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Abstract

The influence of the toluene concentration on predation of toluene-degrading bacteria by the protozoaTetrahymena
pyriformiswas investigated in suspended batch cultures continuously aerated with toluene-contaminated air. At gas
phase concentrations of 0.035 to 0.74 g m−3, toluene did not significantly affected protozoan activity and the final
bacteria concentration was reduced by growing protozoa by 98 to 99.9% compared to protozoa-free controls. As
the toluene concentration was increased to 1.16–1.33 g m−3, the reduction of the bacteria cell concentration was
80%. At 3.35 g toluene m−3, growth ofT. pyriformiswas completely inhibited. Overall, the results presented herein
demonstrate that protozoa grazing on bacteria play a major role in controlling bacterial cell concentration, but that
the toxicity of the treated pollutants to the protozoa is an important factor that needs to be taken into account in
biological treatment processes.

Introduction

Biomass accumulation in biological waste treatment
processes such as trickling filters for wastewater treat-
ment, or biotrickling filters for air pollution control is
a well-recognized problem. Depending on the particu-
lar treatment process and the severity of the problem,
several solutions have been proposed ranging from
washing trickling filters with various chemicals to
physical removal of the accumulated biomass (Weber
& Hartmans 1996, Smithet al. 1996, Laurenziset al.
1998, Metcalf & Eddy 1991). Recently, we investi-
gated the use of protozoa that prey upon bacteria as a
means to slow down the rate of biomass accumulation
in a biotrickling filter used for air pollution control
(Cox & Deshusses 1997, 1998). The addition of a mix-
ture of protozoa to the liquid of a toluene-degrading
biotrickling filter resulted in an increase of pollutant
mineralization and a decrease of the biomass accu-
mulation rate. However, the protozoa,Tetrahymena
pyriformisandVorticella microstoma(two of the pro-
tozoa inoculated originally), rapidly disappeared from
the biotrickling filter (Cox & Deshusses 1998), which

suggested that conditions in the biotrickling filter may
not have been optimal for these species.

Our observations raised the question to which ex-
tent protozoa could be used to control bacteria accu-
mulation in bioreactors treating high loads of toxic
pollutants such as toluene. A literature survey revealed
that little information was available on predator-prey
relationships in toxic environments. Selivanovskaya
et al.(1997) observed an increase of the microfauna in
the last stages of a six-compartment rotating biological
contactor treating a mixture of phenol, acetophenone
and styrene. They found that feed toxicity significantly
reduced the abundance and the diversity of protozoa
and higher organisms. Other studies stressed that the
presence of protozoa and other higher organisms in
aerobic wastewater treatment systems is an indica-
tion of good system health and often correlates with
high effluent quality (Curds 1982, Kinneret al. 1988,
Luna-Pabelloet al.1990). Clearly, further research on
protozoa-pollutant degrading bacteria interaction was
warranted.

In this paper, the results of systematic investiga-
tions on the influence of the toluene concentration on
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the predation of toluene-degrading bacteria byT. pyri-
formisare presented and discussed. While predation of
bacteria by the latter free-swimming ciliate has been
well studied in batch and continuous cultures (e.g.,
Curds & Cockburn 1968, 1971, Habte & Alexander
1978, Sambanis & Fredrickson 1988) no data exist for
predation in the presence of toxic pollutants such as
toluene.

Materials and methods

Organisms, media and inocula

The bacterium used in this study was isolated from
activated sludge using toluene as the sole source of
carbon and energy and was tentatively identified as
Pseudomonas corrugatausing the Biolog test (GN
Microplate, Biolog, Inc., Hayward, CA). Inocula
were prepared by cultivatingP. corrugatain a mineral
medium (Cox & Deshusses 1998) with 30µL toluene
L−1. A stock culture was stored at−70◦C with 25%
(v/v) glycerol. The same mineral medium was used
in predation experiments.T. pyriformis(ATCC 3005)
was cultured and maintained in ATCC medium 357 at
room temperature and transferred at least once every
month. For predation studies, bacterial cultures were
inoculated with 7–30 days old cultures of the protozoa
T. pyriformis.

Experimental setup

Predation byT. pyriformis was investigated in six
independent experiments with toluene gas phase con-
centrations ranging from 0.035 to 3.35 g m−3. In
each experiment, duplicate mixed cultures containing
P. corrugataandT. pyriformiswere compared over a
period of 220 h to a single bacterial control culture
containingP. corrugataonly. Experiments were per-
formed in 1 l Erlenmeyer flasks with 0.5 or 0.75 l min-
eral medium and inoculated with 0.4 ml l−1 bacterial
stock culture (controls) or 0.4 ml l−1 bacterial stock
culture and 2 ml l−1 of T. pyriformismaintenance cul-
ture (mixed cultures for predation studies). The flasks
were sealed with a rubber stopper with openings for
gas inlet and outlet flow. Toluene-containing air was
bubbled through the cultures at an average flow rate
of 196 l h−1 via a tube extending to the bottom of the
flask (Figure 1). Desired toluene gas phase concentra-
tions were obtained by delivering different rates of liq-
uid toluene (Fisher Scientific) into the main air stream
using a metering pump (Fluid Metering, Inc., Oyster

Bay, NY). The first two experiments at 0.035 and 3.35
g m−3 toluene were done aseptically with sterilized
medium and sterile inlet and outlet air filters. However,
pressure drop over the outlet filters increased rapidly
due to condensation, causing difficulties in maintain-
ing a constant air flow rate over time. The air filters
were removed in subsequent experiments.

Analyses

Liquid samples were taken once or twice a day de-
pending on the growth phase. Concentrations of bacte-
ria andT. pyriformiswere determined by direct count-
ing as the average of ten fields in a Petroff-Hausser
counting chamber (cell depth 0.02 mm) and the av-
erage of nine fields in a hemacytometer (cell depth
0.1 mm), respectively. Cells were fixed by adding 20%
(v/v) Lugol solution (Sigma) prior to counting. Spe-
cific growth rates were calculated by regression or as
the steepest slope between two data points during the
exponential growth phase. Bacteria concentration in
mixed culture flasks reached a maximum at the end of
the exponential growth phase, and then decreased as a
result of predation by protozoa to finally reach a steady
value, usually between 150 to 220 h after inoculation.
At this time,T. pyriformiscell concentration was also
constant, and final cell concentrations were calculated
by taking the average of three to seven samples over
a 2–3-day period. Bacteria decay in the control cul-
tures was minimal. Toluene gas phase concentrations
were determined with a HP 5890 Series II gas chro-
matograph (Hewlett-Packard) equipped with a packed
column (Supelcowax 10, 30 m× 0.53 mm× 1 µm),
a gas sampling valve and a FID detector.

Results and discussion

Influence of the toluene concentration on bacterial
growth in control cultures

Cultures were aerated at a high flow rate in order to
provide an excess of toluene and to minimize the effect
of possible depletion of toluene by bacterial growth.
GC analysis of the inlet and outlet gases confirmed
that toluene was present in excess at all concentrations
tested. It was therefore assumed that toluene concen-
trations in the liquid phase were constant over the
entire course of the experiments and in equilibrium
with the concentration in the gas phase.

P. corrugatastarted to grow after about 50 h, ex-
cept in the cultures with 0.035 and 3.35 g toluene
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Fig. 1. Schematic of the experimental setup.

m−3 for which the lag phases were shorter. These two
cultures were run aseptically, which may have caused
differences, but the reasons for differences were not
clear. All bacterial controls reached a steady state
within 100 h after which the bacterial cell concen-
tration remained constant. At this time, nitrogen in
the medium became limiting as indicated by lower
cell concentrations obtained in other experiments with
lower nitrate contents in the culture medium (results
not shown). Specific growth rates and stationary phase
average cell concentrations for different toluene in-
let concentrations are summarized in Table 1. No
major effect of toluene concentration was found on
the specific growth rate and on the final cell density,
although the final cell density tended to be slightly
lower in the experiments at low toluene concentra-
tions. The average specific growth rate of 0.24 h−1

found herein falls within the range of maximal spe-
cific growth rates (0.13–0.86 h−1) reported for other
Pseudomonasspecies on toluene (Mirpuriet al.1997,
Pedersenet al. 1997, and references therein). Toluene
concentrations in the liquid phase varied from 0.18
to 17.6 mg l−1 assuming a dimensionless Henry co-
efficient of 0.19 (Peng & Wan 1997). These toluene
liquid phase concentrations were well below the An-
drews substrate inhibition constants ofPseudomonas
putida species growing on toluene (Mirpuriet al.
1997). Reported toluene half saturation constants of
Pseudomonasspecies are between 0.1 and 15 mg l−1

(Mirpuri et al. 1997, Pedersenet al. 1997), which
is comparable to the liquid phase toluene concentra-
tions in this study. However, the specific growth rate
of P. corrugatawas the same at all toluene concen-
trations tested (Table 1), which indicates a low Ks
(<0.18 mg l−1) for toluene for this species. It was

Table 1. Influence of the toluene gas phase con-
centration on the bacterial specific growth rate
(µ), and the final cell density Xfinal (standard
deviation in parentheses) in bacterial control
cultures.

Toluene µ Xfinal

(g m−3) (h−1) (ml−1 )

0.035 0.21 7.4× 108 (1.7× 108)

0.26 0.23 3.0× 109 (4.7× 108)

0.74 0.27 3.4× 109 (5.4× 108)

1.16 0.27 9.3× 109 (3.8× 109)

1.33 0.22 3.1× 109 (1.1× 109)

3.35 0.22 2.6× 109 (6.2× 108)

therefore assumed that toluene at the concentrations
tested herein had no effect on growth ofP. corrugata.

Influence of the toluene concentration on predation
byT. pyriformis in mixed cultures

In batch experiments,T. pyriformisfailed to grow in
mineral medium amended with glucose or toluene, nor
was growth observed in the supernatant of aP. cor-
rugata culture grown on toluene. AlthoughT. pyri-
formis is capable of growing on dissolved nutrients
(e.g., ATCC maintenance medium #357), bacterial
cells were most probably the only food source for
T. pyriformisin mixed cultures with mineral medium.
T. pyriformisgrew equally well in autoclaved and non-
autoclaved cultures ofP. corrugatagrown on toluene
(results not shown), which suggests thatT. pyriformis
had no preference for living or dead cells.
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Fig. 2. Development of bacteria in control (�) in mixed (N) cultures andTetrahymena pyriformisin mixed cultures (�) continuously aerated
with air containing 0.74 g toluene m−3 (A) and 3.35 g toluene m−3 (B).

Table 2. Influence of the toluene gas phase concentration on the specific growth rate (µ) and stationary phase
final cell density (Xfinal) of bacteria andTetrahymena pyriformisin mixed cultures. Standard deviations are
shown in parentheses.

Toluene Bacteria Xfinal reduction T. pyriformis

(g m−3) µ (h−1) Xfinal (ml−1) compared to µ (h−1) Xfinal (ml−1)

controls (%)

0.035 0.20 5.2× 106 (6.8× 105) 99.3 0.11 9.9× 104 (5.5× 104)

0.26 0.12 4.7× 107 (1.2× 106) 98.4 0.15 2.1× 105 (4.6× 104)

0.74 0.14 2.9× 106 (7.8× 105) 99.9 0.17 5.4× 105 (1.2× 105)

1.16 0.13 1.9× 109 (5.1× 108) 79.6 0.08 4.9× 105 (4.8× 104)

1.33 0.15 5.9× 108 (2.6× 108) 81.0 0.12 4.6× 105 (5.0× 104)

3.35 0.17 2.7× 109 (7.5× 107) −3.8 0 0

Figure 2 shows two examples of cultures at a
relatively low and at the highest toluene concentra-
tion. At 0.74 g toluene m−3, growth ofT. pyriformis
in the mixed culture started shortly after growth of
bacteria (Figure 2A). The protozoa cell concentra-
tion reached a maximum after 100 h and remained
constant thereafter. Predation of bacteria caused a
decline of the bacterial cell concentration starting at
the end of the growth phase ofT. pyriformis until
a constant concentration was reached at about three
orders of a magnitude lower than in the control cul-
ture. At 3.35 g toluene m−3, growth ofT. pyriformis
was not observed, and, consequently, the bacterial cell
concentration in the stationary phase of the mixed cul-
ture remained constant at a level comparable to those
of the control culture (Figure 2B). Specific growth
rates, stationary phase cell concentrations of bacteria

and T. pyriformis in mixed cultures and percentage
bacteria reduction due to grazing protozoa are sum-
marized in Table 2. Bacterial specific growth rates in
the mixed cultures appeared in general to be lower
than in the controls withoutT. pyriformis. This may
have been caused by predation sinceT. pyriformis
growth started during the bacterial exponential growth
phase (Figure 2A). At 0.035 to 1.33 g toluene m−3,
the specific growth rate ofT. pyriformisfluctuated be-
tween 0.08 and 0.17 h−1 with no apparent relation
to the toluene concentration (Table 2). These values
are slightly lower than reported by Curds & Cockburn
(1968, 1971), who found maximum specific growth
rates of 0.22 and 0.38 h−1 with Klebsiella aerogenes
as the substrate in batch and continuous cultures,
respectively.
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A reduction of the bacterial cell concentration of
98–99.9% was observed in mixed cultures supplied
with 0.035 to 0.74 g toluene m−3 compared to the
control cultures without protozoa. Residual bacterial
concentrations in the stationary phase were close to
those found to persist in the presence ofT. pyriformis
(Habte & Alexander 1978, Sambanis & Fredrickson
1988). At intermediate toluene concentrations (1.16
and 1.33 g m−3), predation resulted in only 80%
reduction of the bacterial cell concentration in the
stationary phase (Table 2). At 3.35 g toluene m−3,
T. pyriformis did not grow and bacterial concentra-
tions in mixed and control cultures were the same.
As toluene concentration did not affect bacteria in the
range of concentrations examined (Table 1), one can
conclude that the reduced predation at toluene con-
centrations of 1.159 g m−3 a nd higher is caused by
an inhibitory effect of toluene onT. pyriformis.

Conclusions

Toluene inhibited predation of bacteria by the pro-
tozoa T. pyriformis at gas phase concentrations of
1.16 g m−3 (corresponding to 6.1 mg l−1 in the liquid)
and higher, while complete inhibition of protozoa was
observed at 3.35 g m−3 (17.6 mg l−1 in the liquid).
In previous studies with waste air biotrickling filters,
T. pyriformis unexpectedly disappeared at a toluene
gas concentration of only 1 g m−3 (Cox & Deshusses
1998). Based on the results presented herein, no toxic
effect of toluene onT. pyriformiswas expected at such
a low concentration. Hence, it is likely that other fac-
tors such as mechanical stress or simple washout also
played a role in the survival ofT. pyriformis in the
biotrickling filters and it suggests that such factors
should be considered in the design of the bioreactor.

The toluene concentrations that inhibited protozoa
were well below reported Andrews substrate inhibition
constants of toluene-degradingPseudomonasspecies.
Consequently, inhibition of protozoa will occur before

inhibition of the primary degraders in a biotreatment
process. This indicates that for optimum and stable
trickling filter operation, the toxicity of the treated
pollutant(s) to both the primary degraders and to the
secondary degraders such as protozoa should be con-
sidered. This is particularly relevant for biotrickling
filters used in air pollution control. In these bioreac-
tors, pollutant concentrations and loadings are orders
of magnitude higher than in water treatment processes
and protozoa have an important function in recycling
essential nutrients while slowing down the rate of bio-
mass accumulation (Cox & Deshusses 1998). Failure
to consider toxicity of the treated pollutant(s) to both
the primary degraders and to the secondary degraders
might result in the suppression of predation by higher
organisms and might ultimately result process sub
optimum operation or in process malfunction.
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