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Growth Responses of Ciliate Protozoa to the Abundance
of Their Bacterial Prey
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Abstract. The growth rate or numerical response of five species of bactivo-
rous ciliates to the abundance of Enterobacter aerogenes was examined in
monoxenic culture. The ciliates Colpidium campylum, C. colpoda, Glau-
coma scintillans, G. frontata, and Cyclidium glaucoma were isolated from a
small pond. Four were grown in shaken cultures, while three were grown in
cultures in which the bacteria were allowed to settle on the bottom of the
culture vessel. Of the seven response curves generated, four had distinct
thresholds, so that the Michaelis-Menten model usually fitted to ciliate
numerical response curves was not appropriate. In shaken cultures, half-
saturation prey densities ranged from 5.5 X 10° to 42.9 X 108 bacteria/ml. In
unshaken cultures, half-saturation densities ranged from 0.057 x 10° to 14.6
X 10% bacteria/cm®. Two species grown on both suspended and settled
bacteria attained higher growth rates and had lower half-saturation prey
densities feeding on settled bacteria.

Introduction

There has been a recent increase in interest in the relationship between bacteria
in aquatic ecosystems and the ciliate protozoans which graze on them. Much of
this interest has arisen from the increasing urgency of understanding the effects
of organic enrichment on aquatic ecosystems, and also from the realization that
heterotrophic bacteria play a major role in secondary productivity and nutrient
cycling [3,23].

An aspect of the relationship between bacteria and their ciliate predators
which has been the object of several studies is the growth rate or numerical
response of ciliates to the density of their bacterial prey [1,2,4,6-9,12,13,16,18,-
21,25,28]. Despite the considerable attention this topic has received, several
critical questions remain.

Although some of the previously mentioned studies (e.g., 2,7) found that
ciliates did not multiply until high bacterial densities were available to them, the
more quantitative ones in which response curves were generated assumed a fit
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through the origin [1,4,6,12,21,25,28]. This latter group of continuous-culture
studies assumed that the relationship fit the classic Michaelis-Menten curve or
the modified version proposed by Contois [5]. In view of the importance of
thresholds in stabilizing prey populations {14,241}, the conflicting evidence even
using the same species or genera (e.g., 7 and 25, 2 and 1,12), and the general
expectation that filter-feeding species should stop feeding at unprofitably low
prey densities, more investigation is needed.

A second problem is the extent to which ciliate species differ in the prey
densities over which they show a changing response. Although several ciliate
species have now been investigated, individual studies have used only single
species. Because of differences in experimental design, prey species used, units
of measurement, temperature, and other parameters, comparisons are difficult.
A comparative study is required.

A final problem is that the above studies all used a stirred bacterial suspen-
sion so that densities would be uniform. Many or most ciliates graze surfaces,
feeding on nonmotile or attached prey. Even pelagic ciliates may be associated
with particles [12].

It is the aim of this paper to help resolve these three problem areas by using
five ciliate species, by using both suspended and settled bacteria, and by paying
particular attention to severely limiting bacterial densities.

Materials and Methods

The ciliates used in this study were collected from a small, soft-water pond in central Ontario
(19°29'13"W, 44°52'42"'N). They were Colpidium campylum (Stokes), Colpidium colpoda (Ehren-
berg), Glaucoma scintillans (Ehrenberg), Glaucoma frontata (Stokes), and Cyclidium glaucoma
(Miiller). The prey bacterium, Enterobacter (= Aerobacter) aerogenes, was obtained from the culture
collection of the School of Hygiene, University of Toronto. Details of isolation and routine mainte-
nance of stocks have been previously published {26,27].

Two experimental designs were used; one to examine numerical response to suspended bacteria
and the other to examine numerical response to settled bacteria. The former were carried out in 20 x
150 mm screw-capped test tubes containing 10 ml of medium which were rotated at 10 rpm in a
horizontal position with a rotary shaker. The latter were carried out in 5§ cm Petri dishes containing 4
ml of medium.

The culture medium for both types of experiments was a 0.15% w/v pond-water extract of
cerophyl (Cerophyl Laboratories, Inc., Kansas City, Mo.). This medium was filtered (0.45 pm) and
autoclaved before use. Cerophyl, a powder made from cereal grasses, supports the growth of bacteria
but is not by itself a food source for ciliates. To prepare various prey densities, Enterobacter was
grown for 48 hours at 25°C. This treatment ensured that the cells were in stationary phase. The
resultant bacterial concentration was then determined with the aid of a Petroff-Hauser bacteria-
counting chamber, and the desired prey densities were prepared by dilution with membrane-filtered
pond water. In cases where densities in excess of 10*/ml were required, the bacteria were allowed to
settle and some of the supernatant was removed.’

At the start of each growth rate determination a known number of ciliates (in the range of 5 to 20)
were added to each test tube or Petri dish. After 24 hours’ incubation at 20°C, the resultant population
was counted for the determination of population growth rate by removing the cells singly with a
micropipet. Some cells were then transferred to a new culture for further determinations. Growth
rates were not recorded for the first 24-hour period to allow for the adjustment of growth rate to prey
density. Growth rates were estimated as (log.N-log.Ny)/t, where N, and N, are the initial and final
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number of ciliates and t is the elapsed time. When a negative growth rate was recorded, the
experiment was repeated using cells from a higher prey density to replace those lost.

In suspension-feeding experiments the initial and final prey densities were averaged and a mean
prey density recorded. The results from cultures changing more than 50% were discarded. These
cases were rare. The absolute change in density was usually slight. High relative changes in prey
density therefore occurred in low prey density cultures. Final prey density was not determined in the
settled bacteria cultures since results from the suspended bacteria cultures indicated that the ciliates
did not have a noticeable effect on bacterial numbers over the 24-hour duration of the experiments.

In experiments measuring growth response to settled bacteria, prey density was recorded as
numbers/cm?. This density was calculated by multiplying the number/ml times the culture volume (4
ml) and dividing by the area of the bottom of the Petri dish (20 cm?).

The relationship between growth rate and prey density was fitted to a modified Michaelis-Menten
hyperbolic function of the form y = ru(x~t)/[(Ks—t) + (x—t)1, where the ordinate (y) is the specific
growth rate, the abscissa (x) is the prey density, ry, is the maximum growth rate, K, is the half-
saturation value (i.e., the prey density which allows a growth rate of r/2), and t is the threshold prey
density (the highest value of x at which y is zero).

The threshold prey density was estimated by inspection while K; and ry, were determined by the
reciprocal plot method [10,11]. This method uses the least squares method to fit the line (x—t) =
rml(x—t)/y] — (K,—t). It is appropriate for constant absolute error in y.

Results

The responses of four ciliate species to the density of suspended bacteria are
given in Fig. 1. Glaucoma scintillans (Fig. 1d) grew erratically. The line shown
was fitted using the maximum growth rate observed on settled bacteria. The
erratic growth of this species probably reflects that it is an obligate deposit-feeder
and does not ingest prey when not in contact with a surface. Its feeding is
therefore inhibited by shaking. G. frontata would not grow in shaken cultures.

The other three species, C. campylum, C. colpoda, and C. glaucoma, have
half-saturation prey densities of 13, 5.5, and 42.9 % 10° bacteria/ml, respectively.
Each showed a threshold in its response. The half-saturation and threshold
values ranged approximately six- to seven-fold. The modified Michaelis-Menten
equation appears to be a reasonable approximation of true response, although
there may be a tendency for it to saturate too slowly.

The response of three species to the density of settled bacteria is given in Fig.
2. In this deposit-feeding mode, G. scintillans was the species most effective at
using low prey densities. The Michaelis-Menten equation was a poor fit, proba-
bly due to the increased significance of experimental error at such low prey
densities.

C. campylum had a K value of 6.29 x 10° bacteria’cm? on settled bacteria,
which in units of volume is 3.15 x 10%ml. This indicates a considerable reduction
from the suspension-feeding value of 13.0 X 10%ml, indicating that C. campylum
can exploit settling of the bacteria. C. campylum also had a higher predicted
value of r, (0.170 versus 0.163 h™') on settled bacteria, which suggests that
shaking has an adverse effect on growth.

The overall range in K values, from G. scintillans to G. frontata, was 5.7 X
10% to 1.46 x 107 bacteria/em?. G. frontata had a threshold in its response to the
density of settled bacteria, but C. campylum and G. scintillans did not appear to
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Fig. 1. The numerical responses of four species of bactivorous ciliates to the density of suspended
Aerobacter aerogenes.

have thresholds, at least at densities high enough to be detected by this experi-
mental design.

Discussion
The numerical response curves shown in Figs. 1 and 2 illustrate that thresholds in

the response of ciliates to their bacterial prey do exist. Their apparent absence in
the responses of C. campylum and G. scintillans to settled bacteria is suspect,
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Fig. 2. The numerical responses of three species of bactivorous ciliates to the density of settled
Aerobacter aerogenes. The hollow circle represents a point omitted from the regression analysis.

because these two cases involved the lowest prey densities. From an examina-
tion of the literature it appears that continuous culture studies do not find
thresholds [1,4,6,12,21,25,28], although other studies do [2,7,18]. This may be
due not only to difficulties in studying near-zero (and near-maximal) growth rates
using continuous culture, but also to a tendency to assume that all continuous
cultures display chemostat kinetics, despite warnings to the contrary [15]. Tt is
likely that relationships demonstrated for organisms limited by concentrations of
dissolved nutrients, such as bacteria and algae, do not necessarily apply to
phagotrophic protozoans.

Jost et al. [16] found that the inadequacy of the Michaelis-Menten (or Monod)
model at low bacterial densities precluded its use in realistic models of simple
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microbial food chains and webs involving the ciliate Tetrahemena as the preda-
tor. They introduced the ‘‘multiple saturation model’” [17], which features an
accelerating growth rate response over low bacterial densities, resulting in a
sigmoidal numerical response curve. The multiple saturation model has been
recently applied to Colpoda steini [9].

Thresholds are an expected property of numerical response curves. There
must always be a range of low prey densities over which ingestion cannot offset
maintenance metabolism, so that population growth rate is less than or equal to
zero. This has been demonstrated by Laybourn and Stewart [18] for C. campy-
[um. But the net response of a predator population to the density of its prey
depends on the nature of the combined numerical and functional (or ingestion
rate) response. It is therefore important to understand whether the numerical
response thresholds observed correspond to underlying functional response
thresholds. If filtering the medium for bacteria represents a substantial energy
cost, it would seem advantageous to limit filtering activity when prey densities
are too low to provide a compensating energy return. Furthermore, in a spatially
heterogeneous environment, an organism may find it more profitable to search
for a higher prey density than to feed at a low one. Lehman [19] has recently
presented a theoretical investigation of optimal response curves for filter-feeding
organisms. The induction of phagocytosis in Tetrahymena has received consid-
erable attention (see Rasmussen [22] for a review), although ecological aspects,
including threshold prey densities, are an area needing further attention.

Even among the few species examined in this study, it appears that consider-
able interspecific variation is present with respect to the prey density required for
population growth. For example, C. colpoda is virtually prey saturated at the
threshold level for C. glaucoma. Taking the three suspension-feeding species
together, one sees an increasing growth response to bacterial density over the
range 4.0 X 10°to 1.5 x 10® bacteria/ml. There is some indication in the literature
[1,12] that the marine scuticociliate Uronema can feed at considerably lower
densities (K, values of 1.5 X 108 Serratia marinorubra/ml [12] and 6.85 x 10°
Vibrio sp./ml [1] have been reported). A third study, however, found a *‘critical
density” or threshold of 10°—107 bacteria/ml for U. nigricans [2).

The observed responses of the ciliate species to settled bacteria showed even
more interspecific variation. Although the density of bacteria in these experi-
ments was not exactly known, because the proportion of the bacteria which are
actually settled was not known and because uniform distribution of the bacteria
was not guaranteed by shaking, the experiments should provide a reliable basis
for comparison. It is clear that G. scintillans, G. frontata, and C. campylum can
exploit the settling of bacteria to grow at prey densities which would be too low
to support growth in shaken cultures. This observation may in part explain the
apparent discrepancy between the densities of bacteria required by ciliates for
population growth and the observed densities of bacteria in aquatic habitats.

At the outset of this investigation it was expected that there might be a
positive relationship between K, and r, among species. This expectation arose
from the idea that K, would be inversely related to competitive ability, at least in
homogeneous environments, and that competitive ability and r,, would be nega-
tively related [15, 20]). This was not the case; there is no indication of such a
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relationship among this admittedly small sample of species. If a relationship
exists at all, it is a negative one.
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