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We describe a trajectory analysis of diatom cell locomotion by combining a micro chamber and two-
dimensional position coordinate analysis. By shutting cells in a micro chamber, continuous microscopic ob-
servation of Navicula sp. cells was possible. The trajectory of each cell was visualized once every second by
using position coordinate analysis although time resolution of previous papers were range of minutes. Our
data revealed frequent change of movement direction. Furthermore, the correlation between the distances
moved, the velocity, and the acceleration of the cells was discussed in detail.
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1. Introduction

Motility analysis of microorganisms is an attractive research area
because many cells have meaningful and intriguing movement pro-
files (Harper, 1977). Recently, the progress in nanotechnology has
resulted in several breakthroughs in cell motility research. One such
breakthrough is the use of a micro chamber used to isolate a cell in
Fukuda et al.(2007), Inoue et al.(2001)and Moriguchi et al.(2002).
When the movement of a living cell is observed using optical micros-
copy, the cell can easily escape from the observation field. If a cell is
shut into a micro chamber, where the size of the chamber is similar
to that of the observation field, continuous observation is available
without the concern that the cell may be lost from the observation
field. The second breakthrough has been the dramatic improvement
in computer performance where currently it is possible to analyze
digital videos of cell movements by using a personal computer.

In this paper, we focus on the trajectory analysis of diatom cells.
The diatom is one of the major photosynthetic planktons that are
found in seas, rivers, and lakes (Falkowski and Raven, 1997; Nelson
et al., 1995; Raven and Waite, 2004). As some types of diatom cells
can move on solid surfaces, the velocity of cell movements has been
investigated since the 1950s (Edgar and Pickett-Heaps, 1984; Gordon
and Drum, 1970; Lewin, 1958). In particular, the mechanism
underlying this motility has been intensively studied. For example,
Poulsen et al. (1999) proposed that diatom motility is managed by
the actin–myosin motility system. The effects of perturbation on dia-
tommotility have also been studied by several research groups (Cohn
and McGuire, 2000; Cohn et al., 2003). For example, the requirement
for calcium in cell motility was reported by Cooksey and Cooksey
(1980). The impacts of electromagnetic fields were studied by several
research groups (Clarkson et al., 1999a, 1999b; Parkinson and Sulik,
1992). The influence of photo irradiation was also investigated
(Cohn, 1999, 2001; Cohn et al., 2004; Moroz et al., 1999). Further-
more, the effects of the structural properties of the solid surface, to
which the diatom cells attach, on cell movement velocity, were also
examined (Gordon, 1987; Higgins et al., 2003; Holland et al., 2004;
Wigglesworth-Cooksey et al., 1999).

Although the effects of external factors on cell motility have been
studied, there are only a few reports regarding trajectory analysis. As
a pilot study, the movement of the diatom Phaeodactylum tricornutum
was reported by Iwasa and Shimizu (1972). In their experiments, cell
movements were photographed every 2, 3, or 5 min by 8 mm film on
an agar plate. The rolling or rocking of diatom cells has been investi-
gated by several authors since the 1990s (Apoya-Horton et al., 2006;
Pickett-Heaps et al., 1991). Although those reports were not specifi-
cally trajectory analyses, the movement of the cells was recorded
for almost 1 h.

Here we describe a detailed trajectory analysis for individual dia-
tom cells. To achieve this purpose, a micro chamber was employed
for microscopic observation of diatom cells for the first time.
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Fig. 1. (a) Schematic view of a micro chamber prepared on a glass slide. (b) A typical
micrograph of Navicula sp. cells in a micro chamber. The trajectory of a cell over 60 s
was over-written. “O” and “E” indicate the origin (t=0 s) and end (t=600 s) posi-
tions. The cell turned at position Nos.1, 2, 3, and 4.
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Furthermore, the position of individual cells in the chamber was esti-
mated by the use of two-dimensional video analysis software.

2. Materials and methods

2.1. Sample preparation

Navicula sp. stock was pre-cultured in a petri dish in filtered and
sterilized sea water with Daigo IMK (Nihon Pharmaceutical Co., Ltd.,
Tokyo, Japan) and sodium metasilicate (final concentration 1 mM)
(Umemura et al., 2007). Cultivation was carried out at 18 °C, under
440 lux of fluorescent light. Inoculation was repeated every week to
obtain stable activity of the cells. In the case of cultivation for observ-
ing cell motility, a glass slide was put in an empty petri dish, and the
dish was filled up with 35 mL of the above mentioned sea water. Sub-
sequently, 0.1 mL of cell suspension was injected into the petri dish.
After 7–9 days of cultivation, an acryl plate (2 cm square) with 9
holes in the center area was put onto the glass slide in the petri
dish, following which, a cover slip was put onto the plate. Finally, sev-
eral to several tens of cells were shut into a micro chamber that was
made up of the holes on the plate, the slide glass, and the cover slip.

2.2. Observation

Diatom cells that were shut in a micro chamber were observed
using an inverse optical microscope (IX70, Olympus, Tokyo, Japan)
for 10 min at room temperature under 5000 lux of light. The observed
cell movements were captured as avi files (one flame per second) by a
digital camera system (DP72, Olympus, Tokyo, Japan). The tracks for
39 cells were calculated from the avi files using two-dimensional
video analysis software (Move-tr/2D 7.0, Library, Tokyo, Japan). The
coordinate positions for individual cells in the chamber were estimat-
ed by the software, and the velocity, acceleration, and distances
moved were calculated from the coordinate data. To avoid the effect
of coordinate fluctuation, the velocity, acceleration, and distance
values were estimated as an average of 20 s.

3. Results and discussions

Fig. 1a shows a schematic view of a micro chamber. Diatom cells
were pre-cultured on a bare glass slide that was placed into a petri
dish with 35 mL of culture medium. After 7–9 days of cultivation, an
acryl plate with 9 holes and a glass cover slip was put onto the glass
to secure the diatom cells inside. Because the diameter of a hole and
the thickness of the plate were 600 μm and 1 mm, respectively, the
volume of a chamber was almost 1 mm3. In this way, most of the
cells in a chamber did not escape during the 10 min observation
period.

An example of an optical microscopy image of some diatom cells
in a micro chamber is shown in Fig. 1b. The trajectory of a motile
cell, which was estimated by the two-dimensional video analysis soft-
ware, was written over the image. “O” and “E” indicate the original
(t=0 s) and end (t=600 s) positions of the cell, respectively. No.1
to No.4 indicate the turned positions. The cell came into contact
with the wall of the chamber at position No.1, and returned to a posi-
tion just before the wall at position No.3 and No.4. At position No.2,
the cell turned, although it did not come into close contact with the
wall. If the micro chamber had not been employed, the diatom cell
might have escaped from the observation area. Furthermore, because
the position coordinates of the diatom cell were calculated every sec-
ond, the detailed behavior of the cell was reflected in the trajectory.

Fig. 2 shows the trajectories, velocities, and total distances over
600 s for 4 individual cells. One cell turned sharply and frequently
(Fig. 2a), another cell turned several times with obtuse angles
(Fig. 2b), a third cell traced a similar route twice, and another cell ro-
tated (Fig. 2d). Using the two-dimensional position coordinate
analysis, various movements of the diatom cells were successfully
visualized.

For each of the 4 cells, the changes in velocity over 600 s are
shown in Fig. 2e to h. Although microscopic images were obtained
once every second to avoid fluctuation of the marker positions during
the data analysis, we used values that were averaged every 20 s for
quantitative discussion. As a result, the velocities for the 3 cells fluctu-
ated more than twice (Fig. 2f to h). However, these velocities merely
fluctuated and did not continuously increase or decrease. These data
suggested that the movement of the cells was microscopically non-
uniform, yet macroscopically uniform. Fig. 2i to l shows the multipli-
cation of the distances moved for each cell over 600 s. Although the
velocities fluctuated, the distances moved were almost linear.

The numerical data for 10 individual cells that were randomly se-
lected are shown in Table 1. The total distances covered during cell
movement ranged from shorter than 300 μm to longer than
1000 μm, according to each individual cell. This indicates that the ac-
tivity for each cell varied continuously not discretely. There are many
inactive (immobile) cells also.

The average velocity over 600 s ranged from 1.7 to 0.5 μm/s for
each cell, and the average of the average velocity for the 10 cells
was 1.0 μm/s. When we analyzed the velocities of 39 cells, the aver-
age velocity was 1.1 μm/s. Thus, the analysis of 10 randomly selected
cells was almost consistent with the values obtained from 39 cells. In
order to estimate the noise in the experiments, velocity of 10 immo-
bile cells was calculated. The estimated average velocity of the 10
cells for 600 s was 0.11 μm/s. It means that our experimental results
included almost 10% noise.

The total distance covered was strongly dependent on the average
velocity for each cell. The values for the total distance divided by each



Fig. 2. Examples of the movements of four cells over 600 s. Panels (a) to (d) indicate the trajectories. Panels (e) to (h) show velocity time changes corresponding to (a) to (d), re-
spectively. Panels (i) to (l) show the multiplication of moved distances that correspond to (a) to (d).
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average velocity was almost constant (range, 550–590). The result is
consistent with the linear profile displayed in Fig. 2i to l.

In contrast, the distance between the origin (t=0) and end points
(t=600) was roughly, but not strictly, related to the total distance.
For example, the total distances for cell Nos.8, 9 and 10 were rather
short, and the distances between the origin and the end points were
also short. This suggests that the 2 distance values were not indepen-
dent. However, for cell Nos.1, 2, and 3, there is no clear dependency
on the 2 factors.

The averaged absolute values of the X and Y components of the ve-
locity (Vx, Vy) for the 10 cells were randomly varied. Both the average
values of Vx and Vy were 0.6 μm/s. These results are expected because
there is no specific anisotropy in the micro chamber. In addition, the
average values of Vx and Vy, including plus minus information, were
almost zero (the averages of Vx and Vy were 0.03 and 0.05 μm/s, re-
spectively, these data were not included in Table 1).
Table 1
Two-dimensional trajectory analysis for ten cells.

Cell no. Total distance
[μm]

Distance between
O and E [μm]

Average velocity
[μm/s]

Averag
[μm/s]

1 1008 151 1.7 1.4
2 877 217 1.5 0.8
3 862 108 1.5 1.1
4 567 165 1.0 0.5
5 541 294 0.9 0.6
6 459 165 0.8 0.6
7 380 117 0.7 0.4
8 364 91 0.6 0.4
9 345 75 0.6 0.4
10 276 75 0.5 0.3
Average 568 146 1.0 0.6
The calculation of the averaged absolute values of the X and Y
components of acceleration (Ax, Ay) showed a unique result. The aver-
ages for Ax and Ay were 0.6 and 0.5 μm/s2, respectively. It is interest-
ing that the velocities and acceleration values are almost similar. This
suggests that changes in velocity for the cells were drastic.

Fig. 3 shows the Vx and Vy analysis of 2 cells that turned in re-
sponse to other objects. In Fig3a, a cell moved from left to right, and
then turned at point No.1 just before the edge of the micro chamber
(point No.2). The time changes for Vx and Vy for this movement are
shown in Fig. 3c. The turning was clearly reflected as the inversion
of the Vx and Vy values. Estrangement of Vx and Vy was increased
after the turning. In our experiments, we observed no stopping of
the cells in front of the edge of the chamber. On the other hand,
some of the cells moved along the edge for a few seconds, but quickly
separated from the edge. In general, the cells changed directions in
front of the edge without decrease in the velocity.
e Vx Average Vy

[μm/s]
Average acceleration
[μm/s2]

Average Ax

[μm/s2]
Average Ay

[μm/s2]

0.9 1.0 0.7 0.7
1.1 1.2 0.8 0.7
0.8 1.2 0.9 0.6
0.7 1.2 0.7 0.9
0.6 1.0 0.7 0.6
0.4 0.5 0.3 0.2
0.5 0.5 0.3 0.4
0.4 0.5 0.3 0.3
0.4 0.6 0.4 0.4
0.3 0.4 0.3 0.3
0.6 0.8 0.6 0.5

image of Fig.�2


Fig. 3. Examples of turned cells. (a) A cell turned in front of the wall of the micro chamber. (b) A cell turned in front of another cell. (c) Change at time points Vx and Vy correspond-
ing to the trajectory for (a). (d) Change at time points Vx and Vy corresponding to the trajectory for (b).
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Fig. 3b shows the turning of a cell in front of another cell located at
point No.3. In this case, values of Vx and Vy were clearly changed be-
fore and after the turning. Although it is not clear whether the cells
recognized the chamber wall and another cell at this moment, de-
tailed analysis is available by our way.

4. Conclusion

Our experiments demonstrated that a detailed trajectory analysis
was available by combining a micro chamber and two-dimensional
video analysis on a computer. We believe our results will be a basis
of understanding diatom motility and of applying the intelligence of
the cell movement to new technologies such as bio computers.
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