55 0.019 191.6 6.7 830 0.514 0.006 128 1.4

747 0.589 0.025 184.7 7.9 747 0.559 0.026 125.2 5.8

581 0.575 0.018 140.3 4.4 581 0.562 0.009 97.9 1.5

465 0.644 0.018 125.7 3.4 465 0.647 0.015 90.2 2.1

166 0.684 0.013 74.4 0.9 166 0.683 0.012 53.4 0.5

75 0.688 0.016 21.6 0.5 75 0.704 0.011 15.8 0.3

37 0.707 0.006 10.9 0.1 37 0.703 0.008 7.8 0.1

25 0.712 0.001 7.4 0.1 25 0.707 0.006 5.2 0

1700 1700

Constant Yield Std ETR Stdev Changing Yield Std ETR Stdev

1495 0.346 0.084 155.3 37.6 847 0.44 0.05 111.6 12.6

1245 0.416 0.029 155.2 10.7 623 0.486 0.034 90.7 6.2

830 0.513 0.009 127.6 2.2 473 0.552 0.004 78.3 0.5

747 0.57 0.025 127.6 5.5 389 0.607 0.02 70.8 2.3

581 0.563 0.015 98 2.6 224 0.609 0.013 40.9 0.9

465 0.66 0.011 92 1.5 159 0.674 0.01 32.1 0.5

166 0.697 0.024 53.6 0.2 105 0.71 0.021 25.5 0.3

75 0.69 0.008 15.5 0.2 28 0.695 0.002 5.8 0

37 0.708 0.011 7.8 0.1 25 0.712 0.002 5.3 0

25 0.713 0.005 5.2 0 17 0.71 0.016 3.5 0.1

1900 1900

Constant Yield Std ETR Stdev Changing Yield Std ETR Stdev

1495 0.453 0.018 203.1 8.1 847 0.52 0.022 132 5.5

1245 0.494 0.026 184.6 9.7 623 0.539 0.016 100.7 2.9

830 0.566 0.004 140.9 0.9 473 0.605 0.005 85.8 0.7

747 0.603 0.018 135 4.1 389 0.651 0.014 75.9 1.7

581 0.614 0.012 106.9 2.1 224 0.654 0.006 43.9 0.4

465 0.682 0.015 95.1 2.2 159 0.704 0.01 33.5 0.5

166 0.701 0.001 55.7 0.1 105 0.714 0.007 26.3 0.2

75 0.71 0.015 15.9 0.3 28 0.72 0.009 6 0.1

37 0.72 0.007 7.9 0.1 25 0.711 0.011 5.3 0.1

25 0.72 0.007 5.3 0.1  17 0.723 0.007 3.6 0.1
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Figure 22:  Yield vs. light in constant light conditions over 12 hours.
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Figure 23:  Yield vs. light in changing light conditions over 12 hours.
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Table 18:  Three Way Analysis of Variance for slope of linear yield fit.  

Treatments are significantly different:
P(strain) = 0.013
P(light) = 0.006
P(time) = <0.001
P(strain x light) = 0.053
P(strain x time) = 0.115
P(light x time) = 0.033
P(strain x light x time) = --

Tukey Test:
Comparisons for factor: strain
ComparisonDiff of Means p q P P<0.050
JAX vs. APA 0.0000500 3 5.196 0.011 Yes

Comparisons for factor: light(constant/changing)
Comparison Diff of Means p q P P<0.050
constant vs. changing 0.0000389 2 4.950 0.006 Yes

Comparisons for factor: time
Comparison Diff of Means p q P P<0.050
1000.000 vs. 1700.000 0.000133 6 9.798 <0.001 Yes
1000.000 vs. 730.000 0.0001000 6 7.348 0.004 Yes
1900.000 vs. 1700.000 0.000133 6 9.798 <0.001 Yes
1900.000 vs. 730.000 0.0001000 6 7.348 0.004 Yes
1230.000 vs. 1700.000 0.000117 6 8.573 0.001 Yes
1230.000 vs. 730.000      0.0000833      6    6.124   0.014                Yes
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Figure 24:  ETR vs. light in constant light conditions over 12 hours.
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Figure 25:  ETR vs. light in changing light conditions over 12 hours.
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Table 19:  Alpha and Pmax for each clone at each time in constant light and changing
light.

APA MAN JAX

Constant alphas Pmax Constant alphas Pmax Constant alphas Pmax

730 0.216 148.2 730 0.280 161.9 730 0.201 104.6

1000 0.232 157.7 1000 0.261 158.2 1000 0.196 146.9

1230 0.203 163.8 1230 0.267 201.5 1230 0.196 193.7

1430 0.202 167.9 1430 0.268 210.3 1430 0.283 253.0

1700 0.213 156.2 1700 0.283 162.2 1700 0.204 155.3

1900 0.226 181.1 1900 0.292 207.5 1900 0.212 203.1

APA MAN JAX

Changing alphas Pmax Changing alphas Pmax Changing alphas Pmax

730 0.315 164.5 730 0.369 134.0 730 0.188 111.1

1000 0.294 172.0 1000 0.290 170.9 1000 0.207 167.9

1230 0.287 169.6 1230 0.224 179.5 1230 0.192 166.4

1430 0.282 179.3 1430 0.272 185.7 1430 0.211 168.0

1700 0.316 115.3 1700 0.334 185.7 1700 0.195 111.6

1900 0.310 154.1 1900 0.316 157.0 1900 0.201 132.0

Table 20:  Three way ANOVA for alpha with respect to constant vs. changing light,
strain, and time.
Treatments are significantly different:
P(Treatment constant or changing) = 0.001
P(strain) = <0.001
P(time) = 0.141
P(Treatment constant or changing x strain) = <0.001
P(Treatment constant or changing x time) = 0.282
P(strain x time) = 0.120
P(Treatment constant or changing x strain x time) = --

Tukey Test:
Comparisons for factor: light
Comparison Diff of Means p q P P<0.050
changing vs. constant 0.0315 2 6.438 0.001 Yes

Comparisons for factor: strain
Comparison            Diff of Means       p          q         P        P<0.050
MAN vs. JAX                        0.0807          3     13.475  <0.001     Yes
MAN vs. APA                       0.0299          3    4.996     0.014     Yes
APA vs. JAX                         0.0508          3  8.479   <0.001     Yes
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Table 21:  Three way ANOVA for Pmax with respect to constant vs. changing light,
strain, and time.
P(Treatment constant or changing) = 0.025
P(strain *) = 0.113
P(time *) = 0.005
P(Treatment constant or changing x strain *) = 0.216
P(Treatment constant or changing x time *) = 0.151
P(strain * x time *) = 0.336
P(Treatment constant or changing x strain * x time *) = --

Tukey Test:
Comparisons for factor: light
Comparison Diff of Means p q P P<0.050
constant vs. changing 17.129 2 3.722 0.025 Yes

Comparisons for factor: time
Comparison Diff of Means p q P P<0.050
1430.000 vs. 730.000 56.633 6 7.105 0.005 Yes
1430.000 vs. 1700.000 46.280 6 5.807 0.019 Yes
1230.000 vs. 730.000         41.701      6    5.232  0.036              Yes

The swimming speed response differs among the strains in the 12 h experiment.

Under both constant light and changing light treatments, the APA strain tended to

increase in swimming speed throughout the day and decrease in swimming speed as light

increases (Figures 26-27).  The MAN and JAX strains tended to have higher swimming

speeds before the midday sampling at 1230 and lower swimming speeds after the midday

sampling (Figure 28-31).  No apparent pattern exists between swimming speed and ETR.

In these 12 h experiments, the strains exhibit different responses than in the

previously described experiments.  Pmax is reached at a higher light intensity than in the

6 h experiments for all three strains.  Accordingly, there is little or no inhibition apparent

in the 12 h experiments for the three strains. (In the 6-hour experiments, all three strains

exhibit inhibition).
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Apalachicola constant 12hr - circles are swimming speed, squares are ETR
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Figure 26:  Apalachicola 12 hour swimming speeds and ETRs for constant light.
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Figure 27:  Apalachicola 12-hour swimming speeds and ETRs for changing light.
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Manasota 12 hr - circles are swimming speed, squares are ETR
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Figure 28:  Manasota 12-hour swimming speeds and ETRs for constant light.

Manasota changing 12 hr - circles are swimming speed, squares are ETR
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Figure 29:  Manasota 12-hour swimming speeds and ETRs for changing light.
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Jacksonville constant 12 hr - circles are swimming speed, boxes are ETR
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Figure 30:  Jacksonville 12-hour swimming speeds and ETRs for constant light.

Jacksonville changing 12 hr- circles are swimming speed, boxes are ETR
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Figure 31:  Jacksonville 12-hour swimming speeds and ETRs for changing light.
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DISCUSSION

The objective of this study was to elucidate how K. brevis specific cell motility is

influenced by different environmental conditions and how motility is related to the internal

state of the cell.  The APA, MAN, and JAX strains were examined for possible differences.

Part I of this study examined how swimming speed varied with light and temperature.  Part II

considered swimming speed with respect to 1) photosynthesis as indicated by photosynthetic

yield and ETR, 2) ATP concentration within cells, and 3) neutral lipid content.  These three

data types provided insight into the internal state of the cell relative to primary production,

energy state, and biochemical storage over varying temperatures and light intensities.

Part I:  Effects of temperature and light on swimming speed.

Dinoflagellate swimming speeds are influenced by environmental conditions.  The

speeds and associated standard deviations of K. brevis populations considered in this study

are similar to those obtained by Heil (1986) in her thesis work examining the Wilson strain.

This work expands on swimming speed characterization of K. brevis by increasing the range

of temperatures examined to 13°C - 30°C and by using additional strains (APA, MAN, and

JAX).  The temperature range of swimming is larger than the range for growth.  Moreover,

both these ranges are considerably smaller than the temperature range for swimming and

growth for G. dorsum (Kamykowski and McCollum 1986).

Based on previous work with G. dorsum, the expected pattern of how swimming

speed changes with light intensity for K. brevis would be an increase in speeds with

increasing light.  However, the pattern the cells exhibit in this study appears to be more

complex.  G. dorsum swimming speeds were obtained by videotaping cells under light
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(Kamykowski et al. 1988) whereas most speeds analyzed in this study are obtained by

videotaping cells in the dark within five minutes after exposure to incubation light intensities

for several hours.  Using the latter approach, as incubation light intensities increase there is a

tendency for all three strains to decrease in swimming speed (low light), then increase in

swimming speed (moderate light), and then decrease in swimming speed (high light).  This

tendency is apparent in the 6 h experiments.  The limited resolution based on three light

levels in the 12 h experiments make any trends difficult to detect especially since the

different strains appear to follow different patterns.  The tendency observed in the 6 h

experiments is less apparent in the immediate response experiments that are filmed with a

variable light source in addition to the red light.  In the immediate response light experiment,

the swimming speed - light response of K. brevis looks more like the G. dorsum response

with faster swimming at higher light.  For a better comparison strain data from the immediate

light experiment was combined and reevaluated like G. dorsum data in Kamykowski et al.

1988 (Figure 32).  The curve fit is poor, r2 = 0.072, but the overall trend is towards faster

swimming as light increases.  A t-test comparing swimming speeds from the lower light

intensities (0 400µmol quanta m-2 s-1) with swimming speeds from the higher light intensities

(800 – 2000 µmol quanta m-2 s-1) shows a significant difference with p = 0.033.

The difference between the 6 h experiments and the immediate response experiments

can be an effect of the incubation.  The muted tendency observed in the immediate response

experiments shows the swimming speed response of a sudden change from low light to high

light over a period of ~25 minutes.  The pattern observed in the 6 h experiments was obtained
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Figure 32:  K. brevis species response to stepwise increase in light.  The data points were
obtained by taking the raw data and subtracting the 3rd quartile swimming speed at
each increment from the minimum 3rd quartile increment for each replicate (strain).
This is similar to how G. dorsum was evaluated.  The curve is fit to the equation SL = SM

(tanh(αI/SM) from Kamykowski et al. 1988 where SL is the swimming speed difference
at I,  SM is the asymptotic maximum swimming difference, I is the light intensity, and α
is the initial slope.

The fit is poor, r2 = 0.072

Overall the tendency for swimming speed to increase as light increases is significant,
t = -2.276  with 22 degrees of freedom (P = 0.033), when comparing the samples from 0-
400 µmol quanta m-2 s-1 (low light grouping) with the samples from 800-2000 µmol
quanta m-2 s-1 (high light grouping).
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after 6 h incubations at specific light levels.  Cells from the 6 h experiments had considerable

time to acclimate to the light level and to physiologically respond to the light level.   The

samples analyzed in the 6 h experiments may have exhibit a rebound effect to turning out the

light.  The range and direction of the effect can be related to the amount of light at which the

cells were incubated.

For their K. brevis bloom model, Liu et al. 2001, used G. dorsum specific data

(Kamykowski 1986, Kamykowski et al. 1988) and information from Heil (1986) to generate

swimming rules for K. brevis cells in the field.  This study improves understanding of K.

brevis specific swimming capabilities in light and temperature regimes comparable in range

to observed field conditions.  This information can be used to make the model more specific

to the species.  Analyzing swimming speeds over a larger range of temperatures brings better

resolution to the swimming capabilities of the alga over its viable range.  When blooms occur

in waters with temperatures approaching the extremes of K. brevis’ range, the impact of

slower swimming (decreasing to 100 – 200 µm s-1 at 13°C from 300-400 µm s-1 at 21°C) on

the migratory behavior of the cells may become an important factor affecting access to light

and/or nutrients.  The continued use of the G. dorsum-like light response for K. brevis is

reasonable based on the available data collected in the light.

Part II:  Swimming and internal cellular state

Although the energetic requirement for dinoflagellate swimming may be only a small

portion of a cell’s energy budget (Raven and Richardson 1984), a cell may still regulate

energy allocation in a way that influences swimming speed under different conditions.  For

example, Heil (1986) looked at the swimming capabilities of vegetative vs. dividing and
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doublet K. brevis cells.  Vegetative cells had swimming speeds significantly higher than both

dividing and doublet cells.  While this obviously could be an effect of the altered physical

state of the cell, the swimming speed difference could also result from energy partitioning in

the cell – with more energy going towards reproduction than swimming.   Furthermore,

Kamykowski (1995) considered two simple models comparing production yields from taxis

driven and metabolically driven behavior.  The models found metabolically driven behavior

increased yield more than taxis driven behavior in 9 of 10 cases.  In the model this increase

was due to exposure to more favorable conditions by metabolically driven cells.  However, if

this is interpreted as metabolism influencing behavior more than taxis stimuli, behavior

might relate directly to internal cellular states. Three aspects of cellular internal state were

examined in this study.

1.  Photosynthetic yield and ETR

Photosynthetic yield and ETR are examined with respect to swimming speed.   In the

6-hour incubation experiments, swimming speed, which is evaluated in the dark with a red

measurement light, and ETR exhibit dynamic relationship.  After incubation at low light

intensities, all three strains have high swimming speeds and low ETR.  As the incubation

light intensity increases, swimming speed decreases and ETR increases.  Near light

incubation intensities that correspond to Pmax, swimming speed reaches a low point.  At

higher light incubation intensities, as photoinhibition becomes apparent, swimming speed

again increases.  At even higher incubation light intensities, the strains become more

photoinhibited and swimming speed decreases.    This pattern was consistent among the three

strains.  Since all of the swimming speed measurements were conducted without any
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stimulus light, the relationship between ETR and swimming speed can be considered from a

energetics standpoint and as an effect of the switch from specific incubation light intensities

to the dark.  Samples under low light have a less drastic change.  These cells may swim faster

because there is little difference between the light at which these cells are incubated and the

cuvette conditions.  No recovery is necessary.  Slower swimming measured directly after

incubation at light intensities near Pmax could result from the change from moderately high

light to darkness.  In cells from these incubation intensities, energy may be diverted towards

photosynthetic machinery and away from other systems such as motility.  Faster swimming

after incubation at light intensities above optimum conditions may result from using excess

energy stores.  The buildup of energy reserves and the release from the stressful conditions

could create excess energy for expenditure on motility.  After incubation at the highest light

intensities, photoinhibition is more severe.  The amount of energy cells need for repair could

be high.  Recovery from exposure to these conditions could take longer resulting in slower

swimming as the effects of the incubation influence the cells longer.

2.  Neutral lipids - Adenosine triphosphate (ATP)

Neutral lipids were also considered.  Neutral lipids are important carbon stores in

dinoflagellates and float freely in the cytoplasm.  The effect of neutral lipid content on cell

swimming is unknown, but evidence suggests lipids may have a relationship to swimming. In

a study by Reed et al. (1999), macroalgal spores that were nonmotile had diminished lipid

reserves compared to their motile counterparts.  Motile algal spores additionally had a

considerably higher neutral lipid-to-lipid ratio than nonmotile spores. Lipid hydrolysis

produces considerable ATP for the cell.    Since swimming requires energy and neutral lipids
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are one vehicle for storing high-energy carbon, neutral lipid content may correlate to

swimming ability and buoyancy.   Neutral lipid concentration generally changes like ETR in

relation to light changes in this study, except that neutral lipid concentration peaks after the

ETR peak.  Faster swimming after incubation at light intensities above optimum ETR, may

result from using excess energy stores (as evidenced by the lipid increase) for expenditure on

motility. Generally lipids and neutral lipids show a similar relationship to swimming speed.

3.  Energy Partitioning

ATP dependent dynein proteins power flagella.  These ATPases cleave ATP to ADP

causing sliding movements that move the flagella and the cell.  While actively

photosynthesizing, ATP molecules are being produced during the light reaction and ATP is

used to fuel the building of carbohydrates in the dark reactions.  In the dark, photosynthesis

ceases and ATP must be produced from other processes such as lipid hydrolysis.  Lipid

hydrolysis produces considerably more ATP molecules than photosynthesis so it is possible

more energy is available to cells as they begin to tap into lipid reserves.  Which energy pools

cells tap for motility may depend on the conditions to which the cell is exposed and on the

cell’s internal cellular state.  In conditions favorable for production, diverting energy away

from motility could 1) free energy for other purposes such as carbohydrate, protein, and lipid

synthesis or reproduction and 2) lead to slower swimming allowing cells to take advantage of

optimum light and/or nutrient conditions in order to optimize growth.
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Other possible factors affecting speed – cell size

Cell size has the potential to effect swimming speeds.  Cell diameter had a linear

relationship to neutral lipid content in this experiment.  Larger cells may move faster due to

larger carbon reserves.  From a physical standpoint, on one hand, larger cells may move

slower due to increased drag caused by their size. On the other hand, larger head size reduces

rotation increasing translational velocity.  These opposing tendencies suggest an optimum

cell size for cell translational velocity (Kamykowski and McCollum 1986).  In the light

experiments, cell diameter was largest at light levels near Pmax for the 6 h and 12 h

experiments.  In the 12 h experiments cell diameters were larger in evening than in the

morning.  While cell swimming speeds were slower at these points in the experiments, no

relationship was apparent between cell diameter and swimming speed over the ten point light

gradient.  However, if K. brevis has an optimum size with relationship to translational

velocity, the cell size – swimming speed relationship is more complex than a simple linear

function.  Cell size may be another contributing factor in describing swimming speed, but

may vary in its effect in the size range (18-23 µm) within which K. brevis is known to vary.

Strain Comparisons

The responses to the same environmental conditions varied among strains (Table 22).

This could be caused by differences in swimming and photosynthetic capabilities in the

strains.  In the former case, the APA strain exhibited higher growth rates and higher

swimming speeds than the MAN strain in the temperature experiments.    The APA strain was

inhibited near 1000 µmol quanta m-2 s-1 at each temperature and MAN strain was not
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Table 22:  Summary of strain responses to different experiments.

*1230 data is used for the 12 h experiment comparisons.

inhibited even at the highest light 2159 µmol quanta m-2 s-1.  Note that for most of the

experiments Pmax was similar among the strains, and when statistics were run on Pmax values

during the 12 h experiments, no significant differences were found among strains (refer to p.

58).

Furthermore, in all the experiments where the cells were videotaped for swimming

speed analysis in the dark (after incubation in the light), the APA strain had the highest

overall swimming speeds, the MAN strain had slightly lower overall swimming speeds, and

Variable Experiment/Strian APA MAN JAX

Pmax (6-hour incubations) Temperature  ~140 ~200  -
 6 h light ~99 ~75 ~74
 12 h light* ~164 ~163 ~194
     

Photoinhibited? Temperature yes no  -
 6 h light yes yes yes
 12 h light* no/slight no no
     

Overall highest ETR at… Temperature 27oC 17oC  -

     

Overall lowest ETR at… Temperature 17oC 27oC  -
     

k (growth rate) range Temperature 0.06 - 0.31 0.00 - 0.23  -
     

Swimming speed range (µm s-1) Temperature 153 - 417 217 - 322  -
 Immediate 209 - 277 221 - 358 247 - 330

 6 h light 259 - 368 236 - 306 152 - 245
 12 h light* 227 - 327 224 -314 146 - 221

Overall speed comparisons Temperature Faster Slower  -
 Immediate Slowest Faster Faster

 6 h light Fastest Mid Slowest
 12 h light* Fastest Mid Slowest

Lipids (Relative Fluoresence) 6 h light 5.4 - 10.5 5.08 - 8.36 8.3 - 11.5
     

ATP (pg cell-1) range 6 h light 0.020 - 0.039 0.017 - 0.024 0.016 - 0.029
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the JAX strain had considerably lower overall swimming speeds.  In the one experiment

where cells from each strain were videotaped under a range of light intensities the swimming

speeds of the three strains were more similar.  Different strains may partition energy pools

differently to fuel motility, or may partition energy differently when transitioning from light

to dark.  Perhaps APA can more easily access energy reserves in the dark while JAX is more

dependent on light reactions.

In the latter case, the strains exhibited different photoinhibitory responses to light in

different experiments.  In the 6 h experiments, the strains were all inhibited near 1000 µmol

quanta m-2 s-1.  In the 12 h experiments, the MAN and JAX strains demonstrated no inhibition,

while the APA is inhibited slightly at the higher light intensities.  Despite these differences,

note that Pmax for each experiment was relatively consistent among the strains The different

responses that were observed could by due to the culture age and concentration.  Batch

cultures in the 6 h experiments were grown to over twice the cell concentration as those in

the 12 h experiments.   Careful monitoring of growth rate before the experiment and staining

of the cells during the experiment for cell cycle information may lead to answers concerning

these differences.

Finally, genetic characterization looking at differences in strains of K. brevis is just

beginning.  Loret et al. 2002 examined ribosomal DNA across five K. brevis strains and

found no differences.  Another study found species specific probes for K. brevis that detected

10 strains of K. brevis but none of the related species examined – suggesting conserved

genetic sequences within the strains (Gray et al. 2003). It is still unclear whether genetic

variation accounts for strain differences.
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K. brevis strain averages – species as a whole

Swimming speed, growth, and temperature

For biological modeling and field interpretation of K. brevis, the data collected on

individual K. brevis strains are combined to provide K. brevis species-specific

characterization.  The average swimming speed of K. brevis cells examined from a species

viewpoint is in line with the accepted value of  ~270 µm s-1 or 1 m hr-1 (Figure 33).

Individually, the APA strain averaged slightly higher speeds (~300 µm s-1) while the JAX

strain averaged lower speeds (~240 µm s-1). 

The swimming speed vs. temperature and the growth rate vs. temperature data from

the APA and MAN strains are combined into a species response graph (Figure 39).

Swimming occurs over a larger temperature range than growth. Both curves are fit with the

five parameter equation:

VT = VA [1-e-a(T-TL)] [1-e-b(TH-T)] (Kamykowski and McCollum 1986)

The parameter estimates (Table 23) of TH, TL, and VA for the swimming speed vs.

temperature regression and of TH and TL for the growth rate vs. temperature regression are

highly significant (p<0.0001 in all cases).  Va for the growth vs. temperature regression is not

significant from the computer calculation, however, graphically the value approaches 0.26.
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Figure 33:  Swimming speed and growth rate response to temperature.

Table 23:  Parameter estimates for curve fit of Swimming speed and growth rate data.
With the exception of maximum growth rate the interesting parameters, Va, TL, and TH

are significant.

 Swimming speed Growth constant, k

Parameter Estimate p Estimate p

Va 337.6 0.000 4424 1.000

a 0.183 0.056 0.000 1.000

TL 7.1 <0.0001 12.4 0.001

b 131.2 1.000 0.021 0.997

TH 32.00 <0.0001 30.8 0.000

r2  0.953  0.931
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Swimming speed and internal cellular state

The 6 h swimming speed and biochemical data for each strain are combined to

produce a species response graph (Figure 34).   Table 24 shows the error associated with the

graph.  The pattern observed for the strains analyzed during the 6 h experiment is apparent

for the species analysis.  At low light, ETR is low and swimming speed is high.  As light

increases, ETR increases and swimming speed decreases reaching a low point at 631 µmol

quanta m-2 s-1, the light intensity that corresponds to Pmax.  Swimming speed increases as

photoinhibition becomes apparent.  At high light intensity, ETR and swimming speed

decrease.  Lipids increase as light increases, but decrease at high light due to inhibition.

Evans et al. 2001 found lipid content in cells sampled from outdoor mesocosms was higher

on overcast days than sunny days.  Schaeffer (per com.) hypothesized this high light – low

lipid response results from cells partitioning photosynthetic energy towards repair of high

light induced damages and away from the production and the storage of lipid reserves.  ATP

is still difficult to interpret due to large variability.  However, ATP cell -1 tends to decrease at

low light as the photosystem turns on, to increase with increases in photosynthetic rate, and

then to decrease with photoinhibition.  Combining strain data produces a strong linear

relationship between neutral lipids and cell diameter; r2 = 0.8776 (Figure 35).  Note that the

error is large in the combined graph.  The relationship between swimming speed and neutral

lipid content may be confounded by the relationship of neutral lipids and cell diameter.
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K. brevis cumulative graph - strains combined
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Figure 34:  Strains combined for species graph.  Bars on the graph represent the
average standard deviation among the three strains.

Table 24:  Average standard deviations for combined graph – Figure 40.

Average Standard deviation

SS 52.5

ETR 8.1

lipids 1.8

ATP 0.007
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R2 = 0.8776
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Figure 35:  K. brevis species linear relationship of neutral lipids and cell diameter.

Photosynthetic yield and ETR changes throughout the light period (12 h experiments)

The changes in photosynthetic yield and ETR observed throughout the 12 h

experiments were similar for each strain. The small average deviations associated with the

data (~0.05 for yield; ~11-16 for ETR) shows that the strain response is indicative of the

species response (Figure36-37).  Photosynthetic yield is near ~0.65-0.70 for the low light

samples.  Under constant light, photosynthetic yield at 730 linearly decreases from ~0.65 –

0.70 at low light (25 µmol quanta m-2 s-1) to 0.20 – 0.40 at high light (1495 µmol quanta m-2

s-1)(Figure 36).  Photosynthetic yield generally increases until 1230-1430, then decreases at

1700, and finally recovers at 1900 after lights out.  The changing light treatment is similar

with photosynthetic yield linearly decreasing from ~0.70 at low light (17 µmol quanta m-2 s-

Average Stdev = 0.4
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1) to ~0.45 at the highest light examined (847 µmol quanta m-2 s-1)(Figure 37).

Photosynthetic yield for the constant light treatment is ~0.45 at a similar light intensity of

830 µmol quanta m-2 s-1.  Photosynthetic yield follows the same general trend at 1030 and

1230 as at 730.  Photosynthetic yield decreases at 1430 and 1700 before increasing at 1900

after lights out.

In constant light at 730, ETR follows increases linearly at light intensities from 25-

465 µmol quanta m-2s1 from a relative rate of ~5 to 90 µmol e- m-2 s-1 (Figure 38).  At light

intensities from 465-1495 µmol quanta m-2 s-1 ETR increases more slowly - from ~90 to 150

µmol e m-2 s-1.  The maximum ETR generally increases until 1230-1430, decreases at 1700,

and recovers at 1900.  In changing light at 730, ETR again increases linearly at light

intensities from 17-473 µmol quanta m-2 s-1 from a relative rate of ~5 to 110 µmol e- m-2 s-1,

and at light intensities from 473-847 µmol quanta m-2 s-1, ETR increases more slowly - from

~110 to 160 µmol e- m-2 s-1 (Figure 39).  The maximum ETR vs. light is similar for the 1000

and 1230 samples, it decreases at 1430 and 1700, and recovers at 1900.
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K. brevis  species response - constant light

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 200 400 600 800 1000 1200 1400 1600

Light (µmol quanta m-2 s-1)

P
ho

to
sy

nt
he

tic
 y

ie
ld

730 1000 1230 1400 1700 1900

Figure 36:  K. brevis species photosynthetic yield response to 12 h constant light treatment.

Average
Std. dev.
= 0.052
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K. brevis species response - changing light
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Figure 37:  K. brevis species photosynthetic yield response to 12 h changing light treatment.

Average
Std. dev.
= 0.056



90

K. brevis  species response - constant light
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Figure 38:  K. brevis species electron transport rate (ETR) response to 12 h constant light treatment.
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= 11.3
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K. brevis  species response - changing light
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Figure 39:  K. brevis species electron transport rate (ETR) response to 12 h changing light treatment.
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Std. dev.
= 16.1
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Conclusion

Using multiple strains to collect information is appropriate for intraspecific

comparisons and is appropriate for generating more complete species response information.

Despite what might have caused the differences observed among strains in this study (culture

age, culture concentration, inherent differences in the strains) extrapolating the results from

multiple strains to the species gives a more complete picture of variability within the species

and of the inherent differences in behavior and physiology reported here like that reported for

other phytoplankton (Smayda 1997).
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CHAPTER 2

Small column experiments

Data specifically on behavior in the aggregate is sparse.  Striking surface aggregation

patterns that appear to vary among strains were noticed in laboratory cultures of K. brevis.

To further investigate these observations, simple experiments describing the patterns

particular to the APA, MAN, and JAX strains were conducted, and preliminary data was

obtained to investigate the cause of these differences.  This chapter speculates on how these

patterns relate to the motility and ecology of the algae.

Gyrotaxis and bioconvection

Any displacement between the center of gravity and the center of buoyancy can effect

the orientation of a motile microorganism.   If gravity and shear are acting on the cell, the

asymmetry of the cell with relation to the torques induced by these forces orient it in a

specific direction and alter the trajectory of that cell (Kessler 1992).  Gyrotaxis is defined by

Timm and Okubo (1995) as the “directed locomotion resulting from the orientation of the

cell’s axis by compensating gravitational and viscous torques”.  In this context the

distribution and amount of lipid bodies, chloroplasts, and the placement of the nucleus within

a cell could affect the cells orientation of the cell under these forces.  Gyrotaxis is passive.  It

affects individual cells, and hence is independent of cell number.

Timm and Okubo (1994 and 1995) modeled plume formation and the flow lines

around a sinking cell to better understand gyrotaxis.  Gyrotaxis acts as a concentrating

mechanism.  Cells that collect at the surface increase the density at the surface.  If enough

cells concentrate, instabilities are induced by the density difference in surface and deeper
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water and the cells stream downwards.  The downward streaming creates shear with adjacent

water and produces a positive feedback loop for gyrotaxis (Figure 40).

The formation of the patterns produced from cells concentrating because of individual

gyrotactic responses are termed bioconvection.  Bioconvection, as given by Pedley and

Kessler (1992), is the “name given to pattern-forming motions set up as a result of

hydrodynamic instabilities in suspensions of swimming organisms.”  Bioconvection is

concentration dependent.  Motile cells, such as dinoflagellates, swim upward and aggregate

at the surface.   As the number of cells in the aggregate increases a ‘critical state’ can be

reached which leads to the rapid descent of plumes or fingers of many cells.  These fingers

often descend much faster than an individual cell would be able to swim.   Heil (1986)

Figure 40:  Positive feedback loop of gyrotaxis (Kessler 1992).
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measured finger descent speeds of K. brevis cultures near 6000-7000 µm s-1 - twenty times

the mean measured swimming speed of the alga.   To investigate the aggregate patterns

observed in lab cultures from this perspective, samples from aggregates of each strain were

analyzed with the microscope for organelle and lipids distribution, for neutral lipid content

with flow cytometry, and for specific lipid classes using the Iatroscan.  Differences in these

characteristics could fuel the different observed patterns.
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GENERAL METHODS

Incubation Methods

Cultures were grown in 1-liter graduated cylinders for the surface aggregate

experiments.  Cultures in each of these experiments were started at 2500 cells ml-1 and grown

for 1-2 weeks under standardized conditions.  The cylinders were illuminated from the top

with cool fluorescent bulbs emitting 100 umol quanta m-2 s-1 of light at the plane at the top of

the cylinder.

Analytical Methods

Multi-laser research-grade COULTER® ALTRA™ flow cytometer

Bulk neutral lipids from cells taken from the aggregate of each culture were analyzed

with flow cytometry (NCSU Center for Applied Aquatic Ecology) – refer to Ch 1, p 24 for

detailed description

Chromarod-Iatroscan thin layer chromatography/flame ionization

Samples of between 200,000 and 400,000 cells were collected on an ashed Whatman

GF/C filter and kept in liquid nitrogen until extraction.   Samples underwent multiple

extractions (Stirby et al. 1999) and were then spotted on the chromarods for analysis on the

Iatroscan (Schaeffer per com.).  Peak area was used to calculate the amount of lipid (classes

and specific) per cell.  The lipids and other compounds examined with the Iatroscan were

free fatty acids, triacylglycerol, the intermediates monoacylgycerol (MG), diacylglycerol

(DG) and monodiaclyglyceride (MGDG), hydrocarbons, and alcohols.   High amounts of

MG and DG as intermediates in lipid hydrolysis indicate high rates of lipid metabolism

(Stirby et al. 1999).
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SPECIFIC METHODS

Surface aggregate experiments

Digital photographs were taken of the midday aggregate from duplicate cultures of

each strain incubated in 1 liter graduated cylinders.  Also, samples of cells obtained from the

surface aggregate were examined with the microscope.  Bulk lipids from cells taken from the

aggregate of each culture were analyzed with flow cytometry (NCSU Center for Applied

Aquatic Ecology).  Lipid classes and specific lipids of cells sampled from the aggregate were

analyzed with the Iatroscan.
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RESULTS

Surface aggregate experiments

Each strain demonstrates a specific and consistent surface aggregation pattern at

concentrations between 2500 cells ml-1 and 20000 cells ml-1 in the lab.  Digital photographs

show each pattern (Figures 41-43).  The APA strain exhibits a pattern with a tight surface

population and with tight streamers descending down into the column (Figure 41).  In

contrast, the MAN aggregate during the midday has the appearance of a mushroom (Figure

42).  No cells are apparent in the lower part of the column.  It appears that practically the

entire population for examined cultures of this strain is near the surface.  Cells moving down

the “stem” of the mushroom are visible, but the aggregate only comprises the top few cm of

the column.  The JAX strain has a pattern similar to the APA strain; however, its aggregate

and streamers appear more diffuse (Figure 43).  The APA strain shows tight streamers, the

MAN strain shows mushroom clouds, and the JAX strain shows diffuse streamers.
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Figure 41:  Digital photographs of the aggregate of the APA strain.
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Figure 42:  Digital photographs of the aggregate of the MAN strain.



101

Figure 43:  Digital photographs of the aggregate of the JAX strain.

` 
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DISCUSSION

Surface aggregate experiments

Cells from the aggregates of each strain viewed under the microscope have no

obvious differences in organelle placement among the strains. The neutral lipids cell-1 from

cells sampled from the aggregate of duplicate cultures of each strain show no differences

with regards to strain.  There does seem to be a tendency for bulk neutral lipids to increase

with culture age (Figure 44).  The results of the Iatroscan analysis (Table 25, Figure 45)

distinguish some of the components in the cell.  The designation JAM refers to combinations

of equal numbers of cells from each strain for the culture.  The values in Table 22 are

averages from duplicate cultures.  The following classes were examined from samples taken

directly from the midday aggregates – hydrocarbons, triaclyglycerides, free fatty acids,

alcohol, monogalactosyl-diglyceride (MGDG), 1-2  diacylglyceride (1-2 DG), and

monoacylglyceride (MG).  Triacylglycerols are more quickly degraded than MG and DG.

The build-up of these metabolites in cells indicates lipid degradation.  Since these

measurements were taken only in duplicate, no statistics were used to analyze the data.

There was higher cellular content of triacylglycerides for all of the strains compared to other

components.  1-2 DG was not detectable in the analysis.  MG was found in very low

amounts.  The JAM culture (grown from cells from all three cultures) had about half the

concentration of triaclyglycerides of the other cultures. No apparent differences were

observed among the strains.

Bioconvection is possible in the field when blooms reach high concentrations or when

cells within blooms concentrate into dense patches.  The three strains exhibit different
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Figure 44:  Neutral lipids analyzed from samples taken from the aggregate of each
strain.  The letters indicate strain – a: APA, m: MAN, and j:  JAX. The numbers
designate duplicate cultures of each strain.

Table 25:  Iatroscan analysis of µg cell-1 for various lipid classes and macromolecules.
All values must be multiplied by 10-8 for real values.

Strain/Component Hydrocarbons Alcohol Triacylglycerides Free Fatty Acids MGDG
Monoacylglycerol

(MG)

APA 2190 457 41384 381 1220 28

MAN 2286  43859 512 1018 72

JAX 1937 159 38731 209 1316 29

JAM 3110 288 22921 254 777 64
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Figure 45:  Bar graph of µg cell-1 for various lipid classes and macromolecules.   All values must be multiplied by 10-8 for real
values.
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aggregate patterns in the laboratory.  A field population is expected to contain more cell-

to-cell variation than a cultured strain making it difficult to predict to which ‘pattern’ a

field population would conform.  However, if the aggregate patterns observed by the

different strains in the lab are related to gyrotaxis and induced by specific organelle

distributions within cells or similar physical differences, cells with similar differences

within the population would likely concentrate, creating disparate aggregate behavior in

different areas within the bloom.

Gyrotaxis and bioconvection in the ocean have ecological significance.  If

gyrotaxis is acting on the cells and acting as a concentrating mechanism, it can engender

patchiness in bloom population.  Additionally, since light decreases exponentially with

depth, the greatest decrease in light occurs in the shallowest water.   Bioconvection that

forms rapidly descending fingers or plumes lowers the light exposure to the descending

cells.  This mechanism could reduce the exposure of cells to high surface light intensities

and create open spaces at the surface for other cells to fill.

Conclusion

Strain differences are visibly apparent in the aggregate, although, cell-to-cell

differences among strains could not be characterized.  While no direct evidence was

found for organelle distribution or organelle content variation among strains that could

relate these patterns to gyrotaxis, the distinct patterns themselves imply gyrotaxis.

Improved staining techniques and dedicated microscope analysis can improve

understanding of how these processes might be affecting the cultures.
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FUTURE WORK

1. Further characterization of K. brevis strains is needed – especially genetic

sequencing to see if differences are primarily due to genetic variability or if other

environmental/biological variables are more important.

2. More K. brevis swimming speed measurements need to be examined with a

stimulus light source to better characterize the response of swimming to light, and

to separate the response of the cells to incubation light and the response of cells to

the removal of this light.

3. Energy partitioning studies are appropriate:  Specifically, the ratio of AMP-ADP-

ATP should be considered with swimming speed, ETR, and lipids under different

light intensities and over different temperatures.

4. The comparison G. dorsum showed a similar response with increasing speed with

increasing light intensity.  The increase occurred over a smaller light range for G.

dorsum than for K. brevis.  K .brevis-specific tuning of bloom models may be

appropriate.

5.  More information on organelle content and distribution within cells could answer

questions about gyrotaxis and bioconvection.  Perhaps applying more organelle

specific staining techniques for flow cytometric applications could more reliably
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quantify differences.    Improving microscope staining techniques and analysis

techniques could improve organelle distribution data.

6.  Toxin analysis with regards to behavior and internal cellular state over light and

temperature ranges might show strain specific responses.  These types of analysis

should be added to the energetics context considered for the cell in this study and

would give invaluable insights into how environmental conditions affect toxin

production in this species and in other toxic phytoplankton.
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