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Direct calorimetry is a superior technique in the field of bioenergetics. It 
is used to measure the metabolic heat production rate of chemostat-cultures of 
the bacterium Acinetobacter calcoaceticus. The heat production of these cultures 
normally remains constant as a consequence of steady-state conditions. The con- 
stancy is disturbed if poisonous substances are added to the culture. This eff- 
ect disappears some time later and the initial steady state is recovered. 

The application of the direct calorimetric technique, to observe and to quan- 
tify toxic properties of environmental chemicals on chemostat cultures in rela- 
tion to the substances HgCl,, 2-Nitrophenol, &Nitrophenol, 2.4-Dinitrophenol, 
Phenol, and Pentachlorophenol is demonstrated. Aspects of the toxicological test 
procedure outlined here are discussed concerning its ecotoxicological reliabil- 
ity as well as deficites of the concepts of microbial growth kinetics with res- 
pect to transient states. 

INTRODUCTION 

Bioenergetic investigations which should be most important in the field of 

the assessment of harmful properties of substances in ecotoxicology (ref. 1) are 

closely related to the applicability of the direct calorimetry in biology be- 

cause there is scarcely another method to analyse metabolic activities possess- 

ing such a general validity as the calorimetry (ref. 2). 

Calorimetric investigations of the effects of harmful substances on microbial 

metabolism have been carried out mainly by using batch cultures and ampoule or 

flow calorimetry (ref. 3). The energetics of chemostat-cultures under steady- 

state conditions were studied calorimetrically and confirm to a large extend the 

theoretical concepts of the Chemostat as outlined by Monod (ref. 6) and modified 

by Pirt (ref. 7) (ref. 8). 

One of the most important problems of toxicity tests using batch-cultures of 

microbes arises from the restricted reproducibility of the inoculum. Chemostat- 

cultures being self-balancing systems according to the theory (ref. 6) in con- 

trast can be reconstituted exactly as a consequency of the determination of its 

steady-state by a few easily reproducible parameters. 

The introduction of a batch dose of a particular chemical may cause a res- 

ponse of the heat production rate if it affects the microbial metabolism or 

growth dynamics. The transient variances induced by a chemical can be analysed 

qualitatively and quantitatively to describe the behaviour of the substance in 

the microbial population. 
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The practical application and the reliability of the calorimetric technique 

for testing ecotoxicity of water soluble chemicals are demonstrated. 

Calorimetrically observed toxicity data of the substances HgCl,, E-Nitrophen- 

01, 4-Nitrophenol, 2.4-Dinitrophenol, Phenol, and Pentachlorophenol are discuss- 

ed in relation to data from simple screening tests. Besides this the calorimet- 

ric data are investigated in relation to modern concepts of microbial growth 

dynamics (ref. 9) (ref. 10). 

THE ENERGY-FLOW OF THE CHEMOSTAT 

The balance of a chemostat-culture related to its energetics under steady- 

state conditions can be described by simple equations describing (1) the sub- 

strate and the biomass (2) equilibrium and the steady-state heat production 

rate (3)(ref. 6)(ref. 5): 

d = D (SR - ?)AHcS - ?AQ - if, sFh~cF] 

Within these equations the symbols mean: 5 substrate concentration in the cul- 

ture at equilibrium, KS substrate affinity, D dilution rate being the quotient 

of the medium feeding rate and the volume of the culture vessel, pm the maximum 

specific growth rate of the culture, ? b iomass-concentration at equilibrium, Y 

yield-coefficient; AHcS, AHcX and AHcF are the standard values of the heat of 

combustion of the substrate, the biomass and the metabolic products, respective- 

ly. 

Concerning ecotoxicological effects of chemicals, it seems to be important 

that at least variances of the values of pm, KS, Y or the metabolic pathway of 

the catabolism will cause changes of the heat-production rate 4. 

MATERIAL AND METHODS 

Calorimetry 

A heat-conduction-twin-calorimeter specially designed (ref. 11) and tested by 

us (ref. 12) allows to maintain chemostat-cultures of chemoorganotrophic aerobic 

bacteria within the calorimetric measuring cells. The cultures were aerated and 

fed with culture medium as outlined in Fig. 1. The measuring range normally used 

was ,O - 100 mW with a long-term noise level of 1 - 2 mW related to a working 

volume of 140 ml per measuring cell. 

Thermogram data were processed on a Siemens PC 100 Microcomputer to recover 
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the original heat-production-rate 0 (t) according to the Tian-equation as des- 

cribed by Marti et. al. (ref. 13). 

The experimental design used to investigate chemostat-cultures by direct calori- 
metry. 
The culture inside the measuring cell and the reference cell were fed with med- 
ium or water by a peristaltic pump pp. Needle valves served to adjust the air- 
flow from a compressed air supply. Heat exchangers He and a thermostat equipped 
with a regulating amplifier th-amp and a heating element he protected the meas- 
uring unit from thermal disturbances in the working room. 
The calorimetric values are captures by transistor-sensors being inserted into 
the bottom of the measuring cells, amplified by a microvolt-amplifier m-amp and 
documented by a recorder. 

Culture medium and organisms 

A synthetic culture medium containing 11.2 g Na2HPO4 l 2 H20, 4.65 g KH2PC4, 

1.0 g (~~~1~~04, 400 mg MgS04 . 7 ti20, 40 mg CaC12 l 2 H20, traces and Fe-EDTA- 

Citrat-Complex according to Rippka et. al. (ref. 14) and 6 mMo1 Na-Acetat (all 

values per litre) has been used in our experiments. Sodiumacetate served as the 

limiting factor of the chemostat-culture. 

The bacterium Acinetobacter calcoaceticus was isolated from activated sludge 

of a municipal wastewater treatment plant. 

Standard values of the growth kinetics of Acinetobacter 

The dilution-rate D being equal to the specific growth rate p of a chemostat- 

culture was set to a value of 50 % of the critical specific growth rate pc. The 

critical specific growth rate has been defined to be the value of u, if? = S 
R' 

Table 1 presents an overview of the kinetic constants of Acinetobacter and the 

experimental parameters used here. 
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TABLE 1 

Growth kinetics and experimental parameters of the calorimetric toxicity text 

Parameter Symbol Value 

Limiting Substrate Na-acetate 
SR 

6 mMo1 1 

Maximum specific growth rate 
pm 

1.22 (ref. 12) 

Critical specific growth rate 
% 

1.08 

1;; 

Substrate affinity 
RS 

0.9 mMo1 1-l (ref. 12) 

Molar Yield Coefficient Y 19 g mol-' (ref. 12) 

Dilution rate in the experiments D 0.54 h-' 

EXPERIMENTAL RESULTS 

Reproducibility of the chemostat-culture 

Variances between independent experiments on chemostat cultures depend on the 

reproducibility of the limiting substrate concentration and of the long-term be- 

haviour of the medium supply to the culture. The precision of the heat flowmeas- 

urement is subjected to the stability of the calorimetric unit. 

A series of ten independent runs of chemostat cultures resulted in a mean 

steady state heat production rate fi of 465 mW 1-l and a biomass-concentration of 

86 mg 1-l. The heat production varied for 4.5 %. Within a five days run we nev- 

er found a variance exceeding 2.5 %. 

Effects of toxic chemicals on the heat production of the Chemostat-culture 

An example of the transient states, which are caused by toxic chemicals, Fig. 

2 presents the heat-production versus time curves after the addition of 2-Nitro- 

phenol. 

The dependency of the heat flow response on the initial concentration of a 

toxicant can be described phenomenologically using the relation between the 0 

when the transient state reaches its maximum and the steady state value of 0 as 

demonstrated in Fig. 3. 

In contrast to the simple inhibiting effects of 2-Nitrophenol several chem- 

icals gave rise to increased values of 0 value, e.g. Phenol, 4-Nitrophenol, and 

2.4-Dinitrophenol, which are correlated to the initial concentration of the 

chemical. Above a critical concentration the effect changed to an inhibition of 

the heat production rate. 

Additions of HgC12 and 2-Nitrophenol caused a slow decrease of the relative 

heat production rate reaching the minimum minutes to hours after the addition. 

The other substances tested here decreased the heat production in a fast step. 
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Figure 2: Response of the heat production rate of Acinetobacter calcoaceticus 
maintained as chemostat-culture after addition of various amounts of 2-Nitro- 
phenol . Dotted lines indicate the significiance-levels and the readings of 
the relative heat production rate. 1) 3.6 ppm, 2) 5.4 ppm, 3) 7.1 ppm, 4) 11 ppm 
5) 51 ppm, 6) 71 ppm initial concentration of the substance. 
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Figure 3: The relative heat-production rate as a function of the concentration 
of the toxicant. Concentrations are scaled logarithmically. 
n HgC12, A P-Nitrophenol, l 2.4-Dinitrophenol, q Phenol 

Determination of standard values of toxicity 

Standard values of toxicity of chemicals in the calorimetric test procedure 

can be defined similar to standard methods: 

(i) MEC = Minimum Effective Concentration raises up the D/ioratio by 2 . 

(ii) MIC = Minimum Inhibitory Concentration decreases the D/Q, ratio by 2 . 

(iii) IC 50 = Inhibiting Concentration causing a 50 % decrease of the heat pro- 

duction rate. 
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Data concerning the chemicals that have been used in this study were calcu- 

lated assuming a linear fit of the data presentation in Figure 3 using the least 

square method. Results of the calorimetric determinations and comparable data 

from simple screening tests (ref. 12) are listed in Table 2. 

TABLE 2 

Toxicological standard values from 
(I) Calorimetric determinations 
(II) Respirometric growth rate inhibition test (ref. 12) 
(III) Short term respiration-test (ref. 12) 

Substance: MEC MIC IC 50 MIC IC 50 MIC IC 50 
(I) (I) (I) (II) (II) (III) (III) 

Phenol 240 640 83.0 340 660 430 1300 

2.4-Dinitrophenol 6.5 68 105 19 80 70 360 

4-Nitrophenol 25 65 80 ne ne 80 120 

2-Nitrophenol * 3.5 15 2.5 11 1.7 80 

Pentachlorophenol * 0.17 1.8 0.44 3.3 0.12 4.5 

BgC12 
* 0.22 0.45 0.02 0.16 0.02 0.09 

All data are given as concentrations in mg 1 
-1 

ne = not examined 
* = effect does not occure 

DISCUSSION 

The chemostat-culture for evaluating toxic properties 

The chemostat-culture of chemoorganotrophic microorganisms combined with a 

direct calorimetric monitoring is suitable to produce biological targets of eco- 

toxicological tests with a high degree of reproducibility and provides a simple 

data aquisitation. Problems concerned with the time dependent variations of the 

physiological state of batch cultures were overcome by the principle of the che- 

mostat. 

The evaluation of toxic properties using the simple ratio of Q/Q, as outlined 

above results in values of toxicity data comparable to standard methods. The MEC 

demonstrates shifts of,the bioenergetic balance which can not be analysed' quan- 

titatively by simple screening tests. 

The increase of the substrate conversion to heat must be interpreted as a 

result of a decreased efficiency of the coupling between catabolic pathways and 
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ATP-genesis (YATP). The shift of the energy conservation rate to lower values, 

that means the turnover of substrate to heat is increased, seems to be important 

when ecological effects of a chemical are discussed in relation to food chains 

and food webs. 

In contrast to the screening tests the calorimetry enhances the accuracy of 

the determination of the physiological activity of the cultures to a variance of 

2.5 % compared with 10 % of the screening tests. 

According to the data of Table 2 the calorimetric determination of toxicity 

results in lower as well as higher values of the standard data within the range 

of variances of toxicity determinations by different laboratory using one stan- 
2+ 

dard method except for Hg . 

The Hg 
2+ 

toxicity data from the calorimetric tests may be distorted due to 

electrochemical interactions of the mercury and the metal parts of the calori- 

metric setup. 

Ecological aspects 

The chemostat culture was chosen as a simple analogue of the chemoorgano- 

trophic microbiocoenosis of the activated sludge excluding problems concerned 

with the interactive species diversity of the real activated sludge. 

The low values of the substrate concentration (organic carbon in the medium) 

and the low substrate turnover rate as well as the attainable precision of the 

calorimetric monitoring in our investigations demonstrates the applicability of 

the calorimetry to investigate eutrophicated ecosystems as it has' been stated by 

Fortier et. al. (ref. 16) and Tiefenbrunner (ref. 17). 

Direct calorimetry on continuous cultures demonstrates a fast response tech- 

nique to determine toxic properties of chemicals and seems to be qualified for a 

feed foreward control strategy within biological sewage treatment. So calori- 

metry could help in saveguarding of our environment by improving the performance 

and the operational safety of wastewater treatment plants. 

Concepts of modellisation 

The experimental data clearly show a lack in interpreting the transient 

states following the addition of a harmful substance to the chemostat-culture. 

The classical theory of Monod (ref. 6) describes the microbial growth kinetics 

as a Michaelis-Menten enzyme Kinetic assuming steady-state conditions. It is not 

designed to modellise transient-states. Modern concepts as outlined by Chase 

(ref. 9) and especially the"unified theory" of Daigger and Grady (ref. 10) give 

rise to approaches of a modellisation of transient states and could be modified 

to depict a concept of toxic effects within the chemostat. 

A sufficient modellisation of toxic effects on the chemostat culture must take 

into consideration several mechanisms of interactions between the toxicant and a 
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living cell, e.g. uptake kinetics of the noxious substance its action on energy 

metabolism, on synthesis of biomolecules and their assemblation to functioning 

parts of the cell. 

The theory of Daigger and Grady seems to be the most convenient with this res- 

pect because it describes the microbial growth kinetics by interactive function- 

al compartments of the cell. 

The results presented here should help to develope a better understanding of 

microbial growth dynamics and the multitude of toxic effects of chemicals on mi- 

crobial metabolism. 

This work was supported by the Bundesminister fiir Forschung und Technologie 

(F.R.G.), Grant. No. 03 7240. 
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