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ABSTRACT: Biodegradation of organic chemicals emitted to the
environment is carried out by mixed microbial communities
growing on multiple natural and xenobiotic substrates at low
concentrations. This study aims to (1) perform simulation type
biodegradation tests at a wide range of mixture concentrations, (2)
determine the concentration effect on the biodegradation kinetics
of individual chemicals, and (3) link the mixture concentration and
degradation to microbial community dynamics. Two hundred
ninety-four parallel test systems were prepared using wastewater
treatment plant effluent as inoculum and passive dosing to add a
mixture of 19 chemicals at 6 initial concentration levels (ng/L to
mg/L). After 1−30 days of incubation at 12 °C, abiotic and biotic test systems were analyzed using arrow solid phase
microextraction and GC−MS/MS. Biodegradation kinetics at the highest test concentrations were delayed for several test substances
but enhanced for the reference chemical naphthalene. Test concentration thus shifted the order in which chemicals were degraded.
16S rRNA gene amplicon sequencing indicated that the highest test concentration (17 mg C/L added) supported the growth of the
genera Acidovorax, Novosphingobium, and Hydrogenophaga, whereas no such effect was observed at lower concentrations. The
chemical and microbial results confirm that too high mixture concentrations should be avoided when aiming at determining
environmentally relevant biodegradation data.

KEYWORDS: xenobiotics, simulation biodegradation, concentration effect, microbial community, passive dosing, 16S rRNA, sequencing

■ INTRODUCTION

Biodegradation of chemicals in the environment is a complex
process that depends on the chemicals, the microbial
community, and many environmental factors.1 It is an
important fate process for many chemicals and biodegradation
data are, therefore, needed for the risk assessment and
regulation of chemicals. Many formats exist for biodegradation
tests differing in complexity, ranging from standardized
screening tests for ready biodegradability,2 simulation tests
for biodegradation in different environmental compartments,3,4

to non-standardized tests used for specific research purposes or
difficult-to-test chemicals.5−7 Interest in the differences
between standard tests and the more complex conditions in
the field is not new8,9 but has increased lately.10−15 The
environment is characterized by the presence of complex
microbial communities, multiple substrates, and xenobiotics at
low concentrations. Although, the relationship between the
concentration of a single substrate and growth of a degrader
population has long been described,16 much less is known
about the concentration effect on biodegradation kinetics for

mixtures at very low chemical concentrations in complex
microbial communities.
The effect of substrate concentration on the population

density of a single degrader strain and on the mineralization of
the substrate can be described by the Monod kinetics (eq 1)17

S t S S X S K Sd /d ( )/( )max 0 0 Sμ− = · + − + (1)

where S is the substrate concentration, S0 is the initial substrate
concentration, μmax is the maximum specific growth rate of the
microbial population, KS is the half-saturation constant for
growth, and X0 is the amount of substrate required to produce
the initial population density (population density divided by
yield). Equation 1 can be simplified in a number of ways
depending on the initial microbial population density and
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substrate concentrations.17 In situations where the chemicals
do not cause growth of the microbial population, the chemical
concentration may still affect the rate of biodegradation
through enzyme interactions as described by Michaelis−
Menten kinetics.18 In both cases, below a certain substrate
concentration (Simkins and Alexander17 found this shift to be
around 1 mg/L for Monod kinetics), the chemical will be
degraded according to first-order kinetics with the degradation
rate proportional to the chemical concentration, if a sufficient
density of degrader organisms and enzymes are present.
Otherwise, it will be degraded according to the logistic model
that includes the initial production of enzymes or growth of the
degrader organism.17 The logistic model can be approximated
by a lag phase followed by a first-order degradation phase,
where the lag phase may cover the growth, enzyme production,
and/or various adaptation processes. At higher concentrations,
a stagnation of the increase in the biodegradation rate is
expected because of limitations on the growth of degraders or
due to enzyme saturation.17,18 This pattern is complicated by
the possibility for substrate inhibition (toxicity) that can lower
the rate of biodegradation at high substrate concentra-
tions.19,20,31 These descriptions predict the proportionality
between the chemical concentration and degradation rate
found at low concentration to remain intact when decreasing
concentrations even further. However, van Bergen et al.21

found higher degradation rate constants in activated sludge at
30 nM compared to 3 nM for a number of pharmaceuticals.
Boethling and Alexander8 also observed that for two of four
test chemicals (2,4-D and carbaryl) degradation rates in stream
water decreased more than expected at the lowest concen-
trations used (low μg/L).8 Given longer incubation times (18
days), the chemicals were eventually degraded; however, they
suggested that below a certain concentration threshold the
proportionality between the concentration and degradation
rate no longer applies.8 Toran̈g et al.22 likewise observed a
threshold in the low μg/L concentration range for MCPP and
2,4-D below which no adaptation of the microbial consortia
occurred, and below which only a very slow biodegradation
was seen in sediments and groundwater.22 Above this
threshold, selective growth of specific degraders were
observed.22 However, no threshold was found for phenan-
threne and fluoranthene down to low ng/L concentrations in a
study using a single strain inoculum23 or for 2-methylnonane
and 1,2,4-trimethylbenzene at concentrations down to the low
μg/L or high ng/L range in a study using stream water as
inoculum.24 Also, Egli,25 described how microorganisms can
use “mixed substrate growth” to survive in natural waters
where the substrate is scarce and thus grow on a mixture of
chemicals present at very low concentrations.
Standardized tests are conducted on single chemicals and

vary in test concentrations from high mg/L concentrations in
screening tests to low μg/L concentrations in simulation tests
(the OECD 309 guideline recommends testing at two different
test concentrationstypically 1 order of magnitude apart),4

whereas actual environmental concentrations may be much
lower. Previously, the only way to generate biodegradation data
at low concentrations was to use 14C-labeling, which implies
the testing of one chemical at a time. However, recent
advances in automated pre-concentration and instrumental
analysis have improved the possibility for targeted analysis at
very low concentrations.26 Furthermore, a new biodegradation
approach for determining the primary biodegradation of
chemicals in mixtures at low concentrations was recently

developed.6 It allows simultaneous testing of many chemicals
including hydrophobic and/or volatile chemicals.27 The
combination of this biodegradation approach and targeted
arrow solid phase microextraction (Arrow-SPME) coupled
with GC−MS/MS analysis opens up the potential for
determining the primary biodegradation kinetics of mixtures
of test chemicals at very low (ng/L) concentrations.
In standard biodegradation tests, there are no requirements

to characterize the inoculum, and the microbial community
dynamics during incubation is thus often unknown. Recently,
Southwell et al.10 studied the change in bacterial communities
of freshly collected sediment and river water (8 sampling times
over 2 years) and their development during incubation in
OECD 308 and 309 tests. They found that though bacterial
communities varied over time and also changed during
incubation, there was no clear link between the microbial
composition and the variation in the degradation rate of
isopyrazam at relatively low concentration (0.1 mg/L).10

However, the lack of inoculum characterization has been
identified as a challenge for understanding the differences seen
between biodegradation studies, and Kowalczyk et al.28 called
for the use of molecular microbial ecology methods in
biodegradation testing.
The aims of this study are, therefore, to (1) perform parallel

biodegradation tests changing mixture concentrations over 5
orders of magnitude, (2) determine the effect of mixture
concentration on the biodegradation kinetics of individual
chemicals, and (3) link the mixture concentration and
degradation to bacterial community dynamics during incuba-
tion. Fragrances, plasticizers, UV filters, and reference
chemicals [including two polyaromatic hydrocarbons
(PAHs)] were included in the test mixture to cover some of
the diversity of chemical structures in wastewater treatment
plant influent and effluent. Six parallel biodegradation
experiments were conducted spanning 5 orders of magnitude
in concentration of individual test substances and maintaining
the composition of the added mixture.

■ EXPERIMENTAL SECTION
Materials. Test chemicals were chosen among current and

previously used chemicals in personal care products in order to
cover a diverse set of chemical structures, taking analytical
constraints into account. The test chemicals citronellol, dibutyl
phthalate, dicyclohexyl phthalate, drometrizole, 2-ethylhexyl 4-
methoxycinnamate, 2-ethylhexyl salicylate, geraniol, homosa-
late, linalool, musk ketone, tonalide, and 4-tert-butylcyclohexyl
acetate were purchased from Sigma-Aldrich (Copenhagen,
Denmark), and α-isomethylionone, oxacycloheptadec-10-en-2-
one, and tert-butyl-4-methoxyphenol were provided by Global
Product Compliance Europe AB (Lund, Sweden). Four
reference chemicals were included in the study: 1,3,5-
trichlorobenzene as a poorly degradable chemical, anthraqui-
none as an inherently degradable chemical,29 and naphthalene
and phenanthrene that were degraded in our earlier studies.6,30

The four reference chemicals were purchased from Sigma-
Aldrich (Copenhagen, Denmark). The purity of chemicals was
>95%. Translucent silicone rods (3 mm in diameter) were
custom made by Altec (St Austell, UK, product code 136-
8380) and used for passive dosing. Ethyl acetate (Sigma-
Aldrich, ≥99.7%) and ethanol (VWR chemicals, 99.8%) were
used for cleaning the silicone rods. Ultrapure water was
produced using an Elga PURELAB flex water system (Holm &
Halby, Denmark).
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Inoculum. Effluent from a large wastewater treatment plant
(WWTP effluent) in the Copenhagen area was used as
inoculum (Spildevandscenter Avedøre treated 25,7 mio m3

wastewater in 201935 from approximately 250,000 citizens).
Effluent was chosen as a relevant inoculum to study the
concentration effects because its microbial composition has a
high impact on the microbial composition of the receiving
streams.36 WWTP effluent was sampled on the 8th of June
2020 from an open channel at the treatment plant, transported
to the lab in insulated bags, and stored at 12 °C during the
setup of the experiments (setup completed within 12 h of
sampling). Background characterization of the effluent is
shown in Table S1.
Biodegradation Experiments. Six parallel biodegradation

experiments were conducted spanning 5 orders of magnitude
in concentration of each test chemical added to the wastewater
treatment plant effluent. The added concentration levels for
test substances were based on (1) keeping concentrations of all
substances below the respective water solubilities, (2) ensuring
analytical sensitivity for most of the concentration levels, (3) a
maximum acceptable biological oxygen demand of the mixture
to ensure aerobic conditions, and (4) a wish to extend the
higher levels into the baseline toxicity range because that could
affect degradation kinetics.31 Concentration levels were
prepared with a spacing of 1 order of magnitude between
each concentration level. The chosen highest concentration
and the analytical detection limits of the chemicals thus
allowed up to 6 concentration level to be included. Measured
concentrations in test systems ranged from 1 to 8000 μg/L in
the highest concentration experiment (level 1) down to 0.6−
80 ng/L in the lowest concentration experiment (level 6)
(Figures 1 and S1).
Passive dosing was used to add the test chemicals to

biodegradation test systems below their water solubility and
without the addition of a co-solvent.23,32,33 Passive dosing
systems contained silicone rods loaded with test chemicals.
The highest biodegradation test concentration was prepared by
the equilibration of the loaded rods with wastewater treatment
plant effluent. This solution was then transferred to
biodegradation test systems for test initiation. Lower test
concentrations were achieved by equilibrating the rod with
pure water and spiking the appropriate dilution into waste-
water treatment plant effluent to reach one of the five lower
target concentration levels.

Preparation of Passive Dosing Systems. Silicone rods
were cleaned (see Supporting Information S1) and then cut
into five pieces of 20.00 g and rolled up into 100 mL amber
glass serum bottles.32 It was chosen to load solid test chemicals
close to their solubility limit. Predictions of partitioning
between silicone and water34 were used for initial estimates of
loading levels, which were then tested in a small pre-test of the
loading levels and compared to standards in order to set the
final procedure for loading of the silicone rods.
Solid chemicals were loaded into the silicone rods by

equilibrium partitioning from a methanol solution. The
methanol solution containing the solid chemicals was prepared
by adding 10 g of tonalide, musk ketone, drometrizole,
dicyclohexyl phthalate, phenanthrene, 3 g of anthraquinone, 2
g of tert-butyl-4-methoxyphenol, and 0.5 g of naphthalene and
1,3,5-trichlorobenzene to 500 mL of methanol. Though the
methanol solubility was only known for a few of the chemicals,
residual crystals indicated that for some chemicals this solution
was saturated (most likely phenanthrene and musk ketone),
whereas for some it was not (e.g., naphthalene). This solution
was sonicated two times for 15 min and left to settle overnight.
64 g of the supernatant of this solution (measured by weight)
was then added to each passive dosing system. They were then
rolled overnight for equilibrium loading from the methanol
solution. The rods were then rinsed with ultrapure water. This
rinse caused some formation of crystals on the silicone rods.
The rods were therefore wiped carefully twice with lint-free
tissues slightly wetted in methanol to mechanically remove the
crystals from their surface and placed in new 100 mL amber
serum bottles.
Liquid chemicals were subsequently loaded into the same

silicone rods via the absorption of an added liquid mix. A
mixture of most of the liquid test chemicals was prepared by
mixing 100 μL of citronellol, linalool, geraniol, α-isomethylio-
none, dibutyl phthalate, oxacycloheptadec-10-en-2-one, and 4-
tert-butylcyclohexyl acetate with 500 μL of 2-ethylhexyl 4-
methoxycinnamate and 2-ethylhexyl salicylate. 170 μL of this
mixture and 10 μL of homosalate was then added to each of
the five silicone rods and rolled overnight for absorption of the
liquid test chemicals. The silicone was then rinsed three times
with ultrapure water.

Preparation of Test Systems. Each experiment consisted
of 21 abiotic test systems, 21 biotic test systems, and 7 blanks
prepared in 20 mL amber precision thread headspace vials

Figure 1. Initial test concentration in the six parallel biodegradation tests, non-spiked WWTP effluent concentration (brown symbols), and
solubility (red symbols) [experimental or estimated values from the Danish (Q)SAR Database46]. Fitted linear factor 10 lines are indicated
(stippled) on A. Standard error of mean (SEM) error bars (n = 3) are smaller than symbols for all data points.
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(Mikrolab Aarhus) closed with gastight magnetic screw caps
with PTFE/silicone septa (Sigma-Aldrich). This test system
format ensured alignment with the analytical method. The
highest concentrations (level 1) were prepared by equilibrating
the WWTP effluent with the loaded silicone rods for 2 h (80
mL in each of four passive dosing system) and transferring 15
mL of this solution to each test system (the dimensions of the
passive dosing systems ensure fast equilibration kinetics,30,32

which were also confirmed by measurements of initial
concentrations: Figures 1 and S1 and Table S1). The other
concentrations levels (2−6) were prepared by equilibrating 80
mL of ultrapure water with the loaded silicone rods in a passive
dosing system (rolling overnight at 30 rpm and room
temperature) and diluting this solution 1:10, 1:100, 1:1000,
1:10,000, and 1:100,000 into the WWTP effluent. Abiotic test
systems were prepared at the same test chemical concen-
trations using ultrapure water instead of wastewater treatment
plant effluent. In an earlier study,37 using river water with a low
content of suspended solids and organic matter as inoculum,
this method for preparing abiotic controls has been shown to
produce similar results as when using sodium azide for
poisoned abiotic controls. In order to limit the use of toxic
chemicals it was deemed sufficient here.
All test systems were incubated at 12 °C in the dark on

benchtop rollers at approximately 30 rpm. At varying time
points from 1 to 30 days, three abiotic and three biotic test
systems were then moved to the autosampler and analyzed
alternating biotic and abiotic test systems. One analysis lasted
1.5 hours, and it was ensured that all samples were analyzed
within 24 h on the autosampler at room temperature (88%
were analyzed within 16 h). The highest three concentration
levels (1−3) were diluted 1:10, 1:100 or 1:1000 in new
headspace vials before analysis.
DNA Extractions. Due to the low microbial load of the

effluent, DNA extractions required a volume of 80 mL and
therefore separate test systems were prepared for this purpose.
Triplicate test systems at the highest concentration (level 1)
were prepared by adding 80 mL of inoculum equilibrated with
the loaded silicone rods to 100 mL amber serum bottles with
crimp caps. Triplicate medium concentration test systems
(level 3) and low concentration test systems (level 5) were
prepared by diluting passive dosed water 1:100 or 1:10,000
with inoculum. Three test systems containing only 80 mL of
inoculum (not spiked) were also prepared. These test systems
were incubated with the smaller test systems at 12 °C for 14
days. The incubation time of 14 days was chosen in order to
exceed the lag time for most chemicals and see the
development in the microbial composition during degradation
whereas avoiding starvation of microbes to affect the
composition too much.
At the day of test setup (day 0), two blank samples (80 mL

of ultrapure water) and three inoculum samples (80 mL of
WWTP effluent) were filtered through Millipore 0.2 μm filter
paper using suction filtering. On day 14, the content of the 12
incubated large test systems were likewise filtered. The filter
papers were then stored at −80 °C and sent for DNA
extraction and 16S rRNA gene amplicon sequencing by
DNASense (Aalborg, Denmark). The DNeasy PowerWater kit
(Qiagen, Germany) was used for extraction. A custom protocol
based on the Illumina protocol was used for library preparation
and sequencing, using V3 chemistry. The following primer set
was used to target the archaeal and bacterial 16S rRNA gene

V1-3 region: [27F] AGAGTTTGATCCTGGCTCAG and
[534R] ATTACCGCGGCTGCTGG.38

Chemical Analysis. Automated sorptive enrichment was
done directly on the unopened test systems using immersion
Arrow-SPME26 operated by a PAL RTC 120 autosampler
(CTC, Zwingen, Switzerland). The Arrow-SPME fiber was
then thermally desorbed in the injector of a 7890B GC system
with a MS/MS detector (7010B GC/TQ) (Agilent Tech-
nologies, Denmark).
Test systems were first heated for 10 min at 35 °C. Then,

chemicals were enriched with a 250 μm Arrow-SPME fiber
immersed in the liquid for 60 min at 35 °C with continuous
agitation (300 rpm). Desorption was done in the GC inlet at
280 °C for 10 min. Pre- and post-conditioning of the Arrow-
SPME was 5 min at 280 °C. Separation was obtained on a 60
m × 250 μm × 0.25 μm DB-5 ms Ultra Inert column (Agilent)
using helium as a carrier gas at 1.2 mL/min. The oven
temperature was ramped from 50 °C to 310 °C at 10 °C/min
with a hold of 5 min. Detection was done on a triple
quadrupole detector (MS/MS) in multiple reaction monitor-
ing mode (MRM) using two sets of transitions from the
precursor to product ion for each test chemical. Collision
energies were optimized for each transition and ranged from 0
to 40 eV.
WWTP effluent concentrations and initial concentrations in

the test system at the test start were determined using external
standards.

Data Analysis. Based on the chromatography of the
wastewater treatment plant effluent, a peak area cutoff was set
for each chemical to represent approximately three times the
baseline fluctuations (or blank response, if any). Below this
cutoff, the peaks in biotic test systems were integrated as best
as possible at the exact retention time, and data points were
indicated by open symbols in degradation plots. Any data
points where the abiotic controls were below this cutoff were
excluded. Four chemicals were completely excluded: 2-
ethylhexyl salicylate, oxacycloheptadec-10-en-2-one, and ho-
mosalate had too low signals in abiotic controls, and dibutyl
phthalate had contamination of blanks.
Test systems were analyzed alternating biotic and abiotic

test systems. Biodegradation kinetics were determined by
pairing the biotic test system and subsequent abiotic control,
and determining the ratio between their signal responses
(Rbiotic/abiotic). This ratio thus corrects for abiotic losses and
instrument sensitivity variations over the 28 days of the
biodegradation test.
Carryover was evaluated as the ratio between measurements

of the highest standard and a subsequent blank sample. Any
Rbiotic/abiotic below average carryover signal plus 3 times the
standard deviation on carryover signal was set to this carryover
limit. The carryover limits varied from 0.02 to 1.1% for all
chemicals except homosalate, anthraquinone, and drometrizole
with average carryovers of 1, 1, and 2% and carryover limits of
2.5, 5, and 7%.
After the main degradation phase, concentrations in the

biotic vials will be low and measurement precision decreases.
We thus focused the fitting to the initial and main degradation
phase, by limiting the fitting to two data points below an
Rbiotic/abiotic of 0.01.
A first-order degradation model with lag phase, tlag, was fitted

to these Rbiotic/abiotic (eq 2) using GraphPad Prism 9.0.0. k is the
first-order degradation rate constant, t is the incubation time,
and t1/2 is the first-order half-life (ln(2)/k). Degradation half-
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times, DegT50, were calculated as the sum of the first-order
half-life and the lag phase.
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DNA Sequence Analysis. The reads were trimmed using
Trimmomatic v. 0.3239 with the settings SLIDING WIN-
DOW: 5:3 and MINLEN: 225 and merged using FLASH v.
1.2.740 with the settings -m 10 and -M 250. The merged,
dereplicated reads were then clustered, using the USEARCH
v.7.0.1090-cluster_otus command (default settings). Opera-
tional taxonomic unit (OTU) abundances were estimated
using the USEARCH v. 7.0.1090-USEARCH_global command
with -id 0.97 -maxaccepts 0 -maxrejects 0. The RDP classifier41

was used to assign taxonomy as implemented in the
parallel_assign_taxonomy_rdp.py script in QIIME,42 using
-confidence 0.8 and the SILVA database, release 132.43 The
results were analyzed in R v. 4.0.2 through the RStudio IDE
using the ampvis package v.2.6.4.44 The Hellinger trans-
formation45 was applied on OTU abundance data before
ordination by principal components analysis (PCA). The raw
sequencing reads are available on GenBank under study
number PRJNA730809.

■ RESULTS AND DISCUSSION
WWTP Effluent and Initial Test Concentrations. Non-

spiked WWTP effluent concentrations, initial test system
concentrations, and the literature data for solubility of six test
chemicals are shown in Figure 1 (additional data can be found
in S2). All test concentrations were below water solubility for
all chemicals [solubilities obtained from the Danish (Q)SAR
database46]. The three chemicals with level 1 concentrations
closest to their solubility were phenanthrene (0.57 times
solubility), tonalide (0.24 times solubility), and musk ketone
(0.15 times solubility). For phenanthrene, this was 21% of its
subcooled liquid solubility47 and thus near the concentrations
range for baseline toxicity.48,49 The other test chemicals had
level 1 concentrations 1 to 4 orders of magnitude below the

literature data for their water solubility. WWTP effluent
concentrations interfered with the lower test concentrations for
some of the chemicals (Figure 1), most distinctly for tonalide
and homosalate (Figure 1B), where biodegradation was not
evaluated for the lower three concentration levels.

Reference Chemicals. 1,3,5-Trichlorobenzene was in-
cluded in the study as a poorly degradable chemical. No sign
of biodegradation was seen for 1,3,5-trichlorobenzene at levels
1−3. Levels 4 and 5 were termed “inconclusive” because of one
data point with Rbiotic/abiotic < 0.5 and no trend in data points,
whereas MS signal was too low at level 6. Anthraquinone was
included as an inherently degradable chemical. In this study,
anthraquinone was not degraded with no data points below 0.5
at any concentration levels. Naphthalene and phenanthrene
were included as chemicals that degraded in most cases in our
earlier studies.6,30 Naphthalene and phenanthrene were
degraded at all concentration levels (Figure 2 and S3). No
baseline toxicity or slower degradation were seen for
phenanthrene at the highest concentration level even though
concentrations were close to its water solubility. Degradation
half-times for naphthalene (2.6−7.6 days) were in the range of
those found in earlier degradation experiments using stream
water as inoculum (3.1−6.5 days).27,30 The stream water used
in those studies had bacterial plate counts similar to the plate
counts found in the WWTP effluent used as inoculum here
(Table S1). Degradation half-times for naphthalene and
phenanthrene in the present study were longer than in an
earlier study using activated sludge filtrate that had higher
bacterial plate counts. They were, however, shorter than half-
times in seawater and lake water that had lower bacterial plate
counts.6 This inoculum was deemed to be biologically active
based on the degradation of naphthalene and phenanthrene in
line with earlier studies, but was not diverse and active enough
for anthraquinone to be degraded.

Biodegradation of Test Chemicals. The fit of a first-
order biodegradation kinetic model to the biodegradation data
for three selected chemicals is shown in Figure 2.
Biodegradation plots including data points for all nine
chemicals can be found in Supporting Information S4.

Figure 2. First-order biodegradation kinetics of tert-butyl-4-methoxyphenol, geraniol, and naphthalene at five concentration levels. Biodegradation
curves with R2 < 0.7 are indicated with broken lines. Open symbols indicate that biotic test systems were below detection limits. Error bars show
standard error on mean (SEM), n = 3.
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For the three chemicals, linalool, geraniol, and citronellol,
some ratios during the lag phase were 0.85−0.9 instead of 1.0
(Figure S2). The three chemicals showed the fastest
degradation among the test chemicals, and the data resolution
was thus not high enough to conclude on a possible two-phase
degradation.
No degradation kinetic data could be derived for musk

ketone, drometrizole, and tonalide as a maximum of one data
point was below 0.5 and very limited degradation was thus
seen. Dicyclohexyl phthalate was fully degraded at the highest
concentration, partly degraded at the second highest
concentration, but not degraded at the lower concentrations
(Supporting Information S4).
Concentration Effect on Biodegradation Kinetics. The

concentration effect on biodegradation kinetics is here
evaluated for the nine chemicals where substantial degradation
was seen at three or more concentration levels and is illustrated
for three chemicals in Figure 3.
Most of the chemicals that fully degraded had longer

biodegradation half-times with higher test concentrations
(Figures 4 and S2). In many cases, this was mainly caused
by increasing lag phases with higher concentrations and similar
degradation rate constants (Figures 2A,B, S2, and S3)
(linalool, geraniol, citronellol, 4-tert-butylcyclohexyl acetate,
2-ethylhexyl-4-methoxycinnamate, and tert-butyl-4-methoxy-
phenol). 95% confidence limits on the half-lives (Table S2)
showed that for linalool, the half-lives at the two lowest

concentration levels were higher than at the two middle
concentration levels (no overlap of confidence intervals), for
naphthalene the half-lives of the three lowest concentration
levels were longer than the half-lives at the three highest
concentration levels, and for α-isomethylionone the half-life at
the highest concentration was shorter than at the second
highest concentration. Other than for these three chemicals,
the confidence limits did not show statistically different half-
lives between the tested concentration levels. The pattern of
the increasing lag phases showed that the inoculum was
(almost) ready for degradation at low concentrations, whereas
some adaptation, growth, or enzyme production was needed at
the highest concentrations. The reference chemicals naph-
thalene and phenanthrene had a different pattern of
biodegradation kinetics. They had the longest biodegradation
half-times at the lowest test concentrations (6 and 11 ng/L,
respectively) (Figures 3C and 4), stemming from longer lag
phases before biodegradation occurred and slightly longer half-
lives (Figures 2A, S2, and S3).

Microbial Community Changes. The concentration of
DNA decreased from 0.22 ng/L in the initial WWTP effluent
to 0.029−0.099 ng/L in the non-spiked test system, level 3
(medium conc.), and level 5 (low conc.) test systems after 14
days of incubation. In contrast, it remained more stable or even
increased in level 1 (high concentration) test systems (0.18−
0.48 ng/L). This decline in DNA concentration to 22−29% of
the initial value in all incubations except at the highest

Figure 3. First-order biodegradation kinetics of tert-butyl-4-methoxyphenol (A), geraniol (B), and naphthalene (C) at 5−6 concentration levels
spaced a factor 10 aparthighest concentration = darkest and boldest line. Biodegradation curves with R2 < 0.7 are indicated with broken lines.

Figure 4. Biodegradation half-times, DegT50, for nine chemicals as a function of concentration level. There is a factor of 10 between the
concentration in each level, and level 6 is the lowest concentration. Error bars were calculated as DegT50 ± 95% confidence limits on t1/2. *No error
bars because fit was “ambiguous”. DegT50 found from biodegradation curves with R2 < 0.7 are hatched.
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concentration level was most likely caused by starvation and
decay of the microbes, after the exhaustion of organic
substrates. Indeed, the dissolved non-volatile organic carbon
content of the effluent was 10.1 mg C/L, of which only a
fraction would be assimilable. The spiked chemical at levels 3
and 5 provided a very limited additional organic carbon (0.2
and 0.002 mg C/L, respectively). This was not the case with
the 17 mg C/L spiked at level 1, which can significantly
support microbial metabolism and growth. The biodegradation
data (Figures 4 and S2) indeed indicate that by the sampling
date (14 days), the most easily degradable chemicals were fully
degraded (linalool, citronellol, geraniol, 4-tert-butylcyclohexyl
acetate, naphthalene, and phenanthrene at medium-to-high
concentrations), suggesting that a large fraction (>80%) of the
total spiked organic carbon had been consumed.
The 25 most abundant genera among the samples are shown

in Supporting Information S5. The most abundant genus in the
effluent sample was Arcobacter (about 15% in relative
abundance). After 14 days of incubation, the microbial
composition deviated clearly from the original inoculum for
all treatments, as illustrated by the PCA (Figure 5). The

microbial community in the test systems without chemical
addition (no chemicals), level 3 (medium conc.), and level 5
(low conc.) developed similarly with Candidatus Nitrotoga as
the most abundant genera. The microbial population in level 1
(high conc.) developed very differently with the rise to
dominance of genera Acidovorax, Novosphingobium, and
Hydrogenophaga (collectively accounting for about half of the
reads vs <2% in all other samples). The proliferation of these
OTUs, presumably because they metabolized the spiked
chemicals, resulted in a drop in diversity, the OTU richness
falling to 390 and 530, compared to 1200 and 1600 for all
other samples. These three genera have often been observed to
degrade aromatic compounds (e.g., Acidovorax: chloroben-
zenes50 and polychlorobiphenyl;51 Novosphingobium: aromatic
compounds and PAHs;52−54 Hydrogenophaga: 4-aminobenze-
nesulfonate55 and PAHs.56).
Overall, the microbial community analysis thus revealed that

the growth of a few genera of specific degraders occurred at the
highest concentration levels. This is in line with the findings of
Simkins and Alexander17 who reported the Monod growth
kinetics to start at around 1 mg/L. Below this level, chemicals
were still degraded, but the influence of the chemicals on the
microbial community was minimal. The lag phases observed at
the low concentration levels could then be explained by the
time needed for the activation and expression of the relevant

enzymes in the diverse microbial community rather than by the
growth of the specific degraders.

Implications for Biodegradation Testing. Biodegrada-
tion kinetics (half-lives) are used in multimedia fate models
and are a key basis for persistence assessment in regulatory
frameworks, with an implicit assumption that persistence
criteria refer to degradation in the field.1 However, the
measured biodegradation depends on the imposed exper-
imental conditions.1,37 As seen here, tests performed at high
concentrations can reveal whether the chemicals can support
the growth of specific degraders. However, the biodegradation
kinetics used for fate modeling and persistence assessment
should preferably simulate environmental conditions as closely
as possible where other carbon sources than the contaminants
are likely most abundant and lower test chemical concen-
trations should, therefore, be used. This study supports and
illustrates that it is possible to perform biodegradation testing
at low concentrations and in mixtures. The fact that some of
the chemicals were found in the wastewater treatment plant
effluent at concentrations similar or above the lowest
concentration levels planned, illustrates that these concen-
tration levels are in fact environmentally relevant. Although
low test concentrations should be used, constraints on test
concentrations include the sensitivity of analysis and back-
ground concentrations in the inocula used, which will
inevitably be lower for surface waters than for WWTP effluent.
This study did not reveal a general concentration threshold

below which biodegradation did not occur and the direction of
the concentration effect depended on the chemical. Most
chemicals degraded faster at lower concentrations (mainly lag
phase was affected), but some degraded slower, and
dicyclohexyl phthalate did not degrade at the low concen-
trations but did at the highest concentration. Apparently, this
chemical needed adaptation, the growth of specific degraders,
or the production of specific enzymes in order to be degraded,
which only happened at the highest concentrations, 9 and 80
μg/L, but not at 6−100 ng/L concentrations. There may thus
for some chemicals exist a threshold in the low μg/L range
below which they are not degraded, whereas for most
chemicals this was not seen.
During the first 14 days of incubation, the microbial

abundance decreased markedly at the low and medium
concentration levels. This was probably caused by a starvation
of the microbes. Carbon-limiting conditions have been seen to
stimulate the biodegradation of phenol.57 It may therefore
influence the degradation of chemicals. Although the present
study cannot conclude whether this was the case, the method
presented here could be used to investigate such matters in
further studies.
Conducting a biodegradation test on a mixture of chemicals

can provide degradation kinetic data that are better aligned
between chemicals and that are also highly relevant for surface
waters that receive WWTP discharges containing a mixture of
xenobiotics. The present study provides new evidence that (1)
the mixture concentration can affect the biodegradation
kinetics of the mixture constituents, (2) this mixture effect
can vary with the constituent and thus lead to a change in
which order chemicals degrade, and (3) the mixture
concentration also affects the microbial composition of the
degrader community in the test. However, the present study
did not reveal which chemicals were the main drivers for the
observed mixture effects, which in turn warrants more research
on the mixture effects on biodegradation kinetics.

Figure 5. PCA of 15 samples including 390 OTUs. The data has been
transformed initially by applying the Hellinger transformation.45 The
relative contribution (eigenvalue) of each axis to the total inertia in
the data is indicated in percent at the axis titles.
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