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ABSTRACT — Saturation density of Tetrahymena
pyriformis in a test tube without shaking can be greatly
enhanced, if a small amount of culture medium is
layered on top of solid agar containing the same culture
medium in the test tube so that the ratio of area of air-
medium interface to volume is a large one. Growth
of Tetrahymena pyriformis in such cultivating tubes
with and without shaking was investigated under
various conditions of the surface-to-volume ratio. The
saturation density of the cells reached 1x10® cells/ml
in the tube with the largest surface-to-volume ratio
(39 cm™') without shaking. When such a tube was
shaken during cultivation, the saturation density of
the cells was significantly lower than that without
shaking. 7. pyriformis was also cultivated in a test
tube with a small surface-to-volume ratio such that the
oxygen supply was insufficient. The saturation density
of the cells in such a tube of small surface-to-volume
ratio with shaking was slightly higher than that with-
out shaking. These results suggest that the saturation
density of the cells in a tube of large surface-to-volume
ratio is markedly restricted by slight mechanical agita-
tion (shaking).

We found previously that the lag time of growth
of Tetrahymena pyriformis was changed by end
products from the cells [1]. On the other hand,
the end products had no effect on the saturation
density of the cells. Namely, the saturation
density obtained by cell growth after inoculation
in a conditioned medium already containing the
end products was almost the same as that obtained
by cell growth after inoculation in a fresh medium
[1]. Further, in order to elucidate factor(s) re-
stricting the saturation density in a conditioned
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medium or in a fresh medium, a “‘crowding” effect
involved in the population growth of T. pyriformis
was investigated by the use of hollow spherical
glass beads with a size and weight similar to those
of the cells [2]. It was suggested that growth
inhibition of Tetrahymena under such conditions
may be a result of cell-to-cell and cell-to-bead
collision. Formerly, it was suggested by some
investigators [3-5] that saturation density was
dependent upon the amount of oxygen supplied
to the culture medium. We had tentatively con-
cluded that the supply of oxygen to the culture
medium in culture tubes used in our earlier studies
[1, 2] was ample, because the culture tubes were
shaken during the culture period in an incubator.
However, Dobra et al. [6] reported recently that
growth of Tetrahymena on an agar surface was
facilitated by an optimal surface-to-volume ratio,
yielding a high density of cells. Furthermore,
they mertioned that as cells reached higher den-
sities, their motility decreased. A surface-to-
volume ratio of about 1.3cm™ in the culture
tubes was used in our previous studies. Thus,
their results could be interpreted as indicating
that the culture medium in our culture tubes might
not have obtained enough oxygen from air. On
the other hand, it could be considered that the
reason why the saturation density of Tetrahymena
cells was very high in their work might have
been that the motility of Tetrahymena was re-
stricted by the presence of agar. Accordingly,
their results could be compatible with our
previous proposal with regard to ‘‘cell-to-cell
collision” as described above. However, it is
certain that oxygen supply to the culture medium
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is one of the factors which can restrict the satura-
tion density of growth of Tetrahymena.

Thus, in this experiment, the test tubes of
various surface-to-volume ratios were used for
cultivating Tetrahymena cells and measuring their
saturation densities at various degree of oxygen
supply. We confirmed that the saturation density
of Tetrahymena cells in a culture tube with a large
surface-to-volume ratio is decreased by mechanical
agitation even though the oxygen supply is more
efficient than it is without mechanical agitation.

MATERIALS AND METHODS

Tetrahymena pyriformis strain W [7] was used
in this investigation. The culture medium was
composed of 29; proteose peptone (Difco), 0.7%
dextrose, 0.5%, yeast extract (Wako), 0.5 mM
Mg?**, 0.05 mM Ca?*, 25 pg/ml penicillin and 40
pg/ml streptomycin (Kaken) and was adjusted to
pH 6.8 with Tris-maleate buffer. The presence
of 0.5 mM Mg** and 0.05 mM Ca** was required
for effective growth, as described in our previous
paper [8].

Solution containing the eculture medium with
1.5% agar (Shuzui) was boiled and delivered in 5
ml aliquots to 40 culture tubes (3 x9cm, 6.16
cm?® section area). All the culture tubes con-
taining the solution were stoppered with cotton and
autoclaved for 15 min at 120°C and 2 atm. The
culture medium in a cotton-stoppered 250 ml
Erlenmeyer flask and some pipettes were also
autoclaved under the same conditions. For
inoculation, 1 ml of stock culture of Tetrahymena
was transferred to 100 ml of culture medium in
the 250 ml Erlenmeyer flask. Aliquots of 0.2 to
10.0 ml of culture medium containing stock cells
in the 250ml Erlenmeyer flask were pipetted
aseptically into culture tubes containing solid agar
which had previously been formed at room tem-
perature (Fig. 1). This procedure resulted in an
initial inoculum of about 10 cells/ml.

Tetrahymena cells in 0.2-10.0 ml of medium
were grown in cotton-stoppered upright culture
tubes. The solid agar was helpful in preventing
the culture medium from evaporating. Twenty
of the culture tubes, in which the surface-to-volume
ratios were variable, were agitated through an

cotton stopper

culture medium
i (0.2—100 ml )
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F1G. 1. A test tube (30 X90mm) containing solid agar
and culture medium with cotton-stopper for cul-
tivating Tetrahymena cells.

excursion of 4 cm at a rate of 40 oscillations/min
in an incubator (Taiyo M-100) at 27°C. The
other 20 tubes, in which the surface-to-volume
ratios were also variable, were not agitated, but
were kept in an incubator (Taiyo Mini-80) at 27°C.
Each of the incubators was covered with a vinyl
bag to prevent the culture medium in the culture
tubes from evaporating.

When Tetrahymena cells were grown in the
culture medium, the generation time at the loga-
rithmic growth phase was about 3.5hr. The
stationary growth phase of the culture having the
largest (39 cm™) surface-to-volume ratio was
reached about 6 days after inoculation. The
stationary growth phase was maintained for at
least 5 more days. For quantitative measure-
ments of the saturation density, a culture medium
at 7 days after inoculation was diluted 200-10,000
times with fresh culture medium and then 5 pl of
the diluted solution was placed on a glass slide of
hematocyte counting chamber. The number of
Tetrahymena cells on the glass slide was counted
under a dark-field microscope. Such dilution and
counting was repeated 4 times for each culture
medium. After the measurements of the satura-
tion density, the culture medium was transferred
to a test tube as a small beaker and then the pH

NI | -El ectronic Library Service



The Zool ogi cal Society of Japan

Saturation Density of Tetrahymena 835

and volume were measured. The pH and volume
of the medium before and after cultivation were
constant within 59%;.

RESULTS AND DISCUSSION

Culture medium on solid agar was used to
cultivate Tetrahymena cells as shown in Figure 1.
When the culture medium had a large surface-to-
volume ratio, the saturation density of the cells
reached 1 x10° cells/ml without shaking. Dobra
et al. [6] reported that as cells reach higher densities
on solid agar, their motility decreases. We also
observed under a microscope that the higher the
population density of cells in the culture medium
was, the lower was their swimming speed, when
the culture medium had a large surface-to-volume
ratio. ,

When the cultivation of Tetrahymena cells was

x107
10 -

Saturation density (cells/ml )

done in culture tubes with a surface-to-volume
ratio of less than 3 cm™, the saturation density of
the cells in a culture tube which had been shaken
for 7 days in the incubator was higher than that in
a culture tube which had not been shaken. For
example, when the cultivation was done at a sur-
face-to-volume ratio of 1.3 cm™, the saturation
densities of the cells in shaken and unshaken
culture tubes were 1.2 x10° cells/ml and 0.7 x 10°
cells/ml, respectively (see the inset in Fig. 2).
This result suggests that the amount of oxygen
supplied to the culture medium in the culture tube
was increased by shaking the culture tube and
that growth of Tetrahymena was promoted.
When the cultivation of Tetrahymena cells was
done at a surface-to-volume ratio of more than 3
cm™, the saturation density of the cells in a culture
tube which had been shaken for 7 days in incubator
was lower than that of the cells in a culture tube

4
®

o/

o 03 .
g 0.2 . oz »
2 d 01 - -// ’
oo /.-:,'8.
o, Lz S R S T
.*-;1.;'-'- L]
0 10 30 40

Surface / volume (cm-1)

Fi1G. 2. Saturation densities of T.pyriformis grown for 7 days postinoculation in culture tubes containing

solid agar, at various surface-to-volume ratios.

Saturation densities of T. pyriformis in culture

tubes with shaking at a rate of 40 oscillations/min (Xx) and without shaking (O). When Tetrahy-
mena cells reached the saturation density under shaking conditions, as shown by an arrow in Fig. 2,
the culture tube with a surface-to-volume ratio of 16cm™' was transferred to an incubator at the

same incubating temperature of 27°C for 4 further days without shaking.

Its saturation density of

T. pyriformis reached more than twice that with shaking. Saturation densities of T. pyriformis in
culture tubes with shaking (X) and without shaking (O) at surface-to-volume ratios of less than

4 cm™! are shown in the inset in enlarged scale.
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which had not been shaken. For example, when
the cultivation was done at a surface-to-volume
ratio of 16 cm™, the saturation densities of the
cells in shaken and unshaken culture tubes were
1.2 X107 cells/ml and 3.1 x 107 cells/ml, respectively
(see Fig. 2). Furthermore, the density of 1.2 x 107
cells/ml in a shaken tube could be increased to
2.8 X107 cells/ml if the culture tube was further
kept without shaking for 4 days in the incubator at
27°C. This suggests that growth of Tetrahymena
in culture tubes was inhibited by shaking, even
though a sufficient amount of oxygen was supplied
to the culture medium. The fact that growth of
Tetrahymena was inhibited by shaking supports
the result of our previous investigation [2].
Namely, in our previous paper it was suggested
that growth inhibition is a result of cell-to-cell
collision, and is not due to the production of
waste materials or to exhaustion of nutrients in
the medium.

When the cultivation of the cells was done at a
surface-to-volume ratio of more than 20cm™,
the saturation density of the cells reached more
than 4107 cells/ml. By slanting, we observed
that the culture medium containing the cells had
high viscosity.

Hjelm [9] reported that the maximum popula-
tion density of Tetrahymena can reach 1.5x10°
cells/ml if culture is done in a rotating bottle which
provides a large surface-to-volume ratio. This
value seems to be at least twice as high as reported
for other methods. Hjelm ascribed this to the
high oxygen concentration available, though he
also mentioned that other factors, such as the
accompanying lower CO, concentration, may be
of importance. Our results indicate that he might
have obtained an even higher population density

maximum than 2Xx10° cells/ml if the culture
bottle had not been rotated, since the oxygen supply
should have been ample.

In a quite separate study of Tetrahymena,
Elliott et al. [10] observed that the number and the
contents of mitochondria, lysosomes and lipids
in Tetrahymena were markedly influenced by
agitation. Our studies also suggest that physical
activity such as cell-to-cell collision has a profound
effect on the metabolism of Tetrahymena and
restricts cell division.
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