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Introduction 

In recent years, it has become increasingly evident that the great majority 
of ciliates which live in fresh water a re stenohaline, or only slightly euryhaline, 
whereas the bulk of the species that are mainly found in salt water are decidedly 
euryhaline. This fact is already to some extent apparent in the work of KAHL 
(1933, p. 37) and it clearly emerges from the experimental investigations of 
Ax and Ax (1960) on a great number of both fresh-water and salt-water spe
cies. The same tendency can also be inferred from REUTER's (1961) study on 
rockpool ciliates. 

These differences are definitely of ecological interest, though the reasons 
for them are so far relatively unknmvn. However, one may expect that some 
light will be shed on the problem by further knowledge of both the degree 
to which ciliates are homoiosmotic and their osmoregulatory capacity. 

Of all the writers who have dealt with the osmoregulation of the proto
zoans, the great majority have worked on the contractile vacuoles. HARTOG 
(1888) was the first of these to state that the contractile vacuole was an osmo
regulatory organelle. During the last 40 years his view has been shared by 
many authors, including H ERFS (1922). STEMPELL (1924), WEATHERBY (1927), 
DAY (1930). TCHA.KHOTINE (1935) , GAw (1936), filDLLER (1 936) and KITCHING 
(in a number of works). One factor which has contributed to the use of the 
contractile vacuole in many investigations of the osmoregulation of proto
zoans is undoubtedly the fact that in all cases the experiments have apparently 
been t echnically fairly simple to carry out. On the basis of these vacuole ex
periments, the most widely varying conclusions have been drawn as to the 
relationship between the internal concentration of the protozoans and that 
of their environment. Thus, opinions on the degree to which they are homoios
motic range from that of MULLER (1936), for example, who concluded that 
the internal concentration had hardly changed at all during his experiments, 
to that of KAMADA (1936) and l\IAST and BowEN' (1944). who held that the 
internal concentration was largely but not entirely dependent on different 
concentrations in the external medium. 

In opposition to the above-mentioned writers there are many others who 
maintain that either in the species they examined or in protozoans in general, 
the contractile vacuole is an excretory organelle whose main function is to 
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remove the waste products of metabolism. One may mention for example 
ADOLPH (1926), ANDREJEWA (1931), FRISCH (1937) , 0BERTHUR (1937) and 
HOPKINS (1946). For the most part, the exponents of this interpretation con
sider that the internal concentration varies in parallel with the external one. 

These two standpoints - completely different in principle - may of 
course be due partly to differences between the species investigated. But the 
cleavage of opinion has undoubtedly also been caused by differences in the 
technical methods used - and in many cases by shortcomings in them. 

To this may be added the fact that by far the gre~ter part of the evidence 
put forward has been of an indirect nature. This is mainly due to the technical 
difficulties one comes up against when trying to obtain direct evidence. Thus, 
no-one has yet succeeded in making a satisfactory quantitative or qualitative 
analysis of the contents of the contractile vacuole. Furthermore, direct in
vestigations of the internal concentration of protozoans and its relation to 
various external concentrations have been both few in number and contra
dictory as to results. 

Consequently, in the following investi_gation I have tried to get some idea 
of the internal concentration of the specimens studied and its dependence on 
the external concentration. This has partly been done by trying to measure 
the total internal concentration, which has mostly been worked out on the 
basis of the changes in volume which ciliates undergo after the contractile 
vacuole has been brought to a standstill. These results have also been compared 
with the changes in volume which are brought about when the concentration 
of the external medium is altered. 

For further confirmation, I have also tried to measure the internal con
centration in the cyst stages of the species investigated. Connected with these 
investigations is a calculation of the volumetric relationship between the active 
ciliates and their cysts, a subject which hitherto seems to have attracted almost 
no attention. 

I have obtained a comparison with previous investigations by measuring 
the vacuolar output. This in its turn has been compared with the rate of swell
ing of the ciliates after the vacuole had ceased to function. Moreover, both 
the vacuolar output and the rate of swelling have been made to serve as an 
indication of the relationship between the internal and external concentrations. 

Material used in this investigation 

The material for this investigation consisted of four species of hypotrichous ciliates: 
Paraholosticha herbicola (KABL, 1932) , Oxytricha fa/lax (STEIN, 1859). Euplotes taylori 
(GARNJOBST, 1928) and Stei?Jia inquieta (STOKES, 1884). The first three species were 
obtained from rocl.---pools, whereas St. inquieta was found in moss saturated with rain-
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water. For further faunis tic details, the reader is referred to REUTER {1961 and 1963). 
P. herbicola and 0. fallax were collec ted within the precincts of the Tvarminne Zoological 
St a tion , F inland, and the work on these species was done partly there and partly a t the 
Zoological Institute of the University of Helsinki. The other two species were collec ted 
in the neighbourhood of the Biological Station a t Espegrend, Norway. Work on these 
species was entirely carried out at the latter station. 

Of these four species, St. inquieta and 0. fallax are t ypical fresh-water forms. P. herbi
cola can hardly be regarded as a markedly marine species, but it has a considerably greater 

tolerance of salinity than have the fresh-water species in genera l (R EUTER 1961). E. tay
lori is a salt-wat er species. The lowest concentration at which encystment and cell-division 

could be observed in this species was sea-water isotonic with a 89 mM solution of NaCI. 
Neither of these processes could be detected in sea-water isotonic with a 74 mM NaCI 
solution . However , this ciliate was able to live for a fairly long time in concentrations 

as low as 29 mM. 
The cysts of 0 . fallax and St. inquieta are markedly thick-shelled, with clearly visible 

ectocysts. In the case of P. herbicola the cyst shell is much thinner, and in that of E. tay
lori it is very thin . 

Media and methods of cultivation 

For cultivation and for a ll experiments I have used either sea-water or some times 

a slight modification of 0 s t e r h a ut's saline solution (N a Cl, 30.00 g; MgC12 • 6H20, 2.84 g; 
MgS04 • 7H20, 1.14 g; KC!, 0.66 g; CaC12, O.so gflitre) . The total concentration of t his 
solution is 32.614 g{litre and its Cl- content amounts to 19.519 gflitre. This medium was 
used for the experiments on 0. fal/ax and P. herbicola. 

The sea-water was obtained from the fiord on which the Biological Station is si tuated. 

It was pumped up from a depth of about 40 metres through plastic pipes. All determina

tions of its chlorine content were carried out by the Bergen Geophysical Institute. This 
sea-water was used for the experiments on E. taylori and St. inquieta. 

To obtain solutions of different concentrations, both the 0 s t e r ha u t medium and the 
sea-water were mixed with water distilled in glass. The dilution was done with the aid 

of burettes. When these solutions were used as cultivation media, 0.1ml of a sterilised 
mixture of distilled water and yeast was added to each 100 m1 of solution. The yeast and 
water mixture consisted of 30 g baker's yeast per 100 m1 of distilled water. 

Table 1 consists of a collation of values from K:-~UDSEN's (1953) Hydrographical 
tables (the values for the total salt content of sea-water (S)) and from a table published by 
R .A. RoBINSON (1954) (the cl- content of the sea-water, together with solutions of NaCI 
and of sucrose equiosmotic with the sea-water and the osmotic pressure in atmospheres). 
As RoBINSON 's t able does not give values for Cl- concentrations of less than 10 °/00 , the 
values for salinity between 0 and 10 °{00 have been obtained by extrapolating his values. 
The errors which may have arisen in this way are too small t o play any significant role. 
In R OBINSON's t able, the NaCI and sucrose concentrations are given in moles (M) to four 
places of decimals. In Table 1 these values have been shorted to t wo significant figures 
and are given in millimoles (mM). With the chlorine concentration in both the diluted 

and the undiluted sea-water and the t otal concentration in the 0 s t e r ha ut solutions, 
as a basis I have worked out all the media I have used in terms of mM of NaCI, or, when 
necessary, in atmospheres . H enceforth, when the c<n1ce11tYaticm of a medium is give11 as n mM, 
this always means that it is a medium isotonic with ann mM NaCl solution. Similarly, con

l'entration data in the literature on the subject have been recalculated in t erms of mM 
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TABLEt. The salinity {S) of sea-water of various dilutions, the amount of Cl- (0 ,'00 ) in these 

concentrations, the concentration of solutions of NaCl arJd of sucrose (expressed as mM) 

isotonic with the sea-water, and the osmotic pressure of the various concentrations UL 

atmospheres. 

s Cl NaCl Sucrose 
Atmospheres 0/oo 0 1 nDI nDI l OO 

1.84 1.0 30 50 '1.26 

3.64 2 .0 60 tOO 2.o3 

5. 40 3 .0 90 150 3.80 

7.20 4.0 120 200 5.08 

9.06 5.0 150 250 6.37 

10.86 6.0 1 80 300 7.65 

12.67 7.0 210 350 8.95 

14.47 8.0 240 400 10.24 

16.28 9.0 270 450 11.56 

18.08 10.0 290 5 10 '12 .8 7 

19 .89 11 .0 320 560 14.19 

21.69 12.0 350 6 10 15.o1 

23 .oo 1 3.0 380 650 •16.85 

25.30 14 .0 4.10 700 18 .19 

27.11 1 5.0 440 750 19.55 

28.91 16.0 4/0 800 20 .91 

30. 72 17.0 500 850 22.28 

32 .52 18.0 530 900 23.66 

34.33 19.0 560 950 25.06 

36 .13 20.0 590 1,000 26.47 

37 .94 21.0 620 1,050 27.89 

39 .74 22.0 650 1 ,'100 29.33 

of NaCl with the aid of T able 1 . All data in this literature which have been given s imply 

in moles or millimoles of a non-electrolyte have been considered as equivalent to the 

sucrose concentrations in T able 1. 

Only ciliat es which had been grown in cultures were used in these experiments. For 

each of the species examined, these cultures were started by washing a single individual 

three successive times in a sterile medium, and then transferring it to a test-tube cont ain

ing a sterile medium of the required concentration. This washing was not so effecti ,·e as 

to prevent bacteria and small flagellat es from being transferred along with the ciliate. 

In any case, with E . taylori it was proved that if the washing was done so carefully that 

no flagella tes accompanied it , then the culture failed to develop. Once the culture was 

started, everything was done to prevent further infection. Sub-cultures were a lways 

made from cultures whose population was still increasing. All sub-cultures of one and the 

same species originated from the same original parent culture. Distilled wate r was added 

to compensate for the evapora tion which took place both during the sterilisation and later 

on during the life-time of the culture. Loss by evaporation could be detected by means 

of marks scratched on the t est -tube. These measures ensured that the cultures underwent 

no significant changes in their salt content. After water had been added, the test-tube 
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was rolled between the hands to mi.x the contents. :\Ioreover, the mere fac t that when 
the test-tubes were handled only their lower ends were held in the hand caused a local 
rise in t emperature which further helped thorough mi.xing. The cultures were kept con
stantly at a temperature of l 8° to 22° C. This was also the temperature at which all experiments 
were carried out. 

0. fallax and St. inq~tieta individuals were always taken from cultures with the same 
concentration as that in which the actual e>.:periment was to be carried out. The same was 
true of E . taylori individuals in the case of concentrations of 89 mM and upwards. In 
the case of experiments which were carried out at concentrations of less than 89 mM, 
the ciliates were transferred one or two days before the beginning of the experiments 
from 89 nll\I to media of the required concentration. 

P. herbicola individuals were always culti,·ated in a medium with a concentration 
equimolar to 15 nL\f (1 aCI), and were then transferred one or two days before the be
ginning of the experiments to media of the required concentration. 

Investigation of the active ciliates 

The volume of the ciliates and their internal 
osmotic concentration 

Methods and procedure 

Determining the volume 

When trying to determine the volume of ciliates one comes up against very 
great difficulties, mainly because of their irregular shape. I have used two dif
ferent methods for the species I have examined. In order to measure the vol
ume of P. herbicola and 0. fallax, a ciliate, together with a very small quantity 
of the culture medium, was injected into a drop of paraffin oil which lay on a 
cover glass. A capillary pipette was then used to remove as much as possible 
of the culture medium. The ciliate was in this way pressed between the paraffin 
oil and the cover glass. It was then photographed, and its thickness was mea
sured with the fine adjustment of the microscope. 

\Vith the aid of this photograph , projected at a known magnification on graph paper, 
it was easy to measure its area. On the other hand, measuring the thickness was less exact, 
as only the ventral side became flat when pressed. The dorsal side always retained some 
of its convexity, no matter how effectively it had been pressed. It was therefore necessary 
to carry out measurements at several points, so as to obtain a value for the convexity 
of the dorsal side. Figure 1 gives a diagrammatic representation of the points at which 
the thickness was measured. 

The distance between the dorsal and ventral sides was first measured at points 1 to 4. 
By a series of measurements starting from these points and moving inwards towards 
the centre of the ciliate it was possible to find the area within which the thickness was 
at its greatest (points 5-8 in the diagrammatic figure). These measurements showed that 
the distance between the dorsal and Yentral side tapered off fairly continuously from the 
evenly thick central part to the edge of the ciliate. Fig. 2 shows a ciliate schematised for 
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Fig . 2. 

FIGURE 1 . A diagrammatic figure showing the points at which the thickness of the ciliates 
was measured in order to calculate the volume of P . herbicola and 0. fallax. 

FIGURE 2. A ciliate schematized for volumetric calculations. 

volumetric calculations. The volume of tha t part of a ciliate which can be reckoned as 
more or less of the same thickness (section ABCD) was calculated as base times height . 
For the remainder (ABEF), the formula for a truncated cone was used. This latter for
mula holds good only if both the plane surfaces of the cone are of the same shape, but 
this condition was fulfilled reasonably well. 

Measurements at several more p oints would of course have given a more exact picture 
of the cross-section. But this was not practicable, partly because the measuring process 
had to be done quickly, and p artly because of the difficulty of establishing the exact 
point of the ciliate at which the measurement were to be t aken. 

One must reckon with a series of additional sources of error inherent in these measure

ments of thickness. In the first place, the refractive index of the ciliates is unknown, and 
this introduces an error in vertical measurements which cannot be allowed for . Apart 
from this, the depth of focus of the microscope reduces the chances of exactly determining 
the two optical planes. This depth of focus depends on various factors, such as the numeri

cal aperture of both the objective and the illumination apparatus, the total magnification 
used and the refractive index of the object . nfortunately, it is impossible to s tate an 

exact value for the depth of focus , but for the measurements which were made it probably 

lay between 2 and 4 p.. Finally, it should be remembered that though the scale of the fine 
adjustment is graduated in microns, it is not constructed as an absolutely precise measur
ing instrument. 

Henceforth, this method of measuring the volume of ciliates will be referred 
to as the pressing method. 

A completely different method was used for measuring the volume of 
E. taylori and St. inqu.ieta. The ciliates were forced into a thin capillary tube 
which gradually tapered towards the point. This meant that the ciliates be
came cylindrical in shape, and that their volume could then be calculated 
from their length and the internal diameter of the capillary. 
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Fig. 3a 

c 

£' 

Fig. 3b . 

FIGURES 3a and 3b. The construction of the capillary and its supporting parts used for 
measuring the volume of E. taylori and St. inquieta. For details see the text. 

The construction of the capillary and its supporting parts can be seen in Figure 3. 
A is a base support of sever&! slides glued together with Euparal. A short piece of glass 

tubing (B) is securely fastened to this base. The actual capillary pipette (C) is passed 

through this tube and fixed to it with a mh.--ture of acetone and celluloid. The capillary 
part of the pipette (D) rests on the base. The extreme end of the capillary is fixed to the 
base by means of the acetoue and celluloid mixture, which is moulded in the form of a 
ring right round the tip of the capillary (E in Fig. 3b. For technical reasons this ring is 
not shown in Fig. 3a). This ring retains the water which is forced out through the end of 
the capillary and prevents it from running back along the outside of the capillary tube 
between the cover glass (F) and the base. The space between these two is filled with paraffin 
oil. G is a small syringe, which is fastened to the pipette by means of a piece of rubber 
tubing (H). 

At the beginning of the experiment, the syringe was not coupled to the capillary 
pipette. The capillary part and a little of the wide part of the pipette were filled with 
fluid from the culture from which the ciliate to be measured had been taken . The capillary 

part was then surrounded with paraffin oil and the cover glass put in place. With the help 
of a long pipette, the ciliate was introduced into the wide part of the capillary pipette 
and the syringe was fLxed in position. \Vhen the ciliate came near the entrance to the 

capillary part, the whole column of fluid was set in motion by means of the syringe. How
ever, the ciliate was not forced down to a part so narrow that its movement were ob

structed. This procedure took place under a preparation microscope. The measuring 

apparatus was then transferred to a Leitz Ortholux microscope. The ciliate was watched, 
and as soon as a vacuolar contraction was observed a stop-watch was started and the 
ciliate was forced farther down the capillary until it took the form shown in Fig. 4 and 
the microphotograph. The time which elapsed between the contraction of the vacuole 
and the moment when the ciliate was clearly wedged in position was only a few seconds. 

As can be seen from the microphotograph and from Fig. 4, the shape of the ciliate 
is not a true cylinder, but can be thought of as a cylinder (A) and two spherical segments. 
The observations were made in this order. First the total length of the ciliate (A + B + C) 
was measured and the reading on the stop-watch noted. After this, the heights of the 
spherical segments (B and C) were measured, and then the internal diameter of the capil
lary tu be. These measurements were made either with an eyepiece micrometer or by a photo

graphic method based on the same principles as that used for P. herbicola and 0. fa/lax. 
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Microphotograph of an E. taylori individual in the narrow part of the capillary. 

) / \ 
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~ R c 
FrGURF. 4. The form of the ciliate in the narrow part of the capillary. 

Since the glass of the capillary and the paraffin oil surrounding it do not have the 

same refractive index, a definite error comes into all measurements of the internal dia

meter of the capillary. But as these refractive indices lie close to one another, this error 

will not noticeably affect the results e\·en in experiments in which it is necessary to obtain 

an absolute value for the volume of the ciliates. 

When the ciliate was compressed in the capillary, it was seen that the functioning 

of the vact1ole ceased, either completely or for a long time. It was also seen that the volume 

of the ciliate did not remain constant, but increased. This increase had already begun 

when the ciliate was measured for the first time, and therefore the value obtained for its 

volume must be too high. For reasons which will be discussed below (p. "1 3) the value for 

its original volume can be obtained only in this way: several successive volumetric measure

ments are made at known intervals, and in this way the rate of swelling of the particular 

specimen can be determined . This rate of swelling will henceforth be given in t ern1s of 

C!J/600 seconds. One is then able to work out the original volume of the ciliate with the 

aid of this rate of swelling and the interval between the last \·acuolar systole (more or 

less synonymous with the moment when the ciliate became jammed in the capillary) and 

the moment when the first measurement was t aken . 
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This method has been named the capillary method. 
Exact measurements of the volume of ciliates have previously been car

ried out in only a few cases. 1v!ost of these measurements have been performed 
on peritrichous ciliates, whose geometric shape is easy to determine. The 
method is described by KrTCHING (1934 and 1936) and demands no special 
apparatus. The volume of suctorians is also easily measured (KrTCHIN'G, 1952). 
For amoebas, BELDA (1942/43) has used a method comparable to my capillary 
method. 

The fact that a swelling can be observed in ciliates when they are treated 
in a manner similar to that described above has been noted by KAHL (1930, 
p. 1), who points out that the size of ciliates can increase to double or more 
when they are placed under a cover glass. Again, HERFS (1922) mentions that 
the pulsation frequency drops if ciliates are exposed to irritation by touch 
or pressure. According to him, one also gets different values for the pulsation 
frequency if the ciliates are observed freely swimming or in a thigmotactic 
resting state. The fact that a cessation or diminution of vacuolar activity is 
associated with an increase in the volume of ciliates appears clearly from the 
studies of EFIMOFF (1924) on Parmecium caudatum and KrTCHING (1936) 
on the marine peritrichs Cothurnia curvula and C. socialis. EFIMOFF supercooled 
the culture medium, with the result that the vacuolar activity stopped and the 
ciliates become swollen. When sugar or glycerine was added to the medium 
they regained their original size. EFIMOFF himself explained this swelling as 
a result of accumulated waste products caused by the reduction in vacuolar 
activity. It should be noted, however, that all waste products discovered by 
ciliates at least under normal conditions can pass through the cell membrane 
(see KrTCHING, 1956). One should also note that the low temperature had 
reduced the metabolism. Again, KrTCHIXG (1936) obtained this dilation when 
vacuole activity had been paralysed through the addition of cyanide. In this 
case, too, the swelling could be counteracted if a non-electrolytic substance 
was added to the medium. 

There is no reason to doubt that the swelling which occured during my 
experiments was due to the intake of water by osmotic means, especially as 
the E. taylori individuals reduced their volume to a value close to their original 
volume once they had been released from the capillary and their vacuoles 
had begun to function again (see p. 19). On these grounds, it is natural to 
imagine that the swelling which was observed in my experiments began imme
diately after vacuolar activity had stopped, and that at that time the volume 
of the ciliates was at its minimum. On the other hand, one may wonder whether 
this swelling really reflects the osmotic concentration of the ciliates before 
the start of the experiment, or \Yhether some changes had taken place during 
the course of the investigation. 
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Criticism has been directed against the explanation of certain experiments 
on tissue cells, which were found to swell when subjected to low temperatures, 
anoxia or metabolic inhibitors (see DICK, 1959). It is particularly the in
vestigations of CoNwAY and McCoRMACK (1953) which argue against the in
terpretation that the tissue cells investigated were hypertonic in relation to 
the body fluids, and according to Cor'wA v and McCORMACK, their swelling 
might have been caused by internal osmotic changes based on abnormal 
physiological conditions. According to DICK (1959), it has been proved that 
the water which penetrates the cell membrane when metabolism is suppressed 
contains ions of N a+ and Cl- in the same proportions as in the external me
dium. But this in itself is no evidence against an intracellular hypertonic 
condition, as the stopping or slowing-down of the metabolism can be expected 
to result in an abnormal regulation of the internal ion concentration and in 
theory this should result in an influx of N a + and Cl- ions and an efflux of 
K + ions. 

When the ciliates were wedged in the capillary, they were, of course, living 
under abnormal conditions, as was shown by the fact that the activity of the 
vacuole ceased. Consequently, in this case t oo it can be asserted that osmotic 
changes may have taken place during the course of the experiment. But 
there are several fundamental differences between the above-mentioned ex
periments on tissue cells and the experiments on swelling which were carried 
out in the present investigation. The temperature has been normal throughout, 
and conditions have not all the time been anaerobic - at any rate, not in 
the case of E. taylori, as the water in proximity to the organism was some
times changed by moving the ciliate from time to time in the capillary. Nor 
has the concentration of the external medium been changed, or any substance 
introduced which might have affected the metabolism. An additional factor 
is that if the swelling had been due to some change in the total amount of 
osmotically active substances which had arisen during the course of the ex
periment, then one might have expected the degree to which they were hyper
tonic to be independent of the external concentration, which was not the case 
(see p. 27). Also DICK (1959, p. 410) says tit must be noted, however, that 
most osmotic theories will be disturbed only when it is shown not only that 
osmotic equality does not occur between cells and environment but that there 
is not even a linear relationship between the intracellular and extracellular 
osmotic pressures ... >>. 

In this connection, it would be of particular interest to know the reason 
why the vacuole stopped functioning during my experiments. As we shall 
see later (p. 24) , it was probably not the diastole but the systole phase of the 
vacuole which was inhibited, and therefore only the latter is of importance 
here. 
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Only during the last few years have we begun to get a more concrete idea 

of the mechanism of the systole phase. Through investigations using high 

hydrostatic pressure and variations in temperature, KITCHING (1954 b and 

19511 c) has obtained results which indicate that systole is produced by con

tractile structures in the case of the suctorian Discophrya piriformis (which, 

according to KlTCHING and PADFIELD (1960), = D. collini). KITCHING thought 

these structures were to be found in the walls of the vacuole. LEHMANN, 

MANNI and BAIRATI (1956) have found that Amoeba proteus, too, has structures 

in the wall of its vacuole which seem to have a contractile function. However, 

RuDZINSKA (1958) found nothing similar in the suctorian To!wphrya £nfusi

onum, which, in contrast to A. protws, has a permanently situated vacuole. 

On the other hand, she found a permanent outlet canal from the vacuole, 

composed of three parts. Its outermost part, the pore, has long been known 

in this and other species, and TAYLOR (1923) thought that it played an essen

tial role in releasing the systole of various Euplotes species. The innermost 

part of this canal, which she calls the tubulus, seemed to be provided with 

contractile elements for both opening and closing the passage. The actual 

emptying of the vacuole, she thought, was brought about by the difference 

in hydrostatic pressure between the vacuole and the external medium. The 
species which I have investigated also have a permanently situated vacuole. 

It is quite conceivable that these possess structures similar to those in T. in

fus iotzum. Though it is by no means certain, it is nevertheless possible that 

the distortion the ciliates underwent when they were wedged firmly in the 

capillary may have injured these delicate and highly complicated ultramicro

scopic structures and thus prevented systole. The pressure of a cover glass 

may possibly have the same effect. But if this is the true explanation, it is 

difficult to understand why once the ciliates had been wedged fast , the vacuole 

almost invariably went through one or two further contractions when the 

external concentration was low (see p. 17). At times, this phenomenon was 

also met at higher concentrations. It is clearly possible that in some way this 

wedging process could affect the mechanism which governs the contractile 

structures. But extremely little is known about this. KITCHING (195!1 b and 

1956) thinks that the actual discharging may depend upon the size of the 

vacuole, and that the »Critical& size may be a variable, dependent on the phys

iological conditions of the organism. According to KITCHING, an alternative 
explanation is that of an internal rhythm which is variable in the same way. 

However, this discussion is of a highly theoretical nature and gives no ex

planation of why the vacuole ceased to function when the ciliates had been 

jammed in the capillary tube. 

In this connection, it may be pointed out that provided the capillary was 

\yjde enough not to distort the ciliate, the vacuole did not cease to function 
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even when pressure was created in a capillary with a blind end by depressing 

the plunger of the syringe. This result was only to be expected in view of the 

great hydrostatic pressure to which KlTcmxG (19511 c) was able to subject 

the suctorian Discophrya piriformis (=D . collini: see p.15) without stopping 

the functioning of the vacuole. 

Determining the internal concentration 

A common method of determining the internal concentration of cells is 

testing whether they undergo plasmolysis, remain unchanged or swell when 

the concentration of the external medium is changed. This method is compar

able to the study of haemolysis in erythrocytes. In a number of cases it is 

possible to determine the internal concentration by measuring the size of the 

volumetric changes which the cells undergo. The theory behind these methods 

is far too well-known to be dealt with here. In spite of the fact that there are 

sources of error, which will be dealt with in the context to which they belong, 

this method (in default of others) has been generally used, and has given 

valuable results. 
As it is possible to stop the contractile vacuole of the ciliates and thereby 

stop their emission of water, this provides an opportunity to measure their 

internal concentration without the external osmotic pressure being altered. 

This is because it seems likely that the changes in volume brought about by 

stopping the vacuole make the swelling ciliates as isotonic with the external 

medium as is possible. 
In the present study I have made use of both this swelling in an unchanged 

medium and the effects of changes in the concentration of the external medium. 

The first-mentioned method was used in connection with measuring the Yolume of 

the ciliates. Observation of each ciliate continued even after the first volumetric measur

ements had been made, and the measuring was continued at short inten•als until the 

volume had become constant. \Vhen each measurement was made, the stop-wat ch was 

read. In this way a curve was obtained for each indhoidual ciliate, giving the total volu

metric changes undergone by the organism, the rate of swelling between successi\·e measur

ings and the duration of the swelling process. Qb,;ously, to obtain the ayerage for all 

tested individuals cultivated in the same salinity, corresponding points on the various 

curves had to be compared with one another. As these curYes were of unequal length -

in other words, as the duration of the swelling process varied from one indh;dual to 

another - the only way of ge tting this comparison was by dh·iding all the curves for 

ciliates from each salinity into the same number of parts. The duration of the swelling 

process, (t) for each individual has been didded into the required number of parts, (n). 

The first point on the cun·e is then a t 0 seconds (the volume of the ciliate immediately 

after the last observed vacuolar contraction), the ne~"t point at I X 11n sec after this 

contraction, the next at 2 x 1/n sec and so on . The ,-olume of the ciliates at these points 
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was then worked out arithmetically from the nearest volumetric measurements which 
had been t aken on both sides of this calculated point of time. As it was found, particularly 
with lower concentra tions, that the swelling was much more rapid a t the beginning of 
the experiment than towards its end, and as the period between 0 and 1 x 1fn sec embrac
ed severa l yolumetric measurements, this section h as been further divided up into, for 
example, 0.25 x 1fn sec and 0.5 x 1fn sec. In this way, the volume of any ciliate at each 
such point of time and the volumetric changes between these points eau be compared 
with the corresponding figures fo r every other ciliate tested in a medium of the same 
salinity. One can then obt ain an average curve for all the investiga ted specimens from 
one and the same salinity by t aking the average volume of a ll the individuals at each 
corresponding point of time . 

In most cases, the number of measurements was greater than the number of time 
intervals afterwards chosen. In only a few cases (at 149 mM) were they the same. At 
concentrations above 14 9 nul the increase in volume is so small , and consequently the 
number of measurements so few, tha t only the minimum and maximum volumes have 
been t aken into considera tion . In this way, the curves which have been worked out give 
in most cases a somewhat less detailed picture than was obtained from the ac tual measur
ements . 

When a concentration of 29 m:lf was u sed the vacuole regula rly contracted even after 
the cilia te h ad been wedged firmly in the capilla ry. In isolated instances this was en
countered also at higher concentrations. These contractions caused the c ilia te to shrink. 
The time taken by the ciliate to regain the volume it had before such a contrac tion 
has been deducted from the total duration of the swelling process. In this way , 
volumetric changes caused by these vacuole contractions have been excluded from tile 
et1n·es. 

Two procedures were used for experiments involv ing a change in the externa l con
centra tion . In some cases the volume of the cil iat e was first measured in the usual way 
in the culture medium. At least two measurements were taken , whereby its rate of swell
ing in tills meruum was obt ained. After tllis, the ciliate was drawn some way up the ca
pilla ry so as t o allow it to svdm a round freely. All the medium was then removed from the 
wide part of the capillary pipette. The cover glass was then removed and all the fluid in 
the ring round the tip of the capilla ry was drawn off. The ring was refill ed with the new 
medh1m and the cover glass replaced. After tills, a copious quantity of the new meruurn 
was injected into the wide part of the capilla ry pipette. The c iliate was then sucked right 
up into the wide part of the pipette, and a stop-watch was started. In doing this, a quantity 
o f fluid severa l times grea ter than the Yolume of the capillary tube itself had been sucked 
up th.rough the capillary from the ring. The wide part o f the pipette was once more emptied 
-of the m edium as effectively as possible and fresh medium was added, after willch the 
ciliate was again imprisoned in the capillary tube and measured. In this way an effective 
e x change of medium was obt ained. The disadvantage of tlus method is that the volume 
could no t be measured a t the instant a t willch the exchange of medium takes place -
tha t is, when the ciliate is drawn up into the wide part of the pipette. 

In other cases the volume of the c iliate was not measured in its original medium. It 
was first washed in a medium of the new concent.ration and a t the sa me moment a stop
watch was started. After washing the specimen was transferred to the capilla ry and m easur
ed in the usua l way. The reason why in these cases the ciliates were not first m easured 
in their origi.J.. a l medium was principally the great technical difficulties willch tills still 
presents. Moreover , this latte r procedure ensures that a shorter interva l of time elapses 
between the moment of transfer and tlte taking of the first measurement. 

:2 
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Most methods of determining the internal concentration of protozoans have 
been based on the principle of volumetric measurements. One method has been 
to change the concentration of the medium and to see whether or not changes 
in volume take place. This has been used by MAST and FowLER (1935), 

KAMADA (1936) , BELDA (1942/ 43), l\'lAST and BowF.N (1944), HOPKI:-IS (1946) and 
KITCHING (194S). The other principal method has been to stop the functioning 
of the vacuole and raise the concentration until the ciliates have regained their 
original volume. This has been used by KrTCHING (1938 and 1951) . But other 
methods, too, have been brought into use. Thus, GELFA"\f (1928) has measured 
the electrical conductivity of the protoplasm, PICK£)< (1936) and LovTRUP and 
PrGON (1951) have carried out vapour-pressure measurements, and CHAMBERS 
and HALE (1932) have studied the lowering of the freezing-point. 

The accuracy of the measurements 

When examining the accuracy with which volumetric measurements can 
be carried out, we must first and foremost reckon with direct errors of measure
ment. With the capillary method, these can arise with (a) the diameter of the 
capillary (b) the total length of the ciliate and (c) the height of the spherical 
segments (B ahd C in fig . ft, p. 12). 

By m easuring 20 diameters on a capillary twice over , it was found that the standard 
deviation was ± 0.2 f'· Compared with the capillaries, the ciliates ilave coarser and more 
uneven outlines. Consequently, the standard deviation for measurements of length will 

be greater , i.e., ± 0.4 f' · The errors in volume which arise through measuring the he ight of 
the spherical segments are so slight that they can be disregarded. ·we can therefore think of 

the ciliates jammed in the capillary as cylinders, and use the standard deviations for the 
above linear m easurements to work out the standard devia tion for the volumetric measure

ments. This value will, of course, be different according to whether the diameter of the 
capillary is the same or different in the measurements which are being compared. Assuming 
that the diametric measurements vary, a hypothetical cylinder with a diameter of 25 fL and 
a length of '100 fL (meaning a volume of c . 50,000 CfL) would have a standard deviation in 

volume of ± 825 CfL and a coefficient of variation of ± 1. 7 %. In this case, the size of 
both the s t andard deviation and the coefficient of Yariation depends on the diameter of 

the capillary and the volume of the ciliate. However, within the limits of the capillaries 
nsed and the actual volumes of the ciliates examined for this purpose, the differences in 
the coefficient of variation were sma ll. (The extreme values were ± 1.4 and ± 1.9 %). 

In the o ther case, when the diameters are the same in the sets of measurements being 
compared, the standard deviation is much smaller. In the above theoretical example it 

h as a value of ± 200 CfL, which gives a coefficient of variation of ± 0.4 %· 
There are, however, other factors. The spherical segments are seldom segments of 

perfect spheres, and their shape can change somewhat during the course of the experi
ment. As wt: :;hall see la ter, it is clear that the ciliate does not lie in equally close contact 

with the walls of the capilla ry all the time, and this will of course affect the results. 
To ge t an idea of the extent to which these sources have affected the measurements, 

7 E. taylori ciliates were each m easured two successiYe times. The ciliates were released 
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TABLE 2. Two successive rneasurerne11ts of 
7 E. t aylori ciliates. Volumes in cp. . 

Cone. 1st measuring 2nd measuring 
of m ed . 1. U nswollen 1. Unswollen 
in mM 2. On r elease 2. On release 

59 1. 60,800 L 60 ,70 0 

2. 68,000 2. 68,000 

1. 82,700 1. 82, 100 

2. 97,000 2. 93,100 

119 1. 40,800 1. 43 ,100 

2. 47 ,7 00 2. 47,700 

1. 45,600 1. 45 ,300 

2. 48, 300 2 . 47,200 
1. 6 1,500 L 63,800 
2. 64,900 2. 66,000 

1. 65,600 1. 66,100 
2. 69,200 2. 69,000 

1. 67,300 1. 65, 100 

2. 71,600 2. 68 ,000 

Average 1. 60,600 1. 60,900 

between measurings so as to a llow their vacuoles to function. The same diamet er was 

used for each m easurement . The results of these experiments are given in T able 2. I~ 

we calcula t e the standard deviation for the variation, which is due to different dimensions 

being obtaiued for the same individual, but which is independent of the different sizeS 

of different individuals, we get a value of ± 1,100 cp. and a coefficient of variation of 

± 1.8 % · This differs considerably from the theoretically expected value of ± 0.4 % and 

means tha t other sources of error have influenced the results . 

It is impossible to say exactly what all these sources of error were, but in any case we 

must reckon with the fact tha t it is by no means certain that the volume of each ciliate 

actually was the same each time it was measured . For the first measurement, the vacuole 

was stopped in the usual way and the ciliate began to swell. We cannot take it for granted 

that by the time the second measurement was made the resumed vacuolar activity had 

caused the ciliate t o regain its original volume. Because of this possible error, these ex~ 

periments do not enable us to draw conclusions on the size of the actual errors of measure
ment. 

To avoid the above-mentioned source of error, I have carried out experiments on 

1 7 £. taylori individuals in which each ciliate was first allowed to swell to its full extent 

in the capillary. It was then forced down into a narrow~r part of the capilla ry and measured 

again. From 2 to 4 measurements were m ade of each; individual. The results of these ex. 

periments a re given in T able 3. For position 1, the volumes of the ciliates before and aftei 

swelling are given . The volumes of the unswo llen ciliates were calculated in the usual way 

(see p. 12). But in position 2-4 also, the ciliates increased in length. This would seem to 

show that the ciliates had increased in volume, in spit e of the fact tha t they should already 

have reached their ultima te size in position 1. H owever, because of factors discussed below 

(p . 22) we can conclude that no real change in volume took place in positions 2-4. Con-
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TABLE 3. Successive measurements ojl7 fully swollen E. t aylori ci liates. 

Cone. Ciliat e 
Position 1 Posit ion 2 Position 3 Position '• 

of rued. No 1 . Unswollen 1. Min. vol. 1 . l\Iin. Y OJ. 1. :.rin . vo!. 
in mM 2. Swollen 2. Max. vol. 2. Max. vol. 2. :.Iax . vol. 

29 1 1. 64,800 1. 128,500 - -
2. 131,6 00 2. 131,500 - -

2 1. 70,400 1 . 1 20,000 "1. 1 •1 9,000 -
2. 11 9,8 00 2. 122 ,900 2. I 19,000 -

3 1. 74 ,100 1. 14 7,800 1. 151,900 -
2 . 152,700 2. 154,200 2. 155,200 -

11 9 4 1. 40,800 1. 46,900 1. 45,200 -
2 . 4 7. 700 2. 4 7. 900 2. 46,200 -

5 1. 41t ,1 00 1 . 45,400 1. 44,400 1 . 43,100 

2. 46,500 2. 46, 300 2. 45,300 2. 43 ,?00 

6 1. 55,800 1 . 61,8 00 1. 62,900 -
2 . 62 ,7 00 2. 63,900 2 . 64,000 -

7 1. 85,200 1 . 10 1,200 - -
2. 9 7, ?0 0 2. 102,700 - -

239 8 1. 45,200 1 . 46,900 - -
2. 4 7. 900 2. 48,200 - -

. .. 9 1 . 47,400 1. 4 8, 500 - -
2. 49,000 2. 50,400 - -

10 1 . 56,800 1 . 53,500 - -
2 . 59,500 2. 55,600 - -

11 1. 58,700 1. 61 ,600 - -
: 2. 63 ,100 2. 62,000 - -

1 2 1 . 60,500 1 . 62,100 I. 63,600 -
2. 63,200 2. 62,100 2. 63,600 -

13 L 62,500 1. 63,200 1. 64,100 1. 64,800 

2. 65 ,000 2. 64,900 2. 65,000 2. 68,400 

531 14 1. 26,600 1. 25,900 1. 25,600 1. 26,800 

2 . 2 7,600 2. 26,500 2. 26,?00 2. 27,800 

1 5 1. 31,60 0 1. 32,000 1. 30,900 -
2. 32,300 2. 32,400 2. 31,500 -

16 1. 40,500 1. 40,400 1 . 40,800 -
2. 42,100 2. 41,600 2. 42 ,000 -

1 7 1. 50,800 1. 52,300 1. 51,500 1. 51,900 

2. 54,000 2 . 52,700 2. 51,800 2. 51,900 

sequently, the values for these positions are headed in the table tminimumt and tmax:imumt 

volumes, as opposed t o those of the mnswollent and tswolleru ciliates in position 1. The 
m inim um volume h as been calculated on the basis of the rate of •increase in volume• 
obt a ined from the internal diameter of the capillary and the rate of increase in length, 
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TADLF. 1._ Averages for the volumetric values itl Table 3, the average percentages and rates of 
swelling for position 1, the average percentages and rates of apparent increase in volume for 

positions 2-4 combined, and the average diameters of the capillary. 

Position 1 Positions 2-4 
Cone. 

of Vol. of ciliate Swelling Vol. of ciliate Apparent incr. Av. 
diam. m e d. 

I I I I 
of 

in before after Min. Max. 
swell- swell- % 1 r at e o• 1 rate cap . mM vol. vol. ! o 

ing ing 

29 69,800 "1 34, 700 4 7.8 45 ,000 133,400 136,600 2.2 4, 700 30.5 

11 9 56,500 63,700 "10 .9 8,500 56,400 57,500 2.0 2,000 26.2 

239 55,200 58,000 4.8 7,200 58,700 60,000 2.2 6,100 26.9 

531 37,400 39,000 3.9 4, 700 37,800 38,500 2.0 3,4.00 22.8 

1 The difference in volume as a percentage of the higher volumetric value. 

together with the total t ime that elapsed between the forcing down of the ciliate and the 
t aking of the firs t measurement, the time t aken for both processes being included. It is 

clearly not to be t aken for granted that the increase in length began a t the precise instant 
tha t the forcing down took place, but the errors that can arise because of this are extremely 

small, as it took only about 10 seconds to place the ciliates in their new position. The 
maximum volume h as been calculated from the measurements which were taken after 
the length h ad stopped increasing. 

Table 4 gives values which are the averages of the volumetric values in Table 3. The 
average h as been calculated separately for each salinity, and separa tely for position 1 and 

for positions 2-4 combined. In addition, the percent age of swelling and the rate of swell
ing have been calculated for position 1. For the reasons given above the values for posi

tions 2-'• are headed tmirlimumt and tmaximumt volume and percentage and rate of 
tapparenb volumetric change. 

\Ve find obvious differences in Table 4 if we compare the average volumes of the 

unswollen and swollen ciliates in position 1 with the average mirlimum and maxinlum 

volumes in positions 2-4, and if we compare the percentages and rates of swelling in 
posi tion 1 with the corresponding values for the apparent increase in volume in positions 

2- 4. In the first place, the table shows that in nearly all salirlities the average minimum 
volume of the ciliates in positions 2-4 is less than the average volume of the swollen 
cil iates in position 1. -otlting was observed which might indicate tha t a real reduction 

in volume took place when the ciliates were forced down to tht'ir new position in the 
capillary. In this connection one might also mention that a fully swollen ciliate was 
never found to show measurable changes in volume if it was drawn up to a broader part 
of the capillary for a moment and returned to its original position before a vacuolar 
contraction had time to t ake place. 

Let us now compare the percentages and speeds of swelling in position 1 with the 
corresponding figures for the apparent increase in volume in positions 2-4. In the first 

set we see a significant connection between the percentages and speeds on the one hand , 
and the salirlity on the other. In positions 2-4, however, it is impossible to find any such 

connection. 
In other words, it seems clear that the increase in length in positions 2-4 was for 

reasons different from those which cansed the elongation in position 1, which was undeni-
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ably caused by a real increase in volume. In all probability, the explanation of the increase 

in length in positions 2-4 lies in the fact tha t immedia tely after the ciliates had been 

moved from a broader to a narrower p art o f the capillary they were wedged closer against 

the walls than they were later on, by which time the increase in length had t aken place . 

. The same thing was true also of the ordinary experiments on swelling ciliates . They were 

always jammed harder into the capillary at the beginning of the experiment than they 

were towards the end of it. This phenomenon must mean tha t the ciliates undergo a re

duction in diameter some time affe r they have become wedged in the capillary. The fact 

that this reduction could no t be observed directly and so ga,·e rise to an apparent in

crease in volume is quite understandable when we realise that the ciliates need not with

draw more than 0.10 to 0.15 ,u from the capillary wall in order to gh·e rise to the apparent 

increases in volume shown in T able 4. 

It is certain that these apparent increases have also influenced the results of the ex

periments involving swelling. The values for the volume of the swollen ciliates must there

fore be corrected by subtracting the value for the apparent increase in volume. As the 

la tter is apparently unconnected with osmotic swelling, we need not expect the correction 

factor to depend on the concentration of the m edium. \Ve shall therefore use as our cor

rection factor the average of a ll the p ercentages of apparent volumetric increase given in 

Table 3. This average is 2.1 ± 0.2 % (st andard error) and means that the volume of the 

swollen cilia tes should be reduced by a fac tor equal to 2.1 %-

The rate of apparent increase in volume also may have affected the results. It is im

possible to say whether this happened righ t a t the beginning of experiments us ing low ex

te rnal concentrations, as here the osmotic swelling was swift and may ha,·e kept the surface 

of the ciliate pressed h ard against the walls of the capillary. But the apparent increase 

in vo lume has probably had some influence in the case of higher concentrations, where 

the osmotic swelling was slow. If so, it has made the calculated volume of the unswollen 

ciliate somewhat too small. The average of the rates of apparent inc rease in volume in a ll 

the experiments recorded in Table 3 is 3, 900 c,u /600 sec. We shall leave the discussion of 

any possible errors caused by this factor until we come to the e:-rperiments which it 

might h ave affec ted (p. 32). 

From what has been said previously, it follows that if one wishes to investigate the 

variation which occurs when one and the same ciliate is measured several times, it is the 

volume of the swollen ciliates in position 1 and the greater of the two yalues for positions 

2-4 which should be compared with one another. Using the 49 measurements in T able 3 

as a basis for calculating the stand ard deviation in the same way as ou p. 19, we ge t a 

va lue of ± 1, 312 c,u, which gives a coefficient of variation of ± 2.0% (the average of the 

49 volumetric measurements being 65,900 c,u). If th~ standard deviation had been caused 

only by errors in linear measurements we could have e:\.-pected a coefficient of variat ion 

of the order of 1.7 % (sec p . 18). The small difference between this theoretical value and 

the value obtained experimentally shows tha t the variation i principally due to errors 

in linear m easurements. This was not so with the 7 unswollen E. tay/Of'i ciliates in Table 2, 

(p. 19) , but one great difference be tween these e:\.-periments is that there is no reason to 

suspect tha t the 17 swollen ciliates in T able 3 might haYe undergone a chan ge in volume 

between the times they were measured. 
In the present investigation, all measurements of each particular indi,·idua l were 

made at the same part of the capillary -both iu the e:\.-periments involving swelling and 

in those in which the salinity was changed. This eliminates the relath·e errors a rising from 

measurements of diameter, and consequently the accuracy is certainly considerably greate r 

than is indicated by the experiments recorded in Table 3. This i also shO\Yn hy the fact 
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tha t if a fully swollen ciliate is drawn up for a moment to a wider p art of the capillary and 
then re tumed to its origina l position and subsequently remeasured, this new m easurement 
always gives the same volumetric result as a measurement immedia tely before it was 
d isplaced. But this hold good only if the vacuole does no t have time to function during 
the interval. 

There is no sa tisfac tory direc t way of measuring the s ize of the error when the same 
position in the capilla ry is used for the measurements being compared. One can, however , 
indirec t ly obtain a usable result from two fac tors. Firstly, in the experiments using the 
1 7 E . taylori cilia tes (Table 3) t he \·ariation was almost entirely due to errors in linear 
measurements. Secondly , if we eliminate the relative errors in diametric measurements 
the coefficient of variation is reduced to about 1/ 4 of its theoretical value (i.e., ± 0.4 %) . 
In other words it seems tha t a coefficient o f variation of about ± 0.5 % would represent 
the order of m agnitude of varia tions due to deficiencies in the measuring methods. 

Unfortunately, in the case of S t. iuquiela it was impossible to t est the accuracy of the 
measurements. Though it was tried many times, the cilia tes always disintegrated if they 
were moved when fully swollen in the capillary. 

It is impossible to calcula t e the accuracy of the pressing method which was used for 
measuring P. horbicola and 0. fa/lax. H owever, to ge t some idea of the exactitude of this 
method, 6 £ . taylori ciliates were measured in this way. For these 6 individuals, the press
ing method gave an average volume of 63,500 Cf..l . This agrees tolerably well with the 
ave rage volume of 58,400 Cf..l obt ained by the capilla ry method for a t ot al of 103 individuals . 
As far as the actual procedure is concemed, it therefore seems as though both methods 
give volumetric values comp arable for the present purposes. 

To sum up these experiments, the main point to be made is that when a 
ciliate is put in position in the capillary it is always more tightly wedged there 
at the beginning of the experiment than it is towards the end. This reduction in 
diameter gives rise to a volumetric error which has been calculated as 2.1 ± 
0.2 % of the volume of the swollen ciliate. This error has been called the 
apparent increase in volume, and must always be subtracted from the volume 
of the swollen ciliates in order to get a value to compare with that of the ciliates 
before swelling. In all probability, when the diameter is constant deficiencies 
in measuring methods give rise to a coefficient of variation for the individual 
measurements no greater than about O.s %. As the concentration values have 
always been calculated on the basis of the average of the individual volumetric 
values, this will de facto mean that the coefficient of variation caused by errors 
in measurement will be smaller than the abo\'e-mentioned value. 
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Results of determinations of volume and 

internal concentration 

The swelling experiments 

Table 5 gives the average volume of all the individuals which were measured 
solely by the pressing method (P. herbicola and 0. fallax) and solely by the 
capillary method (E . taylori and St. inquieta). It also shows the number of 
ciliates used. These figures indicate that P. herbicola was the largest, 0. fallax 

came next, and E. taylori and St. inquieta were the smallest. Volumetric measure
ments of P. herbicola and O.fallax have been undertaken at only one con
centration (15 mM). As is shown by Tables 6 and 7 (and elsewhere) , the other 
two species have been measured at several different concentrations. All the 
E. taylori ciliates measured do not reappear in Table 6, as this records only 
those experiments for which the percentage of swelling was known. There is no 
significant difference between the values obtained for the volumes of the un
swollen ciliates at various concentrations. The average volumes of the ciliates 
in the above-mentioned tables represent the actual values obtained, without 
any correction having been applied. The results show that the percentage of 
swelling (the difference in volume as a percentage of the lower volumetric 
value) declines as the concentration rises. However, certain corrections must 
be applied before the internal concentration can be calculated. In addition to 
those errors arising out of the apparent increase in volume (see. p. 22), a further 
factor must be taken into account when determining the volume of the swollen 
ciliates. With E. taylori it was possible in several cases to see a fully distended 
contractile vacuole when the ciliate was fully swollen. It was proved - every 
time the experiment was carried out - that the ciliate diminished in volume 
when the vacuole contracted, and that this vacuolar contraction was not 
followed by renewed swelling. The actual contraction was obtained by momen
tarily drawing the ciliates far enough up the capillary for them to be free to 
move. On the other hand, several vacuolar contractions brought about a 
greater reduction in volume, followed by renewed swelling (see Table 2, p. 19). 

Allowance has been made for these distended vacuoles for the following 
reasons. The volume of the unswollen ciliates has been reckoned as their smallest 
volume, that is to say, immediately after a vacuolar contraction. If we assume 
that the vacuolar fluid is hypotonic in relation to the rest of the cell, a full 
vacuole in the swollen ciliates will therefore mean a greater total water content 
in comparison with the unswollen ciliates than could have been brought 



ACTA ZOOLOGICA FENNICA 104 25 

TABLE 5 . The number of individuals of each species measured, and their average volumes . 

No. of individuals 

Average vol in Cf.J. 

P. herbicola 

118 ,-100 

O. fallax 

4 

91 '1 00 

E. taylori St . inquieta 

'1 03 29 

58,40 0 55 ,200 

about only by the cell's osmotically active substances. Again, if we assume that 
the contents of the vacuole are isotonic with the cell in general, the osmotically 
active substance in the vacuole must (at least in normal cases) have been either 
produced within the ciliate itself or brought in from outside after the last 
vacuolar contraction had taken place, as it is impossible to assume an efflux 
from the cell over a long period without a corresponding influx in the long 
run. Whichever of these alternatives is preferable, one can compare the volumes 
of two ciliates only if neither has a dilated contractile vacuole. A comparison 
between ciliates with such vacuoles gives a less reliable value, as with the first 
alternative, vacuoles of unequal volume within the volumes of the ciliates 
being compared would mean that unequal osmotic activities were influencing 
the results. Again, with the second alternative, the different amounts of osmoti
cally active substance within the vacuoles themselves would cause an experi
mental error. If we make allowance for the volume of these vacuoles, the 
average values for the ciliates in Table 6 will be reduced by the following 
amounts: 

::lfedium of 29 IIUI, 0 Cf.J. 
59 1 ,60 0 

89 1,000 

• 11 9 400 

• 14 9 700 

• 239 100 

• 531 100 

The application of this correction has no noteworthy effect on the final 
results. 

When the internal concentration of E . taylori was calculated, the average 
values for the swollen ciliates in Table 6 were first reduced by 2.1 % (the appar
ent increase in volume caused by the fact that towards the end of the experi
ment the ciliates did not lie as close to the capillary wall as they did at the 
beginning.) After this, the remainder was reduced by the average value for 
the volume of the distended vacuoles. 

On the assumption that the swelling brought the ciliates into osmotic 
equality with their external medium, their internal concentration was then 
worked out. This was calculated from the concentration of the external medium, 
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TABLE 6 . The average volumes of E. taylori individuals before and after swelling, and the 

perce11tages of swelling. 

Av. vol. of ciliates 
Cone. No. of Av. 

of rued. cilia- before 

I 
after swelling 

in mM tes swelling swelling % 
(c,u) (c,u) 

29 14 66,800 1 "14;1 00 70.8 

59 10 52,900 68,300 29.1 

89 10 52,700 63 ,000 19.5 

119 11 57,200 64,800 13 .3 

149 11 56,900 63,400 11.~ 

239 9 51t ,200 56,900 5.0 

53 1 9 53 ,900 55,600 3.2 

TABLE 7. The average volumes of St. in quieta individuals before and after swelling, and the 

percentages of swelli11g. 

Av. vol. of ciliates 
Cone. No. of of 

Av. 

me d. 
cilia- before after swelling 

in mM tes swelling swelling % 
(c,u) (c,u) 

2 11 54,400 - -
29 6 60,200 90,400 50.2 

59 5 51,600 58,900 14.1 

119 6 57,400 62,200 8 .4 

the average volume of the ciliates before swelling and the average values for 
the volume of the swollen ciliates corrected in the two ways described above. 
These corrected figures were for the swollen ciliates as follows: 

Medium of 29 nL\I, Ill , 700 c,u 
59 65,300 

89 60,700 

• 119 63,000 

• 149 6 1,400 

• 239 55,600 

• 531 54,300 

In the case of St. inq-uieta it has not been possible to determine whether 
the ciliates lay in equally close contact with the capillary wall throughout 
the entire course of the experiment. Also, the swollen t. inqt,ieta ciliates never 
had a fully distended vacuole at the end of the experiment. Consequently, 
the uncorrected volumetric values in Table 7 have been used when calculating 
the internal concentration of this species. 
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TABLE 8. The concentrations of the media (C,), the internal concentrations of the ciliates 

(C;), and the differences between the in ternal and external concentrations, 

all expressed as mM of NaCl. 

Cone. 
E. laylori St . inquieta 

of med. Internal Internal 
in mM cone. Ci-Ce Ci-Ce 

(Ce) in m~'[ cone. 
in mM (Ci) (Ci) 

29 48 19 '·4 15 

59 ?3 14 67 8 
89 103 14 - -

11 9 131 12 129 10 
149 161 12 - -
239 245 6 - -
531 535 4 - -

The calculated values for the internal concentrations are given in Table 
8. From this we see that the differences between the internal and the external 
concentrations were small in all the salinities investigated. In the case of 
E. taylori, there is no doubt that the difference was greatest at the lowest, 
and least at the highest external concentration. With both species, this differ
ence decreases noticeably when the external concentration rises from 29 to 
59 mM. With E. taylori, we have a further sharp reduction between 149 and 
239 ml\1, whereas between 59 and 149 mM there is very little change indeed. 
In the case of St. inquieta, the results indicate that the difference was greater 
at 119 mM than at 59 ml\1. But one should note that with this species it was 
not possible to correct for the apparent increase in volume, and that it is 
very possible that this source of error also occured here. If there had been 
any justification for applying to St. inqt~ieta the same correction factor as for 
E . taylori (2.1 %). the difference between the internal and external concentra
tions both in a medium of 59 11D1 and in one of 119 rnl\1 would have been the 
same, i.e ., 7 ml\1. If we compare the values for the two species, we find that at 
all comparable external concentrations the internal concentration of E. taylori 
seems to be rather higher than that of St. inquieta. 

In the calculating of the internal concentration, no attention has been 
paid to the fact that the volumetric measurements were impaired by certain 
errors. Also disregarded was the standard error (± 0.2) in the average (2.1 %) 
used as the correction factor which must be applied when dealing with the 
swollen ciliates. 

It is impossible to work out exactly the effect of these volumetric errors on 
the calculated concentrations. It has, however, been possible to show that the 
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errors in volumetric measurements were evidently quite small . Furthermore, 

the correction factor of 2.1 % can be considered as statistically sound. Conse
quently, we may simply say that the values obtained for the internal concentra

tion were not seriously affected by deficiencies in the methods of measuring the 

volume. 
In all the above calculations it has been assumed that the entire volume of the 

ciliates was osmotically active, but this is obviously incorrect. Unfortunately, 
we have little informati0n on the water content of protozoans, and this makes 
it difficult to make the necessary corrections. GROBICKA and W ASILEwSKA 

(1925) estimated the water content of Paramecium cat,dat·t'm at 89 %, whereas 
I mA (1940) obtained a value of 79 %- CARTER (1957) has assumed the water 

content of Spirostomum ambiguum to be at least 75 %- D uNHAM and CHILD 
(1961) have measured that of Tetrahymena pyriformis and found it to be 80.6 %
Using a saturated NaCl solution, I myself have managed to reduce the volume 
of St. inquieta cysts from an average of 19,100 Cfl. to one of 6,300 cfi.. This volume 

is no more than 11.4 % of the average volume of the 29 active ciliates which 
I have measured (55,200 Cfl.- see p. 25). This could mean that the water 

content of St . inquieta exceeds 88.6 %-
If, for example, the quantity of dry substances had amounted to 10 % of 

the volume of the swollen ciliates, the difference between the internal and 
external concentrations of E. taylori would have been increased by 3 m.t\1 in a 
medium of 29 mM. In media of 59, 89, 119, 149 and 239 mM it would have been 
increased by 1 mM, and in a medium of 531 mM it would have remained the 

same. If the quantity of dry substances had been 20 %, the difference between 
the internal and external concentrations would have increased by 5 mM in a 

medium of 29 mM, but only by 1 mM in a medium of 531 mM. It is thus prob
able that the tendency for the ciliates to be more hypertonic at low concentra

tions than at high ones is in reality more marked than is indicated by Table 8. 
It would now be interesting to see if the speed of swelling in various salinities 

undergoes changes similar to those in the internal concentration. In making 
this comparison we must bear in mind the fact that the ciliates had already had 
time to swell somewhat before the period on which the first calculation of the 

rate of swelling was based. The average internal concentration which the ciliates 
had during this period can be calculated from the average of the two volumetric 
measurements on which the value for the rate of swelling is based, together 

with the volume and concentration of the unswollen ciliates. The values in 
Table 8 have been used for the concentration of the unswollen ciliates, and the 
results are given in Table 9. This also gives a comparison between the rates of 
swelling and the difference between the internal and external concentrations. 

When we compare these, we see that with both species there are marked 
changes in both these values between 29 and 59 mM. In the case of St. inqt1ieta 
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TADLE 9. The con centrations of the media (C, ) , the internal concentrations of the ciliates 

(C;) when the rate of swelling was being determined, the di fferences between the internal and 

external concentrations , all expressed as mM of NaCl, and the rate of swelling as cp, /600 sec. 

Co ne. 
E. taylori I St. inqueta 

of m ed . Internal Intern a l 
in mlll cone. C;-C, R a t e of C;-Ce Rate of 

(Ce) in m::vr swelling 
cone. 

in mM swelling (C;) (C;) 

2 - - - - - 33 ,400 

29 45 16 40,500 41 12 19,500 

59 69 10 14 ' 1 00 66 7 5,900 

89 99 10 12,400 - - -
11 9 128 9 8,900 125 6 7,600 

149 1 57 8 7, 100 - - -
239 242 3 6,500 - - -
53 1 533 2 4,000 - - -

we have no further significant changes in the difference between the internal 
and external concentrations, but there is a very significant difference between 
the rates of swelling in media of 2 ml\I and 29 mM. It was not possible to obtain 
values for the internal concentration at 2 ml\I because at that concentration 
the ciliates always burst while they were still swelling. This is quite under
standable when we realise that in that case a difference of, say, 15 mM between 
the internal and external concentrations would have caused the volume to 
increase 8.s times. In the case of E. taylori, we find that between 59 and 149 mM 

there is a very slight decrease in the difference between the internal and external 
concentrations, whereas the speed of swelling at 149 mM is only half that 
at 59 mJ\1:. This looks like a discrepancy and will be discussed later (p. 66). 
Between 149 and 239 mJ\1, there is a radical drop in the difference between 
internal and external concentrations, but only a small change in the rate of 
swelling. This, too, will be discussed later (pp. 32 and 67). If we compare the 
values for the two species given in Table 9, we see that at corresponding external 
concentrations the values for both the internal concentration and the rate of 
swelling of E. taylori are higher than those of St. inquieta . 

By using the method described on p. 16, one can calculate the average 
swelling undergone between certain corresponding points of time by all ciliates 
which had been cultivated in the same salinity. In this way one can obtain 
curves which express the average swelling of all the ciliates in each medium. 
These curves are reproduced in Diagrams 1 and 2. The more the ciliates swell, 
the smaller becomes the difference between their internal concentration and 
that of the medium. Therefore, it is possible to calculate the speed of swelling 
for the same individuals at various differences between the internal and external 



30 J ohan Reuter: Internal concentration in ciliates 

75 

29 mM 

60 

45 
01 
c: 

., 
~ .. 
, o 
O ' 

30 
59 mM 

2000 3000 

Time (seconds) 

DIAGRAM 1. The average swelling curves of E. taylori ciliates at various external con
centrations. 

concentrations. This has been done in Tables 10-11. With E. taylori from 
media of 239-531 m1\II, the swelling was so slight and the measurements per 
individual so few that such a calculation would have given no useful results. 
Obviously, the available values have not made it possible to work out in Tables 
10-11 the rate of swelling at the exact difference of , say, ml\'I or 3 m1\II, but 
in all cases the discrepancy was less than 1 mi\I. If we look at Table 10, we see 
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DIAGRAM 2 . The average swelling curves of St . inquieta ciliates at various externa l con
centra tions. 

that with E. taylori there is comparatively little change in the rates of swelling 
between concentration differences of 4 and 2 mM, whereas there are marked 
changes between 8 and 4 mM. Ioreover, we see that the rates of swelling in a 
medium of 29 mM were greater than for the corresponding concentration 
differences in any of the other media. This was due partly to the greater surface 
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TABLE 10. Rates of swelli>lg of E . t aylori. 

Cone. Rates of swelling at various differences between internal 
of and externa l conce ntra tions 

m edium 

I I I I I 
in mM 10 mM 9mM 8 m::\1 4 m::II 3 m::II 2 ml'>I 

29 1 7,3 00 13, 500 12, 300 5, 100 4,300 3,700 
59 - 6,300 5,600 3,000 2, 700 2,500 
89 - 7,100 5,900 3,600 2,300 2,000 

H9 - - 5, 100 3,900 3,300 2,900 
149 - - - 3,400 2,600 1,700 

Average I 1 7,3 00 I 9, 000 I 7,200 I 3,800 I 3,000 I 2,600 

area of the greatly swollen ciliates. With St. inquieta, too, we see that for a 
concentration difference of 6 mM the speed of swelling was considerably greater 
in a meditun of 29 mM than in one of 59 m..IL 

Table 9 (p. 29) gives the rates of swelling calculated from the first two 
volumetric measurements, and here the results may have been affected by the 
rate of apparent increase in volume. Tables 10- 11 give the rates of swelling 
after the swelling had already been going on for some time. Let us disregard the 
values given in Table 10 for a 29 mM: medium and concentration differences 
of 10 to 8 mM inclusive, and compare these two sets of values for the rates of 
swelling at corresponding differences between the internal and external con
centrations. We find that with the above exceptions, the values in Table 10 
are always lower than those in Table 9, in spite of the fact that the ciliates 
represented by Table 10 were more swollen and consequently had a greater 
surface area. This difference is particularly marked at concentration differences 
of 3 and 2 mM. The rates of swelling obtained in the various experimental 
series in Table 10 have strikingly similar values at the same concentration 
differences, in spite of the fact that the percentage of swelling at a difference 
of, say, 4 mM was much less for ciliates from a medium of 149 ml\I than for 
those from media of 59 or 29 mM. For this reason, the higher values in Table 
9 can hardly be ascribed to a lower mechanical resistance due to the fact that 
the ciliates were less swollen. It is therefore by no means inconceivable that the 
rate of apparent increase in volume really did have the effect of increasing 
the values shown in Table 9, as the rates of swelling were calculated as soon as 
possible after the ciliates had been placed in position in the capillary. As the 
rate of apparent increase in volume is independent of the external concentra
tion, it is also natural to assume that it would have the greatest effect when 
the difference in concentration was least, as thereby the rate of swelling due to 
osmosis would also be least. It must therefore be considered possible that the 
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TABLE 11. Rates of swelli11g of St. inqweta. 

Cone. 
Rates of swelling at various differences 

between internal and e:l..i:ernal 
of concentrations 

m edi um 
in mM 

7 m:\I I 6 mM 

29 

I 
·12,200 

I 
13,000 

59 - 5, 700 

values in Table 10 are more correct than those in Table 9, which may have 
been influenced by the apparent increase in volume. As the latter values were 
used for working out the minimum volume of the ciliates immediately after 
a vacuolar contraction, this possible error may have affected the calculation 
of the internal concentration. This does not apply, however, to the ciliates 
from a medium of 29 mM, as even if one assumes the rate of apparent increase 
in volume to have been as high as 3,900 Cfl/600 sec (seep. 22), this would mean 
a volumetric change so small that the value for the internal concentration 
would remain unchanged (48 mM). On the other hand, we do find changes if 
we reckon that in the case of the ciliates from media of 239 and 531 mM the 
rate of apparent increase in volume was equal in value to the difference between 
the values in Table 9 and the average of the figures for the rate of swelling 
given in Table 10 for a concentration difference of 3 and 2 mM respectively. 
At 239 ml\I, the internal concentration will then drop from 245 to 244 mM, 

and at 531 mM it will drop from 535 to 534 mM. If this source of error has 
affected the results, it means, rather more clearly than the results of these 
experiments show, that the ciliates become less hypertonic as the external 
concentration increases. The effect of this error will thus have been in the same 
direction as the fact that the entire volume of the ciliate was not osmotically 
active. Another factor which supports the supposition that the rate of apparent 
increase in volum~ really was a source of error here is the fact that the rates 
of swelling in Table 10 are more plausible simply because (in contrast to Table 
9) there was a marked change in the rates of S\velling when the difference 
between the internal and external concentrations dropped from 8 to 3 mM -

as was to be expected theoretically. 
To sum up these experiments on swelling ciliates, one can say that the 

difference between the internal and external concentrations was fairly low in 
all the salinities investigated, and that it decreased in successive media of 
increasing concentration. One can also say that the rate of swelling of the cili
ates decreased with increases in the external concentration. The rate of swelling 
did not always decrease sharply, though there was a marked drop in the differ-

3 



TADLE 12. Values for the internal concentration of some protozoans compiled f'rom various authors. All values are given as the authors have 
stated them , and have also been recalculated as mM of NaCl. Chaos diffluens = Amoeba proteus (LOVTRUP and P IGON 1951), Poclophrya sp. 

= Discophrya piriformis (KITCHlNG 1954a) = D. collini (see p. l 5 ) 

Concentrations reca l-
Concentrations as s tated by the authors concerned culated as mM 

No. Species of NaCl Authors 

Internal I Ext ernal In't ernal I External 

1 Amoeba proteus 0.005 mole lac tose Fresh water 3 - MAST and FOWLER (1935) 
2 * ~ O.or-n KC! • * 10 - GELFAN (1928) 
3 Chaos chaos 53.5 mM NaCl 7 mM non-electroly te 53.5 4 LOVTRUP and PIGON (1951) 
I, • • 40 mM non-electrolyte ? 21. ? BELDA (1942 /43) 
5 Amoeba lacerata "' 1/20 sea-water 1/20 sea-water ""' 31 31 l-IOPKINS (191t6) 
fi • • "" 1/2 sea-water 1/2 sea-wat er ""' 310 310 >) ~ 

7 Amoeba sp. Freezing-point lowered Fresh water 1, 4 - CHAMDJ£RS (1949) 
o.s°C 

» Pa·ram.ecium caudatum Mole/ '•0 NaCl Mole/5,000 NaCI 25 0.2 KAMADA (19 36) 
~ • • Mole/32 NnCI Molc/ '•0 NnCI 31 25 >) * 

10 Parameciu.m sp. O.oo-n KC! Fresh water 60 - GELFAN (1928) 
11 Stentor sp. 0.035-n KC! • * 35 - * * 
12 Blcpharisma sp. 0.04-n KC! • • '· 0 - >) * 
13 Frontonia sp. O.osa-n KC! • • 53 - >) • 
11, Spirostom~t>n teres 0.0385-n K C! • • 38.5 - • • 
15 Spirostommn am.bigttt<111 0. 15 % NaCI • • 26 - PrCKEN (1936) 
16 Oxytricha sp. 0.05-n KC! • • 50 - GELFAN (1928) 
17 Euplotes sp. 0.0375-n KC! • • 37.5 - • • 
18 Vorti cella similis So mewhat over O.a282 atm. "' O.o atm. Som ewhat "' 0.0 MAST and Bowr,;N (19'•'•) 

over 10 
19 • • Somewhat under 0. 70 + 0. 79 atm . Som ewha t •19 >) • • 

0.3282 atm . under 29 
20 Carchesiwn aselli 0.04- 0.05 moles sucrose Fresh water 24- 30 - K ITCHING (191o8) 
21 Podophrya sp . 0.04- 0.05 moles sucrose • • 21o- 30 - >) (195 1) 
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ence between the internal and external concentrations. But this fact may 
be due to the influence of the rate of apparent increase in volume. At all the 
corresponding concentration differences which were worked out, ciliates from 
a medium of 29 mM always had a greater rate of swelling than those from media 
of higher salinities. St. inquieta ciliates always had a smaller difference between 
their internal and external concentrations and a lower rate of swelling than did 
E. taylori ciliates from media of the same concentration. 

Table 12 has been compiled from the information given by various wri
ters on the internal concentration of the protozoans they have studied and the 
external concentration used in the respective experiments. The table gives both 
the actual values stated and the sam~ values re-expressed as equivalent mM 
of NaCl. Table 1 on p. 8 has been used for this recalculation wherever it was 
required. 

HOPKIN'S (1946) has not directly given the concentration of the sea-water 
he used, but states on page 175 that 5 % sea-water is equivalent to 0.13 atmos
pheres. This seems impossible, as 0.13 atmospheres corresponds to 3.1 mM: of 
NaCl , which would mean that his 100 % sea-water was isotonic with a 62 mM 
solution of NaCl. However, we get a plausible concentration if we assume that 
HOPKIN'S made a mistake in his decimals. On this assumption, I have assigned 
a value of 620 mJ\I to the sea-water used by HOPKIN'S in his investigation. 
According to KROGH (1939) a lowering of the freezing-point by 1 oc corresponds 
to a concentration containing 0.239 moles of Cl- . I have used this value when 
recalculating the figures given by CHAMBERS and HALE (1932). 

The table shows that different authors arrive at widely divergent results 
even for the same species, and even when the external medium is described as 
fresh water. 

In addition to the investigations shown in Table 12, mention should be made 
of one by KITCHI::-<'G (1936) on the marine peritrich Cothurnia curvula. This 
experiment consisted of transferring the ciliates from sea-water with a con
centration equivalent to 614 mM of aCl (1.o4 moles of non-electrolyte) to 
diluted sea-water. The volume was measured in the various dilutions both 
before and after the vacuole had been stopped by adding a cyanide solution. 
If we express the volume in 100 % sea-water as 100, we can use KITCHING's 
diagram (1936, p . 20) to work out the approximate volume and external con
centration for the given points on the curves. Table 13 shows the values which 
have been obtained in this way for the concentration of the external medium 
and the volume of the ciliates before and after they were treated with cyanide. 

If we assume that stopping the vacuole causes the ciliates to become 
isotonic with their external medium, we can use the values in this table to 
calculate the approximate internal concentrations in the corresponding media. 
These values are given in Table 13, together with the differences between the 
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internal and external concentrations. No great exactitude is claimed for these 
calculations - partly because it was only seldom that vacuolar activity ceased 
entirely under the influence of the cyanide. 

Reference has been made here to many experimental series in which the 
internal concentration was investigated at more than one salinity. But HOPKINS 
(1946) is the only author who considers that once the protozoan has become 
adapted to the new medium the difference between the internal and external 
concentrations is independent of the external medium. However, he does not 
give details of the internal concentration, but simply states that the difference 
between the internal and external concentrations was less than that of 5 % 
sea-water (31 mM of NaCl, if we assume his sea-water to have been isotonic 
with a 620 mM solution of NaCl) . 

In the same way as with KITCHING's (1936) investigation described above, 
we can use HoPKINs' diagram (Fig. 4, p . 164) to work out the size of the volu
metric changes which took place. When the amoebas were transferred from a 
medium containing 5 % sea-water (31 mM aCl) to one containing 1 % sea
water (6.2 mM NaCl) they increased their volume by much less than might 
have been expected - even assuming that they were isotonic with the original 
medium. The slightness of this volumetric change must therefore be ascribed 
to an experimental error, probably mainly connected with the fact that the 
amoebas were unable to increase their volume to the extent which their internal 
concentration would postulate. Consequently, one cannot use these particular 
values when calculating the internal concentrations. Table 14 gives the values 
for the external concentration and the volume of the amoebas in the various 
culture media, hypotonic media and hypertonic media, together with their 
internal concentrations worked out on the basis of the degree to which they 
respectively swelled or shrank. In addition, the average of the two sets of 
calculated values has been given. 

These average values should indicate that the amoebas were hypertonic by 
23 miVI in a medium of 31 mM, hypertonic by 25 mM in a medium of 124 mM, 
but hypotonic by 13 mM in a medium of 310 mM. We can take it for granted 
that the last case does not reflect genuinely hypotonic conditions. Of course, 
these calculations are extremely unreliable, but they do at least show that it is 
by no means certain that the amoebas were equally hypertonic in the most 
dilute medium and in the most highly concentrated one. In the former medium , 
the difference may well have been greater than in the latter one. 

Consequently, my own results are in no way contradicted by the results 
obtained by other writers as regards the difference between the internal and 
external concentrations in media of various concentrations. It is difficult to 
make a direct comparison between the figures obtained from my investigations 
and those given by other writers. If we look at Table 12 we see that most of 
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TABT.F. 13. Values calculated on the basis of a diagram by KITCHING (1936 , p. 20) . 

Cothurnia cttrvula 
Cone. 

of R ela tive volumes of Calcul-
Ci-Ce 

m ed. the ciliates before and ated 
after cyanide treatment intern. as 

(Ce) mM 
in mM 

I 
cone. of NaCl 

Before After (Ci) 

82 209 323 12 7 45 

180 205 250 220 40 

336 150 160 358 22 
461 124 124 461 0 
614 100 100 611, 0 

TABLF. 14 . Values calculated on the basis of a diagram by H OPKJNS (1946, p. 164) . 

Amoeba lacerala 

Culture medium I Hypotonic medium I Hypertonic medium 
Average 

Cone. Volume Cone. Volume Calcu- Cone. Volume Calcu- of Ci 
lated lated hypot. 

of of of of intern. o f of 
intern. and Ci 

med. amoeba m ed. amoeba m ed. amoeba hypert. 
in mM (c~t) in mM (c~t) 

cone. in mM ( c~t) 
cone. 

((j) ((j) in mM 

31 3,260 6.2 4,190 - 62 2,860 54 54 
124 1,680 93.0 2,6 40 11.6 186 1,370 152 11.9 

310 2,140 248.0 2,890 335 - - - } 310 1,650 372 1,150 259 297 - - -

the investigations into the internal concentration of protozoans have been 
made in a salt-free medium, where as the lowest concentration I have used has 
been 29 mM. In most of the cases investigated, it was clearly shown that the 
difference between the internal and external concentrations increases as the 
external concentration is reduced. This may at least be one of the reasons why 
in several cases the values given in Table 12 show a condition more hypertonic 
than do my own values for a medium of 29 mM (E. taylori 19 mM and St. 
inqnieta 15 mM). 

Transfer to media of higher concentration 

When discussing the degree of accuracy possible in the measurements, we 
saw that the greatest errors in volume arose through diametric measurements. 
To avoid this error, ciliates which were measured more than once were always 
placed in exactly the same part of the capillary. This was made possible by 
the onius scale on the mechanical stage. 
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TABLE 15. Tt'ansfer of individual E. t aylori ciliates from 89 to 119 mi\1. Whe)L calwlat ing 
the amount of swelling the volume of vacuole in swollen ciliates is deducted for reasons previ

ously given (p . 24). 

Time Vol. o f cils. ( CJJ) 
Vol. of Amount of swell ing R a te of 

Exp. after 
Firs t I After vacuole 

I 
swelling 

No . transfer measure- swell- (CJJ) (cl') (%) in 11 9 
(sec) ment ing m~f 

1 '130 50,1t 00 59,700 2,100 7,200 14 .3 8,600 

2 145 69,500 75,800 1,200 5,100 7.3 8,400 

3 1 70 t,0,500 46 ,000 1 ' 1 00 4,400 10.9 13,300 

4 180 75,200 97,700 8,000 14,500 19.3 9,600 

5 180 69,500 78,500 0 9,000 12 .9 10,700 

6 425 70, 700 7 7' 900 0 7,200 10.2 16,400 

7 640 56,100 6 7,300 4,400 6,800 12.1 5, 100 

8 1 ,32 0 55,800 61 '900 4,400 1 , 700 3.0 10,000 

9 1 ,380 52,60 0 63, 800 3,400 7,800 14.8 8,300 

10 '1,470 55,000 56,100 0 1,100 2.0 5,500 

'11 1,580 74,700 76 ,300 0 1 ,600 2. 1 19,200 

12 2,120 61,000 64,700 1 ,500 2,200 3.6 9,800 

13 2,205 45,500 5·1,600 1 ,500 4,600 10.1 7,800 
1 lt 2,850 45,400 48,700 1,000 2,300 5. 1 6,000 

15 4,455 47,200 ft 8 , 100 0 900 '1.9 3, 400 

Av. for exps. 
1- 7 267 61 '7 00 7 1,800 2,400 7,700 12.4 10,300 

Av. for exps. 

8-15 2.1 73 54,700 58,900 1 ,500 2,800 5.3 8,800 

As the ciliates could not be measured at the moment of transfer to higher 
concentration, and as it was seen that in almost every case they swelled when 
they were put in position in the capillary aft er this transfer, the reason fo r 
this swelling must first of all be analysed. 

Table 15 sums up 15 experiments in which E. taylori ciliates were measured 
only after they had been transferred from 9 to 119 mM. The smaller of the 
two values for each ciliat e is the first volumetric measurement made after it 
had become wedged in the capillary. The t able shows that the majority of the 
ciliates which were measured within 1,000 seconds of the change of medium 
showed a greater rate and percentage of swelling than those which were mea
sured later. Table 16 represents 11 experiments in which E. taylori ciliates 
were transferred from 89 to 239 mM. Here too we see that the percentage and 
rate of swelling were greater when measured shortly after transfer than they 
were when measured later on. 

If we compare the t wo tables, the main difference we see is that the per
centages of swelling shortly after transfer were greatest with the more concen
trated of the new media , in other words, when the difference between the con-
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TABLE 16 . Transfer of individual E. taylori ciliates from 89 to 239 mM. 
Details as for Table 15. 

Time Vol. of cils. ( c,u) Vol. of Amount of swelling Rate of 
Exp. after 

Fi rst I After vacuole 

I 
swelling 

No. transfer m easure- swell- (c,u) (c,u) (%) in 239 
(sec) ment ing mM 

I 270 33,000 37,100 0 4,100 12.4 8,000 

2 270 33,800 42,300 0 8,500 25. 1 1 5, 200 

3 275 25,800 32, 100 0 6,300 21o.4 2,300 

4 300 34 ,800 36,700 0 1,900 5.5 6,000 

5 305 33,100 4 2,100 0 9,000 27.2 15 ,300 

6 1 ,140 27,400 29; 1 00 1,200 500 1 .8 3,200 

7 1,870 46 ,000 lti,400 0 1 ,!tOO 3.0 6,000 

8 3,890 40,100 40,100 0 0 0.0 0 

9 4,485 23,900 25,700 200 1,600 6.7 4,600 

10 5,820 24,400 24,700 0 300 1 .2 2 ,000 

11 13,720 60,500 63,700 2,100 1 ,100 1 .8 2,200 

Av. for exps. 

1- 5 284 32, 100 38, 100 0 6,000 18.9 9/tOO 
A v . for exps. 

6- 11 5, 154 37, 100 38,500 600 800 2.4 :l,OOO 

centrations of the old and the new media was highest. On the other hand, when 
measured a longer time after transfer from 89 mM, the percentage of swelling 
in the 239 mM medium was less than in the 119 mM one. 

The values for the percentage of S\velling in Tables 15 and 16 cannot be 
directly compared with the normal ones fo r 119 and 239 mM, which have been 
given in Table 6 (p. 26). In the first place, the volumes of the distended contrac
tile vacuoles has not been allowed for in the normal values. If we allow fo r 
these, the normal percentage of swelling in 11 9 rui will be 12.6 % instead of 
13.a %. and in 239 mM it will be 4. % instead of 5.o %· In the second place, 
the percentages in Table 6 have been calculated on the basis of the completely 
unswollen and the completely swollen ciliates. The percentages in Tables 15 
and 16, on the other hand, are based on the differences between the fi rst 
volumetric measurements - i.e., when the ciliates had already had time to 
swell somewhat - and the volumes of the fully swollen ciliates. As we shall 
see later (p. 44), it is most probable that the swelling measured a short time 
after transfer began at the actual moment of transfer to the new medium, 
,,·hereas the swelling measured at a later time probably began as soon as the 
vacuole stopped - when the ciliate was put in its position in the capillary 
(p. 44). Or it may have been caused by the apparent increase in volume. If we 
recalculate the volumes of the unswollen ciliate on these principles, we get in 
Table 15 the average value of 21.; % instead of 12.4 % for experiments 1-7. 
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and 7.5 % instead of 5.s % for experiments 8-15. In Table 16, the average 
value for experiments 1-5 will become 37.5 % instead of 18.9 %, and for 
experiments 6-11 3.o % instead of 2.4 % - If we compare these values with 
the previously stated normal percentages of swelling in 119 mM and 239 mM 
(12.6 % and 4.s % respectively) we find that the percentage of swelling a 
short time after the change of medium was greater than the normal. A longer 
time after this, however, the swelling was less than normal. 

If we compare the corresponding values for the rates of swelling in Tables 
15 and 16, we find that they are roughly similar for measurements made a 
short time after transfer (10,300 Cf.l and 9,400 Cft per 600 seconds respectively). 
But for a longer period after transfer, the rate of swelling was noticeably greater 
when the ciliates were transferred from 89 mM to 119 ml\I than from 89 nu\1 
to 239 mM (8,800 Cf.l as opposed to 3,000 Cf.l per 600 seconds). For a transference 
from 89 to 119 mM, we see that the rate of swelling is roughly similar to the 
normal value for 119 mM, both for a shorter and a longer period after transfer 
(10,300 c,u and 8,800 Cf.l respectively, as opposed to the normal 8,900 Cf.l per 600 
seconds). On the other hand, for a transference from 9 to 239 mM, the rate of 
swelling a short time after transfer is greater than normal and that a long time 
after transfer is less than normal (9,400 Cf.l and 3,000 Cf.l respectively, as 
opposed to the normal 6,500 Cft per 600 seconds). 

The volumetric values also in Table 16 are worth noticing. We see in the 
first place that the average volume is somewhat less for a short period than 
for a long period after transfer. Secondly, we see that there was only one case 
where the volume was at all close to the normal a\ erage volume of E. taylori. 
That was the ciliate which was measured after 13,720 seconds (3 hr, 4 ruin, 
40 sec). In most other cases the volume was far below the normal one. 

The values in Table 17 are for experiments in which the volumes of 
E. taylori ciliates were measured in a medium of 9 rr0I before they were 
transferred to one of 119 mM. The volumes for 9 ml\I are those of the ciliates 
immediately after a vacuolar contraction, and are thus the volumes of the 
unswollen ciliates. But those for 119 mM represent the first measurements 
made after the actual transfer, and are thus the volumes of ciliates which had 
already had time to swell . In this table, too, we see a difference in results 
between ciliates which were measured a fairly short time after transfer (1-5) 
and those which were measured after a longer interval had elapsed (6-11) . 
In the former case the volume in 119 mlVI is generally le than in 89 mM (a 
positive value for the difference); in the latter case it i mo t often greater. 

All the ciliates in all three e>.cperimental series swelled after the change of 
medium. Let us suppose this was due to the fact that they were hypertonic in 
relation to their environment. A compari on between the Yalues in Tables 
15 and 16 for percentages of swelling during shorter and longer periods after 
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A, .. for cxps. 

1- 5 
Av. for cxps. 

6- 11 

TA Bf. l': 1 7. R esults of measuring the volu111c of E. taylori ciliatcs in 89 mM and after transfer to 119 mM . 

Vols. of d li a tes (c~) Diffs. in vol. between cils . Rates of swell ing of 
T ime after in 89 a nd 11 9 m..l\1 ciliates 

t ransff' r In 89 m:'-1 
In ·1 I 9 mM 

I I 
(sec) (unswollen) (first meas-

(c~) (%) (in 89 ml\I ) (in 11 9 mM) urement) 

1 80 ?5,900 69,500 + 6,/t OO + 9.2 9, 100 •J 0, ?00 
240 i"1,600 ? I . 900 - :100 - 0. 4 '12,000 1 0,000 
330 52,/t OO 50,:!00 + 2, ·100 + lt. 2 I 0,000 20,000 
no fi9,fi00 69,200 + t,no + 0 . ~ 21 ,000 1 6,1. 00 
420 62,600 59, 100 + :J,500 + 5.0 I :1.~0 0 6,000 
81, 0 58, ?00 60,300 - 1,600 - 2. 7 8,9 00 2,500 

1,050 1! '1 ,8 00 ?'l, 700 + 2, 1 00 + 2.0 8,/tOO 8,/t OO 
1,380 50,900 52,600 - 1,?0 0 - ~.:l 18,9 00 8,300 
1 ,1, ~5 1, 4,900 ', 1, ,:1 00 -r 600 + 1. 4 6,200 •I :1 ,2 00 
1,320 53,80 0 55,800 - 2,000 - ;!.7 13,:100 1 0,000 
1 ,580 ?3, 700 jl, , ?00 - 1 ,000 - 1.4 'I 0,800 19,200 

310 66 ,400 64,00 0 + 2,1•00 + 3 .0 1 ~. 1 uo 12,600 

1 ,268 60 ,600 6 1,2 00 - 600 - 1 .2 1'1 ,1 00 10,300 
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transfer would then seem to mean that the ciliates were most hypertonic 

immediately after transfer and then became progressively less so. Ioreover, 

we should get the impression that the higher the concentration of the new 

medium, the more hypertonic to it were the ciliates shortly after transfer. 

The values in Tables 15 and 16 for the percentage of swelling a short time after 

transfer would also indicate that when transferred to 119 mM (and even more 

so to 239 mM) the ciliates were more hypertonic than they normally are in 

these media. 
As regards the rates of swelling, most of the values differ very little from 

one another. But here too, in the case of transfer from 89 to 239 m:.I, one would 

also get the impression that the ciliates were more hypertonic shortly after 

transfer than after a longer interval, and furthermore, that in the former case 

the difference in concentration was greater than it normally is. 

These interpretations seem unlikely, and in actual fact there is another 

interpretation which is closer to reality. It is a well-known fact, stated by many 

writers, that one can obtain a reduction in the volume of cells with a subse

quent swelling by adding to the external medium a substance which can 

diffuse into the cells. The reason is that this substanc ~ diffus~s into the cell 

until a balance with the external medium is reached. The intrud ing material 

increases the amount of osmotically active subst ance which the cell contains, 

and this in turn causes water to diffuse in. The above simplified presentation 

involves only one single substance, but there are good grounds for suppo3ing 

that the course of events in the experiments undertaken here has been 

similar in principle. If the ions were present in equal proportions both inside 

and outside the cell, the differences between the concentrations of the individual 

ions would still be equal to zero after the cell had shrunk in volume because 

of the increased percentage of sea-water in the external medium. As this is not 

the case with ciliates (CARTER, 1957 and D u xHAM and CmLD, 1961) any more 

than with other cells, the reduction in volume is accompanied by an increase 

in the absolute difference between the concentrations of the individual ions. 
This effect is further intensified by the fact that a rising salt concentration 

means an increase in the osmotic coefficient of the p roteins - that is to say, 

their osmotic influence according to DICK (1959) . The effect of this is an increas

ing gradient inwards towards the cell in the case of those ions which occur in a 

greater concentration in the medium than in the cell . Conversely, the gradient 

increases outwards with substances which were more concentrated inside the 

cell than in the medium. In short, this means that the equilibrium between 

the cell and its environment is disturbed as soon a the water content of the 

cell is reduced. 
The predominant ions in sea water are those of Ka+ and et-. Both CARTER 

(1957) and D u xHAM and CHILD (196 1) have stated that the ciliates they in-
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vestigated are hypotonic in regard to these ions, both of which can pass through 
the cell membrane in an evidently passive way. K +ions, which also can clearly 
diffuse through the membrane, are more concentrated inside the cell than in 
the medium. With a reduction in volume caused by an increase in the sea
water concentration in the medium, one can therefore expect an increased 
infltL'C of Na+ and Cl- ions and an increasing efflux of K + . In neither case does 
it follow that the increased diffusion of these ions gets compensated by an 
intensified active transport. As both Na-'- and Cl- ions are so very predominant 

in the external medium, one can in all probability postulate that the influx 
will predominate over the efflux. This leads to the same endresult as if only 
one subst ance had been added to the medium. However, this is not to say 
that the result of the above-mentioned passive course of event will be that the 
cells regain their original volume. 

The normal proportions between the ions can only be restored by active 
osmotic work. It is impossible to determine whether the return of equilibrium 
is enough to enable the ciliates to regain their normal volume or whether other 
factors contribute to this. It is by no means inconceivable that the later 
osmotically active phase is more lengthy than the initial passive one. 

One absolute condition which is necessary for the above theoretical argu
ment to hold good is that after the ciliates have been transferred to the hyper
tonic medium they should swell even if they are not enclosed in a capillary. 
Th.is is indicated by the values in Table 17, as it is difficult to see any other 
explanation for the fact that the volumes in 119 mM a longer time after transfer 
were generally greater than they had been in 89 mM, whereas the opposite 
was the case a shorter time after transfer. Table 18 shows this even more 
clearly. Ciliates 2-5 in this table are the same as ciliates 2-5 in Table 17. 
Ciliate 1 did not survive the earlier experiment. Ciliate 1 in Table 18 is an 
extra experiment, in which the volume in 9 rui was not measured. The pro
cedure in this experiment was to release the ciliates after they had been swell-

TABLE 18. Transfer of 5 E. taylori ciliates from 89 to 119 mM. The 
ciliates were measured twice in 119 m.U . 

Yolume (c,u l Time from Exp. 
Lefore 

I 
after period transfer 

- ro. 
release of release to 11 9 nillf 

1 64,600 65,800 660 

2 73,400 75,300 /80 

3 51,3 00 57 ,100 1,900 

4 70,700 /4,900 835 
5 60,100 64,100 96 0 
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ing for some time in 119 mM. In all cases the vacuole functioned several times 
during the period of release. The ciliates were then replaced in the capillary 
and measured again. All the experiments show an increase in volume between 
the first and second measurements. As we have seen from Table 2 on page 19, 
this was not the case in the corresponding experiments with no change in the 
external medium. On the contrary, there was a distinct reduction in volume 
after the ciliates had been free for some time. 

There are other characteristics of these experiments which support the 
theoretical argument. Since the gradient between the various ions increases 
with a rise in the difference behveen the concentrations of the old and the new 
media, it is also natural that the swelling a short time after transfer should 
increase with an increase in the difference between the two media - as was 
the case (p . 38). The fact that the percentage of swelling a longer time after 
transfer was lower than normal (p. 40) may very well be connected with the 
supposition that the osmotically active phase t akes some time, and that the 
ciliates had not yet been able to reach equilibrium and normally hypertonic 
conditions. The same can be said of the volumes of the ciliates in e..-..:periments 
6-10 in Table 16 (p. 39), which were for the most part remarkably low, and of 
the rates of swelling in the same experiments, \Yhich \Yere low compared with 
the normal ones (p. 40) . 

As the most plausible reasons for the swelling shortly after transfer to a 
hypertonic medium seem to be those described above, the swelling in this 
case has been considered as beginning immediately after transfer. The volume 
of the ciliates immediately after transfer has therefore been calculated with 
the aid of the first measurements of their rates of swelling and volume, to
gether with the time which elapsed between the moment of transfer and that of 
the first volumetric measurement. The disadvantage of thi method of calcula
tion is that extrapolating the rate of swelling over such a long period entail 
considerable volumetric errors. 

A longer time after the change of medium, however, one can imagine 
that the ciliates are swelling because they have been able to return at least 
part of the way towards their normal hypertonic state. But it is difficult to 
say whether the ciliates had really managed to become hypertonic in experi
ments 6-11 in Table 16, where a longer time had elapsed since their transfer 
from 89 to 239 mM. The low values for the rate and percentage of swelling 
can equally well mean that both sets of values were affected by the apparent 
increase in volume mentioned on p. 22. 

If we start from the assumption that the swelling began at the moment 
when the concentration of the medium was changed, and work out the average 
volume of the unswollen ciliates in experiments 1-5 in Table '17, we get a 
value of 57,500 Cft. The difference between this value and the average volume 
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TABLE 19. Transfer of 5 E. t aylori ciliates from 89 to 104 mM . 

Time 
Vol. of ciliate \ "ol. of 

P ercent . Rates of swelling 
when first swollen 

Exp. Ko. 
afte r measnred in ciliate 

swollen of ciliate in 
transfer in 104 

(sec) I 
in 104 

ml\1 I 89 mM 104 m~[ m.\{ 8 9 m:-.1 104 m:'II 

1 300 7 1 '700 65,600 72,600 10.7 10,300 4, 700 

2 3 15 49,100 49,100 51,000 3.9 7,300 2,40 0 

3 320 53,300 54' 900 57,200 4.2 8,500 6,300 

4 '· 80 84,900 80,600 86,800 7. 7 15, 300 10,000 

5 5 10 48,600 48,600 49,700 2.3 14,700 2, 700 

Average I 385 I 61,500 I 59,800 I 63,500 I 5.8 I 11 ,200 I 5,200 

TABLE 20. Trall sfer of 5 E. taylori ciliates from 149 to 164 mM. 

Time 
Vol. of ciliate \ "ol. of 

P ercent. Rates of swelling 
when first swollen 

Exp. Ko. 
afte r 

measured in ciliate 
swollen of ciliate in 

transfer in 16'• 
(sec) I 

in 16'• ruf I 149mM 164 m~[ m ?I[ 149mM 16 '• mM 

1 290 60,600 58,300 - - 8,300 2,400 

2 430 71,200 65,600 65,900 0.5 7,300 2, 900 

3 465 52,500 52,500 55,900 6.5 7,200 8,500 

4 485 79,600 82,200 86,900 5. 7 5,500 4,500 

5 540 43,800 42, 100 43,300 2.9 4,900 5,000 

Average I 442 I 61,500 I 60,100 I 63,000 I 3.9 I 6,600 I 4,700 

of the same ciliates in 89 mM (66,400 Cf..') gives an internal concentration of 
103 m~I in the medium of 89 ~I. If the apparent increase in volume has 
affected the rate of swelling in Table 17, the volumetric value of 57,500 Cfl is 
obviously too small. If we correct the value in Table 17 for the rate of swelling 
(12,600 Cf.J /600 sec) by subtracting the rate of apparent increase in volume 
(3,900 Cf-l/600 sec) we get an average volume of 59,500 Cfl and a concentration 
of 107 ml\I. The first of these two values for the internal concentration is 
exactly the same as that obtained by the swelling experiments, and the second 
differs from it by 4 mM. 

In addition to these experiments, E. taylori ciliates were also transferred 
from 89 to 104 mM, and from 149 to 164 m.JI. The results of these experiments 
are given in Tables 19 and 20. The smallest volumes of the ciliates in 104 and 
164 mM are given as the first measured volumes, and not as those of the 
completely unswollen ciliates. To give a comparison the volumes in 89 and 
119 ml\I are given in the same way. The volumes of the swollen ciliates are as 
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they were measured; no corrections have been made, apart from deducting 
the volume of the open vacuole that was found at the end of some of the experi
ments. The reason why the volume was not measured immediately after a 
vacuolar contraction is that I wanted to measure the volumes of the ciliates 
as soon after transfer as possible, and did not wait for a vacuolar contraction. 

If we look at the rates of swelling in these tables, we see that in each case 
they are lower in the more concentrated medium, and that especially in '104 m:\1, 
they are lower than one might normally expect ";th these concentrations (cf. 
values in Table 9, p. 29) . In the ordinary swelling experiments, the percentage 
of swelling is not reduced by more than about 2 °~ if we use the first measured 
volume instead of the calculated minimum volume immediately after systole. 
In view of this, it also seems that the values here for the percentage of swelling 
may be lower than one might expect (cf. Table 6, p. 26). In the light of what 
happened on transfer from 89 mM to 119 and 239 IILI1, it therefore seems most 
probable that the ciliates swelled because they were hypertonic (though less 
so than normal) rather than because of an influx of ions. It is not possible to 
calculate the internal concentrations on the basis of these experiments, as one 
cannot expect volumetric changes in ciliates ~;th an internal concentration 
equal to or greater than 104 and 164 mM respectively. One can, however, make 
the following statements: The ciliates transferred to 104 IILII " ·ere able to 
become to some extent hypertonic more quickly than those transferred to 
119 mM. Two out of the five ciliates shrank \·vhen transferred to 104 m}I. 
Of greater importance is the fact that a comparison between the values in 
Tables 19 and 20 shows that in both series of experiments the ciliates reacted 
in a similar way, and that there is nothing to indicate any noteworthy dissim
ilarity between the difference between the internal and external concentrations 
in 149 mM and the corresponding difference in 9 rui. This i well in keeping 
with the results given by the swelling experiments. 

Consequently, we can say of the results of these experiments with ciliates 
from 89 and 149 mM media that none of them seems to conflict '"";th those 
obtained from the swelling experiments at the same concentrations - in fact, 
it would be more true to say that the latter are supported by them. 

As has been said, swelling occurs after the medium has been made hyper
tonic only provided that it (or substances added to it) can diffuse through 
the membrane. There has, however, been a general impression especially in 
the past, that the membranes of protozoans are definitely semi-permeable. 
This is seen, for example, in writers \Yho consider the contractile vacuole to 
be an organelle which serves in the elimination of various metabolic products. 
For example, EFIJ\IOFF (1924) thought that his supercooled ciliates swelled up 
because of an accumulation of waste products v.-;thin the cell. LunwrG (192 ) 
held that C02 was eliminated by vacuoles. 1ilLLER (1936) says that the cell 
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membrane was impermeable to salts - at any rate, during the period of his 
experiments. And FRISCH (1937) held that the surface layer of Paramecium 
multimicronucleatum was impermeable not only to all substances soluble in 
water but also to water itself. However, none of these authors has been able 
to give satisfactory proofs of his assertion. 

KrTCHI~G (1936) also formerly considered the cell membrane to be relatively 
impermeable to salts and urea, but now thinks that salts can pass through 
{KITCHI~G, 1956, pp. 16-17). PoRT (1927) has established the fact that salts 
can very quickly pass through the plasma membrane of Paramecium, and 
H OPKINS ( 1946) has done the same for A 11weba lacerata. Even more convincing 
are certain experiments during recent years, particularly those of CARTER 
(1957) with Spirostomum ambiguztm and DuKHAM and CHILD (1961) with 
Tetrahymena pyriformis. CARTER (1957) says that the interchange of cations 
can probably to a large extent be explained by diffusion. He found that the 
effl\L'C of sodium took place extremely quickly - more quickly than the 
exchange of potassium - and that the cells were hypertonic in relation to 
K +, but hypotonic to Na+ . To explain this last fact , be supposes that the 
membrane is >> .. . virtually impermeable to sodium ovvi.ng to active transport 
outwards>> (p. 82) and that potassium, which he found could penetrate the 
membrane, is accumulated in the cell because a Donnan equilibrium aided 
by non-diffusing negative ions and the sodium transport. According to CARTER, 
there was nothing to show that the distribution of Na+ and K + inSpirostomum 
was caused by the binding of ions. Du~HAM and CHILD (1961) have stated 
that both sodium and potassium can pass through the cell membrane, and 
that the interchange of sodium is quicker than that of potassium. The cells 
also seemed to be hypertonic as regards K + and hypotonic as regards Na+. 
Furthermore, DUNHAM and CHILD have stated that a+ ions can quickly 
pass out of the cells, but that the diffusion of K + ions outwards was even slower 
than their diffusion inwards. They have also found that both>> .. K + and Na+ 
are compartmentalized into three components: unexchangeable, exchangeable 
but bound, and freely diffusible components.» (p. 139). According to them , 
the high potassium content of cells can be attributed to the fact that many 
more K + ions than Na+ ions can form bonds n-ithin the cells, and that is why 
the former accumulate. They also think this is the reason why K + ions diffuse 
outwards more slowly than they do inwards. They assume the low sodium 
content be due to an >>extrusion mechanism>> which » ... may facilitate water remo
val, and therefore may be associated ·with the contractile vacuole>> (p . 138). As 
to the anions, Carter has found that the halogen content of the cell is lower than 
that of the medium. DuNHAM and CHILD have made the same observation 
about the Cl- content. With the aid of two bromine isotopes, CARTER proved 
that bromine passes through the membrane fairly quickly. Du. "HAM and ClrrLD 
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maintain that the low Cl- concentration is an electrostatic phenomenon rather 
than the result of the impermeability of the membrane. There is therefore 
no real reason to presuppose a genuine impermeability with regard to sodium, 
pot assium and chlorine. This is also the general impression nowadays regarding 
other kinds of cells. It is also a common assertion that a+ ions pass through 
the membrane more quickly than those of K + (DAwso::--r 1954, HARRIS 1954, 
MAIZELS 1954, SOLOMON 1960). 

The fact that the cell is hypertonic with regard to K + but hypotonic with 
regard to Na+ is generally explained in t erms of an active transport mechanism. 
The theories on this vary from author t o author (for example, HARRIS 1954, 
CoNwAY 1954 and 1960, STEINBACH 1954 and SoLOMO::--r 1960) . There are 
considerably fewer advocates of a theory based on the adsorbtion of ions. If 
we disregard the whole line of thought represent ed by TRoscHIX (1958) and 
others, one of the foremost advocates of an adsorbtion of ions within the cell 
is LING (1960), who has worked on muscles. The comparative lack of support 
for this theory may to some extent be due to the fact that most of t he work 
on cell permeability has been based on erythrocytes. As l\LuzELS says, an 
adsorbtion theory is unthinkable as regards erythrocytes, as they lack 
proteins which could take over the role of myosin. STEL'<BACH ('1954) points 
out that because of lack of evidence it is difficult to discuss whether or not the 
binding of ions takes place. He himself has not found evidence fo r more than 
a small percentage of bound ions. It can be said of all the current theories 
that they are very hypothetical in character, and that it is impossible wholly 
to accept or reject any of them. 

Also, extremely little is known about the comparative roles played by 
electrolytes and dissolved proteins in maintaining a hypertonic condition in 
ciliates. KITCHING (1956, p. 9) says,>> ... it is probable that fresh-water Protozoa 
have an internal osmotic pressure above that of the external medium, if only 
on account of dissolved proteins. >> l\LvzELS (1954), who investigated erythro
cytes, thinks that cells contain non-permeable anions in the form of proteins and 
organic phosphates. CoNwAY (1960) states that cells contain non-d.iffusable 
material (proteins, phosphoric acid esters, coenzymes), which as a whole is 
negatively charged. This again can be e.,"pected to give rise to a Do n n a n 
equilibrium, which will further accentuate the hypertonic condition of the cells. 
In addition, one must reckon with ions which po ibly diffuse to a considerably 
less extent than the three previously-mentioned ions, and which may be intro
duced into the ciliates through their food , for example. In this connection, we 
may mention that KITCHING (1952) was able to e tablish that an increase in 
the internal concentration was associated with the taking up of nutrients. 

The consequence of what has been said above is that the cell can become 
considerably hypertonic because of its non-diffusible ingredients, in con-
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junction with those ions which diffuse slowly and those which can be retained 
within the cell through a Do n n an equilibrium at low external concentra
tions. KrTCHIXG (1956, p.17) also points out that in spite of the ion permeability 
a hypertonic condition arises if the proteins are mostly in the nature of anions 
and if the external electrolytic concentration is low. This fact , which will be 
discussed in more detail in connection with the cyst experiments (pp. 79) agrees 
well with my own results. 

Investigation of vacuolar output 

Methods and procedure 

Henceforth , I shall use the term ~~pulsation frequency~> to mean the number 
of vacuolar cycles per 600 seconds. One vacuolar cycle comprises the time bet
ween two contractions. ~>Vacuolar output» means the volume of the vacuole 
multiplied by the frequency. 

In order to determine the vacuolar output, each ciliate, together with a 
little of the culture medium, was introduced into a drop of paraffin oil. In all 
these experiments, the E. taylori ciliates were free to move about, but when 
volumetric measurements were being made, P. herbicola, 0. fallax and St. 
inquieta were lightly squeezed between the cover glass and the paraffin oil. 

Only ciliates from fresh sub-cultures with a low population density were 
used when investigating the normal vacuolar output. 

The frequency was measured by starting a stop-watch immediately afte r a vacuolar 
contraction and stopping it after the required number of contractions. In the case of 
E. taylori, the stop-watch was also read after each contraction. All stop-watch readings 
were taken with a degree of accuracy of ± 2.5 seconds. Generally, the time for 6 contract
ions was measured for P. herbicola, 10 for O.fa/lax and 5 for St. inquieta. The number of 
contractions varied widely in the case of E. taylori. 

The volumes of the vacuole were calculated on the basis of their diameters. The dia
meters of P. herbicola and 0 . fa/lax were measured by a photographic method in principle 
the same as that previously described (p . 9). With St. inquieta, the measurements were 
made with the a id of a eyepiece micrometer. Both methods were used with E. taylori. 

There are two reasons why all measurements on E. taylori could be made without 
restricting the movements of the ciliates. One is the fact that I was able to use an electronic 
flash when using the photographic method. The other is that the frequency is much lower 
with this species than with any of the others, and this made it easier to take measurements 
by the other method. 

The shape of the vacuoles in the E. taylori ciliates has been studied in some detail. 
Table 21 shows, for four salinities, the number of vacuoles, the average values for the 
longest and the shortest diameters in the horiwntal plane, and the average difference 
between them. It appears from the table that the vacuole eddently becomes increasingly 
globular as the salinity increases and as the size of the vacuole decreases. This reduction 
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TABLE 21. The average difference between the two horizontal diameters of the vacuole of 
E . t aylori at various concentrati1ms. 

Cone. No. of Average diam et ers Diff. 
of med. vacu-

I 
in 

in mM oles No. I No. 2 diams. 

29 11 24 .9 21. 7 3.2 
59 13 17.7 16.3 1.4 
89 20 11 .6 10. 7 0.9 

349 19 1 O.o 9.5 0.5 

TABI,F. 22. The volumetric values for 17 E. t aylori vacuoles based on measurements with 
two different methods. 

Vol. of vac. in Cf.L measured 
with the a id of 

Exp. No. 

I 
eyep. photo-

microm. graphs 

1 2,8 17 2,807 

2 838 524 

3 589 449 

4 144 158 

5 144 125 
6 248 289 
7 317 239 
8 395 204 
9 395 268 

10 144 204 
11 395 44.9 
12 48 7 478 
13 487 449 
14 248 289 
15 248 239 
16 589 572 
17 "395 333 

Average I 522 I 475 

in the difference between the diameters is not only absolute but also relath-e. The diameter 
in the vertica l p lane was never measured . In the capillary experiments, howeyer, it was 

p ossib le to observe this before the cilia te was wedged in the capillary. It seems most pro
bable tha t this third diameter is nearer the shorter of the other two. Unlike E. taylari at 
low concentrations, the other three species showed no noticeable difference between the 
diffe rent diam eters of their vacuoles . With E . taylori , I have used the average between 
the shortest and the longest diameters measured in the horizontal plane as the basis for 
calculating the volume of the vacuole. 
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The photographic method gave an accuracy of ± 0.2 11- in diametric measurem ents . 
For a vacuolar volume of 500 c/1-. this diametric accuracy gives an error of about 30 c11-; 

for a volume of 3,000 C/1-, the error will be about 100 c11-; and for one of 7,000 c/1- . it will be 
close to 200 C/1-. As the diameter increases, the absolute error increases but the percental 
error decreases. For the sake of s implicity, a ll ave rage vacuolar volumes stated in what 

follows a re given with a degree of accuracy of± 50 c11- . This means that the values a re stated 
as being more accurate than is theoretically possible . H owever , in principle this has no 
significant consequences. 

It is interesting to compare the photographic and the eyepiece micrometer methods. 

A total of I ? E. taylori vacuoles was m easured by both methods. Table 22 shows that 
in a number of cases these methods have given rathe r conflicting results, but this m ay to 
some extent be due to a change in the volume of the vacuole between measurings. The 
average values, however , do not differ by more than c. 50 C/1-, and in all experiments it is 
average values which are compared. r o decisive role was played by any discrepancies 
caused by using these two different methods. This can clearly be seen by comparing the 

values in Tables 23 and 24. We see here that very much larger volumetric diffe rences are 
involved when we compare ciliates which had been living in dilute media with those which 
had been li ving in concentrated ones. 

Results of measurements of pulsation frequency 
and vacuolar volume 

Individuals from fresh cultures 

Tables 23 - 24 give the results of experiments on all four species. Here, 
for each particular salinity and each particular species, the average pulsation 
frequency and vacuolar volume has been worked out from the corresponding 
average values for the separate individuals. 

One can see that at low concentrations the frequency was more or less 
independent of the salinity of the medium, whereas there is a clea r connection 
between the volume of the vacuole and the osmotic pressure of the environ
ment. On the other hand, at higher concentrations the volume remains fairly 
constant but the frequency changes. This is also shown by Diagrams 3 and 
4. At low concentrations, therefore, the vacuolar output is regulated mainly 
by volumetric changes, whereas at higher concentrations this regulation is to a 
large extent helped by changes in the frequency. If we compare the values for 
the various species, we find big differences at the same or nearby concentra
tions. At low concentrations, O.fallax, which has the greatest frequency 
throughout, has a considerably smaller vacuole than E. taylori, whose fre
quency is lower than that of any of the other species. St. inquieta and P. 
herbicola occupy an intermediate position as regards both the frequency and 
volume of their vacuoles. At higher concentrations the differences between 
the vacuolar volumes of the different species are much less than at the lower 
concentrations, but on the other hand there are striking differences in the 



Cone. 
of 

me d . No. of 
in m M cili-

a t es 

2 4 

1 5 3 
29 5 

45 8 

59 -
74 12 

89 -
104 6 

11 9 -
134 '· 
1!.9 -
162 5 

192 9 
215 5 

239 -
349 -
53 1 -

TABLE 23. Experiments on P . herbicola and E. t aylori involving pulsation frequency and 
the volume of the vacuole at various external concentrations . 

Paraholosticha herbicola I Euplotes taylori 

Vacuolar cycles I Vols. of vacuoles I Vacuolar cycles I 
No. of Av. No. of No. of Av. No. of No . of Av . No . of 
vacu- frequ- cili- vacu- vol. cili- vacu- frequ- cili-
oles en cy at es oles (Cf-1) ates oles en cy at es 

78 28.6 - - - - - - -
66 30.0 7 7 2, 100 - - - -
54 27.3 3 3 1 '700 6 57 6. 4 5 

102 25 .0 6 6 1, 200 - - - -
- - - - - 5 3'· 6. 1 5 

1 50 15.4 6 6 1,300 5 1, 2 , .. 6 5 

- - - - - 13 113 5.4 3 

138 1 5.4 6 6 1,100 5 '· 6 11. 5 5 

- - - - - 5 51 '•.8 5 

72 13.6 - - - '• '· 2 5.6 4 

- - - - - 11 66 3.2 11 

72 11 .1 - - - 9 52 2.3 9 

96 11 . I - - - - - - -
60 10.0 - - - - - - -

- - - - - 9 '• 7 3.4 9 

- - - - - 5 35 2.1 5 

- - - ~ - - - Sporadic -

Vols. of vacuoles 

No. of Av. 
vacu- vol. 
oles (Cf1. ) 

- -
- -
27 8, 100 

- -
29 2,800 

3'· 2,300 

48 900 

25 900 

2'· 700 

21 800 

53 500 

41 600 

- -
- -
43 500 

28 400 

- -
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Cone. 
of 

med . 
in mM 

2 

15 

29 

45 

59 

74 

101, 

11 9 

134 

TABLE 24. Experiments on 0 . fa llax and St. inquiet a involving pulsation frequency and the 
volume of the vacuole at various external concentrations. 

Oxytricha fa/lax Steinia inquieta 

Vacuolar cycles Vols. of v acuoles Vacuolar cycles Vols. of Vdcuo!es 

!'o. of I No.of I Av. No. of I No. of I Av. No . of I Xo. of I Av. No . of I No. of I Av. 
ci!iates vacuoles frequ ency ciliates vacuoles vol. (c,u) cili ates v acuoles frequency ci\iates vacuoles vol.. (c/t) 

- - - - - - 5 Si 2 7 .:J 5 3 1 1' 100 
14 2 70 6G . 7 10 10 I , 100 - - - - - -
I 0 200 66.7 9 9 i OO 5 25 31 .6 5 15 800 

15 2 70 4 6.2 8 8 600 - - - - - -
I, 120 4 2.0 - - - 5 35 13.0 5 30 400 

10 230 '•0.0 9 9 500 - - - - - -
6 1 70 31 .6 7 7 600 - - - - - -

- - - - - - 5 26 8. 5 23 400 

5 70 24 .0 8 8 70 0 - - - - - -
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DIAGRAM 3. The pulsation frequency of 0. fallax e , St. i11quieta 0 . P. herbicola 0. and 
E. taylori 6. at various external concentrations. 

frequencies. Here too , t. inquieta and P. herbicola occupy a position between 
0. fa/lax and E. taylori. 

The vacuolar output of the four species at various alinities are shown by 
Table 25 and Diagram 5. 0. jallax and P. herbicola seem throughout to have 
very similar outputs. At 29 mM, the output of E. taylori is clo e to that of the 
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DIAGRA~i 4. The yo}ume of yacuole of E. taylvri /'; , P. herbicola 0. O.fallax e . and 
S t. inqu.ieta 0 at various external concentrations. 

first two species, whereas that of St. inqu.ieta is considerably lower. But at 
higher concentrations the amounts of \Yater secreted by the vacuoles of the 
latter t wo species are considerably lower than is the case with O. fallax and 
P. herbicola. With all four species, the vacuolar output drops as the external 
concentration rises. 

If we use the values for the volumes of these ciliates given in Table 5 on p.25, 
we can work out the time taken for each species to secrete by means of vacuolar 
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activity a quantity of water equal to its own volume. This has been done in 
Table 26, where we see that even at comparable concentrations the various 
species give widely differing values. 

KITCHING (1938) has collated investigations on the contractile vacuole. In 
this context, where no particular author is named, the details have been taken 
from his review. 

Under normal circumstances, the length of the vacuolar cycle in various 
fresh-water ciliates generally lies between 6 and 39 seconds- corresponding to 
a frequency ( = number of contractions per 600 sec) of 100 t o about 15. 
All the species I have studied lie at least in diluted media v.~thin these limits, 
with the exception of the typical salt-water species E . taylori. The maximal 
vacuole diameter in fresh-water ciliates varies between 5 and 15.2p -
meaning a variation in volume between about 65 and 1, 40 Cf.l . Only E. 
tcylori and P. herbicola in diluted media had vacuoles larger than this. 

Compared with fresh-water species, the vacuolar cycles of salt-water species 
are generally longer under normal conditions (30 seconds to 32 minutes, corres
ponding to a frequency of 20 to about O.s). On the other hand, the volume is 
rather greater (diameters of 4 to 22f.l, corresponding to a volumetric variation 
of about 34 to 5,580 Cf.l). It is interesting to see that the t ypical salt-water 
species E. taylori maintains its low frequency even in dilute media. P. herbicola, 

TABLE 25 . The vacuolar outpttt of the four species exam ined. 

Con e. 
Vacuolar output in cp. per 600 seconds 

of m ed. I P. herbicola I I in ruM 0. fallax E . taylori St. i nqttieta 

2 - - - 30,000 

15 73,400 63,000 - -
29 46,700 46,400 51 ,8 00 25,300 
1, 5 2 7,700 30,000 - -
59 - - I /, 100 5,200 

74 20 ,000 20 ,000 10,600 -
89 - - 1, ,900 -

104 19,000 16,900 4, 100 -
11 9 - - 3,400 3,300 

134 1 6,800 - 4 ,500 -
149 - - 1,600 -
162 - - 1,400 -
239 - - 1, 700 -
349 - - 00 -
531 - - _ I) -

I) Not measurable 
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DIAGRAM 5. The vacuolar output of 0. fa/lax e , P. herbicola 0. E. tay lori b,. , and 51 . in
quieta 0 at various ext ernal concentrations. 
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TABLE 26. The time taken for the vawole to di scharge a quantity of water equal to the volume 
of the ciliates. 

Cone. 
of med. 
in mM 

2 

15 

29 
104 

119 
1 34 

349 

0. fa/lax 
hr ruin sec 

0 12 25 
0 t 9 30 

0 47 57 

0 54 14 

St. inquieta 
hr ruin sec 

0 18 24 

0 2 1 49 

2 47 16 

P. herbicola 
hr min sec 

0 18 45 
0 25 27 

9 53 

E. taylori 
hr min sec 

0 t1 16 

2 22 26 

2 5 1 46 
2 9 47 

12 10 0 

which cannot be considered a typical fresh-water species (REuTER 1961). 
also has a somewhat larger vacuole in dilute media than is usual with fresh
water species. MULLER (1936) found that in Amoeba proteu,s, Zoothamni~tm 
hiketes and Frontonia marina the diameter of the vacuole increased as the 
external concentration was reduced. CHADwiCK (1960) has observed the same 
of two peritrichous ciliates. KlTCHING (1934) found that the vacuole increased 
when marine peritrichs were transferred to fresh water and that it decreased 
when a fresh-water peritrich was transferred to salt water. ~fADA (1935) 
found that with paramecia of the caudatum type the lower the frequency 
became, the smaller was the diameter. 

Unfortunately, many of the authors who have studied the contractile 
vacuole have examined only the pulsation frequency - H ERFS (1922), STEM
PELL (1924), GAw (1936) and 0BERTHUR (1937). On the other hand, DAY 
(1930}, KITCHI~G (1934, 1936), KAMADA (1935), l\WLLER (1936). F owLER 
(1941) and HoPKINS (19116) have studied the output. All these authors have 
stated that either the frequency or the output drops when the concentration 
of the external medium rises. In contrast to the others, however, HoPKINS 
( 1946) is of the opinion that changes in the output are not dependent on varia
tions in the difference between the internal and e..rternal concentrations. 
Frontonia marina has been studied by both !"iLLER (1936) and 0BERTHUR 
(1937) . The latter investigated only the frequency, and found no long lasting 
changes in this when the salinity was changed. With sudden transfers to 
hypertonic or hypotonic media he obtained a respective reduction or increase 
in the frequency, but after a time it went back to normal. or could 0BERTHUR 
establish any long-lasting change in the pulsation frequency of FrMlonia 
leucas when the external concentration was increased. He criticises MULLER's 
(1936) experiments on the grounds that the ciliates were not allowed to adapt 
themselves to the new solutions. But it can be said against 0BERTHi..'"R's (1937) 
own investigations that he paid no attention to the yacuolar volumes. In 
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addition, it is questionable whether his experimental media can be regarded 
as fresh ones. 

ADOLPH (1926), who studied Amoeba proteus, found that though the fre
quency drops as the concentration rises, this reduction is compensated by an 
increase in the volume of the vacuole, and that the output thereby remains 
unchanged. However, MuLLER (1936) has stated that the vacuolar output 
of Amoeba proteus changes with the salinity. 

In normal cases, the time required for fresh-water ciliates to discharge 
by means of their vacuoles a quantity of water equal to their own volume 
generally lies between 4 minutes and 1 hour. As for the salt-water species, in
formation is available only on peritrichous ciliates. Here, the above-mentioned 
discharge takes about 3 to 4 hours. 

What has been said above indicates that the values for the four species 
examined here show a good correspondence with the results of experiments 
by other workers in this field . 

It is apparently a general rule that the vacuole is larger in low concentra
tions than in high ones. Relatively speaking, this applies to both fresh-water 
and marine species. The most appropriate place to look for the cause of this 
is either in the mechanism which determines the frequency or in that which 
opens the outlet from the vacuole to the external medium. If KrTCHING (1954b 
and 1956) is right in suggesting that the frequency may be governed by an 
internal rhythm - which may nevertheless be regulated by the physiological 
conditions of the ciliates - one could imagine that this ability to make adjust
ments is not unlimited. There is particularly clear support for this idea in the 
results of my experiments on E. taylori, which in their normal environment 
need only a low frequency and so perhaps lack the ability to increase this to 
any considerable extent. The vacuolar volumes of P. herbicola also point in 
the same direction. On the other hand, the results with E. taylori are difficult 
to reconcile with KrTCHI"'G's (1954b and 1956) alternative suggestion that 
the maximal diameter of the ,·acuole influences the frequency. 

It is also conceivable that there is a upper limit to how often the contractile 
elements in the vacuola r apparatus of the various species can contract within 
a given time. But this explanation does not agree so well with the reduction 
in the volume of the vacuoles of the freshwate r species when the salinity in
creases. Here, too, it is more natural to think of an internal governing mecha
nism rather than a lack of ability to reduce the frequency. 

Individuals in an old culture medium 

I have carried out some experiments to see whether the vacuolar output 
of E. taylori is changed if the ciliates are kept for a considerable time in a 
small drop of water surrounded by paraffin oil. Table 27 shows the values for 
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TABLE 27 . The changes in the pulsation frequency, in the vacuolar volume, and in the vacuolar 

output in E . taylori ciliates after e11 clos ure in paraffin oil. 

Cone. Time after No. of 
Pulsa-

~o. of \"ol. of \" acu-
No. of tion 

of m ed. enclosure ciliates 
contrac- frequ-

vacu- vacu- ola r 
in mM in p. oil tiuns oles oles (cl') output 

ency 

29 30 min 24 ; .5 I~ 8,400 63,000 

I 5 hr to 4.3 15 3, 200 13,800 

89 I hr 5 58 5 .3 26 I ,000 5,300 

3 hr ttS 4 .0 31 60 0 2,400 

4 individuals from 29 mM and 5 individuals from 9 m~I - first for a shorter 

and then for a longer time after enclosure. The time in column 2 is the average 

of the times that all the respective ciliates were thus confined. The vacuoles 

show a reduction in the pulsation frequency and even more so in the volume 

of the vacuoles, resulting in a conspicuous fall in the output. The c.iliates which 

were retained in 89 mM showed a clear reduction in vacuolar output after 

an average of 3 hours, but no obvious reduction could be detected after this 

period in those from 29 ml\f . Ciliates from old culture also show a distinct 

reduction in the amount of water discharged by mean of their vacuoles. This 

is shown, for example, by the following figures, which are the average Yalues 

for a total of 22 vacuolar volumes and the same number of contractions in 

four E. taylori individuals: pulsation frequency 2. , vacuolar volume 200 c,u, 

vacuolar output 600 Cfl /600 sec. The ciliates were from a medium of 149 mM, 

where the corresponding normal Yalues are respectively 3.2, 500 Cf..l and 

1,600 Cflf600 sec. 
In the case of the c.iliates from a medium of 29 m::\1, it was possible 

to see from their bodily shape that they had become swollen in connec

tion with the reduction in their vacuolar output. The fact that it was 

in the 29 mM medium that this change in volume could be observed is 

largely dependent on the fact that the increase in volume (and thereby the 

reduction in internal concentration needed to enable the output to drop from 

63,000 to 13,800 Cfl/600 sec) must have been considerably greater than the 

increase in volume which gave rise to the reduction in output in the 9 mi\I 

medium. In addition, there is the fact that if ciliate in media of different 

concentrations show an identical reduction in vacuolar output (i.e. , an identical 

reduction in the differences between the internal and external concentrations) 

then this means a greater volumetric change in the ciliate in dilute media 

than in those in more concentr_ated ones. Thi may al o be the reason why 

the changes in output took place sooner in a more concentrated medium than 

in a weaker solution, as it must be thought po ible that a certain increa e in 
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volume (i.e., increase in water content) may have a stimulating effect on 
vacuolar activity, so that a further reduction in the latter is prevented. This 
would mean that in low concentrations such an increase in volume would only 
to a slight extent affect the internal concentration and thereby the influx of 
water into the ciliate, whereas in higher concentrations the same increase in 
volume would cause the ciliate to become a markedly lowering of the internal 
concentration. 

Other writers have made similar observations on the pulsation frequency 
or vacuolar output. Thus HERFS (1922) has stated that at the end of an ex
perimental series the pulsation frequency was lower than it was at the begin
ning, and FRISCH (1937) points out that the frequency is lower in old cultures 
than in fresh ones. He also says that as a culture ages, the size of the vacuoles 
increases to begin with, only to drop to far below normal later on. KrTCHIN'G 
(1934) has observed that in old cultures the vacuolar output is lower than 

normal. 

The latent period of the vacuolar cycle and 
the surface of the vacuole 

As with many other species, one characteristic of the vacuolar cycle in 
the species studied here is a period of latency between the systole and diastole 
phases. In E. taylori the latent period was found to vary with the length of 
the vacuolar cycle: the lower the frequency, the smaller the ratio between the 
length of the cycle and the period during which the vacuole was open (TJf

0
). 

This is shown by Table 28. 
If the latent period is really one of rest, it is probable that the internal 

concentration will drop during this period, as water is flowing into the ciliate 
all the time for osmotic reasons. However, it is questionable whether this really 
is a resting period, and not just an early phase of diastole. It has long been 
known that in many cases at least the earlier stage of the diastole phase consists 
of several small vacuoles fusing to form the contractile vacuole proper (see 
KrTCHIKG 1938, p. 405). The fact that in any case such small vacuoles contri-

TABLE 28. The ratio between the total duration oj the vacuolar cycle and the time d1~ri11g which 
the vacuole was open (Tc!T 0 } in E. taylori. 

Frequency range ~o. of Av. 
Tcj To 

seconds frequency vacs. freq. 

< 101 < 5.9 32 7.':!. 3.6 

10 1- 125 5.9-4 . g 5.2 :!.6 

126- 150 4.7- !t .o 12 .f .!S 2.4 

> 150 > 4.0 16 2. 7 1.9 
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bute towards the filling of the main vacuole has been stated by, fo r instance, 
TAYLOR (1923) in the case of Ettplotes charon, E. patella and Euplotes sp ., 
and by ADOLPH (1926), BOTSFORD (1926) and MULLER ('1936) in the case of 
Amoeba proteus. With A. proteus, too, MAcLENKAN (1944) has shown that 
it is probable that small vacuoles join up with the contractile vacuole during 
the whole of the diastole phase. H owLAl\'D (1924) and HoPKIKS ('1946) re
spectively have observed that with Amoeba verntcosa and A. lacerata the 
contractile vacuole is formed with the help of small accessory vacuoles. Accord
ing to OBERTHtiR (1937), Frontonia marina has small vacuoles as well as 
feeder canals, and according t o KITCHING (1954b) small vacuoles also occur 
in the suctorian Discophrya piriformis (=D. collini, seep. 15) . 

Furthermore, recent investigations with the electron microscope have 
shown that extremely small vacuoles take part in the formation of the con
tractile vacuole. Thus, LEHMANN, lVIANNI and BAIRATI (1956) have found at 
the beginning of the diastole phase of Amoeba proteus small vacuoles in the 
wall of the contractile vacuole which had not yet been able to join up with 
it. Runzr:NSKA (1958) was able to see during an early part of the diastole phase 
of T okophrya infusionum many small vacuoles with a diameter of O.t-2 .o,u 
lying very close to one another. It seems probable that the new contractile 
vacuole is formed by the fusion of these small vacuoles. Similar small vacuoles 
have also been found by her at later stages of diastole, in the immediate 
proximity of or in contact with the contractile vacuole. I n addition, she has 
found small vesicles and canaliculi in the perivacuolar region. These evidently 
belong to the endoplasmic reticulum. In three species of amoeba, PAPP.AS and 
BRAND (1958) have established the presence of small yesicles which fuse to 
form small vacuoles, and these in turn finally give rise to the contractile 
vacuole. 

If these small vacuoles a re also formed during the period of latency, as 
seems likely, we obviously cannot count on any changes in concentration during 
this period. If, however, changes do take place in spite of all this, they will be 
very small, as the amounts of water which penetrate t. inquieta, P. herbicola 
and O.fallax during the course of a vacuolar cycle are so small that the changes 
can be ignored. But they could be of some importance in the case of E. taylori 
at the lowest concentrations. On the basis of the ratio Tc/ To together with 
the quantity of water discharged per contraction and the internal concentra
tion of the ciliates as given in Table 8, t he average values for the internal 
concentration of E. taylori during the course of the vacuolar cycle would then 
be as follows: in a medium of 29 mM, 46 instead of 4 ml\I, and in a medium 
of 59 mM, 72 instead of 73 ml\1. At all other concentrations the difference 
would not be more than O.s mM. 

It would be a great help to the understanding of the diastole phase to 
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TABLE 2 9 . The surface areas of the vacuoles immediately before systole, and the mtio between 
the surface areas of the vacuoles and those of the ciliates . 

0. falla.~ I P . herbicola I E . taylori I S t. inquieta 

Cone. Area of Area of Area of Area of 
of med . Area 

vac.f 
Area of 

vac.J 
Area of 

vac. / 
Area of 

vac. / in mM of vac. vac. , ·ac. vac. 
(sq,u) 

area 
(sq,u) 

area 
(sq,u) 

area 
(sq,u) 

area 
of cil. of cil. of cil. of cil. 

2 - - - - - - 520 1/21 
15 520 1/31 790 1,25 - - - -
29 380 1/4 2 690 1/29 1,950 1/5 420 1/26 
'J5 350 1/4 6 550 1,36 - - - -
59 - - - - 96 0 1/10 270 1/41 
74 310 1/52 580 1t34 840 •l /12 - -
89 - - - - 450 1/22 - -

104 350 1/46 520 1/38 450 1/22 - -
119 - - - - 38 0 1/26 27 0 1/41 
134 380 1/42 - - 42 0 1/24 - -
149 - - - - 310 1/32 - -
162 - - - - 35 0 1/ 29 - -
239 - - - - 310 1/32 - -
349 - - - - 27 0 1/37 - -
531 - - - - - - - -

know the amount of water which is either discharged into or diffuses into the 

vacuole per unit of time and area. But ·we come up against insuperable diffi
culties because of the fact that the water enters the vacuole proper in any 
case partly, and possibly exclusively, via small vacuoles. We shall be interested 

in the surface areas of the contractile vacuole, and these are therefore given 
in Table 29. The areas have been calculated from the average volumes given 
in Tables 23-24. Table 29 also gives the ratios between the areas of the 

vacuoles and those of the ciliates. For the areas of the ciliates, the same values 
are used here as later on, when the infltL'X of water into the ciliates per unit 
area and time is determined (p. 64). 

Comparison between vacuolar output, rate of swelling 
and internal concentration 

So as to be able to compare all four species with one another, I have cal
culated the amounts of water which enter the ciliates every 600 seconds through 

each square micron of surface. This was done in t wo ways: on the basis of the 
vacuolar output and (where possible) on the basis of the rate of swelling. 

I have based my calculations of the surface areas of E. taylori and St. in
quieta on the average diameter of the capillaries and the average volume of 



J ohan Reuter: Internal concentration in ciliates 

the ciliates, assuming the ciliates to have been perfect cylinders. 1 These cal
culated areas are, of course, less accurate for the vacuole experiments than for 
the swelling experiments, a. o. as the surface areas of the cylindrical-shaped 
ciliates (as in the swelling experiments) are smaller than those of normally 
shaped ones (as in the vacuole experiments). However, the difference is too 
small to play any significant role. For the vacuole experiments, the surface 
areas have in each case been worked out with the aid of the volumes of the 
unswollen ciliates (see Table 5, p. 25) together ~ith the capillary diameters 
in the relevant experiments. These values are as follows: E . taylori tO,OOO sq,u 
and St. inquieta 10,990 sq,u. For the swelling experiments (E. taylori and 
St. inqu.ieta only) they have been worked out separately for each salinity, as 
follows: 

E. taylori S t. inqt~ ieta 

29 mM, 10,590 sq,u 2 mM, 10,500 sq,u 
59 9,3 30 • 29 11 ,990 • 
89 9,080 • 59 10,370 • 

119 9,420 • 11 9 I 1,480 • 
H9 9,420 • 
239 8,91t0 • 
531 8, 780 • 

The surface areas of O.fallax and P. herbicola have been estimated from 
their volume and the approximate thickness of the ciliates as 16,000 sq,u 
and 20,000 sq,u respectively. 

Table 30 gives the results of the calculation of the amounts of water which 
enter the ciliates every 600 seconds per square micron of surface. As may be 
expected from what has been said before, we see that here too the quantities 
of water entering per unit of area and time decrease as the ~'{ternal concentra
tion rises. The only exceptions are that we can see in the swelling experiments 
on St. inquieta a somewhat higher value at 119 than at 59 mM and in the 
vacuole experiments on E. taylori a slightly higher value at 134 ml\1 than at 
119 and 104 mM. 

But if we compare for each species the values obtained by the two methods, 
we find big differences. In the case of E. taylori, we see that compared with 
the swelling method, the vacuole method gave a much greater value at 29 mM 
and much smaller values from 89 mM onwards, whereas at 59 mM the results 

1 The surface of the ciliates is not entirely lacking in structural features. From this 
fact alone, it follows that their real surface area must be grea ter than the calculated 
value. Moreover, it is known from investigations with the electron microscope that the 
cell membrane can bend inwards so as to form narrow pockets in the cytoplasm. It is 
impossible to estimate how much the surface is enlarged by these features of the cell 
membrane, and they have therefore been wholly disregarded . It may also be said that 
other writers have not taken this into account in their calcula tions either. 
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TABLE 30. The vacuolar output per sqfL of the ciliate's surface area, together with the 
corresponding values for E. t aylori and St. inquieta calculated 011 the 

basis of/heir rates of swelling. 

CfL/ 600 seclsq fL of ciliate surface 
Cone. of 0. fallax I P. herbicola I E. laylori I St . inquieta med. 
in mi\1 

I I I 
Swell. 

I I 
Swell. Vac. exp. Vac. exp . Vac. exp . 

exp. Vac. exp. 
exp. 

2 - - - - 2. 73 3. 18 

15 11. 59 3.15 - - - -
29 2 .92 2.32 5. 18 3 .82 2.30 1 .63 

45 1.73 1 .50 - - - -
59 - - I. 71 1.51 0.4 7 0 .57 

/4 1 .25 1.00 1 .06 - - -
89 - - 0.49 1 .37 - -

1 01, 1 .19 0 .85 0 .41 - - -
1 19 - - 0.34 0.94 0.30 0.66 

1 34 1.05 - 0.45 - - -
14 9 - - 0 .1 6 0. 75 - -
1 62 - - 0.14 - - -
239 - - 0.17 0. 73 - -
3 49 - - 0.0 - - -
53 1 - - _ 1 0 .46 - -

1 Kot measurable 

were nearly equal. The two sets of results for St. inqz,ieta agree better, apart 
from the values for 119 m::\I. As has been said previously, it is possible that 
here the rate of apparent increase in volume has affected the rate of swelling. 
To avoid this error (for E. taylori), we can work out the influ.." of water per 
600 seconds per sq,u in accordance with the average rates of swelling in Table 10, 
p . 32. As discussed before (p. 32), these values are not affected by the rate 
of apparent increase. The surface areas are calculated on the basis of the 
average volume of the ciliates at the times when the rates of swelling were 
determined, we then get the following values: 

Instead of 1.51 and 1.37 CfL per 600 sec sqp. we get 1.43 CfL per 600 sec fsqfL 

0.94 -·- • 0. 4 -·-
0.75 -t-- • 0.6 -·-
0. 73 -t-- • 0.2 -t--

0.46 -t-- • 0.23 -t--

A comparison with Table 30, howe\·er shows that tbis numerical reduction 
1s not enough to give values as low as those in the vacuole experiments, and 
therefore other factors than the rate of apparent increase in volume might 
have influenced the results . 

5 
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The amount of water which diffuses into the cell is, of course, also dependent 

on the difference in concentration and not just on the surface of the cell. This 

comparison between the rate of swelling, the vacuolar output and the internal 

concentration can be made only for E. taylori and St. inqt,ieta, and is best 

expressed by working out the permeability constant. In what follows, this 

constant will always be stated as fl x min- 1 x atm- 1, that is to say, the 

amount of water (eft) discharged or forced in per unit area (sq,u) per minute, 

divided by the difference in pressure expressed in atmospheres. Table 1 (p. 8) 

has been used for converting to atmospheres the values for the external con

centration and those obtained for the internal concentration. This is a filtra

tion constant. It is true that FREY-WYSSLIXG (1946) has maintained that it 

would be preferable to use a diffusion constant (fl X sec- ' ) so as to be able to 

compare the passage of water with that of electrolytes through the cell mem

brane. But the filtration constant has been retained here, partly because most 

of the information in the literature has been given as such and partly because 

a number of theoretical objections can be made against the possibility of using 

a diffusion constant in this connection (see LbVTR P and PrGox, 1951, pp. 3-6) . 
Tables 31-32 give the permeability constant for all swelling experiments 

with E. taylori and St. inquieta. They combine the ,-alues obtained from the 

rates of swelling calculated for the period between first and second measurings 

with those obtained from the rates given in Tables 10- 11, which were cal

culated on the basis described on p. 29. The t ables shmv that in most cases 

the permeability constant had values which lay between a little under 0. 2o 

and a little over O.ao. This applies to both species. On p. 29, when comparing 

the values for 59 mM and 149 ml\1 in Table 9, I spoke about the discrepancy 

between t he extent to which the E . taylori ciliates had become less hyper

tonic and the very much greater e..'{tent to which the rate of swelling had 

T ABLE 31. The permeabil-ity constant of E . taylori ciliates calculated from their rates 

of swelling. (C; = inten 1al co·ncelllration, C, = external CO'IlCtntrati011 ) . 

The permeability con st ant calculated fo r variou d iffe ren ces 
Cone. between C; ru.d Ce 

of m ed . 

I I 
in ml\1 1 6 mM 10 m)I I 9 m)I I 8 m.\[ I '•mM I 3 mlf 2mM 

0.67 a tm 0.42 atm 0.3 a tm 0.34 atm 0.11atm 0.13 atm 0.09 a tm 

29 0.57 0.34 0.29 0.29 0.21 0.23 0.2 

59 - 0.36 0. 17 0.16 0. 17 0.20 0.27 

89 - 0. 33 0.20 0.19 0.22 0. 1 0.23 

119 - - 0.25 0.15 0.24 0.26 0.33 

149 - - - 0.22 0.21 0.21 0 .111 

239 - - - - - 0.56 -
531 - - - - - - 0.51 
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T ABLE 32 . The permeability constant of St . inquieta ciliates calculated from their rates 
of swelling. (C; = internal concentration, Ce =external concentration). 

Permeahility comtant calculat ed for 
Cone. various differences between ('j and Ce 

of med . 

I I 
in m:\f 1 2 mM 7 m!lf !,mM 

0.50 a tm 0.29 atm 0.25 atm 

29 0 .33 0 .31 0.37 

59 - 0.20 0.22 

·tt 9 - - 0.26 

67 

decreased. But this gives no striking manifestation in the values for the perme
ability constant in Table 31, which shows that it is not of great importance. 
On the other hand, there are three values which differ markedly from the others: 
- the first value for a medium of 29 ml\1 and those for media of 239 
and 531 ml\1. 

It is difficult to state the reason for the first case. It is possible that at 
least part of the reason may be a greater permeability to water at low con
centrations than at high ones. This could also be indicated by the rather 
high values in a medium of 29 mM in Tables 32 and 33, as well as by the above
mentioned discrepancy. Nevertheless, the value of 0.57 for the permeability 
constant at a difference of 16 1101 between the internal and external con
centrations seems too high for us to be able to ascribe it solely to differences 
in the permeability, especially when we consider the other values in Table 31 
fo r the permeabliity constant in a medium of 29 ml\I. It seems in the first 
place as if the value for the internal concentration had been too low, or that 
for the rate of swelling too high. In any case, the first alternative is possible 
(see p. 28). If the osmotically inactive substance were to amount to 10 %. 
the permeability constant would become 0. 51; if it were 20 %. it would be
come 0.46,U x min- 1 x atm-1 . 

On the other hand, there is an obvious source of error in the latter two cases 
(239 and 531 mi\1). It has already been pointed out (p. 32) that the rate of 
apparent increase in volume can result in too high a value for the rate of swell
ing, especially at high concentrations. The other values for the permeability 
constant at differences of 0.13 and O.o9 atm show that this may very well 
have been the cause of the divergencies here. 

Table 33 gives the permeability constant calculated on the basis of the 
vacuole experiments. The values used for the surface area are mentioned on 
p. 64. The values in this t able show a much greater variation than those in 
Tables 31-32. Moreover, there is little correspondence with those based on 
the swelling experiments. 
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TABLE 33. The permeability constants of E. t aylori and St. inquieta ciliates calwlated 
from their vacuolar outputs. (C;-Ce = the dil/erence between the internal 

and the external concentralitms). 

Cone . 
E. tay!ori I St. inqttieta 

of 
Ci-Ce Ci-Ce rued . in Perm. Perm. 

mM mM I atm const. nU[ I at m 
const. 

29 19 0 .80 0.65 15 0.63 0 .3 7 

59 14 0.59 0.29 8 0.34 0.14 

89 "14 0 .59 0 .08 - - -
11 9 12 0.50 0.07 10 0.42 0.07 

149 12 0.50 0.03 - - -
239 6 0.25 0.07 - - -

In theory, the two sets of values for the permeability constant should 
show good agreement. The fact that those in Table 33 are in most cases smaller 
points to one or more of three possibilities: the discharge of water did not 
take place solely through the contractile vacuole, the values for the rate of 
swelling were too high, or the values for the vacuolar output were too low. 
lVIAsT and HoPKINS (1941), working on Amoeba tnira, have made an observa
tion which might indicate that something similar to the first of these pos
sibilities may occur in protozoans. They transferred the amoeba from 100 % 
sea-water to 5 % sea-water, with the result that it first swelled up for a time 
and then reduced its volume again. But this reduction in volume was over 
4 times as large as the amount of water discharged at the same time. l\IAsT 
and H OPKINS therefore say >>It is consequently evident that during the decrease 
in volume some 2,300 Cf-t must have passed out by other means>> (p. 44). H ow
ever , Amoeba m.ira does not discharge its water by means of true contractile 
vacuoles but by means of food vacuoles which contain a lot of water. We can 
add the fact that a certain discharge of water probably occurs in connection 
with the excretion of solid wastes. In any case, it has been possible to see this 
in connection with the excretory process of E. taylori. Though the amounts 
of water were obviously small, it is nevertheless conceivable that they have 
affected the final results at high concentrations, where the vacuolar discharge 
of water is otherwise small too. The amount of water eliminated by ciliates in 
this way is not known for other species either (see KlTcm~G, 1956, p. 15) . 

From what was said on pp. 13 and 59- 61 , it appears that factors such as 
irritation by pressure and an old culture medium can have a great effect on 
both pulsation frequency and vacuolar volume. In the vacuole experiments 
the ciliates were always confined within very small drops of water. Immedi-
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ately after confinement the ciliate generally moved about a lot, which made 
it difficult to observe the vacuole, particularly in the more concentrated 
solutions, where the vacuole was small and therefore more difficult to keep 
in view. For this reason, measuring could not begin until the ciliate's move
ments had slowed down or stopped. In addition - depending on the size of 
the water drop - it is extremely difficult to avoid at some stage, at least for 
a short time, trapping the ciliate between the cover glass and the surface 
separating the water and the oil . In view of the fact that the reduction in vacu
olar activity which this causes is clearly connected with an increase in the 
volume, it is possible, as has already been pointed out (seep. 61), that this 
source of error will be more marked at higher concentrations than at lower 
ones. The case of the ciliates in the swelling experiments was very different. 
Here the swelling was tested in a relatively large amount of fluid and they 
were not subjected to the above-mentioned irritation by pressure until the 
actual moment when they were wedged fast . It therefore seems that the reason 
for these differences is to be found in the vacuole experiments rather than in 
the swelling ones, as corresponding sources of error cannot be established in 
the latter. 

Very few values for the permeability constant have been given by other writ
ers, and these vary greatly. On the basis of its rate of shrinking in hypertonic 
media, MAST and F owLER (1935). have obtained the value of O.o26,U X min- 1 

x atm- 1 for Amoeba proteus. KrTCHI -G (1936) has worked out the permeability 
constants for Cothurnia curvula and C. socialis. He obtained very dissimilar 
values, depending on the principles on which he based his calculations, espe
cially those for the internal concentration. His values vary between O.ozo and 
0 .349 fl X min- 1 X atm- 1. The method he used for calculating the internal 
osmotic pressure which was most reminiscent of mine was that based on the 
volume of the ciliates in dilute sea-water without cyanide and their volume 
after the addition of cyanide had stopped the vacuole. In this case he obtained 
values varying between 0.106 and O.s49,U X min- 1 X atm- 1 . Taking into con
sideration the results of all the various methods of calculation, he himself 
thinks that the permeability constant was of the magnitude of O.os

O.IOft X min- 1 X atm- 1 • It can be said of his investigation that it is not 
absolutely certain that after transfer the ciliates were able to reach full equilib
rium with the various media. On the basis of their rates of swelling when 
transferred from 100 % to 25 % sea-water, KrTCHING (1948) has studied the 
permeability constant of Vorticella marina at various temperatures, with the 
following results: 

24-29° C, 0.2r.-O.so fL x min-1 x atm-1 (4 individuals) 

14- 1 7° C, around 0.1 -t-- (2 ) 

1- 3° c. about 0.025 -t-- (4 ) 
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KrTCHING and PADFIELD (1960) have made a further study of the permeability 
constant of Discophrya collini and have obtained a value of O.o2s p x min- 1 

X atm- 1. LbVTRUP and PIGON (1951) have finally obtained the value of 
O.ollft X min-1 X atm- 1 for the amoeba Chaos chaos. If we compare the 
values for other groups of animals and plants we find values between O.t and 
0.4 for echinoderm eggs, 0.4 to 0.7 for the eggs of annelids and molluscs, 0.16 
to 0.55 for several plant cells, O. s to i. s for leucocytes and 2. 5 to 3.o for erythro
cytes. (See HEILBRUN'N, 1956, p. 155). 

Since the values for the permeability constant vary greatly with different 
species and different methods of calculation, it is impossible from the results 
obtained by others to draw any conclusions on the correctness of the values 
I have obtained. The values given by the swelling experiments seem to be 
more reliable than those obtained from the vacuole experiments, thanks to 
their greater degree of unanimity and the fact that it was possible to e.'l::arnine 
ciliates from the same salinities at various differences between the internal 
and external concentrations without having to change that of the e.'l::ternal 
medium. 

It is, however, by no means to be taken for granted that the permeability 
constant should be the same at different external concentrations. Thus, l\I tiL
LER (1936) wanted to explain certain of his experimental results by postulat
ing that at different concentrations the salts in the external medium have a 
different effect on the permeability of the membrane to water, and that the 
same is true of the pH. But his argument is by no means conclusive. For 
example, the reduced output he obtained at very low concentrations can just 
as well be considered due to a leakage of salts. 

In this connection there may be some point in mentioning H bFLER's (1949) 
experiments with smaller and larger plant cells. He came to the conclusion 
that the water which diffuses into the cells meets a greater resistance from 
the cytoplasm than from the cell membrane. If this is so, the surface of the 
cell is clearly no longer sufficient for determining the permeability constant, 
especially if cells of different volume are being compared with one another. 
The permeability constant is also of very little value if the permeability of the 
membrane is not the same all over the cell. This factor is extremely difficult 
to test, but large local variations in the permeability to water do not seem 
likely. 

To sum up this investigation of the vacuole, it can be said that the essential 
parallelism between the values for the rate of swelling and the vacuole output, 
together with the dependence of both these on the external concentration, 
supports the idea of the vacuole as an osmoregulatory organelle. In spite of 
some disagreement between the statements of various writers, this function 
of the vacuole seems to be beyond all doubt. 
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Investigation of the cysts of the ciliates 

Methods and procedure 

Encystment technique 

In my experiments, P. he1•bico/a and St. inquieta encysted under circumst ances com
parable with GAR."'JOBST's {1937) tdrop method•. The difference was tha t the drop of water 
with the cilia t es was surrounded with a laye r of par a ffin oil. P . herbicola , which was culti
va ted a t only one concentra tion (15 mM), was tra nsferred a t least one day before it was 
enclosed in p a ra ffin oil t o a medium of the same concentra tion as the encystment medium . 

e ither o f the o the r species encysted when t h is method was used. Consequently, E. taylori 
cyst s were t a ken fro m cultures where they we re found t o have formed . 0 . fallax encysted 
in sm a ll t est-tubes conta ining 0.05-0.1 ml of medium. The tube was closed with a stopper , 
which prevented evapora tion . There was a n a ir-sp ace bet ween this stopper and the sur
face o f the fluid , the level o f which was marked with a scra t ch on the glass. 

D etermining the volume and concentration 

As their shape is simple, it is in principle easier t o measure the volume of the cysts 
than o f the active cili a t es. Those of 0. fa/lax were no t found to diverge measurably fro m 
the globular form. Those o f St. inquieta ( I 7 cysts ) h ad a n average difference of 0.5 p. be
tween the dia me te rs visible in the hori w nta l plan e {3 5. rp. and 34 .6p.). The a verage differ
ence in the 18 P. herbicola cyst s was cons iderably grea ter (26 .2p.-2't.Ip. = 2.rp.). The 
greatest difference was in E. taylori , where t he aye rage differe nce was 3.s p. (between 
56.7 p. and 53. 4 p.). The value for this species was based on 17 cysts fro m 89 mM. 

As wi t h the vacuo les, it was no t possib le t o measure the diamet er o f the cyst s in the 
vertical plan e . It is probable tha t this is most nearly equ al t o the shorte r of the 
two measured dia meters . For volumetric calcula tions , the average of the dia meters in 
the ho rizontal pla ne has been used. 

T o investiga te the accuracy o f these measure men ts, both the longes t and the shortest 
dia mete rs in the ho rizonta l pla ne o f 17 S t. inquieta cyst s were measured 3 times. T able 34 
shows tha t a lmost the same yalues were obt ained for t he ayerage di a met ers o f the cysts 
in each of the three measurings. T h is indicates t hat when the a,·e rage volumes o f the cysts 
a re compa red with each other , no decisiye ro le w ill be p layed by direc t errors o f m easure
ment. These values will be s t a ted in round hundreds, as with t he ac tiYe c ilia t es. 

If cyst s a re transferred to solutions hypertonic to their encystment medium, they will 
shrink in volume if the co ncentration is suffi ciently high. This m akes it possible to study 

TABLE 34. The average values for the longest and shortest diameters visible 
horizontally in 17 St . inquiet a cysts. 

A,·erage AYe rage 
diam. 1 dia m . 2 

1st measuring 35 .u 34.56 

2nd measuring 35.13 34.5 

3rd measuring 35. 16 34.59 
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their interna l osmotic pressure in a way which is the same in principle as that adopted 
by other writers for the internal con centration of the act ive c iliates (se.e p. 18). When 

the cysts of P. herbicola, 0. fallax and St . inquieta shrank, they became irregular in shape, 
which made it impossible to measure the size of the volumetric changes. Nor did the cysts 
of any of these species become distended in solutions hypotonic to their encystment 

media. Consequently, with these ciliates the only possibility was that of determining the 
salinity at which plasmolysis began. With E. taylori, on the othe r hand, plasmolysis was 
uniform, and the thin walls of these cysts followed the contours of the plasma when a 
reduc tion in volume occured. Besides this, the cysts increased in volume in media hypo
tonic to the encystment m edia. For these reasons, the size of the volumetric changes both 

in hypertonic and hypotonic media could be t aken into account when calculating the con
centration. 

As regards the technique, experiments on a ll four species were carried out in the same 

way. The cysts, together with some encystment medium, were introduced into a drop 
of paraffin o il. The encystment medium was then remoYed, but not so much of it that the 
cysts became wedged between the layer of paraffin oil and the cover glass. This is partic
ularly important in the case of cysts with thin shells . The next step was to add a new 
medium of the required concentration. This was repeated at least three times. In each 
case, the old medium was first drawn off. The water inside the paraffin o il layer was now 
and then set in motion by mean s of the capillary pipette. About 15--20 minutes elapsed 
between ch anges of medium. In wha t follows, the newly injec ted medium will be known 

as the test medium. 
The cysts of P. herbicola, 0. fallax and St. inqttieta were placed in a medium which 

gave a distinct, but not too violent plasmolysis. The concentration of the medium was 

then reduced by 30 m:M at a time until the last cyst was unplasmolysed. If a cyst was 
clearly p lasmolysed in 192 ml\lf and equally clearly unplasmolysed in 162 mM, its internal 
concentra tion h as been taken to lie halfway between these values, i.e., at 177 mM. Again, 
if it was clearly plasmolysed a t 192 :mM, for example, :more or less p lasmolysed at 162 :mM, 

but clearly unplasmolysed a t 132 mM, its concentration has again been stated as 162 ru'L 
It is difficult to obtain any great exactitude by using this method, because it is difficult to 
decide whether a cyst is undergoing plasmolysis or not. 

As has been said, the cysts of E. taylori provided an opportunity to :measure t he s ize 
of the volumetric changes, and this increased the accuracy of this method. Furthermore, 
it was seen that after the cysts b ad been treated with either hypotonic or hypertonic 
solutions, and h ad been returned to media isotonic with the encystment medium, they 
a lways h ad a volume greater than their original one. The same thing happened if fresh 
isotonic culture medium was substituted for the encystment medium without first treat
ing the cysts with hypotonic or hypertonic solutions. If these cysts were left undisturbed, 
they had always shrunk again by 12 hours later , if not sooner. A convenient explanation 

is tha t in their original state the cysts were hypertonic to the encystment medium, and 
that this condition was :maintained by means of the mechanical resistance of their shells: 

transfer to fresh media (hypertonic, hypotonic or isotonic) caused excystment to begin. 
This :mechanical resistance then ceased or was reduced, with the result that the cysts 
swelled and became isotonic with the surrounding :medium. By treating the cysts with 
hypotonic and hypert onic media and then returning them to isotonic media, it is possible 

first to investigate the inte rnal osmotic pressure of these swollen cysts and then work 
out their concentra tion when unswollen. 

I n connection with the cys t experiments, an interesting difference was found between 
the active c iliates and their cysts . In experiments which I carried out with E. taylori cysts, 
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it was found that cysts from 14 9 mM which were transferred t o 239 mM a further 2 1 / 2 hours 
after they had shrunk in yolume had underwent no new volume tric ch anges. Also, St. in
quieta cysts were still plasmolysed when they were examined se \·eral hours after the 
hypertonic medium had been added. These observations could mean that the cell mem
brane either does not le t salts p ass through or else does so extremely slowly. Another 
interpre tation is theoretically possible, howe\·er . If the rela tive concentrations of the ions 
in the cysts were on the whole the same as those in the surrounding medium, they would 
not swell again in this case either , so long as they remained in the hypertonic medium. That 
this would be so is shown by the argument on p. 42. This is by no means a far-fetched 
interpretation in view of the fact that the metabolism of the cysts is certainly low, and 
this - if the m embrane is no t semipermeable - might be thought t o cause difficulties 
in m a inta ining the gradients in the case of indi\;dual ions. On the basis of our present 
knowledge o f cysts, it is impossible to say with certainty which of these interpret ations 
is the correct one. 

However , the question o f whether or not the cell membrane is perfectly sem ipermeable 
is not of major importance t o these plasmolysis experiments. The only important thing 
is tha t the r a t e of d iffusion is faster for the water than for the salts. \Vhen plasmolysis is 
well established, the cell and the medium are as nearly isot onic with one anothe r as is 
possible. 

But even if the cyst membrane is perfectly semipermeable, we should bear in mind 
the fact that m et abolic products as well as ions h ave the means of leaving the cyst via the 
contractile vacuole. This too can cause changes in the relative ion concentration and make 
it diverge from that of the active ciliates. It may be mentioned tha t for some time afte r 
encystment a nd before excystment the •acuole is usually working. 

R esults of determination of volume and concentration 

Table 35 shows the volumes of E. taylori cysts first in the encystment 
medium, then after treatment with hypotonic and hypertonic solutions, and 
then (after completion of the above treatment) in sea-water isotonic with the 
encystment medium. Table 36 shows the concentration of the swollen cysts 
in this isotonic medium calculated on the basis of the volumetric changes 
and the concentration values for the hypotonic and hypertonic media. The 
latter table shows that the values obtained by means of the hypotonic medium 
are always lmYer than the concentration of the encystment medium, whereas 
those given via the hypertonic medium are always higher. The volumetric 
changes are not so large as might be expected in view of the size of the con
centration changes. This has long been a well-known phenomenon. It seems 
probable (DICK , 1959 and GLY1\~, 1959) that this apparent lack of agreement 
is mainly, if not entirely, due to the fact that the osmotic effect of the proteins 
(thei r osmotic coefficient) changes when the salinity changes. The osmotically 
inactive part of the cysts' volume seems to influence the results in the same 
way. Nor is it out of the question that the shell of the E. taylori cysts prevents 
them from swelling in hypotonic media as much as their internal concentration 
would give reason to expect. 
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TABLE 35. The original volume of E. taylori cysts in the culture medium, their volumes it~ 

hypotonic and hypertonic media, and the volume of swollw cysts in a 
medium isotonic with the culture medium. 

Cone. Nu m- Vol. of Hypotonic med. I H ypertonic rued. 
\ "olume 

of ber cysts of 
rned. of 

before Vol. Cone. Yol. Cone. swollen treat- of of of o f in mM cysts ment cysts rued . cysts rued. cysts 

89 27 77,500 92,000 74 8 1,600 104 87, 100 

119 2 1 68,300 78,000 104 69,900 1 34 74,900 

149 27 56,500 63,100 11 9 56,500 179 59,800 

239 18 51,600 56,100 209 49,000 269 53,300 

269 25 61,, 700 68,700 239 60,900 299 66,300 

TABLE 36. The concentratiotl of the swolleu E. t aylori cysts. 

Cone. 
Cone. of swollen cysts 

of 
based on vols. in t est media 

med . Hypot. 

I 
Hypert. 

I 
Aver-in miVI me d. med. age 

89 78 97 88 

119 1 os 125 11 7 
149 12 6 169 14 8 

239 220 24/ 234 

269 248 275 262 

TABLE 37. The obtained internal concentration of E. taylori cysts from 119 m j\l whm 
treated with hypotonic and hypertonic media of different eotscentratio11s. 

Hypotonic medium I Hypertonic medium Cone. of cysts 

Cone. of 

I 
Cone. of 

I 
Cone. of 

I 
Cone. of hypot. and 

t est med. cysts test. med . cysts hypert. med. 

104 

I 
110 

I 
134 

I 
121 

I 
11 9 

89 98 149 136 11 7 

As t he table shows, t he average of the two values for the concentration 
is fai rly close t o that of the encystment medi urn. In all cases, they differ in 
that the calculat ed concent ration is less than that of the encystment medium. 
It seems very likely that this difference increases as the external salinity rises. 
Table 37 shows the results of experiments in which 10 E. taylori cysts from 
119 mM were subjected to plasmolysis or swelling in media which were hyper-
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tonic or hypotonic to varying degrees. From these results we see that the 
divergence from the concentration of the encystment medium increases with 
the degree to which the test medium is hypertonic or hypotonic. For those 
experiments in which there was a smaller change in the external concentra
tion, the average of the two values is equal to the concentration of the encyst
ment medium, whereas the average value is lower for those experiments in 
which there was a greater change in the external concentration. 

When calculating the concentration of the unswollen cysts, one can, of 
course, start either from the concentration obtained experimentally for the 
swollen cysts or from the concentration of the encystment medium. It is, 
however, probable that the difference between the results obtained and those 
expected was due to an experimental error. For this reason, the values in 
Table 38 for the internal concentration of the E. taylori cysts have been cal
culated as if the cysts had the same concentration as that of the encystment 
medium. As a comparison, one may say that if the values obtained experi
mentally for the swollen cysts had been used, the following values would 
have been obtained for the internal concentration of the E. taylori cysts: 

in a m edium of 89 m::II, 99 m::II 

• • • 11 9 • 12 8 • 

• • • 14 9 • 157 • 

• • • 239 • 242 • 

• • • 269 • 268 • 

The concentration of the cysts of the other three species are also shown in 
Table 38. In short, these values show that at all comparable concentrations, 
P. herbicola has the highest internal concentration, followed by 0. fallax, 
St. inqttieta and E . taylori, in that order. 

To give a comparison with the values in Table 38, it can be mentioned 
that according to ILOWAISKY (1926), the average internal concentration of 
cysts of Stylonychia mytilus was 174 n:UI of aCl. He probably used fresh 
water as the encystment medium. This value is higher than mine at roughly 
comparable concentrations. 

In the present context, the concentration values for the cysts become 
really interesting only when we compare the volumes of the cysts with those 
of the ciliates. This comparison can be made from Table 39. As has been said 
previously (p. 24), neither with St. inqt,ieta nor with E . taylori can one find 
any interdependence between the volume of the ciliates and the external 
concentration. The same can quite simply be said of the cysts of P. herbicola , 
0. fa/lax and St . inqt,ieta - at any rate, within the limits of those salinities 
in which measurements were carried out. With E. taylori, however, certainly 
at 89 mM, and possibly also at 119 n:WI, it seems as if the cysts were larger 



TABLE 38. The internal concentrations ( Ci ) and the di fferences between the in ternal and external concentration s (Ci-Ce) of the cysts 
of four species investigated. 

Cone. P. herbicola I 0 . fal/ax I St. inquieta I E . taylori 
of 

I I I I I I I I I I I 
med. No . of 

ci Ci-Ce 
No. of 

ci Ci-Ce 
No . of 

ci Ci-Ce 
No . of 

ci Ci-Ce inml\1 cyst s cyst s cysts cysts 

0 7 99 99 - - - - - - - - -
2 29 14 6 144 - - - 1!, ?9 7? - - -

15 28 151 136 18 11 6 101 - - - - - -
29 - - - 14 11 8 89 1 8 104 ?5 - - -
45 38 159 114 17 13? 92 - - - - - -
59 - - - 9 137 78 29 152 93 - - -
7ft 66 11, 7 73 20 137 63 - - - - - -
89 - - - 1? - - - - - 2? 100 11 

104 28 '179 75 - 162 58 - - - - - -
11 9 - - - - - - 21 21 '• 95 21 130 11 
131, t,G 1!l'l 58 - - - - - - - - -
1!. 9 - - - - - - - - - 2? 158 9 
162 31 218 56 - - - - - - - - -
192 38 260 68 - - - - - - - - -
215 36 :1 1 '· 99 - - - - - - - - -
239 - - - - - - - - - 1 8 21· 7 8 
2'•'t 22 :t3'· 90 - - - - - - - - -
269 - - - - - - - - - 25 2?6 7 
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TABLE 39. The average volumes of the ciliates and cysts of the four species invest igated . 

Cone. 
I'. hrrbicola 

I 
0. falta :o; I St . inquieta 

I of med. 
Volumes in cp. Volumes in c;t Volumes in cp. 

in mM Ciliates I Cysts I Cili at es I Cys ts I Cili ates I Cysts I 
2 - - - - 54,4.00 23 ,2 00 

15 11 8, 100 ?2,800 9 '1 ,1 00 t,r, , ?00 - -
29 - - - - 5?,5 00 1 ?,800 

59 - - - - 51, 600 19,200 
jt, - 60,100 - lo1 ,600 - -

89 - - - - - -
11 9 - - - - 5/,loOO 20 ,900 

1 3'· - ?0,300 - - - -
11o 9 - - - - - -
1 62 - ?3 ,6 00 - - - -
239 - - - - - -
269 - - - - - -
53 1 - - - - - -

Av~age I 11 8,100 I 69,200 I 91,1 00 I 4 3,200 I 55,200 I 20,300 I 

E. tay lori 
Volumes in c,u 

Cilia tes I Cys ts 

- -

- -
65, 100 -
52,900 -

- -
52, ?00 ??,50 0 

5? ,200 68,300 

- -
56,900 56,50 0 

- -
51o, 200 51,600 

- 61o, ?00 

53,900 -

56, 100 I 63, ?00 
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than at the other (and higher) salinities. It was characteristic of these cysts, 
especially those from 89 mlVI, that they very often had one or more large 
vacuoles. In 8 cysts with an average volume of 64,700 c,u, the average volume 
of these vacuoles amounted to as much as 21,500 c,u. The presence of such 
vacuoles was considerably less evident in cysts from 119 mM, and in those 
from 1119 mM and above it was strikingly less so. It therefore seems as though 
the greater volume for the E. taylori cysts at 89 !lUf, and probably also at 
119 mM, may be ascribed to the presence of such vacuoles. If we do not in
clude the volumetric values for cysts from media of 9 and 119 !lU'f, we get 
an average volume of 57,600 c,u- instead of 63,700 c,u-. This is much closer to 
the average volume of the active ciliates. 

In this connection, the only comparable volumes of the ciliates and their 
cysts are the volumes of those without vacuoles. As these seem to be much 
the same at all the salinities concerned, the calculated average volumes in 
Table 39 can also be used to work out the volumetric relationship between 
the ciliates and their cysts. This ratio is greatest in the case of St. inq·uieta 
(2.7) . Then come 0. fallax (2.1) , P. herbicola (1.7) and E. taylori ("" 1.o). 

As far as I know, RAMMELMEYER (1931) is the only writer who has made a 
comparison between the volumes of the active ciliates and their cysts. Accord
ing to him, the active Dileptus sp. ciliates are 20 times larger than the cysts. 
However, his calculations are invalidated by errors, as the following quotation 
shows: >>Die lVIittelgrosse des Durchmessers kommt bei 60 zu liegen: D = 60 ,u-; 
R = 30 ,u- folglich ist das Volumen = 11,304 ,u-3 , d.h. bei 0.1 mm3 >> . In the first 
place, if the radius is 30 f.t, the Yolume is 113,130 c,u-. econdly, 0.1 mm3 = 
108 c,u-. Thirdly, the volume of the active ciliates, whose length varied be
tween 200 and 350 ,u- but whose breadth varied between 60 and 75 ,u-. is certainly 
not 2.o mm3 (2 x 109 c,u-), as RAMMELMEYER states. 

In Table 40, the internal concentration of the cysts has been divided by 
the ratio between the volume of the ciliates and that of their cysts. This is 
an attempt to work out the internal concentration of the active ciliates by 
this additional method. With two of the species studied ( t. inqtfieta and 
E. taylori) it is possible to compare the results obtained by using the cysts 
with those given by the active ciliates. If we look first at the values for E. tay
lori, we find that the two methods have given principally similar values. The cyst 
e.....:periments therefore support the results obtained by using the active ciliates. 

But when we look at the results of the experiments with t. inquieta, we 
find a tolerable agreement only at 29 ml\'I, whereas at higher concentrations 
the values based on the cyst experiments are not only lower than those given 
by the ciliates but are also hypotonic in relation to the encystment medium. 
The calculations for P. herbicola and 0. fallax also give hypertonic values for 
low concentrations and hypotonic values for high ones. These results are 



ACTA ZOOLOGICA FE T~ ICA 104 79 

TABLE 4 0 . The internal concentration of the cysts (Ccy ) divided by the ratio between the volume, 
of the ciliates and the volume of the cysts ( Jl ci / V cy ) of the four species examined, 

together with the internal con centration (Ci) of the active St. inquieta and 
and E. taylori ciliates. 

Cone . P. herbicola I 0. fa llax I St . i nquieta I E. taylori 
of 

I I I 
Ci of 

I 
m ed . Ccy X \'cy Ccy X \ 'cy Ccy X \"cy cils . Ccy X Vcy I Ci o f 

in ml\f \'ci \ "ci \"ci in nL\[ \"ci cils . in m:vr 

0 58 - - - - -
2 86 - 29 - - -

15 89 55 - - - -
29 - 56 39 44 - 48 
45 94 65 - - - -
59 - 65 56 67 - 73 
71, 86 65 - - - -
89 - - - - 100 103 

104 105 77 - - - -
119 - - i 9 129 130 131 
134 11 3 - - - - -
149 - - - - 158 161 
162 128 - - - - -
192 153 - - - - -
215 185 - - - - -
239 - - - - 24 7 245 
244 19 6 - - - - -
269 - - - - 2i6 -

difficult to understand unless we assume that, at least at higher concentra
tions, a reduction in the absolute quantity of osmotically active substances 
took place in connection with or after the process of encystment. 

This reduction may very well have taken place in a passive way. As has 
been said before (p. 48). we may expect the osmotic substance inside the cell 
at low external concentrations to consist of non-diffusing anions, diffusing 
cations which are kept inside the cell by a Donnan equilibrium, and probably 
some less easily diffusible ions which may have come into the active ciliates 
in connection with the engulfing of food . This portion of the osmotic substances 
is independent of the concentration of the external medium, and makes the 
cells clearly hypertonic. It has already been mentioned that DUNHAM and 
CHILD (1961) reckon that a binding of ions takes place inside the cell. This 
possibility can by no means be excluded, but as far as this argument is con
cerned, the result in the end may be the same as if the ions were retained by 
a Donnan equilibrium. Accordingly, for the sake of simplicity, only the latter 
will be taken into account in the argument that follows. or is there anything 
to suggest that the one theory should exclude the other. 
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On the other hand, if the ciliates are living in a medium ·with a higher salt 
concentration, they will contain ions which are there simply because the cells 
are not capable of a hypotonic osmoregulation. In this case, they can in theory 
be isotonic just as easily as hypertonic in relation to the medium. 

If the ciliates in the dilute medium encystate, and if the quantity of non
diffusing anions remains unchanged, we cannot expect any great difference 
between the total amounts of osmotic substance in the active ciliates and their 
cysts. The result will only be an increase in the internal concentration. But if 
the ciliates encystate in higher concentrations, this will also mean an increase 
in the concentration of such ions as were already inside the cell because of its 
incapacity for hypotonic osmoregulation. By reducing its volume, the cell 
will contain )>Overflow)> ions, which will result ions diffusing out of the cysts 
- perhaps during the encystment process. It has previously been mentioned 
that the cyst membrane may possibly be distinctly semipermeable. It is im
possible to decide whether this may also be true of the membrane of a ciliate 
which is on the point of encysting. But no matter when this efflux takes place, 
it is worth remembering that it can always take place via the contractile 
vacuole. The consequence of this will be that when we calculate the concentra
tion of the ciliates we should get reasonably correct values at very low con
centrations, but at higher concentrations they should be too low. If the exter
nal concentration was sufficiently high, the calculated concentration of the 
ciliates will be hypotonic to that of the encystment medium. Theoretically, 
they should become more and more hypotonic as the external concentration 
rises. Table 40 shows that this was largely the case, and this supports the above 
argument. 

Furthermore, the internal concentration of the cysts should be consider
ably lower in distilled water than in a medium of 2 ml\I. One reason is the 
absence of the additional contribution to the hypertonic state caused by the 
Donnan equilibrium. Table 38 shows that this is what happened, and 
this further supports the correctness of what has been said above. 

There is therefore no real reason to doubt that on the basis of the con
centrations of the cysts in dilute media one can al o get a good idea of the con
centrations of the active ciliates. When judging the accuracy of the absolute 
values obtained for P . herbicola and 0 . fallax, however, we must bear in mind 
the fact that the volumes of very few active ciliates have been measured. 
Another source of error which it is very difficult to check up on is, of course, 
the fact that the quantity of non-diffusing anions may have changed during 
the process of encystation. 

It is possible to obtain some idea of the correctne of the calculated internal 
concentration by working out the permeability constant for t. i·llqt,ieta in 
a medium of 2 mM on the basis of the internal concentration calculated by 
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means of the cysts, together with the average surface area of the ciliates and 

either the rate of swelling or the vacuolar output. Using the rate of swelling 

gives the value 0.27 fl X min- 1 X atm- 1, while the vacuolar output gives 

0.24fl X min- 1 X atm- 1. Both values correspond very well with the values 

in Table 32 (p. 67) for the permeability constant at concentrations higher 

than 2 mM. This confirms the correctness of the determinations of the con

centration. It may also be added that the values given in Table 40 for the 

calculated internal concentration at low external concentrations agree very 

well with the results published by other writers, as can be seen from Table 12 

(p. 34). 

It seems that on the basis of the cyst experiments one can draw conclusions 

on the internal concentration of the active ciliates in media of very low salinity. 

This is particularly valuable in view of the fact that the swelling method could 

not be used in this case. Both the calculated value for St. inquieta in a medium 

of 2 m 1 and the comparatively high internal concentrations of P. herbicola 

and 0. fallax in weak saline solutions are good indices of the fact that these 

ciliates are considerably hypertonic in low concentrations. 

Di cu SlOll 

The internal concentration of the pecie investigated 

The swelling experiments showed that though the internal concentration 

falls, the difference between the internal and external concentrations rises 

as the salinity decreases. This was so with both the salt-water species E . taylori 

and the fresh-water species St. inquieta. It was technically possible to check 

the experiments on the former species both by studying the reaction of the 

active ciliates to changes in the external concentration and by investigating 

the internal concentration of its cysts in media of 9 m~I and above. Both 

controls gave positive support to the results of the swelling experiments on 

the active ciliates. With the other species too, and in very dilute media in 

which the swelling method cannot be used , the cyst experiments gave good 

indices in support of the above interpretation of the dependence of the internal 

concentration on the external one. 
The vacuolar output and the rate of swelling of the ciliates point in the 

same direction as the other experiments. The lack of correlation between the 

vacuolar outputs and the swelling rates may be due to experimental errors. 

Factors which may have caused this include the rate of apparent increase in 

volume, the fact that the vacuolar output in old media is lower than normal, 

and the possibility that there is some loss of water when solid waste products 

are eliminated by the cell. 

6 
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None of the results published in the available literature are in unquestion

able opposition to mine. 
It was found that in all probability the ciliates are more hypertonic in 

diluted media than in concentrated ones. This can be looked upon as an active 
process within the ciliates, aimed at avoiding too great a reduction in the salt 
concentration of the cell. However, the arguments presented in connection 
with the cysts (p. 79) showed that the cause may just as well be a passive one 
- a consequence of the composition of the internal osmotically active sub
stances. This has also been pointed out by KrTCHL'\G (1956). o active regula
tion of the absolute quantities of osmotic substances need therefore arise. This 
explanation seems more likely. The result would be that the ciliates need a 
mechanism which eliminates the water which diffuses into the cell through 
osmosis. In addition, there must be some mechanism which regulates the 
relative concentrations of the ions. 

Osmoregulation 

The only thing one can say with absolute certainty about the contractile 
vacuole is that it eliminates water from the cell. It further seems, from this 
and other investigations, that this elimination of water is necessary principally 
because protozoans are hypertonic to their environment. One must also reckon 
with the fact that some of the water eliminated is of metabolic origin, or had 
come into the cell in connection with the engulfing of food. The two last
mentioned factors can have a significant effect, especially at higher concen
trations. 

Although the reasons for this discharge of water need not be discussed more 
thoroughly here, there are two other questions which mu-t be treated at some 
length. 1. The way in which the discharge of water takes place. 2. Possible 
functions of the contractile vacuole other than the elimination of water. 

Since the water is separated out from the other parts of the ciliate during 
the diastole phase, this is the truly osmoregulatory stage of the acuolar cycle. 
The mechanism of the diastole phase has been explained by means of a wide 
range of theories: 

1. The filtration theory. KITCHING (193 ) pointed out that this was im
possible, as one cannot imagine differences in hydrostatic pressure between 
the cytoplasm and the vacuole. 

2. The osmosis theory. Briefly, this supposes that osmotically active sub
stances are first secreted into the vacuole, and this causes water to be drawn 
in afterwards. 

3. An active transport of water into the vacuole through the vacuole mem
brane. 
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4. Phase separation. This does not mean that the water is transported 
through a membrane, but rather that it is separated out from other parts of 
the cell. According to KrTCHING (1956), phase separation can equally well 
mean that the water is separated out against a concentration gradient as that 
this is not the case . He says of this process: >>Thus an active phase separation, 
based on protein contraction, and provi<ling for the transport of water against 
the concentration gradient, provides a very attractive hypothesis>> (p . 33). 

During recent years, the osmosis theory has been mainly defended by 
H OPKIN'S (194.6). DUNHAM and CHILD (1961) evidently think along these 
lines, too. Accor<ling to H OPKINS (194.6) it is metabolic products which give 
rise to the osmotic uptake of water in the vacuole. However, KITCHING (1956) 
has pointed out that when the ciliates live in media of high concentrations, 
these substances cannot be sufficient to make the contents of the vacuole 
isotonic with the rest of the cell. In such cases, therefore , he reckons that 
before this theory can be thought possible we must assume that salts diffuse 
into the vacuole . DuNHAM and CHILD (1961) think that it is Na+ ions which 
cause the osmotic uptake of water. 

The secretion of water into the vacuole has been coupled with enzymes 
sensitive to cyanide. 

These occur almost entirely within the mitochondria. These have been 
found to be particularly abundant around the vacuoles of a number of proto
zoans (Chaos chaos, accor<ling ANDRESE:-<, 1942; and Tokophrya infusionum, 
according to RuDZIXSKA, 1958). Moreover, ~fA T and DoYLE (1935) found 
that the number of mitochondria in Amoeba proteus is in direct proportion 
to the pulsation frequency. LEID:l.~'IX, ~1A..'\XI and BAIRATI (1956) say that 
the mitochondria round the contractile vacuole are kept in contact with. it 
by means of a reticulum. 

SPAN::-."'ER ('L 954.) is in favour of an active transport of water, including a 
transport of water through the vacuole membrane, and he has tried t o explain 
this by means of a thermo-osmotic hypothesis. This, however, is completely 
unverified. 

RomNSON (1953) maintains that the cells of metazoans also have an active 
transport of water, and that here too, cyanide-sensitive enzymes are con
nected with the secretion of water. But the concept that metazoan cells are 
on the whole hypertonic to the body fluid has been criticised (see p. 14) and 
this criticism consequently applies to their need of a transport of water. 

Even phase separation cannot find support in experimental facts however 
attractive it may be as a theory. 

Whichever of these theories is correct, it seems extremely unlikely that 
the water in the contractile vacuole are entirely free of ions - that is, provided 
that the cell contains ions which can diffuse through the cell and vacuole 
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membranes. In any case, the investigations which have been carried out with 

the electron microscope by LEHMAN , w xr and BAIRATI (1956), PAPPAS 

and BRAND (1958) and RuozrNSKA (1958) do not indicate that there is any 

difference in principle between the cell membrane and the vacuole membrane, 

though this possibility is not, of course, thereby excluded. There seem, how

ever, to be no reasonable grounds for supposing that the vacuole membrane 

is less permeable to ions than the cell membrane seems to be. Therefore, a 

vacuolar medium without ions would mean that any ions which had passed 

through the membrane had been reabsorbed. This seems less likely when one 

realises that this would also mean the reabsorbtion of those ions which the 
cells are forced to eliminate (e .g., a+ and Cl- ). Furthermore, in external media 

of high concentrations this would give rise to enormous gradients between 

the cell and the vacuolar fluid. 
It is true that LbvTRUP and PIGON (1951) have tried to show that the 

osmotic escape of water from the vacuole back into the cell play no major 

role. They imagine a surface ratio between vacuole and cell of '1:100. Accord

ing to them, this means that only 101 units of water need be discharged into 

the vacuole when 100 units come into the cell. If this reasoning hold good, the 

escape of water would obviously mean very little extra work. But we saw 

from Table 29 (p. 63) that in the four species studied here this ratio varied 

between 1:5 and 1:50 immediately before systole. The average over the whole 

vacuolar cycle would then be between about 1:10 and 1:100. This fact alone 

shows that vacuoles commonly have a bigger surface area in comparison 

with the areas of the cells than Lbv'l'RUP and PrGOK (1951) had in mind and 

that the loss of water is thereby greater. I n all probability, small vacuoles 

play at least an important part in the formation and growth of the contractile 

vacuole, and they may even be entirely responsible for it. For this reason, 

the total surface area of the small vacuoles (de fa cto the true vacuolar area 

during a complete cycle) will be many times greater. Purely as an example, 

it could be said that if the small vacuoles had a diameter of 0.1 fL - the smallest 

seen by R DZINSKA (1958) - and if their total volume were 166 cp, this would 

mean a total surface area equal to that of the ciliate itself (10,000 sqJ-L). Nor 

do LbvTRUP and PrGox take into consideration the fact that with a vacuolar 

medium containing no dissolved substances one gets higher gradients between 

the vacuole and the cytoplasm than between the cytoplasm and the medium, 

and that this difference increases as the e..'\rternal concentration increases. 

Obviously, this will further increase the escape of water from the vacuole in 

proportion to the amounts which a re coming into the ciliate. 
There is also the fact that HoPKIN'S (1946) demonstrated de facto that the 

vacuoles of Amoeba lacerata act as >>osmometers&, which is difficult to explain 

without assuming that they contain dissolved substances. 
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From what has been said above, it appears that whether osmotically active 
substances (metabolic products or ions) are secreted in the first place and the 
water follows passively after, or whether it is the water itself that is actively 
transported or separated out, the main thing is that it is extremely likely that 
the contractile vacuole contains ions. 

There are several attractive aspects to the theory that the vacuole (or, 
more accurately, the small vacuoles) become filled with water through a 
transport of ions and so form a hypothetical beginning to the vacuole. In the 
first place, it is well known that ciliates have a combination of ions which re
quires an active ion regulation. In the second place, with ciliates as with many 
other cells, this regulation must mean that a+ is transported out of the cell 
through a membrane, while K + is probably transported inwards. As the systole 
phase is a mechanical process, the vacuole membrane represents an external 
membrane from the osmotic point of view, and in any case the whole of the 
elimination of a+ should be able to take place through this. This is so espe
cially in view of the fact that the total vacuolar surface area is probably greater 
than that of the cell. This fact also means that the greater part of the K + which 
diffuses out of the cell will end up in the vacuole, from which it is conceivable 
that it is reabsorbed. Such a mechanism seems by no means improbable if, 
like many investigators, one thinks that there is a link between the outward 
transport of a+ and the inward transport of K + . An active transport of sodium 
into the vacuole would give its contents a positive charge. The electro-chem
ical gradient thus created would also cause anions to diffuse into the vacuole 
- possibly Cl- and HC03-, for example. This hypothesis has one great ad
vantage. It has never been possible to establish with certainty any process 
in which water is actively transported through a membrane. On the other 
hand, it seems evident that this may be so with ions, though here too the 
actual mechanism behind the transport is still on the theoretical plane. If 
the vacuole does function on the above lines, it would , moreover, mean that 
cells which need to eliminate water make use of the generally present ion 
regulation to achieve this purpose. This circumstance might at least be one 
explanation of why such an organelle as the contractile vacuole exists at all, 
and why all these processes do not take place through the cell membrane. It 
is true that KITCHIXG (1956) has tried to answer this question by pointing 
out that a lot of protozoans have a cuticle, and that this may have necessitated 
a special organelle for the discharge of water. But it is by no means to be 
taken for granted that a cuticle which presumably allows water to pass in would 
be able to prevent its discharge. A possible objection to this argument , however, 
is that the water enters only through a restricted part of the ciliate's surface, 
where the cuticle may be different from other parts of the surface, and that 
these areas are too small to allow a sufficiently effective discharge of water. 
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On the other hand, it is difficult to think of ions as the driving force behind 
the vacuolar secretion of water in the case of ciliates which are able to live in 
distilled water. It was previously mentioned that P. herbicola was able to 
do this. To check once more that this is really possible, I have kept O.fallax 
in water which had been distilled in glass. (The ciliates were from the Biolo
gical Station, Espegrend, Norway. For faunistic details, see REu TER, 1963). 
The water was changed thrice daily. After 3 days the ciliates were still alive 
and their vacuoles were functioning. This might possibly mean that something 
other than actively transported ions may have been the driving force behind 
the diastole phase. 

As was shown previously, we cannot exclude the possibility that the pri
mary stage of the diastole phase is an active transport of water or a phase 
separation against an osmotic gradient. If this is the case, it is nevertheless 
likely that the vacuolar medium contains ions, and it is by no means out of 
the question that under these circumstances the vacuole also plays some part 
in the regulation of the relative ion concentrations - even if no active trans
port of ions takes place. For this to be possible, equally many Na+ ions must 
be able to diffuse out of the cell as come into it passively, in spite of the fact 
that the Na+ concentration is higher in the medium than in the ciliates. Under 
certain conditions (such as the presence of several different anions which can 
diffuse through the cell membrane, and the absence of other cations which 
can pass through the membrane) this is not theoretically impossible, as we 
have very good grounds for thinking that the surface through which ions can 
diffuse out (that of the cell membrane + the total vacuolar surface) may be 
considerably greater in area than the surface through which ions can enter 
(that of the cell membrane). Furthermore, one must imagine that K+ ions 
can accumulate within the cell without active processes. 

It is true that, one would in the first place expect K + to be the cation which 
was mainly responsible for filling the vacuole. But with regard to this ion, 
DUNHAM and CHILD (1961) have shown that it is very slow to leave the cell. 
They explain this by supposing that it is >> ... retained by a system of internal 
binding sites.>> (p. 139). It cannot be expected, however, that this explanation 
will be generally accepted (see p. 48). If Dm~HAM's and CH:rr.D's observation 
is correct, the fact remains (irrespective of the reason) that K + ions right 
inside the cell cannot be regarded as freely diffusible to the same extent as 
Na+ ions. This would partly be able to create the deficit of cations which is 
necessary in the case of diffusible ions, and at the same time it would cause 
K+ ions to accumulate. The problem is made more complicated, however, by 
the fact that the vacuole cannot transport away the major part of the sodium 
which comes into the cell unless the vacuole has a higher a+ concentration 
than the cell in general. This is possible only provided that anions in the vac-
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uolar medium create an electro-chemical gradient between this and the rest 
of the cell. If these anions can pass through the membrane passively, their 
concentration in the vacuole cannot exceed their concentration in the rest 
of the cell. This means that one must imagine several different anions. Cl
may be one of these and HC03- another. Too little is known about other anions 
for us to be able to draw any conclusions about them. 

Again, if we assume that the driving force between the diastole phase is 
the secretion by the vacuole of excretory products, we can get the same result 
as in the above hypothetical model. As has been said, here too we must imagine 
that the vacuolar medium contains ions which are diffusing into the vacuole. 

A phase separation which does not mean a transport against an osmotic 
gradient may offer special possibilities. But this explanation is still so hypo
thetical that it does not even permit theoretical speculations. 

There is one advantage in thinking that the driving force behind the diastole 
phase is either the active transport of water, phase separation against an 
osmotic gradient, or the secretion of excretory products, as these explanations 
can account for the way in which the vacuole is able to function even when 
the ciliates have been living in distilled water. 

Apart from what has been said above, there is one factor which might 
indicate that the vacuole has a function other than the discharging of water. 
On p. 44 it was mentioned that the vacuole was functioning shortly after the 
ciliates were transferred to a hypertonic medium. It is difficult in this case 
to imagine that the cells needed to discharge water, as they were in all prob
ability isotonic with the outer media. On the other hand, it seems probable 
that the relative ion concentrations had been disturbed. It is therefore conceiv
able that in this case the contractile vacuole was working so as to restore the 
ion balance between the ciliates and the external medium. 

Whatever the mechanism which fills the contractile vacuole, it must have 
some beginning. According to PAPPAS and BRA.'\D (1958), who investigated 
3 species of amoeba (Amoeba proteus, P elomyza carolinensis and Hartmanella 

ryzodes) it is conceivable that the small vesicles which later fuse into small 
vacuoles (which in their turn give rise to the contractile vacuole) may originate 
from components in the endoplasmic reticulum. They also consider it possible 
that these vesicles have their origin in pinocytosis vacuoles. The same may 
apply to ciliates. It is true that pinocytosis is not known in their case, but in 
view of the fact that it has been established in, for instance, various mamma
lian and plant cells (see HOLTER, 1959, and R TAD, 1961) , one can well 
imagine that this phenomenon may occur in ciliates too. It is interesting to 
note that according to HOLTER (1959) it has never been possible to observe 
the complete disappearance of pinocytosis vacuoles: afterwards, they merely 
shrank in volume and finally showed resemblances to mitochondria. HoLTER 
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(1959) says that it has even been thought that these shrunken pinocytosis 
vacuoles might contribute to the formation of the mitochondria, or might 

possibly even form them. 

On the whole, it is striking how pinocytosis reminds one in a number of 
respects of an inverse vacuolar activity - this has also been pointed out by 
PAPPAS and BRAND (1958) . The similarities lie partly in the fact that the pino
cytosis vacuole can split up into smaller vacuoles, which then disperse into 
the cell (HaLTER, 1961) , and partly in the fact that carbon monoxide, cyanide 
and low temperatures can have an inhibiting effect on pinocytosis (R uSTAD, 

1961). One striking difference, however, is that the substances which are 
mainly taken up through pinocytosis are adsorbed onto the membrane of the 
pinocytosis vacuole. It is difficult to think of anything similar in the case of 
the contractile vacuole (if this is assumed to secrete anything other than water) 
as the vacuole membrane continues to exist in the cell. 

Another interesting fact is that contractile vacuoles occur not only in 
protozoans but also in some Pori/era (]EPPS, 1947) and in certain blood cells 
from the frog , the guinea-pigs and Man (BESSIS , 1956) . 

In other words, we can by no means assume that the contractile vacuole is 
so restricted a phenomenon as was previously believed, and we must also 
consider the possibility that it functions in a way which does not differ in 
principle from processes which occur in cells lacking a contractile vacuole. 

To sum up, it can be said of osmoregulation in the species studied here that 
the ability of the vacuole to eliminate water corresponds functionally to the 
more solid walls of other cells, and that it is possibly also one element in the 
mechanism which regulates the concentrations of the individual ions. It 
cannot be maintained that under the prevailing experimental conditions any 
of the species investigated here actively regulated its total concentration of 
osmotically effective substances. If there are any osmoregulatory reasons for 
the difference between the salt-water and fresh-water species which I have 
studied, they may be connected with differences in their ability to regulate 
the relative concentration of ions. 

The salinity tolerance of protoplasm 

Another possibility is that the difference between the salt-water and fresh
water species is due to their differing abilities to tolerate high and low salt 
concentrations. On the whole, very little is knmvn about this problem. 

HoPKINS (1946) has chosen to see in the ability of Amoeba lacerata to 
tolerate variations in its internal concentration a difference of principle between 
protozoans and metazoans. In actual fact, extremely little is knmvn about 
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the internal osmotic pressure of metazoan cells. CHAMBERS (1949) and J. R. 
RoBINSON' (1953 and 1954) think that at least certain cells are hypertonic to 
the body fluids. This point of view has been criticised by CoxwAY and McCoR
MACK (1953). In any case, the general opinion is that metazoan cells are highly 
dependent on an internal environment which is osmotically constant. But 
one should bear in mind that there is already a big difference between a separate 
cell which lives its own life and cells which have to live in co-ordination in a 
tissue system. Variations in the internal concentration must therefore be 
thought more likely to disturb this co-operation than the cells in themselves. 
This, of course, is not the same as a difference between the ability of the proto
plasm in the two kinds of organism to tolerate different salinities. RAMSA v 
(1954) has stated that organisms which penetrate far up into estuaries are by 
no means those with a better ability to keep the concentration of their internal 
medium constant. However, this indicates that between different organisms 
there may be real differences in the protoplasmic tolerance of salinity. It is 
not known if the decisive element in such cases is the osmotic pressure per se 
or the actual salt concentration (possibly with only one or two kinds of ions 
as the effective factor). The fact that marine elasmobranchs increase their 
internal osmotic pressure with the aid of urea could indicate the latter alter
native, according to R~ISAY (1954) . The same may well be said about his 
statement that the few species which can move from fresh to salt water have 
a hypotonic osmoregulation. 

The maximum salinity which a fresh-\Yater ciliate can endure cannot 
always be considered absolute. By means of transfer experiments it has been 
shown (FINLEY, 1930; 0BERTHUR, 1937; and FRISCH, 1940) that at least a 
number of fresh-water ciliates can endure higher concentrations if the change 
of medium takes place in stages instead of all at once. ince some ions certainly 
pass through the membrane more quickly than others, and since this ability 
to penetrate the membrane is not in proportion to the relative internal ion 
concentration of the cells, one must suppose that this ability will be altered 
when there are changes in the salinity of the external medium. The greater the 
concentration differences, the greater the alteration one can reckon on. In 
ciliates which are in equilibrium with their medium, both the a+ content 
and the K+ content seem to be fairly independent of the external concentration 
(CARTER, 1957 and DUN'HJU! and CHILD, 1961). In view of this fact, it also 
seems as if, at least within certain limits, the internal concentration of the 
various individual ions could play a greater role than the total salt-content 
or the total osmotic pressure. This is by no means impossible if we bear in 
mind the fact that the individual ions { a+ , K+ , ::\Ig++ and Ca++) have differ
ent effects on the gel-sol state of the plasma (PORT, 1927; HEILBRUNN and 
DA..'I"GHERTY, 1931 and 1932; CHAMBER , 1949). 
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It seems possible that the difference between the fresh-water and salt
water species is at least in part to be looked for in the ability of prot0plasm to 
tolerate both strong and weak salt concentrations (with possibly only one or 
more ions being effective). In the light of present-day knowledge, this is as 
close as we can get to the real reasons. 

Summary 

1. The material for this investigation consisted of 4 species of hypotrichous 
ciliates: Oxytricha fallax (STEIN, 1859), Steinia inquieta ( TOKES, 1887) , Para
holosticha herbicola (KAHL, 1932) and Euplotes taylori (GAR.c'\JOBST, 1928) . The 
first two are fresh-wate r species, the third has a greater tolerance of salinity 
than is usual in fresh-water species, and the fourth is a marine species. 

2. To make it possible to study the internal concentration of the active 
ciliates in external media with various osmotic pressures, a method was evolved 
which enabled accurate volumetric measurements (the »Capillary method>>) . 
This was used for E. taylori and St. inquieta. The volumes of P. herlYicola and 
O.fallax were determined by using a procedure which gave less exact results 
(the >>pressing method>>). 

3. When measurements were taken by the capillary method, the vacuole 
stopped, and this caused the ciliates to swell . On the basis of the amounts 
swollen their internal concentration was calculated. These results showed that 
the ciliates were most hypertonic in low e.'{ternal concentrations and least 
hypertonic in high ones. The rate of swelling was indirectly proportional to 
the external concentration. 

4. Changing the salinity in the capillaries gave grounds for believing that 
ions can very quickly pass through the cell membrane. 

5. The vacuolar output proved to be indirectly proportional to the external 
concentration. By means of this and also by means of the rate of swelling, the 
permeability constants were worked out for E. taylori and t. inquieta . The 
lack of agreement between the results of the two methods of calculation may 
possibly be due to experimental errors. The values worked out on the rate of 
swelling for both species lay between about 0.20 and about 0 . so f-L X min - 1 

X atm- 1 • 

6. The volumes and concentrations of the cysts of all four species were 
determined. Unlike the others, those of E. taylori underwent no volumetric 
change during encystment. The concentration values obtained strengthen the 
impression that the ciliates are more hypertonic in diluted media than in con
centrated ones. When encystment resulted in a reduction in volume, a reduction 
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in the amount of osmotically active substances took place in higher external 
salinities. This reduction may have been passive. 

7. Whether it is due to the active transport of water, phase separation or 
an active secretion of osmotic substances into the vacuole, the actual diastole 
phase must be an active phase from the osmotic point of view. It cannot be 
maintained that under the prevailing experimental conditions the four species 
investigated actively regulated their total internal concentration of osmotically 
active substances. The possibility has been discussed that the contractile 
vacuole forms one element in the mechanism which regulates the relative ion 
concentration. 

8. The difference between the fresh-water and salt-water species can prob
ably be attributed either to differences in their ability to regulate the relative 
internal ion concentration or to differences in the ability of the protoplasm to 
tolerate salt concentrations which are too high for the one and too low for the 
other. The effective factors may be the osmotic pressure or the salt concentra
tion per se - possibly the concentration of one or a few ions. 
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