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Abstract. The photosynthetic freshwater flagellate, Peridinium gatunense, uses both positive
phototaxis and negative gravitaxis to move upwards in the water column. At higher fluence rates
approaching those at the surface of their habitat, the cells tend to become unoriented and thus
stop their upward movement. Orientation and motility of Peridinium gatunense has been studied
in the slow rotating centrifuge microscope (NIZEMI), which allows observation of swimming
behavior during centrifugation acceleration between 1 g and 5¢. The movement vectors were
analyzed by real time image analysis capable of tracking many cells simultaneously. At 1 g the
orientation was not very precise, but the degree of orientation increased significantly at higher
acceleration forces up to about 3 g. Most cells were capable of swimming even against an
acceleration vector of 3.8 g; at higher acceleration forces the cells were not able to cope with
the centrifugal force. The linear velocity of cells swimming against 1 g was about 20% lower
than that of cells moving in other directions. The velocity decreased even more in cells swimming

against higher acceleration forces.

The freshwater dinoflagellate, Peridinium gatu-
nense, produces large populations in Lake Kinneret
(Israel), while marine dinoflagellates form red tides
in, €.g., the North and the Baltic Seas [65, 68]. The
algal blooms appear in early spring and outcompete
all other phytoplankton populations. They produce
up to 300 g of biomass per square meter of surface
water and represent 95% or more of the total biomass
production in the lake [63]. The algal blooms disap-
pear in summer; this may be partially owing to nutri-
ent depletion or nonpermissive temperatures; an-
other possible factor is increased UV-B radiation
levels [38, 44], which have also been shown to affect
other flagellate populations [33-35] and gliding mi-
croorganisms [29, 40].

Many microorganisms orient in the water col-
umn by using a number of external factors [32, 57,
691 such as gravity [13, 47, 48], chemical [5, 53] and
thermal [55, 58] gradients, or the magnetic field of
the earth [18, 20]. Peridinium gatunense utilizes both
light and gravity as major clues to optimize its posi-
tion in the microhabitat. The cells possess two differ-
ent phototactic strategies [52]: at low fluence rates
the flagellates orient with a positive phototaxis,
which brings the population closer to the surface. At

irradiances above 20 klx the cells show a pronounced
transversal phototaxis {(diaphototaxis), which has
also been observed in other flagellates [59, 60]. The
action spectrum for phototaxis extends from 550 nm
to beyond 700 nm, but the photoreceptor pigments
have not been identified as yet. However, the
involvement of the photosynthetic pigments can be
ruled out since there is no activity in the Soret band
of the chlorophylls a and ¢. Furthermore, the inhibi-
tors of the photosynthetic electron transport chain,
DCMU and DBMIB, do not affect photoorientation
in Peridinium gatunense.

The second important external factor for orien-
tation, gravitaxis, has the advantage of being avail-
able also in the absence of light. It has been observed
in microorganisms for more than a century [1, 46,
62, 68]. In addition to a few other species [s. review
4, 6-12, 15, 64, 71], mainly ciliates [19, 45, 66] and
flagellates have been studied {16, 47, 48, 60]. Neither
the gravireceptor organelle nor the sensory trans-
duction chain for the stimulus transmission has been
identified yet. It has been suggested that graviorien-
tation in flagellates is passively brought about by an
asymmetric mass distribution within the cell; the
alternative is an active physiological perception [14,
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49, 67]. Roberts [61] assumes a hydrodynamic inter-
action between the medium and the cell to be the
reason for gravitactic orientation in the ciliate Para-
mecium, while a model by Winet and Jahn [70] tries
to explain gravitaxis by a nonequilibrium ratio be-
tween sedimentation and rotation during forward
movement. However, buoyancy, which has been
assumed by Fukui and Asai [24] to be the mechanism
for negative gravitaxis, could be ruled out by Taneda
et al. [67], who also excluded an effect of the hydro-
static pressure [66]. The experimental analysis of
gravitactic orientation has been hindered by the dif-
ficulty to access the ranges both above and below 1
g. The aim of this paper is to quantify and character-
ize the orientation and velocity distribution during 1
g and hypergravity conditions in the freshwater alga,
Peridinium gatunense.

Materials and Methods

Organisms and experiment preparation. The freshwater dinoflag-
ellate, Peridinium gatunense Nygaard (formerly P. cinctum fa.
westii), was obtained from Dr. Lindstrom and originally isolated
from Lake Kinneret [51]. It was grown in a medium described
recently [50], in a temperature-controlled room under mixed fluo-
rescent lamps (14 W m™) in standing cultures.

For experiments, aliquots of a culture in logarithmic growth
were inoculated into 40 ml of fresh medium contained in
100-ml Erlenmeyer flasks. Samples were harvested after 20
days of growth, and all experiments were carried out with the
cells in their original growth medium. Cell suspensions were
transferred into a rotor compressor microchamber {developed
by Dr. Briegleb, DLR, Kéln, Germany), which was mounted
on the object stage of the microscope within the NIZEMI (see
below).

Construction of the NIZEML. The slow rotating centrifuge micro-
scope (NIZEMI) was developed and constructed by Dornier
(Friedrichshafen, Germany) on behalf of the Deutsche Versuchs-
anstalt fitr Luft- und Raumfahrt (DLR, Koln) and the Federal
Minister for Research and Technology (BMFT, Bonn, Germany).
The NIZEMI consists of a Zeiss (Oberkochen, Germany) Axi-
oplan light microscope accommodated horizontally on a circular
rotating table driven by an electric motor (Fig. 1). In order to
balance the load during operation, to minimize the excess heat
production from the lamp and to manipulate the movement of
the specimen on the object stage by remote control via a
joystick, considerable modifications were necessary. The image
of the moving organisms was recorded by a CCD camera (Aqua
TV HR 600, Aqua TV, Kempten, Germany) and displayed on
a video screen (AVT-1220, AVT Horn, Aalen, Germany). The
additional macro unit, which allows the analysis of larger
objects under increased acceleration forces, was not used for
this purpose.

Image analysis of organism tracks. The video sequence from the
NIZEMI was either analyzed on-line during the experiment or
recorded on a VHS video recorder (Mitsubishi HS 3600 E). The
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Fig. 1. Principal schematic diagram of the NIZEMI showing the
main components of the micro and macro observation unit. 1 =
microscope; 2 = micro CCD camera; 3 = objective holder; 4 =
micro stage; 5 = macro stage; 6 = macro CCD camera.

image was digitized at a spatial resolution of 512 X 512 pixels
with 256 possible gray levels each using a Matrox digitizer card
(PIP-1024, Quebec, Canada), plugged into an IBM AT compatible
microcomputer (Tatung 7000, Taipei, Taiwan). The digitized im-
age was manipulated by on board look-up tables (LUTs, [31])
before being stored in a dedicated video memory.

The computer had access to the video memory and could
manipulate and analyze pixels on a random basis. The image was
displayed on an analog monitor in pseudocolor graphics with a
second set of LUTs. The tracking program was developed in the
computer language C which handles the input and output routines
as well as the mathematical analysis of the data [39]. All time-
consuming procedures such as manipulation of image pixels were
written in 80286 ASSEMBLY language. The algorithm starts by
taking four snapshots from the video sequence at 80-ms intervals.
Then the first image is scanned sequentially line by line until an
object is found that differs by a predefined threshold from the
background.

The outline of the cell is analyzed with the chain code algo-
rithm [21], which is very fast and allows a drastic reduction in the
amount of information. Further procedures have been developed
to estimate the circumference, area, and centroid [22, 23], The
centroids and areas of all organisms found in the first frame are
stored in an array. Subsequently, the positions of all organisms
are determined in the next frame (80 ms later) with the stored
centroids as starting points. This process is repeated for the third
and fourth digitized image, writing the centroids into a second
array. When two organisms meet, the direction of movement is
no longer defined; consequently, a 50% increase in the area is
used as an indication to discard an organism. Upper and lower
limits for the area allow cells to be distinguished from debris or
noise in the image. The system analyzes up to 500 movement
vectors per minute and stores the deviation angles from the stimu-



D.-P. Hader et al.: Orientation of Peridinium in Hypergravity

alg

270°

180°

167

90°

180°

Fig. 2. Circular histograms of the movement vectors (a) and velocity distribution (b) of Peridinium gatunense in a vertical cuvette in

darkness; 1000 tracks have been analyzed.

lation direction, the gravity, or acceleration vector (defined as
0°) in a disk file. The individual speed of movement of the
organisms can be calculated, since the distances they have moved
are known as well as the time elapsed between the first and final
frame.

From these raw data, circular histograms of the direction
distribution as well as the velocity distribution are calculated
by subsequent programs written in a higher level language
(Turbo Pascal, Borland) [27]. In addition, Rayleigh tests are
performed to determine the directedness of the moving organ-
isms {2, 3, 54], and the direction of movement is calculated by
Fast Fourier Analysis, which also allows smoothing of the
histograms [38].

Results

The gravitactic orientation of Peridinium gatunense
was studied at 1 g in a vertical cuvette with 50 x
50 x 1 mm?® inner dimensions (Fig. 2a). The
organisms showed a moderate gravitactic orienta-
tion with an r-value of about 0.19. The velocity
histogram indicates that cells swimming against the
gravity vector swam about 20% more slowly than
those swimming in any other direction (Fig. 2b).
When the organisms were exposed to supplemen-
tary white light from above while swimming in the
vertical cuvette, the degree of orientation increased
even at moderate fluence rates. At 250 Ix the r-
value was 0.34, and 70% of all cells swam in the
upward direction deviating less than +90° from
the vertical axis (Fig. 3a). At 1 klx more than 72%
of all cells oriented in the upper two quadrants,
and the r-value amounted to 0.39 (Fig. 3b). Further
increase of the white light irradiance increased the

directedness as the phototactic orientation in-
creased (Fig. 3¢). This trend continued until about
10 kix. Above this value up to about 70 klx, the
cells showed a moderate orientation in the upward
direction with r-values around 0.39, and about 76%
of the cells moved in the top two quadrants (Fig.
3d). Higher fluence rates drastically decreased the
degree of orientation and the percentage of cells
in the top two quadrants (Fig. 3e). This effect is
due to an increasing number of cells swimming
perpendicular to the impinging light beam.
Compared with the 1 g control, the gravitactic
orientation was significantly enhanced by accelerat-
ing the cells to 2 g (Fig. 4a). The velocity difference
between those cells swimming against the accelera-
tion vector and those swimming in the direction of
the vector was even more pronounced than that
at 1 g (Fig. 4b). The optimum of gravitactic orienta-
tion was reached at 3 g (Fig. 4¢). Increasing the
acceleration further strongly impaired the degree
of orientation. At 3.6 g the orientation was even
lower than at the 1 g control (Fig. 4d), and the
velocity histogram indicates that cells moving
against the acceleration vector were much slower
and in fact many cells were literally centrifuged
by the acceleration force (Fig. 4e¢). Plotting the
degree of gravitactic orientation (r-value) in depen-
dence of the acceleration force indicates an in-
crease in the directedness of movement up to about
3 g followed by a drastic decline in orientation at
higher forces (Fig. 5). Likewise, the percentage of
cells moving in the two quadrants pointing upward
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Fig. 3. Circular histograms of the movement vectors of Peridinium gatunense in a vertical cuvette under the simultaneous irradiation
from above at fluence rates of (a) 250 1x, (b) 1 kIx, (¢) 5 klx, (d) 60 KIx, and (¢) 100 klx; 1000 tracks have been analyzed for each

histogram.

increased up to 3 g and then declined; at 3.8 g
almost the same percentage of cells swam upward
and downward (Fig. 6). The dependence of the
average linear velocity on the increasing accelera-
tion force indicates a steady decline (Fig. 7). A
linear regression curve through the data points cuts
the abscissa at about 5 g.

Discussion

Peridinium, like the unicellular flagellate Euglena
{30], shows an exclusive negative gravitaxis, which

takes the organisms to the surface of the water col-
umn. Thus, the negative gravitaxis supports the pos-
itive phototaxis and helps the cells to accumulate in
a band of suitable light conditions for growth and
survival. The precision of orientation reaches an
optimum at about 10 kix. At higher fluence rates
approaching those measured at the surface of the
natural habitat of Peridinium gatunense, the degree
of orientation drastically declines, which stops the
upward movement.

This behavior is certainly ecologically meaning-
ful for photosynthetic microorganisms since the cells
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Fig. 4. Circular histograms of the movement vectors at 2 g (a), velocity distribution at 2 g (b), movement vectors at 3 ¢ (c} and 3.6 g
(d), and velocity distribution at 3.6 ¢ of Peridinium gatunense in the NIZEMI: 1000 tracks have been analyzed for each histogram.

are casily killed by the solar radiation close to the
surface and the cellular chromoproteins are photo-
bleached by the too bright light intensity [17, 41, 42,
56, 59, 60]. In addition, the UV-B component in
solar radiation has been found to impair both photo-
orientation and motility in Peridinium [43, 44] as
well as in Euglena [26, 28, 33, 34] and other photo-
synthetic and nonphotosynthetic microorganisms
[25, 29, 35-37, 40]}.

In the NIZEMI the cells are capable of swim-
ming against acceleration forces up to 3.8 g. The
degree of orientation even increases up to an opti-
mum of 3 g, which is interesting since under natural
conditions the cells have never been subjected to
such acceleration forces during their evolution on
earth. This result, however, does not clarify the
question whether gravitactic orientation in flagel-
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Fig. 5. Dependence of the degree of orientation (r-value) of Peridi-
nium gatunense in dependence of the acceleration force in the
NIZEMI.
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Fig. 6. Quantification of the orientation of Peridinium gatunense
in the NIZEMLI, plotting the percentage of those cells moving in
the top two quadrants in dependence of the acceleration force.
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Fig. 7. Linear velocity of Peridinium gatunense moving against
the acceleration vector in dependence of the acceleration force.

lates is owing to an active physiological process in-
volving a specific (unknown) receptor or owing to a
passive physical process such as an asymmetric
mass distribution within the cell, since both mecha-
nisms would be enhanced by higher acceleration
forces.

The dependence of the cells’ velocity on the
acceleration force can be utilized for an estimation
of the energy requirements for locomotion. The cells
encounter a frictional component during forward
propulsion. Furthermore, the cells have to provide
additional energy to swim against the acceleration
vector. The latter component depends on the accel-
eration force. An extrapolation of the velocity curve
to zero suggests that the total energy requirement of
movement equals that necessary to overcome an
acceleration force of 5 g.

CURRENT MICROBIOLOGY Vol. 22 (1991)

ACKNOWLEDGMENTS

This work was supported by financial support from the Bundes-
minister fiir Forschung und Technologie. The authors gratefully
acknowledge the skillful technical assistance of W. Lork, E.
Reinecke, J. Schifer, U. Schieier, S. Seeler, and H. Vieten.

Literature Cited

1. Aderhold R (1988) Beitrage zur Kenntnis richtender Krifte
bei der Bewegung niederer Organismen, Jen Med Naturwiss
22:311-342

2. Batschelet E (1965) Statistical methods for the analysis of
problems in animal orientation and certain biological
rhythms. In: Galles SR, Schmidt-Koenig K, Jacobs GJ, Belle-
ville RF (eds) Animal orientation and navigation. Washing-
ton: NASA, pp 61-91

3. Batschelet E (1981) Circular statistics in biology. London:
Academic Press

4. Bean B (1984) Microbial geotaxis. In: Colombetti G, Lenci
F (eds) Membranes and sensory transduction. New York,
London: Plenum Press, pp 163-198

5. Berg HC (1985) Physics of bacterial chemotaxis. In: Colom-
betti G, Lenci F, Song P-S (eds) Sensory perception and
transduction in aneural organisms. New York, London: Ple-
num Press, pp 19-30

6. Block J, Briegleb W, Sobick V, Wohlfarth-Bottermann KE
(1986) Confirmation of gravisensitivity in the slime mold Phy-
sarum polycephalum under near weightlessness. Adv Space
Res 6:143-150

7. Briegleb W (1984) Acceleration reactions of cells and tis-
sues——their genetic-phylogenic implications. Adv Space Res
4:5-7

8. Briegleb W (1988) Ground-borne methods and results in grav-
itational cell biology. The Physiologist 31:44-47

9. Briegleb W, Block I (1986) Classification of gravity effects on
“free” cells. Adv Space Res 6:15-19

10. Briegleb W, Schatz A (1980) Changes of periodic protoplas-
mic movements on the fast clinostat. The Physiologist
23:137-138

1. Briegleb W, Schatz A (1980) Changes of periodic protoplas-
mic movements on the fast clinostat. Adv Physiol Sci
19:261-264

12. Briegleb W, Neubert J, Schatz A, Hordinsky JR, Cogoli A
(1982) Cell morphological, ontogenic, and genetic reactions
to 0-g simulation and hyper-g. Acta Astronautica 9:47-50

13. Briegleb W, Block 1, Sobick V (1986) Steady compensation
of gravity effects in Physarum polycephalum. Naturwiss
73:422-424

14. Brinkmann K (1968) Keine Geotaxis bei Fuglena. Z Pflan-
zenphysiol 59:12-16

15. Cogoli A, Valluchi M, Reck J. Miiller M, Briegleb W, Cordt
1, Michel C (1979) Human lymphocyte activation is depressed
at low-g and enhanced at high-g. The Physiologist 22:29-30

16. Creutz C, Diehn B (1976) Motor responses to polarized light
and gravity sensing in Euglena gracilis. J Protozool
23:552-556

17. Ekelund N, Hiader D-P (1988) Photomovement and photo-
bleaching in two Gyrodinium species. Plant Cell Physiol
29:1109-1114

18. Esquivel DMS, de Barros HGPL (1986) Motion of magneto-
tactic microorganisms. J Exp Biol 121:153-163



D.-P. Hader et al.: Orientation of Peridiniiim in Hypergravity

19.

20.

27.

30.

3L

33,

34.

36.

37.

38.

39.

Fenchel T, Finlay BJ (1986) Photobehavior of the ciliated
protozoon Loxodes: taxis, transient, and kinetic responses in
the presence and absence of oxygen. J Protozool 33:139-145
Frankel RB (1984) Magnetic guidance of organisms. Annu
Rev Biophys Bioeng 13:85-~103

. Freeman H (1961) On the encoding of arbitrary geometric

configurations. IRE Trans EC-10:260-268

. Freeman H (1974) Computer processing of line-drawing im-

ages. Computing Surveys 6:57-97

. Freeman H (1980) Analysis and manipulation of lineal map

data. Map data processing. New York: Academic Press, pp
151-168

. Fukui K, Asai H (1985) Negative geotactic behavior of Para-

mecium caudatum is completely described by the mechanism
of buoyancy-oriented upward swimming. Biophys ]
47:479-482

25. Mader D-P (1984) Effects of UV-B on motility and photoori-

entation in the cyanobacterium, Phormidinm uncinatum.
Arch Microbiol 140:34-39-

. Hader D-P (1985) Effects of UV-B on motility and photobe-

havior in the green flagellate. Euglena gracilis. Arch Micro-
biol 141:159-163

Héder D-P (1985) Computer-aided studies of photoinduced
behaviors. In: Colombetti G. Lenci F, Song P-S (eds) Sensory
perception and transduction in aneural orgamisms. New
York. London: Plenum Press. pp 75-91

. Hader D-P (1986} Effects of solar and artificial UV irradiation

on motility and phototaxis in the flagellate. Euglena gracilis.
Photochem Photobiol 44:651-656

. Hider D-P (1987) Effects of UV-B irradiation on photomove-

ment in the desmid, Cosmarium cucemis. Photochem Pho-
tobiol 46:121-126

Hader D-P (1987) Polarotaxis. gravitaxis and vertical photo-
taxis in the green flagellate. Euglena gracilis. Arch Microbiol
147:179-183

Hader D-P (1988) Computer-assisted image analysis in biolog-
ical sciences. Proc. Indian Acad Sci (Plant Sci) 98:227-249

. Hader D-P (1988} Ecological consequences of photomove-

ment in microorganisms. J Photochem Photobiol B:Biol
1:385-414

Hader D-P. Hader MA (1988) Inhibition of motility and photo-
taxis in the green flagellate, Ewglena gracilis. by UV-B radia-
tion. Arch Microbiol 150:20-25

Hader D-P, Hider M (1988) Ultraviolet-B inhibition of motil-
ity in green and dark bleached Fuglena gracilis. Curr Micro-
biol 17:215-220.

. Hader D-P, Hader MA (1989) Effects of solar UV-B irradia-

tion on photomovement and motility in photosynthetic and
colorless flagellates. Environ Exp Bot 29:273-282

Héder D-P, Hader M (1989) Effects of solar radiation on
photoorientation, motility and pigmentation in a freshwater
Crvpromonas. Botanica Acta 102:236-240

Hader D-P, Hader MA (1989) Effects of solar and artificial
radiation on motility and pigmentation in Cyanophora para-
doxa. Arch Microbiol 152:453-457

Hader D-P. Lipson E (1986) Fourier analysis of angular distri-
bution for motile microorganisms. Photochem Photobiol
44:657-663

Hiader D-P, Vogel K (1990) Simultaneous tracking of flagel-
lates in real time by image analysis. J] Math Biol. in press

. Hader, D-P, Watanabe M, Furuya M (1986) Inhibition of

motility in the cyanobacterium, Phormiditm uncinatum, by
solar and monochromatic UV irradiation. Plant Cell Physiol
27.887-894

41.

43.

44.

45.

46.

47.

48.

49,

51.

53.

54.

56.

57.

58.

59.

60.

i711

Hider D-P, Rhiel E, Wehrmeyer W (1987) Phototaxis in the
marine flagellate Cryptomonas maculata, J Photochem Pho-
tobiol 1:115-122

. Hiader D-P, Rhiel E, Wehrmeyer W (1988) Ecological conse-

quences of photomovement and photobleaching in the marine
flagellate Cryptomonas maculata. FEMS Microbiol Ecol
53:9-18

Hader D-P, Hader M, Liu S-M, Ullrich W (1990) Effects of
solar radiation on photoorientation, motility and pigmenta-
tion in a freshwater Peridinitum. BioSystems 23:335-343
Hider D-P. Liu S-M, Hider M, Ullrich W (1990) Photoorien-
tation, motility and pigmentation in a freshwater Peridinium
affected by ultraviolet radiation. Gen Physiol Biophys
9:361-371

Hemmersbach-Krause R (1988) Vergleichende Untersu-
chungen zur Gravitaxis und zur Morphologie von Loxodes
und  Paramecium. Forschungsbericht der Deutschen
Forschungs- und Versuchsanstalt fiir Luft- und Raumfahrt
88-27:1-155

Jensen P (1893) Uber den Geotropismus niederer Organis-
men. Pfliger’s Arch ges Phys 53:428-480

Kessler JO (1985) Hydrodynamic focusing of motile algal
cells. Nature (London) 313:218-220

Kessler JO (1986) The external dynamics of swimming micro-
organisms. In: Round FE, Chapman DJ (eds) Progress in
phycological research. Biopress Ltd. 4. pp 258-307
Kuroda K, Kamiya NMJA. Yoshimoto Y, Hiramoto Y (1986)
Paramecium behavior during video centrifuge-microscopy.
Proc Japan Acad 62. Ser B:117-121

. Lindstrom K (1983) Selenium as a growth factor for plankton

algae in laboratory experiments and in some Swedish lakes.
Hydrobiologia 101:35-48

Lindstrom K. Rodhe W (1978) Selenium as a micronutrients
for the dinoflagellate Peridinium cinctum fa. westii. Mitt In-
ternat Verein Limnol 21:168~173

. Liu S-M, Hider D-P, Ullrich W (1990) Photoorientation in

the freshwater dinoflagellate. Peridinium gaiunense Ny-
gaard. FEMS Microbiol Ecol 73:91-102

MacNab RM (1985) Biochemistry of sensory transduction in
bacteria. In: Colombetti G, Lenci F. Song P-S (eds) Sensory
perception and transduction in aneural organisms. New
York, London: Plenum Press, pp. 31-46

Mardia KV (1972) Statistics of directional data. London:
Academic Press.

. Mizuno T, Maeda K. Imae Y (1984) Thermosensory transduc-

tion in Escherichia coli. In: Oosawa F, Yoshioka T, Hayashi
H (eds) Transmembrane signaling and sensation. Tokyo: Ja-
pan Sci. Soc. Press and VNU Sci. Press BV, Netherlands,
pp 147-195

Nultsch W, Agel G (1986) Fluence rate and wavelength de-
pendence of photobleaching in the cyanobacterium Anab-
aena variabilis. Arch Microbiol 144:268-271

Nultsch W, Hader D-P (1988) Photomovement in motile mi-
croorganisms [1. Photochem Photobiol 47:837-869

Poff KL (1985) Temperature sensing in microorgansims. In:
Colombetti G, Lenci F, Song PS (eds) Sensory perception
and transduction in aneural organisms, New York, London:
Plenum Press, pp 299-307

Rhiel E, Hader D-P, Wehrmeyer W (1988a) Photo-orientation
in a freshwater Cryptomonas species. J Photochem Photobiol
B: Bio 2:123-132

Rhiel E, Hider D-P, Wehrmeyer W (1988b) Diaphotoaxis and
gravitaxis in a freshwater Crypromonas. Plant Cell Physiol
29:755-760



172

61.

62.

63.

65.

Roberts AM (1970) Geotaxis in motile micro-organisms. J
Exp Biol 53:687-699

Schwarz F (1844) Der Einflul der Schwerkraft auf die
Bewegungsrichtung von Chlamydomonas und Euglena. Dt
Bot Ges 2:57-72

Serruya C (ed) (1978) Lake Kinneret. Dr. W, Junk b.v., Den
Haag

. Sobick V, Briegleb W, Block I (1983) Is there an orientation

of the nuclei in microplasmodia of Physarum polveephalum?
The Physiologist 26:129-130

Spector DL (1984) Dinoflagellates. Orlando, Florida: Aca-
demic Press

. Taneda K (1987) Geotactic behavior in Paramecium cauda-

tum. 1. Geotaxis assay of individual specimen. Zool Sci
4:781-788

67.

69.

70.

71.

CURRENT MICRORBIOLOGY Vol. 22 (1991)

Taneda K, Miyata S, Shiota A (1987) Geotactic behavior in
Paramecium caudatum. 11. Geotaxis assay in a population of
the specimens. Zool Sci 4:789-795

. Tangen K (1977) Blooms of Gyrodinium aureolum (Dinophy-

ceae) in north European water, accompanied by mortality in
marine organisms. Sarsia 63:123-133

Verworn M (1889) Die polare Erregung der Protisten durch
den galvanischen Strom. Pfliigers Arch Physiol 45:1-36
Winet H, Jahn TL (1974) Geotaxis in protozoa: 1. AA propul-
sion-gravity model for Tetrahymena (Ciliata). J Theoret Biol
46:449-455

Wolke A, Niemeyer F, Achenbach F (1987) Geotactic behav-
ior of the acellular myxomycete Physarum polycephalum.
Cell Biol Inter Rep 11:525-528



