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Influence of short- and long-term exposure on
the biodegradation capacity of activated sludge
microbial communities in ready biodegradability
tests†
Joost A. Dalmijn,‡a Baptiste A. J. Poursat, ‡*ab Rob J. M. van Spanning,c
Bernd W. Brandt,d Pim de Voogt ae and John R. Parsonsa
Ready biodegradability tests (RBTs) are extensively used to screen the potential of chemicals to be
biodegraded. The use of RBT protocols often results in large variations of test results that may lead to
wrong interpretations. The present study aims to obtain a fundamental understanding of this variability. For
this, we subjected the compounds 4-chloroaniline (4CA), carbamazepine (CBZ), metformin (MET), and
N-methylpiperazine (NMP) to a variety of different test conditions. Inocula from five local wastewater
treatment plants (WWTPs) were used in an attempt to enhance the Organisation for Economic Cooperation and Development (OECD) 310 biodegradability tests. The biodegradation capacity in RBTs,
community composition and adaptation of the communities were compared after one week of preexposure in batch and four months exposure in chemostat. The results confirm that none of the test
compounds is readily biodegradable in the standard OECD 310 RBT. However, when pre-exposure under
either batch or chemostat conditions was included, 4CA was degraded in some cases and less variability
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among different inocula was observed for the transformation of MET. Bacterial communities from the five
locations were found to be significantly different in composition from one another. In addition, pretreatment performed before the RBT significantly changed the composition of each community. Results of
this experiment show that short-term pre-exposure may increase the absolute number of degraders and
deserves to be further investigated as a potential method to reduce the outcome variability of RBTs.

Water impact
With this manuscript we aimed to provide additional input on the necessity to modify and enhance the current ready biodegradability tests. These tests are
extremely valuable, however, they suffer several problems. We explored the feasibility, advantages and limitation of pre-exposure of the inoculum prior such
a test, as one of the solution to their drawbacks.
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Variability in removal rates of organic contaminants between
different wastewater treatment plants (WWTPs) has been
observed in many studies.1–4 This variability could partly be
explained i) by the different operating conditions between
WWTPs, ii) by differences between the physico-chemical
characteristics of the influent5 and iii) by the microbial
composition of the activated sludge. The latter is also
influenced by external and environmental factors, such as
temperature, precipitation and contents of carbon and free
energy sources and essential nutrients, all of which may vary
seasonally6,7 and geographically.8 Most importantly, due to
differences in the metabolic capacities of microbes, the
composition of the microbial community in the activated

Environ. Sci.: Water Res. Technol., 2021, 7, 107–121 | 107

View Article Online

Open Access Article. Published on 14 November 2020. Downloaded on 3/31/2021 8:59:11 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper
sludge of WWTP's may have a dramatic effect on the removal
efficiency of chemicals.5 It is well known that exposure to a
certain chemical often leads to adaptation of the microbial
community towards degrading that chemical, thereby
enhancing its removal rates.1,2,9
Environmental parameters can influence the outcome of
ready biodegradability tests (RBTs),10 as these tests often use
activated sludge as an environmental inoculum.11 RBTs are
extensively used in order to screen substances for ready
biodegradability. RBTs are conducted under aerobic
conditions and rely on measurement of general metabolic
activities, such as the O2 consumption or CO2 production to
quantify mineralization of the test chemical. According to the
OECD 310 guideline,11 a chemical must show at least 60% of
mineralization within a 10 d window after the end of the lagphase to be considered as readily biodegradable. If a
compound fails this test, it may be subjected to further
research in order to establish its persistence according to the
European Chemicals Agency (ECHA). Due to large variations
in outcomes and erratic behaviour of some substances in
these tests, a large number of false negatives are
reported.12–17 This leads to extra efforts and costs being
directed towards further testing and research on the
biodegradation potential of novel substances.18 Improving
RBTs by decreasing their variability and increasing their
relevance will decrease the number of unnecessary (eco)
toxicology tests performed on biodegradable compounds.
This will have many financial and ethical advantages as it
reduces the costs and the number of test animals during an
extended environmental risk assessment.16 Care must be
taken, however, that the enhancement of RBT protocols does
not increase the probability of false positives, as this could
possibly lead to omission of further testing and the
introduction of persistent substances to the environment.
Multiple methods have been proposed to improve current
ready biodegradability testing protocols with the aim to lower
the number of false negatives and test variability, without
having an impact on the probability of a false positive result.
These methods include i) pre-exposure,9,14,19 ii) increasing
the inoculum density,20,21 iii) increasing the test duration14,20
and iv) increasing the volume of test flasks.18,22
Pre-exposure, at test concentration, is thought to reduce
the differences between inocula caused by their differing
origins and to reduce the differences in lag phases at the
start of the test.19 The source of the inoculum is one of the
major factors causing variability in RBTs.13,19,23,24
Furthermore, as mentioned previously, the constant and long
term exposure to some organic contaminants in a WWTP
leads to an adaptation of the local community to these
specific organic contaminants.9 This can influence the
biodegradation activity of the communities in WWTPs2,5,25 as
well as in RBTs.1 Hence, pre-exposing the inoculum to a test
concentration has been proposed as a way to normalize the
community biodegradation capacity to the test chemical and
reduce the variability of the test, with limited effect on the
general community composition and activity.14 However,
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using an artificially pre-exposed inoculum is not allowed
under the current ECHA guidelines for biodegradability
testing.11 Pre-exposing the inocula to a chemical at the test
concentration may change the biodegradation kinetics of
some compounds without lowering the relevance of RBTs, as
such tests do not use kinetic information obtained at
environmentally
relevant
concentrations
to
classify
chemicals.
Different methods exist for exposing a microbial
community to a test substance, which can range from simple
batch cultures to more complex continuous flow systems,
such as a chemostat bioreactor. It remains questionable how
the different exposure methods compare in terms of
substance removal, impact on microbial community
composition and environmental relevance. More complex
systems, such as continuous bioreactors, could mimic an
environmentally realistic situation, such as a WWTP, but
could also lead to the formation of communities that are not
representative of the original ecosystem. It is, therefore,
important to assess if the exposed communities are
representative of an environmentally realistic exposure
situation and thus comparable with the original activated
sludge community.
A previous study showed the effects of sampling location
and exposure history on the biodegradation of a specific
chemical in RBTs.1 However, Itrich et al. (2015)1 compared
inocula coming from two different countries located on
different continents and subjected to different climates (the
U.S.A and The Netherlands). The present study aimed to
obtain a fundamental understanding of the impact of preexposure on the microbial community and biodegradation of
chemicals in RBTs. More specifically, we aimed to compare
activated sludge communities located in a similar
geographical area and subject to comparable climatic
conditions, in order to reduce the number of variables that
might influence the community response to pre-exposure. We
hypothesised that the different inoculum origins are reflected
by significant differences in bacterial community
composition and, therefore, variable biodegradation
capacities and rates of the tested substances when following
the OECD 310 protocol. Furthermore, it is hypothesized that
these variabilities decrease when pre-exposing the inocula to
the test substances.
We used four organic chemicals, 4-chloroaniline (4CA),
carbamazepine
(CBZ),
metformin
(MET)
and
N-methylpiperazine (NMP) to test the biodegradation capacity
of the different natural and exposed communities. All these
test substances are reported to be not readily biodegradable
according to the OECD RBTs.12,26–28 No readily biodegradable
compounds were selected for this experiment because we
targeted chemicals with erratic behaviours in RBTs or with
known induced adaptation. NMP was selected based on
previous experiments that showed that long term exposure
can lead to the biodegradation of this chemical in RBTs.28 In
addition, MET and 4CA were selected for their erratic
behaviour in RBTs before and after long term exposure in
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chemostats.28,29 Finally, CBZ was selected for its prevalence
and persistence in WWTPs.30 CBZ and MET are both
pharmaceuticals produced on a large scale. MET is
biotransformed into a metabolite, guanylurea (GUA), which is
thought to be even more environmentally persistent,27 while
recent studies succeed to degrade this product under
laboratory conditions.29,31 4CA is a building block used in
the synthesis of pesticides, pharmaceuticals and dyes. It is
also an intermediate produced of the microbial
transformation of chlorinated pesticides and has been
detected in the aquatic environment and wastewater.32 NMP
is a building block used in the chemical industry and no
information is available about its prevalence and behaviour
in the aquatic environment.
In this project, these chemicals were not quantified in the
sampled WWTP and activated sludge, but metformin and
carbamazepine have been monitored by the Dutch National
Institute for Public Health and the Environment (RIVM) in
the influent and effluent of certain WWTPs (Appendix A).
However, 4-chloroaniline and N-methylpiperazine were not
monitored by the RIVM and the presence of these
compounds was not reported in the local WWTPs, hence,
their environmental concentration is unknown.
The experimental approach was to use inocula from five
different locations, all of which were used in a
biodegradation test under the following conditions: i) after
pre-conditioning in batch for six days without test chemical,
ii) after pre-exposure in batch, for six days, or in chemostat
bioreactors, for up to 4 months, to the test chemicals and iii)
with two different test volumes. In an attempt to miniaturize
the test and increase the number of incubations, two tests
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with different incubation volumes were developed. A lowvolume test, that used 20 ml incubation bottles, was
compared with the standard test, which used 120 ml bottles
as recommended by the OECD 310 guideline.11
Biodegradation was measured indirectly by CO2
production in time, following the OECD 310 guideline,11 and
directly by quantification by LC-MS/MS. In addition,
community composition and dynamics was assessed by 16S
rRNA gene amplicon sequencing as to correlate succession
behaviour of the community to breakdown capacities in time
and to compare the exposed communities with the natural
ones.

2 Materials and methods
A schematic representation of experiment and the associated
figures can be found in Fig. 1.
2.1 Chemicals, inocula and exposure treatments
The research and reference substances (4CA, aniline (ANL),
CBZ, MET & NMP) were all of >99% purity and acquired
from Sigma Aldrich.
The inocula used in this research were derived from
activated sludge which was sampled at five different WWTPs
in the Netherlands: Amstelveen (AMV), Amsterdam (AMS),
Utrecht (UTR), Bennekom (BNK) and Eindhoven (EIN). The
capacity of these WWTPs is 125 000, 1 014 000, 530 000,
25 000 and 750 000 inhabitant equivalents (Appendix A),
respectively. The AMV, AMS and UTR WWTPs are expected to
receive mainly urban influent, because of their location in
large cities, while BNK and EIN are expected to have a

Fig. 1 Schematic representation of the experiments. Carbamazepine, 4-chloroaniline, metformin and N-methylpiperazine were used to preexpose the activated sludge communities. Community profiling refers to the 16s rRNA gene amplicon sequencing and targeted the bacterial
fraction of the microbial communities.

This journal is © The Royal Society of Chemistry 2021
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relatively higher amount of agricultural and industrial
influent respectively. Due to logistical and practical
limitations, sampling took place at all plants in two rounds
in February (winter) and October (autumn) 2018. Weather
conditions during winter sampling were air temperatures
close to zero degrees Celsius, which may influence the
community composition and activity,33 while in autumn
2018, sampling took place after a relatively warm period, with
ambient air temperatures around 20 degrees Celsius.
Unfortunately, the effect of the weather during sampling on
the activated sludge activity and performance could not be
assessed, as the temperature of the activated sludge was not
measured. Whilst reported water temperature by the WWTP
of Utrecht are 12.5 °C in February and 15.5 °C in October
2018, this information is not available for the other sampled
WWTPs. However, it should be mentioned that even if every
sampled activated sludge is sourced from outdoor facilities,
they are all temperature controlled by the operators, which
should limit the influence of the air temperature on the
activated sludge.
For the conditioning of the activated sludge samples the
OECD 310 mineral buffer medium was used in all treatments
(pre-conditioning, pre-exposure and chemostats), in which
the sludge was suspended at 30 mg l−1 dry matter.11 Prior to
the inoculation of the test flasks, pre-conditioning of
activated sludge was performed according to the OECD 310
protocol. Activated sludge was suspended in mineral buffer
medium at 30 mg l−1 dry matter and incubated for 6 d in a
500 ml Erlenmeyer flask with a permeable paper stopper. The
pre-exposure treatment differed from the pre-conditioning
treatment in that the tested substance was included with the
sludge in the Erlenmeyer flasks at the same concentration as
in the biodegradability test (20 mg l−1) in which the resulting
inoculum would be used. As such, the pre-exposed inocula
were only exposed to the same substance concentration with
which the biodegradability test was carried out. RBTs are
typically performed at high concentration (mg l−1) in order to
ensure that CO2 production is above background and reaches
the quantification limit of the analytical apparatus.
The chemostat treatment consisted of five aerobic
bioreactors with OECD 310 medium,11 magnetic stirrers,
sterile air supply and pressure-equilibrated flow which were
inoculated with autumn activated sludge from the different
cities at 30 mg l−1 dry matter, so that each city had an
associated chemostat. In addition, all four test substances
were added to the inflow medium reservoirs at 5 mg l−1 each.
Medium reservoirs were replaced every two weeks with fresh
sterile medium that also contained 5 mg l−1 of the test
substances. A static equilibrium volume of 0.5 l was
maintained in the reactor, with a flow rate of 4 ml h−1 and a
corresponding dilution rate of 0.008 h−1 (equivalent to a
hydraulic retention time of 125 h). This relatively low dilution
rate was chosen because earlier tests had shown that high
dilution rates lead to a loss of biomass and lower
degradation capacities.28,29 The chemostats were kept
running for 4 months in total and multiple liquid and DNA
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samples were taken during this period. RBTs were performed
with the unexposed activated sludge and with the inocula
from each chemostat after 2 and 4 months of incubation.

2.2 Biodegradation tests
Biodegradation tests on the chemicals with all the different
types of inocula were carried using biological triplicates,
following the OECD 310 protocol. This protocol describes the
use of closed bottles in which a substance is dissolved in a
mineral buffer medium as the only carbon and free energy
source (20 mg l−1). These solutions were inoculated with
activated sludge or exposed microbial communities at a
density of 3 mg l−1 dry matter. Aerobic mineralization of the
compound was calculated by sampling and measuring the
CO2 in the headspace of the bottle at fixed time intervals over
a period of 28 d. The bottle headspace was initially filled with
artificial air (80% N2, 20% O2) and samples were taken from
the headspace using a syringe with an electric pump and
transferred to analysis vials, which were flushed with helium.
Subsequently, the bottles were opened and liquid samples
were taken, after which the bottles were closed again and
repressurized with artificial air. This sampling procedure
took place at five time points after 3, 7, 14, 21 and 28 d of
testing. Furthermore, a liquid sample of the initial solutions
at the beginning of each experiment (T0) was taken, in order
to establish the initial substance concentrations.
In an attempt to miniaturize the test and increase the
number of incubations two different test volumes were used.
The first set of biodegradation tests with natural and preexposed activated sludge treatment were carried out in 20 ml
bottles and are referred to as a low-volume test. Activated
sludge samples used in the low-volume test were collected
during the winter sampling campaign. The second set of tests
included unexposed activated sludge and chemostat inocula
and were performed with 120 mL bottles, which is
recommended by the OECD 310 standard guideline. Activated
sludges samples used in the standard tests were collected
during the second sampling campaign, in autumn.
The potential abiotic degradation of the test compounds
was assessed in parallel by using an autoclaved inoculum
(121 °C, 211 kPa, 21 min), which was diluted to the same
inoculum density as the test inocula (30 mg l−1). Abiotic
controls followed the exact same procedure that the
biodegradation tests. Positive control tests, using aniline as a
test chemical, were also performed to assess the
mineralization activity of each inoculum.
In all the tests, the introduced inoculum density was 3 mg
l−1 of dry matter, which means that the absolute number of
cells was lower in the low-volume test. Incubation took place
in the dark, at room temperature (22 ± 1 °C) and under
constant shaking (150 rpm). pH was measured at the
beginning and the end of the test. Initial pH was of 7.4 and
due to the used phosphate buffer no significant variation was
observed at the end of the test (∼pH 7).

This journal is © The Royal Society of Chemistry 2021
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2.3 Analytical chemistry
The CO2 concentration in the headspace of the incubation
bottles was measured with a TRACE GC Ultra gas
chromatograph (Thermo Fisher, Breda, The Netherlands),
equipped with a FID and a Hayesep Q 1/8″ 80–100 2 m +
Hayesep N 1/8″ 80–100 0.73 m column. The theoretical
maximum inorganic carbon (ThIC) production of each bottle
was calculated using the nominal and measured
concentration of the added test compound. The amount of
IC in the blank, that did not contain any test substance, was
subtracted from the test results. The corrected IC was
subsequently expressed as a percentage of the ThIC.
In addition, LC-MS/MS analysis was carried out on
triplicate liquid samples of the biodegradation tests and
duplicate samples of the chemostats using a Shimadzu LC20AD HPLC with a C18 (1.6 μm, 50 × 2.0 mm, Shimpack,
Shimadzu) for 4CA and CBZ or HILIC (1.7 μm, 50 × 2.1 mm,
amide BEH, Waters) column for MET/GUA and NMP,
connected to an AB Sciex 4000 QTRAP MS/MS with Turbo Ion
Spray electrospray ion source. The eluent for the C18 method
consisted of ELGA ultrapure water with 0.1% v/v acetic acid
(eluent A) and HPLC-grade methanol (eluent B). The eluent
for the HILIC method consisted of ELGA ultrapure water with
5 mM NH4CO3 and 0.075% v/v formic acid (eluent A) and
acetonitrile with 5 mM NH4CO3 and 0.075% v/v formic acid
(eluent B). Both methods had a duration of four minutes.
The flow rates for the C18 and HILIC methods were 0.3 ml
min−1 and 0.4 ml min−1, respectively. Test compounds were
ionized in positive mode. Multiple reaction monitoring
(MRM) parameters and fragment masses of all analysed
substances are shown in Table 1. Data acquisition and
analysis were performed using AB SCIEX Analyst software
(Ver. 1.5.1). Analysis of the parent compound is a deviation
from the OECD 310 guideline and does not assess
mineralization of the test compound but does give
information about the removal of the test chemical and
potential accumulation of metabolites.
2.4 Community profiling
Total DNA was extracted from each sample using a MoBio
Powersoil kit (QIAGEN, Benelux B.V.) according to the
supplier's protocol and stored at −80 °C until analysis. The
total DNA concentration was determined with a Qubit dsDNA
HS Assay kit and a Qubit fluorometer (Thermo Fischer
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Scientific, Waltham, MA, USA). The used primers, which were
selected from,34 targeted the V3–V4 region of bacterial 16S
rRNA genes. PCR products were purified using an Agencourt
AMPure XP magnetic bead (Beckman Coulter Nederland B.
V.). Agarose gel was used to control the amplification and
purification steps. Sequencing of amplicons was performed
on an Illumina MiSeq platform using a MiSeq Reagent kit at
the Cancer Center Amsterdam, VUmc, Amsterdam (The
Netherlands). Illumina sequencing raw data have been
deposited on the NCBI sequence read archive database and
can be accessed using the BioProject ID: PRJNA643142.

2.5 Data analyses
Data analyses of the biodegradation tests were performed
using the software program R (ver. 3.5.1).35 Sequencing
reads from the Illumina MiSeq platform were processed into
an operational taxonomic unit (OTU) table using USEARCH,
as described in ref. 36 with the following differences. After
merging, and before clustering, all sequences were
additionally quality-filtered using a maximum expected
error rate of 0.005, no ambiguous bases allowed. Next,
clustering was carried out as described previously36
on sequences passing a maximum expected error
rate of 0.002. Finally, the sequences previously passing the
0.005 threshold were mapped to the OTU centroids. For
taxonomic assignments SILVA (ver. 1.3.2),37 instead of SILVA
119, was used. The sequences were trimmed to the V3–V4
16S rDNA region as described previously.36
The OTU tables and phylogenic trees were then analyzed
in R using the package Phyloseq (ver. 1.26.0).38 Subsequent
analyses, such as diversity analysis, and data visualization
were achieved using the R packages Phyloseq (ver. 1.26.0),38
Vegan (ver. 2.5-3)39 and ggplot2 (ver. 3.1.0).40 A negative
binomial transformation was applied to the abundance data
of all samples using the DESeq function from the R package
DESeq2 (ver. 1.22.1),41 before performing beta-diversity
analyses. Cluster analyses of the chemostat cultures data
were performed separately from the rest of the data, but
following the same procedure. Beta-diversity analyses,
such as Bray-dissimilarity, weighted and unweighted
Unifrac distance analyses were calculated on the
transformed data using the package Phyloseq (ver.
1.26.0).38

Table 1 Multiple reaction monitoring (MRM) parameters and precursor/product ion pair

Quantifier (TR1)

Qualifier (TR2)

Name

Q1
(m/z)

Declustering
potential (V)

Q3 (m/z)

Collision energy (V)

Q3 (m/z)

Collision energy (V)

4CA
CBZ
NMP
MET
GUA

128
237
101
130
103

60
91
116
47
37

93
194
58
71
86

27
29
27
32
13

75
192
44
60
60

48
29
33
19
16

This journal is © The Royal Society of Chemistry 2021

LC
method

Rt
(min)

Detection
limits in
samples
(ng ml−1)

C18

2.50
2.67
2.28
1.88
1.80

0.0195
0.0450
0.586
0.154
0.164

HILIC
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Alpha diversity indices, such as the observed species
richness, which represents here the number of observed OTU
in each sample, Chao-1 estimated species richness and
Shannon diversity index were calculated, after rarefaction at
an even depth (3500 reads), using the R package Phyloseq
(ver. 1.26.0) and Vegan (ver. 2.5-3).
Statistical comparison of the bacterial communities was
performed using a PERMANOVA analysis (1000 permutations)
that implements the Adonis function in the package Vegan
(ver. 2.5-3). Statistical comparison of the alpha diversity
indices was performed using ANOVA and Kruskal–Wallis tests
using R (ver. 3.5.1).

3 Results
3.1 Impact of short- term pre-exposure on biodegradation in
low volume tests
The results of the primary degradation in biodegradability
tests measured via LC-MS/MS indicate that only MET is
efficiently removed by the unexposed inoculum originating
from activated sludge in the low volume test (Fig. 2E).
Furthermore, comparison of the different inocula shows

Environmental Science: Water Research & Technology
variations in their removal rate of MET. These variations
decreased after pre-exposure in batch culture, but did not
completely disappear (Fig. 2F). Pre-exposure also increases
the degradation rate of 4CA for all inocula as no removal is
observed without this treatment (Fig. 2A and B). Probably
due to the low volume used during the tests and to the low
amount of carbon in the medium, very little CO2 production,
if at all, was measured regardless of whether inocula were
pre-exposed or unexposed. With regard to NMP and CBZ, no
significant removal of these two compounds is observed
either before and after pre-exposure (Fig. 2C, D, G and H).
Furthermore, it should be noted that none of the
chemicals were removed in the abiotic controls (<5%
degradation), regardless of the test (Appendix C, Fig. S1†).
This means that observed degradation (>10% removal) is the
result of the inoculum activity.

3.2 Impact of long-term exposure in chemostats on standard
biodegradation test outcomes
4CA is rapidly removed in the chemostat cultures regardless
of the origin of the activated sludge (Fig. 3). CBZ on the other

Fig. 2 Biodegradation % (C/C0) of 4CA (A and B), CBZ (C and D), MET (E and F) and NMP (G and H) by activated sludge and pre-exposed activated
sludge in low-volume biodegradability tests. Lines and points represent the average elimination for each condition and error bars correspond to
the standard deviation of the three replicates used to calculated the average biodegradation under each condition.
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Fig. 3 Concentration (mg l−1) of each chemical in chemostats over time (d). Lines and points represent the average concentration measured in
liquid samples (analytical duplicates). Error bars represent the standard deviation between each analytical duplicates.

hand is not degraded, except for the AMS bioreactor that
responds after 42 d of operation. Removal of MET and
transformation to GUA occurs in all bioreactors, although the
transformation rate differs between the different chemostats.
Removal rates of MET in the UTR bioreactor are
fluctuating over time. Initially, there is rapid removal, but
after 14 d the removal capacity seems to decrease and the
MET concentration rises again. Some removal of GUA could
be observed in the AMS chemostat between 70 to 81 d of
incubation, after which the GUA concentration stabilizes.
Adaptation and elimination of NMP starts between 28 and 56
d in all bioreactors except the one with the AMS inoculum.
The latter showed little catabolic activity both in the
chemostat and the biodegradability tests.
Similar to the tests performed with activated sludge in the
low-volume test, those from the standard OECD 310 test did
not show removal of 4CA, CBZ and NMP during
biodegradability testing (Fig. 4A, D and J). MET is removed
by all inocula and with comparable removal rates, which is in
contrast with the low-volume test (compare Fig. 4G and 2E).
No or very little CO2 is produced in these tests conducted
with the activated sludge from autumn (see Fig. 5).
As expected, biodegradability tests performed with inocula
that were exposed to the test substances for two months in
the chemostats showed increased removal rates. The UTR
inoculum completely removed 4CA and produced CO2, while
the one from AMS did not (Fig. 4B and 5B). Furthermore,
MET removal rates diverged with faster rates by the AMV,
AMS, BNK and EIN inocula, and slower rates by the UTR
inoculum (Fig. 4H). All inocula except AMS are able to
remove NMP within 2 months of exposure under these
conditions (Fig. 4K).

This journal is © The Royal Society of Chemistry 2021

After four months of exposure in the chemostats, the UTR
inoculum only partly removed 4CA in the RBTs, and
produced very little CO2. All inocula completely removed
MET, though with variable rates (Fig. 4I). NMP was also
removed by all inocula, except by AMS (Fig. 4L). RBTs
performed with inocula pre-exposed for four months
produced almost the same amount of CO2 as those preexposed for two months (Fig. 5), with the difference that less
variation between inocula was observed for the
mineralization of MET. Furthermore, EIN produced more
CO2 for NMP than the rest of the inocula after the same time
of pre-exposure.
CBZ was not removed in any of our RBTs, with the
exception of the test bottle inoculated with AMS after four
months (Fig. 4F). It should be noted, however, that CO2 was
not produced at all in this case.
Despite the mineralization of aniline in some inocula,
they were unable to meet the OECD 310 guideline
requirement (Appendix C). Most of the activated sludge
inocula either reached 60% of CO2 production more than 10
days after the end of the lag phase (10 d window) or did not
reach this threshold at all. In contrast, some communities
exposed in chemostats for two and four months conformed
to the requirement. Overall, CO2 production from ANL is
inconsistent and might reflect a loss of biodegradation
capacity for this specific compound due to the chemostat
conditions during which slow growing species are washed
out of the culture. The limited CO2 production of ANL shows
that our mineralization data are not representative of the
natural mineralization potential of the communities. Even if
mineralization was limited, the produced data are still
reliable and may highlight a community dysfunction. Results

Environ. Sci.: Water Res. Technol., 2021, 7, 107–121 | 113

View Article Online

Open Access Article. Published on 14 November 2020. Downloaded on 3/31/2021 8:59:11 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

Environmental Science: Water Research & Technology

Fig. 4 Biodegradation % (C/C0) of 4CA (A–C), CBZ (D–F), MET (G–I) and NMP (J–L) by activated sludge and chemostat communities in standard
biodegradability tests. Vertical set represent a different time of exposure in chemostat (0, 2 and 4 months). Each colour and shape represent a
different location and chemostat. Lines and points represent the average elimination and error bars correspond to the standard deviation of the
three replicates used to calculated the average biodegradation.

indicate that the cultivated communities lost part of their
mineralization capacity but not of their biotransformation
activity, which is in accordance with the results presented in
Fig. 4 and 5. According to the OECD guidelines, such data
would not be accepted in an official RBT and could require
additional tests with a different positive control, such as
sodium benzoate.

3.3 Bacterial community analysis
The Illumina MiSeq generated a total number 8 163 877
reads. The OTU table included 7384 OTUs and 5 600 504
reads. The number of reads per sample ranged from 110, for
the negative controls, to 190 260 reads, with a median at
34 745 and a mean at 36 367 reads (SD 25 489). A bar plot
representing the most abundant OTUs (>0.5% of relative
abundance) in the sampled activated sludge, can be founded
in the ESI† (Appendix E, Fig. S3).
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Comparison of the alpha diversity indices (Fig. 6) reveals
significant differences between the different activated sludge
samples (Shannon: p < 0.001, S.Obs: p < 0.05, Chao1: p <
0.001). Post hoc analysis shows that among the activated
sludge samples, Amsterdam (AMS) is the only one
significantly different from the other samples in both
sampling campaigns. Comparison of the sampling season for
each location also shows significant differences of the alpha
diversity indices (Shannon: p < 0.001, S.Obs: p < 0.01,
Chao1: p < 0.001). In general, activated sludge samples
collected in winter and used in the low-volume test, were less
diverse than activated sludge samples collected in autumn
that were used in the standard test.
Pre-conditioning and pre-exposure also have an influence
on the alpha diversity of the activated sludge communities,
as both of them displayed significantly lower diversity index
values. However, changes in diversity after pre-exposure are
not correlated with the degradation kinetics of the tested
chemical, as no significant difference is observed between

This journal is © The Royal Society of Chemistry 2021

View Article Online

Open Access Article. Published on 14 November 2020. Downloaded on 3/31/2021 8:59:11 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Environmental Science: Water Research & Technology

Paper

Fig. 5 % of CO2 production of 4CA (A–C), CBZ (D–F), MET (G–I) and NMP (J–L) by activated sludge (autumn) and chemostat communities in biodegradability
tests.

them. Finally, cultivation in chemostats resulted in an
important loss of diversity over time in comparison with the
original activated sludge inoculum. Alpha diversity indices of
the communities from chemostats over time are displayed in
the ESI† (Appendix F, Fig. S4).
Both Bray–Curtis dissimilarity analysis and weighted
Unifrac distance analysis revealed clear differences between
the different communities (Fig. 7). These observations are
supported by the PERMANOVA analysis that confirmed that
all activated sludge communities were significantly different
from each other. Further analysis of weighted (quantitative)
and unweighted (qualitative) Unifrac showed that the
difference between winter and autumn communities for
Amsterdam and Bennekom were due to changes in the
abundance of pre-existing taxa, while for the other locations,
the presence or absence of taxa had more implications on
the community dissimilarity.
As described earlier, pre-exposing or pre-conditioning of
the winter communities led to significant changes in its
composition and abundance. Furthermore, a comparison
between pre-exposed and pre-conditioned communities

This journal is © The Royal Society of Chemistry 2021

showed significant differences. As observed with the alpha
diversity analysis, long term exposure in chemostats led to a
significant change in community composition and structure
over time (Fig. 7C and D). Moreover, even if each chemostat
was fed with an identical medium, each cultivated
community remained significantly different from the others
throughout the whole experiment (PERMANOVA, p < 0.001, F
= 3.3146).

4 Discussion
4.1 Origin of the inocula
The geographical origin of an inoculum influences the
biodegradability of organic chemicals in laboratory studies42
and can also influence their biodegradation in (ready)
biodegradability tests.1,23,43,44 This is likely, as such
communities share a small bacterial community core8 that is
linked to activated sludge performance and might differ in
biodegradation function and activity. Our results indicate
that when performing the RBTs following the standard OECD
310 protocol no differences are observed in the degradation
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Fig. 6 Alpha diversity analysis of each sample. Observed species richness (e.g. number of observed OTUs), Chao-1 estimated species richness and
Shannon diversity index were calculated using the R package Phyloseq and Vegan. Statistical analyses were also performed on R. Each colour
represents a sampling location, Amsterdam (AMS), Amstelveen (AMV), Bennekom (BNK), Eindhoven (EIN), Utrecht (UTR).

rates between the inocula of the five different WWTPs
(Fig. 4 and 5). It should be noted that, although the
inocula came from locations relatively close to each other,
community profiling results revealed significant taxonomic
divergence
between
the
communities.
Significant
community dissimilarity among geographical distant
location is known and is expected to increase at a regional
level.8 However, our study did not produce enough data to
provide a distance–decay relationship. This relationship
assumes that community similarity decreases as the
geographical distance between communities increases.8 The
two most geographically distant samples are AMS and EIN,
however, the dissimilarity between these two communities
is not stronger than with the others. The most frequently
detected OTUs in all activated sludge samples were
associated with the bacterial phyla Proteobacteria,
Bacteroidetes and Nitrospirae. These phyla are known to be
among the most common detected bacterial phyla in
activated sludges, even in WWTPs operated under different
conditions.8,45 However, alpha diversity indices showed that
inocula sampled during the first campaign, in winter, were
significantly less diverse in terms of observed OTUs (AMV,
UTR, EIN) or abundance (AMS, BNK) than the ones
sampled in autumn (Fig. 6). This observation is consistent
with the literature, as a lower diversity in winter has
already been reported,33 without clear influence on the
community activity. This is the case in the present
investigation, in which the divergence of diversity and
composition of the inocula did not have any effect on the
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degradation pattern of the test substances, in the standard
RBT (Fig. 4), while divergence was observed for the
degradation of MET in the low volume test (Fig. 2).
Communities with a higher diversity should be more likely
to contain key degrading strains, which would result in a
positive
association
between
diversity
and
biodegradation.46,47 This observation has been shown to be
true for some but not all micropollutants,46 as some were
even negatively correlated.48 However, more diverse
communities
most
likely
have
functional
genes
redundancy,47 increasing the biodegradation chances of a
specific chemical.
In the present study, the biodegradation kinetics
between taxonomically different communities are quite
similar. Here it should be noted that the differences in
community structure may be the consequence of
fluctuation in the number of taxa with a low
abundance, which may not be involved in the
biodegradation pathway of the test chemicals. Thereby,
the test concentrations used in the OECD 310 protocol
are higher (mg l−1 range) than can be considered
typical micropollutant (ng L−1 to μg L−1) range and this
protocol only tests primary (aerobic) degradation.
Therefore, micropollutant degradation pathways which
could vary between the inocula, such as co-metabolism
or nitrification are not considered in this study. Further
investigation should be considered to confirm whether
sampling location and/or season have a significative
influence on RBTs outcome.
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Fig. 7 Non-metric multidimensional scaling (NMDS) Bray–Curtis dissimilarity distance analysis (A and C) and principal coordinates analysis (PCoA)
weighted Unifrac distance analysis (B and D). Top (A and B), colours represent the sampling campaign of the activated sludge and the pretreatment performed on the activated sludge. Bottom (C and D), colours are displaying the time of incubation in chemostat of the activated sludge.
Shapes represent the location of sampling of the activated sludge.

4.2 Low-test volume induced variability

4.3 Exposure treatments

The only observed variation between community
biodegradation capacity was observed in the low-volume
test performed on MET (Fig. 2E). It has been shown that
a low test volume could increase the lag phase period
and the chance of false negatives, due to the lower
transferred biomass and therefore a lower chance to
introduce competent degraders.49–53 This “biodegradation
lottery” is well known and several solutions, such as
increasing the inoculum density20,21 or the test volume12
has been proposed. In the present study, pre-exposing the
inocula reduced the MET biodegradation variation and
thus reduced the effect of the biodegradation lottery. The
absolute abundance of MET degraders in the test was
directly influenced by the volume of the test. Pre-exposure
allowed the MET degrader population to increase and
reduced the original variation in relative abundance
between inocula. It should be noted that the chemical
concentration used in biodegradability tests and during
the pre-exposure treatment are not environmentally
relevant and were specifically selected to promote growthlinked degradation, as recommended by the OECD 310
guideline.11

Deliberate pre-exposure has been proposed as a way to
reduce the variability in the outcomes of RBTs in a number
of studies9,14,19,22 Pre-exposure is thought to achieve this
reduction by two mechanisms. Firstly, it shortens and
equalizes the lag-phase before the onset of degradation,
thereby reducing the number of false negatives that occur
due to the degradation falling out of the 28 day window of
the test. Secondly, by having a larger number of inoculum
cells exposed to the chemical before the starting the RBT, the
chances of sufficient competent degraders being transferred
with the inoculum and therefore the chances of
biodegradation could increase. Including pre-exposure in
RBTs might lead to a better prediction of the environmental
biodegradability of some organic chemicals, such as
metformin.
A short pre-exposure of six days increased the
biodegradation capacity of the communities, even if no
variation was observed before the treatment. All pre-exposed
inocula showed elimination of 4CA during the OECD 310
RBT (Fig. 2B), which confirms that pre-exposure leads to an
enhanced elimination of this compound.22 However, it
remains the question to what extent the observed kinetic
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differences are the consequence of inherent characteristics of
the original microbial communities. In that respect, it should
be noted that 4CA is rapidly eliminated by all inocula in the
chemostat bioreactors (Fig. 3) while it is not completely
mineralized by the BNK inoculum in the subsequent RBT
(Fig. 5). Therefore, the influence of inoculum source is also
confounded by the large diversity of the activated sludge
samples and by the decrease in diversity after preconditioning treatment.54
Our results indicate that both pre-exposure treatment and
pre-conditioning, although pre-exposure is not allowed while
pre-conditioning is recommended by the OECD 310 guideline,11
have a significant influence on the community composition and
diversity (Fig. 6 and 7).54 When comparing the two tested
exposure methods, a short batch pre-exposure has a less
significant impact on the community composition and function
than long term pre-exposure in chemostat bioreactors (Fig. 7).
However, the likelihood for a persistent chemical to pass the
test after a short pre-exposure is unknown, but it was not
observed in the present study. NMP and CBZ, which are
classified as persistent, were not degraded after short preexposure in batch cultures. This is in contrast to long-term
chemostat pre-exposure, which has been shown to lead to the
degradation of NMP in a standard RBT.28
As discussed above, pre-exposure also reduced the
variability between inocula in the MET test conducted with a
lower test volume than recommended. Therefore, preexposure mostly reduces the metformin test variability
caused by divergence in the abundance of specific degraders.
It should be noted that as only four chemicals were used in
this study, more research should be conducted in order to
draw general conclusions about the effect of pre-exposure on
the
biodegradation
of
persistent
and
inherently
biodegradable compounds.
Long exposure using chemostat systems confirmed results
of previous research that found that communities in
chemostat bioreactors completely shift and diverge in
composition and biodegradation capacity from their original
activated sludge source communities.28,55 This is most likely
explained by the fact that communities in domestic waste
water grows on a complex mixture of organic substances,
while those in the chemostat cultures are faced with a
mineral buffer medium containing only the test substances
as carbon and free energy source.54 When communities
become adapted to a mixture of test substances, large
differences in adaptation time, removal capacity and rate are
observed. Furthermore, the observed differences in bacterial
community composition between the WWTPs may also
impact their behaviour in chemostat systems, as can be
observed from the removal patterns of MET and NMP, and
can increase their chance to diverge in RBTs. From our
results, however, it remains difficult to determine whether
these differences are caused by differences in the source
influent or by differences in the communities and the
probability to introduce specific degraders during inoculation
of activated sludge.
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Previous investigation related to the biodegradation of
MET in chemostat already showed that activated sludge
coming for the WWTP of Amsterdam (AMS) contains
competent degraders of both MET and GUA.29 However,
biodegradation could not be enhanced, even after nine
months of exposure in chemostat. Our present results are in
apparent contradiction to these results, as biodegradation of
MET could be enhanced for most inocula, after two months
of exposure in chemostat. Both experiments were conducted
at high concentration (mg l−1) but using different dilution
rates, which could have limited the loss of degrading
biomass in the present study. The inoculum from AMS was
also able to remove GUA in chemostat after 70 days of
incubation. Very few studies reported the biodegradation of
both MET and GUA29,31 in batch or chemostat systems. The
catabolic pathway leading to the consumption of GUA is
unknown but microbial communities are suspected to use
MET and GUA as alternative nitrogen sources under nitrogen
limited condition.31 Finally, bacteria from the genus
Aminobacter were shown to be involved in the transformation
of MET to GUA.29 However, in depth investigation of the
inocula composition could not correlate the abundance of
Aminobacter related bacteria with the biodegradation level of
MET, which means that other members of the community
must be responsible for the biodegradation of MET in this
experiment.
Furthermore, introduction of variability after exposure
and even the loss of degrading capabilities occurred in some
cultures that were subjected to long-term pre-exposure in
chemostat.29 Therefore, chemostat bioreactors are valuable to
test whether a substance is inherently biodegradable and to
assess the adaptation capacity of a microbial community to a
compound. However, due to the drawbacks mentioned above,
they are less suitable than short pre-exposure in batch to be
incorporated in RBTs to account for microbial adaptation.
Chemostats have the potential to be used to identify potential
catabolic pathways under long term culturing. However, as it
was highlighted by the aniline results (Appendix D, Fig. S2†),
culturing in a chemostat can seriously affect the general
community activity and lead to creation of a nonenvironmentally representative community.
Inconsistent aniline biodegradation by the chemostat
communities could be the result of the absence of this
compound in the medium and by a drop in the community
diversity, resulting in a lower biodegradation capacity47 as it
was already observed for metformin.29 We should consider to
use an alternative reference chemical, such as acetate or
benzoate, in the future. Finally, in accordance with previous
research, deliberate pre-exposure of inocula to test
substances before performing an RBT could hamper the
degradation of the reference substance (e.g. cellulose or
aniline in the current study) in the same test.23 This is
probably due to activation of additional catabolic enzymes
resulting in an inhibition of the enzyme involved in the
consumption of the reference chemical. Therefore, this
inconvenient side effect of pre-exposure might as well
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hamper the removal of other readily biodegradable
compounds and limit the applicability of the test.
Overall, results of these experiments show that preconditioning or pre-exposing the inoculum will influence the
community diversity, composition and activity, when
compared to the original activated sludge community.
Composition and diversity of the treated communities are
significantly different from those of the original activated
sludge, while their biodegradation activity remain the same
for most of the tested chemicals. Pre-exposure could be used
to specifically increase the absolute number of degraders and
reduce the test variability and the number of false negatives.
However, extra care must be taken to not lose the stringency
of the test, by increasing the risk of false positives (e.g. ready
biodegradation of a persistent chemical), and allowing
emission of highly persistent compounds, which could lead
to irreversible environmental impacts.56 Enhancing RBTs and
understanding the influence of inocula exposure history
requires additional work using alternative test chemicals and
communities.

5 Conclusions
Ready biodegradability tests (RBTs) commonly use microbial
communities from environmental samples, such as activated
sludge. The diversity of these inocula can influence the RBTs'
outcomes by increasing the variability of results, due to
variable abundance of specific degraders. These variabilities
and two proposed methods to mitigate these issues, i.e. preexposure and long-term exposure in chemostat bioreactors,
were investigated in this study. Community profiling showed
that the bacterial communities of all activated sludge
samples used in this project were significantly different from
each other. Although source differences had no clear
influences on the biodegradation rate when following the
regular OECD 310 protocol, differences between community
activity could be observed in chemostat systems. We conclude
i) that less variability in removal of metformin and shorter
lag-phases are observed when the test is performed with a
high cell number or after pre-exposure of the inocula in
batch, ii) that long-term exposure, in chemostat systems, has
the potential to study in laboratory the behaviour of highly
adapted communities toward persistent compounds, such as
N-methylpiperazine, and iii) mineralization of the positive
control in RBTs is, however, affected by long-term exposure
of the inoculum in chemostat, limiting the conclusions of
the test.
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