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ABSTRACT: Most biodegradation tests are conducted using single
chemicals at high concentrations, although these chemicals are
present in the environment as mixtures at low concentrations. A
partitioning-based platform was recently developed for biodegrada-
tion testing of composed mixtures of hydrophobic chemicals at ng/L
to μg/L concentrations. We used this platform to study the
concentration and mixture effect on biodegradation kinetics.
Biodegradation tests were conducted in 20 mL vials using
environmental water samples as inocula. Passive dosing was applied
(1) to vary initial test concentrations of individual test compounds
and (2) to vary the number of mixture components between 1 and
16. Automated solid-phase microextraction coupled to gas
chromatography−mass spectrometry was used to measure substrate depletion relative to abiotic controls. The number of
mixture components had no or only a limited effect on the biodegradation half times for three compounds when tested at
environmentally relevant concentrations. In contrast, longer lag phases and half lives were observed for single compounds when
tested at higher concentrations that approached aqueous solubility. The obtained results support that simultaneous testing of
multiple chemicals at low concentrations can accelerate the generation of biodegradation kinetic data, which are more
environmentally relevant compared with data from tests conducted with single chemicals at much higher concentrations.

■ INTRODUCTION

Biodegradation is a main pathway for the removal of many
chemicals from the environment and is thus important to
include in environmental fate modeling and risk assessment of
chemicals. Most regulatory biodegradation tests are conducted
on single test chemicals,1 whereas biodegradation in the
environment takes place in mixtures that include chemicals of
natural and anthropogenic origin. Regulatory biodegradation
tests are furthermore often conducted at chemical concen-
trations much higher than what is commonly found in aquatic
environments. Recent developments in analytical chemistry
and passive dosing allow biodegradation testing and research of
composed mixtures of hydrophobic chemicals in the ng/L to
μg/L concentration range.2−4 Moving toward biodegradation
testing and research of mixtures at low concentrations might
improve the relevance of the resulting kinetic data and facilitate
the study of mixture effects at environmentally relevant
concentrations.
Petroleum products are complex mixtures containing a large

number of hydrophobic compounds with different susceptibil-
ities for microbial degradation,5 and they are some of the many
sources of hydrocarbons in the environment. When chemical
mixtures such as petroleum substances enter the environment,

substrate interactions can take place and affect the extent and
kinetics of microbial degradation.6−8 These interactions can
either enhance or inhibit biodegradation of the individual
hydrocarbons9−11 and may reinforce or counteract each other.
Positive substrate interactions include cometabolism8 and
increased biomass growth,10 whereas negative interactions
include toxicity at elevated concentrations12 and competitive
inhibition.13 When examining the literature, it appears that the
extent and direction of the effects of multiple substrates on
biodegradation kinetics depend on (i) the complexity of the
mixture, that is, the mixture composition and the number of
components,9−11,14 (ii) the chemical concentrations,9,10,13 and
(iii) the biomass composition, in particular, whether a pure or
mixed bacterial culture is used.15,16 There is currently no
consensus in the literature on whether the combined mixture
effect is more likely to enhance or inhibit biodegradation.
Substrate interactions have been reported in systems with up
to nine hydrocarbons,10 and it has been suggested that the
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interactions become more complex with an increasing number
of mixture components.9−11,14 However, these observations
were made at chemical concentrations in the high μg/L range
and low mg/L range, typically a factor of 2−10 below aqueous
solubility for each test chemical. Ellis et al. studied the effect of
multiple substrates in activated sludge bioreactors and found
only small stimulatory effects on biodegradation compared
with single-substrate tests.15 They argued that the absence of
effects was caused by the small amount of substrate compared
with the amount of biomass in the test. In the environment,
the density of degrader organisms is smaller than that in an
activated sludge bioreactor, but the concentrations of hydro-
carbons are also lower, and the same causality may apply.
Test concentration is thus another factor that can affect the

kinetics of biodegradation.17−21 Whereas most biodegradation
studies naturally treat the test chemical as a substrate, it is
important to remember that at high concentrations most
chemicals can be toxic and inhibit metabolic processes.
Hydrophobic organic chemicals are known to exert baseline
toxicity when a critical concentration is reached in the lipid
membranes, which typically requires aqueous concentrations of
1−100% of solubility (i.e., chemical activity >0.01).22 Non-
polar organic chemicals are known to inhibit microbial
processes at levels similar to those causing effects in other
aquatic organisms.23 For a chemical mixture, the toxicity can
be lower than (antagonism), comparable to (concentration
addition) or higher than (synergism) the sum of the individual
toxicities. However, recent ecotoxicological studies report a
lower concentration threshold for synergistic interactions in
multiple stressor studies24 and mixture toxicity studies,25 which
suggests that mixture toxicity interactions require a certain
concentration level. Additionally, higher chemical concen-
trations can lead to a change in the microbial adaptation
behavior, selectively induce the growth of competent
degraders, and lead to enzyme saturation.19,21,26 All of this
underlines the importance of conducting biodegradation
mixture experiments at environmentally relevant low concen-
trations. Yet limited literature is available on the effect of
multiple substrates on the extent and kinetics of biodegrada-
tion at environmentally relevant low concentrations and using
environmental inocula.
On the basis of the consulted literature and our previous

studies,2−4 we formulated two hypotheses: (i) that the total
hydrocarbon concentration has a higher impact on biode-
gradation kinetics than the number of mixture components and
(ii) that biodegradation kinetics of hydrocarbons in mixtures at
environmentally relevant low concentrations are similar to or
faster than those for single hydrocarbons tested at high
concentrations. To investigate these hypotheses, we used a
recently established partitioning-based experimental platform
for determining biodegradation kinetics of composed mixtures
of hydrophobic organic chemicals at environmentally relevant
concentrations.2 It has previously been used in biodegradation
testing of hydrophobic chemicals with high air−water partition
ratios,2 to study the effect of inoculum origin on
biodegradation kinetics,3 and for determining biodegradation
kinetics at low concentrations of 53 hydrocarbons covering five
and nine orders of magnitude in Kow and Kaw.

4 Passive dosing
from a preloaded silicone was used to achieve the desired
concentrations of each component in an aqueous mixture
without the use of a cosolvent,27 and environmental water
samples containing native microorganisms were used as
inocula.

In this study, the aim was to apply the partitioning-based
platform (1) to assess the effect of concentration on
biodegradation kinetics by changing the concentration of
single hydrocarbons by several orders of magnitude and (2) to
determine the effect of mixture complexity on biodegradation
kinetics at low (total) concentrations by changing the number
of mixture components in composed hydrocarbon mixtures.
One set of experiments was thus designed to compare the
biodegradation kinetics of a single compound when tested at a
range of concentrations (concentration level experiment).
Another experiment was made to compare the kinetics of
individual chemicals at low concentration when tested alone
and in mixtures with an increasing number of components
(mixture biodegradation experiment). Sixteen petroleum
hydrocarbons belonging to eight different hydrocarbon classes
were included in the study. Among these, three hydrocarbons
were selected as model compounds. This work advances the
science of persistence assessments by systematically evaluating
concentration and mixture effects on biodegradation kinetics.
Polymer-to-water partitioning (i.e., passive dosing) was used
here to independently vary the concentration and the mixture
composition. Water-to-polymer partitioning (i.e., solid-phase
microextraction) was used for automated measurements of
primary biodegradation at various concentrations.

■ EXPERIMENTAL SECTION

Materials. Sixteen chemicals were included in this study:
1,2,4-trimethylbenzene, trans-decahydronaphthalene (trans-
decalin), n-decane, naphthalene, tetrahydronaphthalene (tetra-
lin), bicyclohexyl, p-xylene, and biphenyl (purity ≥98%, Sigma-
Aldrich, Denmark); 2-methylnonane, cis-1,2-dimethylcyclohex-
ane, n-dodecane, 2,3-dimethylheptane, n-octylcyclohexane, and
1,2,3,4,5,6,7,8-octahydrophenanthrene (purity ≥98%, TCI
Chemicals, Belgium); and perhydrofluorene and dimethyl-
isopropyl-perhydrophenanthrene (fichtelite) (purity >97.5 and
99.5%, respectively, Chiron, Norway). 1-Octanol was used as a
readily degradable reference compound (≥99% purity, Sigma-
Aldrich, Denmark). Custom-made translucent silicone rods (3
mm diameter polydimethylsiloxane (PDMS), Altec, England)
were used as passive dosing phase, and ethyl acetate (≥99.7%
purity, Sigma-Aldrich) and ethanol (absolute, VWR Interna-
tional, Denmark) were used to rinse the silicone rods.
Ultrapure water was produced with a LaboStar 1-DI ultrapure
water system (SGwater, Germany).

Passive Dosing from a Silicone Rod To Prepare Stock
Solutions. Silicone rods were rinsed with deionized water to
remove talcum and dried twice with lint-free tissue. The rods
were then soaked in ethyl acetate for 24 h, soaked in ethanol
for 24 h, and, finally, dried at 120 °C for 2 h.
Passive dosing systems were prepared in 100 mL amber glass

serum bottles with a 20.0 or 10.0 g silicone rod. The amount of
test chemical needed to saturate the silicone was determined
gravimetrically for each chemical. The rods were then loaded
by adding an amount of liquid neat chemical or chemical
mixture, which was completely absorbed into the silicone rod.
The added amounts corresponded to between 0.05 and 1% of
saturation for the 20 g silicone rods and 80% for the 10 g rods.
The chemicals were given 48 h (at ∼10 rpm) to absorb into
the rods. The rods were then wiped off twice with lint-free
tissue, rinsed once with ultrapure water, and transferred to
clean bottles. All loadings were done at 20 °C.
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Stock solutions were generated by equilibrating 65 mL of
ultrapure water or test water with the loaded silicone rods for
>1 h at 60 rpm horizontal rolling.
Test Water. Surface water was collected from a rural stream

(Fønstrup stream, Denmark) with no direct agricultural,
industrial, or domestic inputs.28 Water samples were used as
inoculum without pretreatment within 24 h and were stored at
4 °C until use. Two batches of water were collected: one on
November 3, 2016 and one on June 12, 2017. Water
temperature and heterotrophic plate count were lower in
November than in June (9 °C and 4.1 × 104 CFU/mL versus
17.7 °C and 8.0 × 104 CFU/mL). Sampling depth, pH, oxygen
content, and content of nonvolatile organic carbon were
similar for the two batches (Supporting Information S1).
Background concentrations of the 16 hydrocarbons were
below the detection limit.
Experiments. The mixture biodegradation experiment

consisted of parallel biodegradation tests, where three model
hydrocarbons (2-methylnonane, 1,2,4-trimethylbenzene, and
trans-decalin) were tested alone and in mixtures including 2, 7,
and 15 additional hydrocarbons (Figure 1). The model
hydrocarbons made up the mixture of three compounds,
whereas the mixture of eight compounds included the model
hydrocarbons and naphthalene, tetralin, n-decane, cis-1,2-
dimethylcyclohecane, and perhydorfluorene. The mixture of
16 compounds included the mixture of 8 compounds and
additionally n-dodecane, 2,3-dimethylheptane, n-octylcyclohex-
ane, bicyclohexyl, p-xylene, 1,2,3,4,5,6,7,8-octahydrophenan-
threne, and fichtelite. Initial concentrations of the individual
hydrocarbons were in the range 0.12 to 69 μg/L (Supporting
Information S2) corresponding to two to three orders of
magnitude below water solubility for each compound.
The concentration level experiments consisted of parallel

biodegradation tests, where two model hydrocarbons were
tested separately at different concentrations (Figure 1). In
parallel to the mixture experiment, 2-methylnonane and 1,2,4-
trimethylbenzene were tested at four concentrations ranging
from their concentration in the mixture experiment (approx-
imately three orders of magnitude below water solubility) up
to a factor of 30 times higher. These concentration levels were
chosen to approximately cover the total substrate concen-
trations in the mixture biodegradation experiment.
After the first tests, it was decided to conduct another

concentration-level experiment with higher chemical concen-
trations. In these tests, 1,2,4-trimethylbenzene and trans-

decalin were tested at concentrations between 1 and ∼100% of
solubility. We used trans-decalin instead of 2-methylnonane in
this experiment because its slower degradation was better
suited for studying potential changes in degradation kinetics.
However, the measured concentration of trans-decalin in the
saturated solution exceeded its reported water solubility ten
times.29 This was presumably due to an artifact where the
dosing from the highly loaded silicone could have released
microdroplets to the solution, which is a common technical
challenge when working with highly hydrophobic chemicals at
the solubility limit.30,31 We only report results from the two
tests where the initial concentration did not exceed the
reported water solubility. Test concentrations and fractional
solubilities are listed in Supporting Information S2.

Biodegradation Testing. Each biodegradation test
included an equal number of biotic and abiotic test systems
incubated in parallel. At each sampling point, triplicate biotic
and abiotic systems were sacrificed for chemical analysis. Test
duration (14, 21, or 28 days) and sampling intervals were
predetermined for each biodegradation test based on a simple
preliminary test. This was done to optimize the sampling plan
as a large number of test systems were prepared and analyzed
within a short period of time. Test systems were prepared in 20
mL amber glass vials with gas-tight stainless-steel screw caps
and PTFE-coated silicone septa. All systems had a 5 mL
headspace to ensure aerobic conditions, and test concen-
trations were sufficiently low to ensure that oxygen depletion
did not occur during the experiment. Test systems were
incubated at 20 ± 1 °C on a benchtop laboratory roller at ∼30
rpm.
In the mixture experiment and first concentration experi-

ment, 1.5 mL of stock solution, prepared with ultrapure water
in passive dosing systems loaded to between 0.05 and 1%, was
diluted 10-fold into 13.5 mL of test water (biotic systems) or
13.5 mL of ultrapure water (abiotic systems) containing 50
μg/L 1-octanol (positive control). The biological activity of
the first test water batch was confirmed by 1-octanol being
>90% degraded within 1−3 days in the biotic systems. In the
second concentration experiment with higher chemical
concentrations, stock solution was prepared by passive dosing
of test water or ultrapure water in passive dosing systems
loaded to 80% and was used undiluted or diluted 3-fold, 10-
fold, 30-fold, or 100-fold into test water (biotic systems) or
ultrapure water (abiotic systems) to a total volume of 15 mL.
The biotic test systems with high concentrations were prepared

Figure 1. Overview of tests conducted in the mixture biodegradation experiment and concentration level experiment(s) using 1,2,4-
trimethylbenzene as example.
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by passive dosing of the surface water to generate a solution
that contained both native microorganisms and the test
substance at the saturation level. The concentrations in these
tests will be described as fractional solubility S, S/3, S/10, S/
30, or S/100, where S is the concentration in water
equilibrated with the 80% saturated PDMS rod. A parallel
test with 1 mg/L 1-octanol was included to confirm biological
activity in the second batch of test water. This 1-octanol was
>90% degraded within 1 day.
Chemical Analysis. Automated headspace solid-phase

microextraction (HS-SPME) (PAL RSI 85 auto sampler)
was applied directly on the test systems and coupled to gas
chromatography−mass spectrometry (GC−MS) (Agilent
Technologies 7890B/5877A GC7MSD). The automated HS-
SPME ensured minimal losses, high reproducibility, and high
analytical sensitivity and enabled a high throughput of samples.
A 100 μm PDMS fiber (SUPELCO) was used for 5 or 10 min
extraction at 35 °C under continuous agitation, succeeded by a
5 min desorption in the injection port at 250 °C using a split
mode in high concentration tests or a splitless mode for 1 min,
followed by a split in low concentration tests. The split was
between 5:1 and 83:1. Separation was obtained on a DB-5 ms
Ultra Inert column from Agilent (122-5562UI) of 60 m length
with a 250 μm inner diameter and 0.25 μm film thickness using
helium as a carrier gas. For tests with one or three chemicals,
the GC oven temperature was kept at 60 °C for 5 min,
followed by a ramp of 20 °C per minute up to 310 °C. For
tests with 8 and 16 chemicals, GC oven temperature was kept
at 60 °C for 5 min, followed by a ramp of 15 °C per minute up
to 310 °C and held for 3 min. All low-concentration test
samples were analyzed in SIM mode using a quantifier and at
least one qualifier ion for each test chemical, whereas high
concentration test samples were analyzed in TIC mode.
Data Treatment. The extracted ion peak area obtained by

GC−MS analysis for a test chemical in a biotic test system
(Abiotic) was paired with the peak area from an abiotic test
system (Aabiotic) analyzed immediately after the biotic test
system. The ratio between peak areas in the biotic and abiotic
test systems was termed Crelative (eq 1).

C
A
Arelative

biotic

abiotic
=

(1)

For each time point, three values of Crelative were calculated
and then used as replicate input data for further data analysis.
A first-order degradation model with lag phase (eq 2) was
fitted to these data to obtain estimates of lag phase (tlag) and
(pseudo) first-order degradation rate constant (ksystem) for each
chemical. This was done by the least-squares method in
GraphPad Prism v.8; the lag phase was constrained to ≥0, and
data were not weighted.

C t
t t

t t
( )

1 if

e ifk t trelative
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( )
lag
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l
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oooo
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≥− −
(2)

Degradation half time (DT50), that is, the time until 50% of
a test chemical was degraded, was calculated from best-fit
values of lag phase and degradation rate constant obtained by
eq 2 (eq 3). ln(2)/ksystem is equal to the first-order degradation
half life (T1/2).

t
k

DT
ln(2)

50 lag
system

= +
(3)

The degradation rate constant, half life, and half time are
only reported when at least two measurements were made
during the visual degradation phase (10% < Crelative < 90%).
Otherwise, the lag phase and the time between the end of the
lag phase and the first measurement of Crelative < 50% is
reported.
The quantification limit was determined as ten times the

root-mean-square signal-to-noise ratio calculated in Chem-
Station (MSD ChemStation Data Analysis Application) for the
extracted ion chromatogram. Two measurement points below
the limit of quantification, or two points with an extracted ion
peak area less than three times the blank peak area, were
included in the fitting.

■ RESULTS AND DISCUSSION
Degradation curves for all test chemicals and kinetic parameter
estimates obtained from model fits are presented in the
Supporting Information (Figures S1 and S2 and Tables S3 and
S4).

Concentration Level Experiment. In the first concen-
tration experiment, all concentrations were in the ng/L to
μg/L range, at least one order of magnitude below aqueous
solubility, and overlapped with the range of concentrations
used in the mixture biodegradation experiment. 2-Methyl-
nonane was rapidly degraded at the four tested concentrations
(∼S/1150 to S/20; Figure 2). By contrast, 1,2,4-trimethylben-
zene was not degraded at any of four tested concentrations
(∼S/4700 to S/100; data not shown) within test durations of
14 or 21 days. Biodegradation of 1,2,4-trimethylbenzene was
seen in a prestudy (data not shown) and has been reported in a
number of other studies, for example, refs 2−4, 32, and 33.
The absence of degradation in this study may be explained by
seasonal variations in the density of competent degraders.34,35

The second concentration experiment was conducted with
higher concentrations covering up to two orders of magnitude
in concentrations including aqueous solubility. In these tests,
1,2,4-trimethylbenzene was degraded at the lower three of four
concentrations (∼S/100 to S/3; Figure 2), whereas trans-
Decalin was visibly degraded at the lower of two concen-
trations (∼S/3; Figure 2) within the test duration of 28 days.
We generally observed longer apparent lag phases and half

lives when concentrations approached the water solubility
(Figure 2; Supporting Information S4). For an easier
comparison between biodegradation tests with different initial
concentrations, biodegradation half times (DT50) are shown in
Figure 3. DT50 values for 2-methylnonane were similar at the
lower three test concentrations and a factor of 1.6 higher at the
highest concentration. For 1,2,4-trimethylbenzene, higher
initial concentrations resulted in higher DT50 values. The
highest relative difference in DT50 for 1,2,4-trimethylbenzene
was a factor of 4.2 between the tests with initial concentrations
S/100 and S/3, not including the test at concentration S,
where no visible degradation occurred. trans-Decalin had a
DT50 of 23 days at initial concentration S/3, whereas no
degradation was observed within test duration at initial
concentration S.
The observed changes in biodegradation kinetics (lag phase,

half life/first-order rate constant, and half times) are consistent
with observations by Smith et al.,19 who studied the
biodegradation kinetics of phenanthrene and fluoranthene at
different concentrations spanning three to four orders of
magnitude. They found that the increase in concentration led
to a decrease in the specific first-order mineralization rate
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constant (time−1 biomass−1) by a factor of 176 for
phenanthrene and 50 for fluoranthene and a corresponding
increase in their estimated half lives. The associated
mineralization flux (mass time−1 biomass−1) increased with
concentration but less than proportionally. Similarly, Prince et
al.20 observed longer apparent half lives with increasing test
concentration for a dispersed crude oil, albeit at concentrations
higher than those in our study.
The observed increase in apparent lag phase and half life

with higher initial concentrations can be explained by (1)

growth-linked kinetics, as described by the Monod equation,36

(2) enzyme saturation, as described by Michaelis−Menten
kinetics,36 and (3) toxic inhibition by the test substance, as
described by baseline toxicity and the toxic unit model.22,23

(1) The lag phase represents several processes such as
acclimatization, adaptation, and growth of specific degraders.36

At higher substrate concentrations, a higher biomass
concentration will be needed to degrade the substrate, which
can lead to the longer apparent lag phases. The initial growth
of the biomass may then be the kinetic limiting factor up to the
point where the maximum specific growth rate is reached
(when C ≫ Ks) and other factors become limiting.36 Ks for
similar chemicals is in the range 4−200 μM36 (phenanthrene,
toluene, and naphthalene). For 1,2,4-trimethylbenzene with a
molar mass of 120 g/mol, this corresponds to between 480 and
24 000 μg/L. With 1,2,4-trimethylbenzene concentrations
between 1275 and 127 500 μg/L in the second concentration
experiment, it is thus likely that the highest growth rate was
reached in some of these tests.
(2) Biodegradation half lives may depend on substrate−

enzyme interactions because metabolism will not increase
proportionally with the substrate concentrations when these
are sufficiently high (C > KM, enzyme saturation).36

(3) Figure 3 demonstrates that degradation was reduced at
hydrocarbon concentrations near their solubility limits, which
is within the reported chemical activity range (1−100% of
solubility) for baseline toxicity. This was further investigated
by plotting lag phases and degradation half times against
predicted effect concentrations for microbial end points
(target-lipid-model-predicted acute 5th-ile threshold),23 in-
cluding several data where biodegradation was not observed
within the duration of the test (for details, see the Supporting
Information S5). The exposure concentrations (Cw) for the
three test chemicals were normalized to the predicted EC50
(i.e., toxic unit (TU) = Cw/EC50) to adjust for different
effective concentrations of the test chemicals. The lag phases
and half times appear to increase sharply around TU = 1
(Figure S3). This is consistent with the hypothesized toxicity
limiting the growth of degrader organisms and their metabolic
activity at concentrations near the solubility limit or differential
sensitivities among the population of degrader organisms,
which will lead to longer lag phases and half lives.
In the current study, we do not distinguish concentration

effects caused by growth-linked kinetics, enzyme saturation,
and inhibition due to toxicity, and the observed delay in
biodegradation at higher hydrocarbon concentrations might
thus have several causes and even involve interactions between
them.

Mixture Biodegradation Experiment. 2-Methylnonane
and trans-decalin were degraded when tested alone and in
mixtures of 3, 8, and 16 components (Figure 4A). 1,2,4-
Trimethylbenzene was degraded in the mixtures of 3, 8, and 16
components but not when tested alone within the 14 day test
duration (Figure 4A). For 1,2,4-trimethylbenzene tested alone,
however, the test was terminated 3 days after the end of the lag
phase in the tests with 3, 8, and 16 components. The exclusion
of specific degraders in the test water sample due to seasonal
variations could explain the long lag phase, or the absence of
degradation, for 1,2,4-trimethylbenzene34,37 but not the
discrepancy between 1,2,4-trimethylbenzene tested alone and
in the mixtures.
For an easier comparison between biodegradation tests with

different numbers of hydrocarbons, biodegradation half times

Figure 2. First-order degradation model (dotted lines) fitted to
experimental biodegradation data for 2-methylnonane, 1,2,4-trime-
thylbenzene, and trans-decalin tested at different initial concentrations
given as fractional solubility. Error bars represent the standard error of
the mean. 1,2,4-Trimethylbenzene and trans-decalin were tested in a
different batch of test water than 2-methylnonane.

Figure 3. Biodegradation half times for 1,2,4-trimethylbenzene and
trans-decalin tested in parallel at different initial concentrations and
for 2-methylnonane tested in a different batch of test water.
Concentrations are given as fractional solubility. Test duration was
28 days. ND = no degradation.
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were calculated for the three model compounds and for four of
the five additional test compounds that were also part of the
mixtures of 8 and 16 hydrocarbons (tetralin, naphthalene,
perhydrofluorene, and n-decane; Figure 4B). No marked effect
was observed for the number of mixture constituents on
biodegradation half time for any of these hydrocarbons; the
largest observed difference in degradation half times was a
factor of 1.4 between trans-decalin tested alone and in the
mixture of 16 hydrocarbons. The fifth test compound included
in tests of both 8 and 16 hydrocarbons, cis-1,2-dimethylcyclo-
hexane, was only partially degraded in the mixture of 8
hydrocarbons and was not degraded in the mixture of 16
hydrocarbons (Figure S1). Thus the biodegradation half times
were largely constant with an increasing number of mixture
constituents for the three model hydrocarbons and the five
hydrocarbons that were also included in the tests with 8 and 16
components. The exception was a longer lag phase, or lack of
degradation, of 1,2,4-trimethylbenzene when tested alone and
of cis-1,2-dimethylcyclohexane in the mixture of 16 hydro-
carbons.
Whereas we observed only limited effects of multiple

substrates on biodegradation kinetics of the individual
hydrocarbons, other studies have reported pronounced multi-
ple substrate effects in mixtures of up to nine hydro-
carbons.9−11,14 One possible explanation for the limited effects
in our study is that positive and negative substrate interactions
counteracted each other.10 This could arguably be the case, but
larger differences would then be expected between mixtures
with a different number of components. A more likely
explanation for the apparent lack of multiple substrate effects
is the initial test concentration. Whereas chemical concen-
trations in this mixture study were two to three orders of
magnitude below solubility, the majority of the reported
studies used chemical concentrations from one order of
magnitude below and up to aqueous solubility. Considering
the results of our concentration experiments, it could be
hypothesized that some of the effects of multiple substrates

reported by other studies were confounded by large differences
in the total substrate concentrations in those tests. At
environmentally relevant low concentrations, native micro-
organisms can utilize several substrates simultaneously, and
mixed substrate growth and utilization is common in the
environment.38,39 This could explain why only limited multiple
substrate effects were observed on the primary biodegradation
half times in this study.

Implications for Biodegradation Testing. This study
was initiated with the primary purpose of investigating to
which extent the number of constituents in a mixture affects
the biodegradation kinetics of individual chemicals. The largest
relative difference observed in the mixture experiment was the
DT50 for trans-decalin being 1.4 times lower when tested alone
than in a mixture of 16 hydrocarbons. By contrast, we observed
differences in DT50 by up to a factor of 4.2 in the
concentration experiment, not including data where biode-
gradation was not observed within the duration of the test.
Hence, the biodegradation half times were affected more by
the initial substrate concentration than by the number of
components in the mixtures.
Biodegradation kinetic data are crucial for environmental

fate modeling and risk assessment. While acknowledging that
biodegradation kinetics depend on many factors and cannot be
fully represented with simple first-order models, current
persistency assessments are based on biodegradation kinetic
parameters such as half times and half lives. An increase in
biodegradation half lives with increasing concentration, as seen
for 1,2,4-trimethylbenzene (Table S5), will lead to a distortion
between laboratory test results obtained at a high concen-
tration and actual biodegradation in the environment at much
lower concentrations. This underlines the importance of using
kinetic data from biodegradation experiments conducted at
environmentally relevant concentrations in environmental fate
modeling. Recent developments in analytical chemistry make
biodegradation kinetic studies at such low concentrations
feasible, at least for evaluating primary degradation.

Figure 4. (A) First-order degradation model (dotted lines) fitted to experimental biodegradation data for three model compounds tested in
mixtures of 1, 3, 8, and 16 hydrocarbons. Initial concentrations were three orders of magnitude below water solubility for each hydrocarbon. Error
bars represent standard error of the mean. (B) Biodegradation half times for trans-decalin, 1,2,4-trimethylbenzene, and 2-methylnonane tested in
mixtures of 1, 3, 8, and 16 hydrocarbons and for tetralin, naphthalene, perhydrofluorene, and n-decane that were also part of the mixtures of 8 and
16 hydrocarbons.
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The negligible effect of multiple substrates we observed at
low hydrocarbon concentrations implies that biodegradation
simulation testing of several compounds can reasonably be
done simultaneously. This can yield a higher number of well-
aligned biodegradation data, as kinetics are obtained from the
same test and with the same inoculum. These data will often be
more environmentally relevant because coexposure to mixtures
at low concentration is the most common situation in the
environment. Biodegradation testing of mixtures at low
concentrations could therefore accelerate the generation of
environmentally relevant biodegradation data.
The limited effect of multiple substrates at low concen-

trations has additional implications that go beyond biode-
gradation testing. McLachlan and coauthors have recently
suggested using benchmarking to strengthen the assessment of
persistence and more specifically to assess biodegradation of a
chemical on a relative scale against benchmark chemicals with
known biodegradation and persistency profiles.40 This strategy
certainly has a lot of potential but requires that benchmark
chemicals can be included in biodegradation experiments
without considerably biasing the biodegradation result of the
target chemical(s). The present study supports that this is
feasible, at least when testing at low substrate concentrations.
Furthermore, biodegradation kinetic data for individual
chemicals are often used as input in models for predicting
biodegradation, exposure, and fate of complex mixtures.15 The
present study supports the important assumption that
biodegradation kinetics can reasonably be modeled separately
for each mixture constituent and then combined without
taking substrate interactions into account, at least for low-
concentration exposure scenarios.
The methodology and observations of the present study

provide a good starting point for (1) investigating if a lower
concentration threshold exists for mixture effects on
biodegradation kinetics, (2) new experiments directed at
distinguishing growth-linked biodegradation and enzyme
saturation from toxicity as causes for the delayed degradation
at high concentrations, and (3) further biodegradation kinetic
studies of chemicals in the presence and absence of relevant
cosubstrate mixtures. Furthermore, this testing of mixtures at
low concentration could be extended to multicomponent
substances and chemical substances of Unknown or Variable
Composition, Complex Reaction Products, and Biological
Materials (UVCBs).
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