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Contradictory results are reported for the behaviour of quaternary ammonium compounds
(QACs) in sewage treatment plants (STPs). QACs may sorb onto activated sludge. Only little
information is available with respect to effects of QACs against bacteria in STPs. Only 5 to
15% of bacteria present in sewage sludge can be detected by means of culture dependent
microbiological methods. The shift of the bacterial populations due to effects of test com-
pounds have not been studied up to now with culture independent methods. The microbial
populations shift was studied in situ using culture independent chemotaxonomy profiling
ubiquinones and polyamines. Additionally, toxic effects of QACs against bacteria present in
the test vessels of the Zahn-Wellens test (OECD 302 B) were assessed with a toxicity con-
trol in the test. The ubiquinone profiles representing changes in Gram-negative populations
mainly showed that the activated sludge was affected only in test vessels containing benz-
alkonium chloride. According to chemotaxonomy Acinetobacter or/and some members of
Pseudomonas spp. have been selected by benzalkonium chloride after some adaptation
period (8 to 12 days).

Chemotaxonomie zur Untersuchung des Einflusses des Desinfektionsmittels
Benzalkoniumchlorid auf bakterielle Populationen in Abbautests

Hinsichtlich des Verhaltens und des Abbaus von quartären Ammoniumverbindungen wer-
den in der Literatur widersprüchliche Ergebnisse berichtet. Einerseits kann neben dem bio-
logischen Abbau Benzalkoniumchlorid an dem Belebtschlamm adsorbieren und dadurch
auch eliminiert werden. Andererseits sind nur max. 5 bis 15% der Bakterien des Klär-
schlamms bekannt und können mit klassischen Methoden kultiviert werden. Der Einfluss
von Testsubstanzen auf bakterielle Populationen in Abbautests wurde bisher kaum mit kul-
turunabhängigen Methoden untersucht. Daher ist auch wenig Information bezüglich der Ef-
fekte von Desinfektionsmitteln wie Benzalkoniumchlorid gegenüber Bakterien in Kläranla-
gen und Abbautests verfügbar. Es wurden die Verschiebungen einiger mikrobiellen Popula-
tionen in Testgefäßen des Zahn-Wellens-Tests (OECD 302 B) in situ mittels der kulturunab-
hängigen Chemotaxonomie untersucht. Es wurden dazu Ubichinone, Polyamine und Mena-
chinone herangezogen. Ergänzt wurden diese Untersuchungen durch Mitführen einer Toxi-
zitätskontrolle im Test. Die Ubichinon-Profile zeigten, dass die durch die Marker erfassten
Populationen des Belebtschlamms nur in Testgefäßen, die Benzalkoniumchlorid enthalten,
beeinflusst werden. Die Testbedingungen hatten demnach keinen entscheidenden Einfluss
auf die Populationen in Batch-Tests wie dem hier verwandten Zahn-Wellens-Test. Nach ei-
ner Adaptationsperiode von 8 bis 12 Tagen wurden Acinetobacter und Pseudomonas Spezi-
es durch Benzalkoniumchlorid selektiert.
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1 Introduction

Quaternary ammonium compounds (QACs) are cationic mi-
crobicidal compounds which are important ingredients of
widely used disinfectants e.g. for the disinfecting of surfaces
[1]. QACs used for disinfecting are emitted into municipal
sewage. The technical compound consists of homologues of
different alkyl chain length. 12 349 t of quaternary ammonium
compounds (QACs) were sold in Germany in 1997, 777 t in
Belgium, 21 450 t in France, and 28 892 t in the UK [2]. Con-
centrations up to 6 mg L–1 have been measured in hospital ef-
fluents, 0.05 to 0.1 mg L–1 are expected in municipal sewage.
For QACs contradictory results were reported for elimination,
biodegradability, and toxic effects against microorganisms in
sewage treatment plants (STPs) as well as in biodegradability
test systems [3–5].

QACs are known to be effective in low concentration
(< 1 mg L–1) against microorganisms. An EC50 of 0.2 to
18 mg L–1 was found in the MicrotoxTM test for QACs [5]. Other
authors [6] hypothesised that QACs can disarrange biological
wastewater treatment. The prevalence of QAC-resistant bac-
teria is elevated in effluents of sewage treatment plants re-
ceiving QACs [7].

Using time and material consuming classical microbiological
techniques allows only for the isolation and identification of
about 5 to 15% of the bacteria present in sewage sludge
[8–10]. Because of the inadequacy of culture-dependent
methods for isolating and classifying bacteria populations of
complex structures [11–14], the effects of QACs against bac-
teria in STPs cannot be described sufficiently by relying on
the classical culture dependent methods.

A tool to study the population dynamics in complex bacterial
mixtures is for example fluorescence in-situ hybridisation [11,
12]. However applying it to sewage sludge could result in false
results (Amman, pers. communication, 1995). Complex matri-
ces such as sewage sludge populations can be compared
and population shift can be detected by using chemotaxo-
nomic markers such as isoprenoid quinones or polyamines.

Isoprenoid quinones are located in the cytoplasma mem-
brane of bacteria and are important for the electron transport
chain as well as for the oxidative phosphorylation [15]. Exten-
sive studies of the quinone profiles of STPs were reported by
Hiraishi and co-workers [8–10, 16]. Urakawa and co-workers
tried to relate quinone profiles and 16S r-DNA based ap-
proaches [17]. According to Collins and Jones [18] ubiqui-
nones are found in Gram-negative aerobic bacteria. Impor-
tant for the taxonomy is the length of the isoprenoyl side
chain. Ubiquinone-9 (Q-9) is typical for some Pseudomonas
species as well as for members of the genus Acinetobacter.
For some other pseudomonads Q-8 is the main component.
Menaquinones are only found in Gram-positive bacteria.

Polyamines are important molecules within peptide synthe-
sis. They are characteristic biomarkers for different Gram-
positive and Gram-negative groups of bacteria [19–22]. For
Acinetobacter diaminopropane out of the biomarker group of
the polyamines is a typical component [19]. Both polyamines
and quinones can be determined by HPLC after extraction.

In this study the effects of benzalkonium chloride (BzCl)
against bacterial populations present in sewage sludge were
investigated in a batch system using sludge from a municipal
STP in high density. For this purpose the Zahn-Wellens test
(ZWT) setting was used.The affection of the activated sludge
bacteria by BzCl during the frequently used ZWT was studied
by analysis of the quinone and polyamine profiles.

2 Materials and methods

2.1 Batch test

The modified ZWT was conducted according to international
standard method of the OECD [23] and ISO 9888 in two repli-
cates as described elsewhere in detail [24]. Activated sludge
from a sewage treatment plant receiving municipal sewage
containing hospital effluents (Forchheim, Abwasserzweck-
verband Breisgauer Bucht, Germany, population equivalent
600 000) was used.The test system was placed in the dark at
room temperature ((20 ± 1)°C).The dissolved organic carbon
(DOC) for elimination monitoring was determined according
to standard method [25] with a TOC 5000 (Shimadzu GmbH,
Duisburg, Germany) as well as dry matter content. Diethylene
glycol (DEG) was used as inherently biodegradable reference
compound in a concentration of 200 mg L–1 (DOC). BzCl was
kindly provided by Bode Chemie GmbH (Hamburg, Germa-
ny). The concentration of BzCl was 100 mg L–1 (as DOC) in
the test mixture as well as in the toxicity control. DEG com-
prised up to 50% of the DOC in the toxicity control.

The ZWT consisted of the following different mixtures:

(i) Test compound: mineral medium(M) + inoculum(I) + test
compound.

(ii) Toxicity control: mineral medium(M) + inoculum(I) + refer-
ence compound + test compound.

(iii) Quality control: mineral medium(M) + inoculum(I) + refer-
ence compound.

(iv) Blank: mineral medium(M) + inoculum(I).

For the assessment of the elimination of BzCl by sorption to
the activated sludge DOC was measured according to the
test guideline after 3 h and taken as starting value for biodeg-
radation according to the test guidelines.
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2.2 Chemotaxonomy

Polyamine and quinone profiles of the activated sludge from
the communal sewage treatment plant were analysed before
inoculation. From the ZWT the profiles of activated sludge
were determined on three different days within the test period
(1st day; 12th day; 28th day, i.e. end of the test). 100 mL acti-
vated sludge from the municipal wastewater treatment plant
and 200 mL from the mixtures of the ZWT were centrifuged at
5000 g, for 5 min at room temperature. The supernatant was
discarded. The remaining pellet was washed with 50 mM po-
tassium phosphate (pH 6.8) containing 1 mM ferricyanide and
stored at –70 °C until further processing. The sludge
samples were then lyophilised for two days (Christ Loc-1,
Osterode, Germany). The lyophilised sludge was weighted
and extracted in teflon tubes (Bender & Hobein, Bruchsal,
Germany). The samples were divided into two parts for
polyamine and quinone extraction. After extraction the bi-
omarkers were analysed by HPLC (Shimadzu LC10, Duis-
burg, Germany) on a RP C18-column (Nucleosil 100-5, C18,
250 x 4 mm, Macherey & Nagel, Düren, Germany) with a RP
C18-precolumn (Nucleosil 100-5, C18, 8 × 4 mm, Macherey
& Nagel, Düren, Germany).

2.3 Extraction and analysis of quinones

The pellets were sonificated (Bandelin, Sonoplus HD 200,
Berlin, Germany) on ice with 20 mL of an acetone-methanol
mixture (2:1 v/v) three times for 2 min. The extracts were
combined, confined to dryness under vacuum at 25°C (Labo
Rota S 300, resona technics, Buchs, Switzerland) and dis-
solved in 0.4 mL acetone.

The ubiquinones were separated from the menaquinones by
thin-layer chromatography (Silica Gel F254, Merck, Darmstadt,
Germany). Ubiquinone-10 was used as standard (Sigma,
Deisenhofen, Germany). Solvent was hexane/diethylether
(85:15 v/v). The quinone bands were scraped from the thin-
layer chromatography plate and eluted with acetone. The so-
lutions were filtered and confined to 200 µL.

The detection wavelength was 275 nm (Diode array detector
SPD-M10 A, Shimadzu, Duisburg, Germany). Methanol-iso-
propylether (78%:22%) and a RP-18 column (Macherey &
Nagel, Düren, Germany) were used for chromatography. The
flow was set to 1.0 mL min–1. Ubiquinone-6 up to ubiqui-
none-10 for the ubiquinones as well as vitamin K (menaqui-
none-4) for the menaquinones were used as standard
(Sigma, Deisenhofen, Germany). Ubiquinone-8 was deter-
mined by using the correlation between the side chain length
of ubiquinones and the retention times [8–10, 16–18].

2.4 Extraction and analysis of polyamines

After addition of 2.5 mL of 0.2 M perchloric acid and the inter-
nal standard diaminooctane (Sigma, Deisenhofen, Germany)
the samples were heated to 100°C for 30 min. After centrifu-
gation the polyamine derivatives were synthesised by adding
sodium carbonate solution (100 mg mL–1) and dansyl chloride
(Merck, Darmstadt, Germany) solution (7.5 mg mL–1 acetone)
to the supernatant. The mixture was heated to 60°C for
30 min. Proline solution was added after the derivatisation to
remove the excess of dansyl chloride. The derivatives were
extracted twice with toluene, evaporated to dryness and
stored at –20°C until analysis.

The analysis of the polyamine derivatives was carried out by
HPLC with a RP-18 column (Macherey & Nagel, Düren, Ger-
many). For the detection a fluorescence detector (RF 10 A,
Shimadzu, Duisburg, Germany ) was used. The excitation
wavelength was set to 312 nm, the detection wavelength was
450 nm. A linear binary gradient was applied starting with
40% acetonitrile and 60% water. Within 35 min 85% ace-
tonitrile and 15% water were reached, within another 15 min
100% acetonitrile was reached. The total flow was set to
1 mL min–1.

3 Results

3.1 Elimination of benzalkonium chloride

According to the test guideline and the results of the DOC
measurement BzCl has to be classified as inherently biode-
gradable [23]. Compared with the easily biodegradable DEG
the elimination of BzCl was higher after 4 d. About 40% of
BzCl was already eliminated by sorption onto the activated
sludge after 3 h.This was taken as starting point according to
the test guideline (s. Fig. 1). It was eliminated up to 90% with-
in 4 d (Fig. 1).

As BzCl and three other QACs in a reviewing report have
been classified to be not easily biodegradable and known to
sorb to sewage sludge (Table 1) [26] elimination is supposed
to be due to sorption.

In the toxicity control containing both BzCl and DEG the elimi-
nation was the lowest, indicating that the biodegradation of
easily biodegradable DEG was hindered by BzCl. The curve
of the elimination of the toxicity control (DEG + BzCl) indi-
cates a period of 10 d for a biodegradation degree higher than
80%, i.e. a delayed elimination.

The difference between the measured elimination in the toxic-
ity control mixture and the elimination calculated from the da-
ta of pure substances BzCl and DEG (toxicity control calculat-
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Fig. 1: Elimination of benzalkonium chloride and DEG in the
vessels of the Zahn-Wellens test (measured as DOC). Elimi-
nation is shown after subtraction of the blank (average of two
replicates).

Elimination von Benzalkoniumchlorid und Diethylenglycol
(DEG) im Zahn-Wellens-Test (bestimmt als DOC). Die Elimi-
nation nach Subtraktion des Blindwertes ist dargestellt (je-
weils Durchschnitt von zwei Wiederholungen).

Table 1: Adsorption of QACs by sewage sludge in a static test
which is similar to the Zahn-Wellens test setting (after 24 h,
concentration 100 mg L–1 DOC, bacterial activity was sup-
pressed, see text).

Adsorption unterschiedlicher quartärer Ammoniumverbindun-
gen an Belebtschlamm in einem einfachen dem Zahn-Wellens-
Test vergleichbaren Standtest (nach 24 h, Konzentration
100 mg L–1 DOC, bakterielle Aktivität unterdrückt, s. Text).

Compound Adsorption in %

Blank –
DEG –
BzCl 57.8
DDMAC 49.9
BzCl + DEG 31.9
DDMAC + DEG 29.4
BzCl + LAS 64.0
BzCl + LAS + DEG 26.8

DEG: diethylene glycol, BzCl: benzalkonium chloride,
DDMAC: didodecyldimethylammonium chloride,
LAS: linear alkylbenzenesulfonate.

ed) was > 25% until the eighth day, indicating toxicity. It was
< 5% from the tenth day on, i.e. toxicity effects were not
present anymore.

3.2 Ubiquinone profiles in the Zahn-
Wellens test

The ubiquinone patterns of the activated sludge of the ZWT
mixtures are shown in Figure 2A–D, in which the data are ex-
pressed as percentages of the total ubiquinone content. In
the activated sludge of the wastewater treatment plant used
for inoculation of the ZWT (Fig. 2A–D, day 0) ubiquinone-8
(Q-8) occurred as the major ubiquinone (58%), ubiqui-
none-10 (Q-10) as the second important one (30%). Ubiqui-
none-9 (Q-9) was only present as a minor component (11%)
as well as ubiquinone-7 (Q-7).

In the vessel containing only BzCl (test vessel, Fig. 2A) the
Q-8 content was 64% on the first day of the test, 51% and
54% on the twelfth and twenty-eighth day, respectively. Only

Fig. 2: Ubiquinone profiles of the four test mixtures of the
Zahn-Wellens test. Results are shown as mole fraction of the
ubiquinone sum. (A) benzalkonium chloride, (B) toxicity con-
trol (BzCl + DEG), (C) quality control (DEG), (D) blank. � ubi-
quinone-7, � ubiquinone-8, � ubiquinone-9, � ubiqui-
none-10.

Ubichinon-Profile der vier Testmischungen des Zahn-
Wellens-Tests. Die Ergebnisse sind dargestellt als Stoffmen-
genanteil der Ubichinon-Summe. (A) Benzalkoniumchlorid,
(B) Toxizitätskontrolle (BzCl + DEG), (C) Qualitätskontrolle
(DEG), (D) Blindansatz. � Ubichinon-7, � Ubichinon-8, �

Ubichinon-9, � Ubichinon-10.
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little change occurred. Q-9 content increased in the test ves-
sel from 11% on the first day to 36 % on twelfth, and 29% on
the twenty-eighth day, i.e. it increased about three times. The
content of Q-10 decreased from 21% to 8% and 14%.

The toxicity control (BzCl + DEG, Fig. 2B) exhibited virtually
the same pattern as the test compound vessel, with the only
difference that Q-9 increased up to 48% and 44% on the
twelfth and twenty-eighth day, respectively. The shift of Q-8
and Q-9 was more intensive. These results indicate that nei-
ther DEG nor the test constraints were the cause for the shifts
observed in the test and toxicity control vessels. The shifts of
the ubiquinone patterns in the test vessel and in the toxicity
control both containing BzCl were quite different to that of the
vessels containing no microcidal compound (BzCl). There-
fore, BzCl has to be assumed to be the cause for the ob-
served shifts. BzCl caused a shift from bacteria with Q-8 and
Q-10 as major ubiquinones to bacteria with Q-9 as major ubi-
quinone.

The ubiquinone pattern of the quality control (DEG) as well as
of the blank (only inoculum) was similar to the pattern of the
initial activated sludge from the communal STP (day 0, all
vessels) throughout the test. In all test vessels of the ZWT
Q-7 was observed as minor component only. Q-7 changed
only little during the course of the test (day 1 to day 28) and in
comparison to the inoculum of the STP (day 0). For ubiqui-
none 7 and 10 there was only little difference compared to the
only BzCl containing test vessel (Fig. 2A).

Menaquinones were only detected in the blank and quality
control but not in test vessels containing BzCl. This indicates
that BzCl suppressed growth of the gram positive bacteria
throughout the test period.This has to be expected according
to the activity spectrum of BzCl [1].

3.3 Polyamine profiles in the Zahn-Wellens
test

The polyamine patterns of the activated sludge of the ZWT
mixtures are shown in Figure 3A–D, in which the data are ex-
pressed as percentages of the total measured polyamine
content. In the activated sludge of the wastewater treatment
plant used for inoculation of the ZWT (Fig. 3A–D, day 0)
putrescine occurred as the major polyamine (65%), diamino-
propane as the second important one (15%) together with
sym-homospermidine (14%). Cadaverine was only present
as a minor component (6%) as well as spermidine (< 1%).

In the test vessel containing only BzCl (test vessel, Fig. 3A)
the putrescine content shows a decay from 71 to 44% during
the test period, whereas sym-homospermidine first de-

Fig. 3: Polyamine profiles of the four test mixtures of the
Zahn-Wellens test. Results are shown as mole fraction of the
polyamine sum. (A) benzalkonium chloride, (B) toxicity con-
trol (BzCl + DEG), (C) quality control (DEG), (D) blank. � di-
aminopropane, � putrescine, � cadaverine, � spermidine, �

sym-homospermidine.

Polyamin-Profile der vier Testmischungen des Zahn-Wellens-
Tests. Die Ergebnisse sind dargestellt als Stoffmengenanteil
der Polyamin-Summe. (A) Benzalkoniumchlorid, (B) Toxi-
zitätskontrolle (BzCl + DEG), (C) Qualitätskontrolle (DEG),
(D) Blindansatz. � Diaminopropan, � Putrescin, � Cadaver-
in, � Spermidin, � Symhomospermidin.

creased (approx. 3%) and then increased steadily up to 46%.
It was the main component at the end of the test. The other
polyamines changed only little during the test.

The toxicity control (BzCl + DEG, Fig. 3B) exhibited a different
pattern as the test compound vessel.The putrescine shift dif-
fers only little from the one on the test vessel.The same holds
for cadaverine and spermidine. In contrast to these com-
pounds sym-homospermidine is increasing much less (15%
at the end of the test period). In the toxicity control containing
easily biodegradable DEG diaminopropane strongly in-
creased (55% at the end of the test period).

The polyamine pattern of the quality control containing only
easily biodegradable DEG (Fig. 3C) as well as of the blank
(only inoculum and mineral salt solution without any organic
carbon, (Fig. 3D) was similar to the pattern of the activated
sludge from the communal STP (day 0, Fig. 3A–D) and only
little change was observable throughout the test, indicating
that DEG exhibited no effect against the bacteria present.
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These results indicate that DEG or the test constraints are not
the cause for the shifts observed in the vessels, i.e. BzCl is
responsible for the observed shift. The shift of the polyamine
patterns in the test compound mixture and in the toxicity con-
trol, both containing BzCl, was different to that of the vessels
containing no microcidal compound. BzCl had different
effects when present as only organic compound and in com-
bination with DEG.The polyamine pattern indicates the selec-
tion of different organisms by microcidal BzCl in the presence
and absence of easily biodegradable DEG.

4 Discussion

According to the test results and the test guideline BzCl has
to be classified as inherently biodegradable. A closer look
shows that sorption of BzCl by the biomass is probably the
main elimination mechanism. The elimination of BzCl within
the initial test period was even faster than for the control com-
pound DEG which is known to be very easily and fast degrad-
ed in ZWT. Elimination by sorption was 40% already after 3 h
of testing. In such a short period biodegradation could not
have happened. Furthermore, this short period stated that
the test guideline appears to be somewhat artificial: Elimina-
tion of BzCl was 58% after 24 h and 90% within 4 d. In con-
trast, elimination of not sorbed and easy biodegradable DEG
took 6 d (Fig. 1). Therefore, elimination by sorption is most
likely. Results of the additional investigation of sorption of
BzCl and other QACs onto sewage sludge at 0°C [26] show
that BzCl and other QACs are sorbed to a rather high degree
(Table 1).These investigations also revealed that this process
is going on for longer time (kinetic data not shown) as am-
phiphilic BzCl is disperging the sludge flocs and creates new
sorption sites.

Results of biodegradability testing of BzCl in a prolonged
closed bottle test (OECD 301 D; CBT) revealed a biodegrada-
bility higher than 80% after 60 d, but no biodegradability was
detected within the first 30 d [27]. Similar results have been
reported for other QACs [3].This also indicates elimination by
sorption in the ZWT conducted in the study presented here.
Despite its sorption, BzCl was still affecting at least some of
the bacterial populations present (Figs. 2, 3).

Despite its high toxicity in a growth inhibition test with Pseu-
domonas putida of 4 mg L–1 [26], BzCl was found to be not
toxic anymore against the inoculum in the test vessel of the
ZWT after 8 d and 10 d in the toxicity control, even in the very
high concentration of 100 mg L–1 used. Inhibitory effects have
been found in a CBT (BzCl concentration 5 mg L–1) by moni-
toring colony forming units for several days (Fig. 4). In a CBT
with BzCl as single test compound (5 mg L–1) also a long ad-
aptation period of 15 d was observed when counting CFUs
(Fig. 4).

Fig. 4: Colony forming units in a closed bottle test with BzCl
(Kümmerer and Baranay, unpublished results).

Koloniebildende Einheiten in einem Closed-Bottle-Test mit
Benzalkoniumchlorid (Kümmerer und Baranay, unveröffent-
lichte Ergebnisse).

BzCl present had been active against bacterial populations in
the ZWT at least within the initial test period. Else the toxicity
control should not have shown toxicity until day eight. As DOC
elimination was much faster (90% elimination within four
days) with a resulting concentration of free BzCl below
10 mg L–1, the effects measured could be due to sorbed BzCl.

BzCl is active only against Gram-positive bacteria. Menaqui-
nones were used as markers for Gram-positive bacteria.
Therefore, it was not surprising to find no menaquinones
(data not shown) in the sludge exposed to BzCl (test vessel,
toxicity control). This is also confirmed by the steadily de-
crease of putrescine (Fig. 3A, B), also a biomarker for Gram-
positive bacteria (amongst others) [20, 21] in the toxicity con-
trol. The results of the ubiquinone and polyamine monitoring
(Figs. 2, 3) showed that population shifts were most intensive
within the first twelve days.They were constant within the rest
of the test period for the ubiquinones. BzCl was still effective
as indicated by polyamine profiling. The selection of certain
groups of bacteria was going on even after the easily biode-
gradable DEG was biodegraded (Fig. 3 B). Different groups of
bacteria have been affected at the beginning of the test (Fig.
3A–D). Only a little part of the shift of the populations was due
to the test conditions, i.e. the fact that an inoculum from a dy-
namic system (STP) was exposed to the different conditions
of the static ZWT. This can be seen from Figures 2D, 3D
(blank) in comparison with the results obtained for the other
test vessels (Figs. 2A–B, 3A–B). The negligible influence of
the nutrient (DEG) can be seen from Figures 2C, 3C (quality
control). The occurrence of Q-9 as major component in
Acinetobacter [18] would confirm this for the ZWT. The differ-
ences of profiles of ubiquinones on the one hand and
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polyamines on the other hand may be due to the different de-
gree of sorption of BzCl i.e. different concentration of active
BzCl in the test solution (Table 1). Also the easily biodegrada-
ble DEG may have enabled resistant bacteria which are
present in STPs [7] or already adapted ones to grow faster
than the ones in the test vessel (only BzCl). Therefore, the
population shifts occurred to a higher extend and in a different
way in the toxicity control (Figs. 2B, 3B) than in the test vessel
(Figs. 2B, 3A).

The shift was caused by BzCl, as the ubiquinone and the
polyamine patterns of the quality control and the blank were
similar to those of the activated sludge from the wastewater
treatment plant (day 0) and different from the ones in the test
vessels containing BzCl (test, toxicity control). According to
the results of chemotaxonomic investigation with ubiqui-
nones, members of the genus Acinetobacter or pseudo-
monads were mostly selected by BzCl in all vessels contain-
ing BzCl. In the toxicity control diaminopropane showed se-
lection of acinetobacter species.

Resistance of Staphylococci and Pseudomonas against
QACs is described in literature [28–31]. If Pseudomonads
had been the decisive organisms Q-8 should have increased
also. Furthermore, diaminopropane a biomarker used for
Acinetobacter [19] increased in the toxicity control of the ZWT
during the test after a decrease within the initial test period
(Fig. 3). The conditions in the test control are more similar to
the ones in STPs as not only one carbon source is available in
sewage.

5 Conclusion

Despite a high degree of sorption BzCl is still active against
bacterial populations present in the test system used. This is
indicated by the constant relation of the ubiquinones after the
first half of the test, the missing of menaquinones throughout
the test period, as well as the steady change of certain
polyamines. Probably mainly Acinetobacter species are se-
lected by BzCl in the batch system used.

The results show also that chemotaxonomic analysis is a
useful and rapid method to monitor bacterial population dy-
namics in biodegradability testing. Chemotaxonomy also al-
lows for separation of effects of the test setting from the ones
exerted by the test compound. This should be kept in mind
when discussing environmental fate and effects testing of
other compounds active against bacteria such as antibiotics
[32].

In further studies, insights into the behaviour of quaternary
ammonium compounds in wastewater treatment plants will
be investigated. Effects of temperature and test compound
concentration will be studied.
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