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concentration time series. However, changes in isotope ratios in space and over time evidenced that mass transfer became
increasingly limiting for degradation of BAM at low concentrations under such stimulated conditions, and that activity decreased
further due to bacterial adaptation at low BAM (ug/L) levels. Isotope ratios, in conjunction with residual substrate concentrations,
therefore helped identifying underlying limitations of biodegradation in such a stimulated system, offering important insight for
future optimization of remediation schemes.
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Bl INTRODUCTION low Ky of 0.10-0.93 L/kg, it is extremely mobile in
groundwater and adsorption to aquifer sediments is

Anthropogenic groundwater pollution by organic chemicals 0
negligible.”” To purify BAM-polluted groundwater, bioreme-

has become a serious concern for potable water supply, human

health, and natural ecosystems.'™ Although many organic diation is an effective approach both in situ and ex situ by
pollutants are biodegradable, they are frequently detected in deploying sand filters augmented with BAM-degrading
the environment and wastewater treatment plants at micro- bacteria.>'*™'® The so far best-studied strain for BAM
gram- to nanogram-per-liter concentrations, even under biodegradation is Aminobacter sp. MSH1, an aerobic, Gram-
nutrient- and biomass-rich conditions (e, field sites or negative, motile but potentially nonchemotactic'” strain that
specially designed bioaugmented sand filters). Understanding can completely mineralize BAM as sole source of carbon,

the limitations of organic micropollutants biodegradation, or
their persistent metabolites, and improving bioremediation
strategies and approaches are, therefore, prominent current
research challenges.'

BAM (2,6-dichlorobenzamide), a metabolite of the widely
applied herbicide dichlobenil and of the fungicide fluopicolide,

nitrogen, and energy5 without accumulation of intermediates."®
The complete catabolic degradation pathway has recently been
elucidated in detail”® The conversion of BAM to 2,6-
dichlorobenzoic acid (2,6-DCBA) is considered the key step

is a typical example of a mobile organic micropollutant. It has Received: ~ August S, 2021
been frequently detected above drinking water thresholds (0.1 Revised:  January 24, 2022
ug/L)* in groundwater in many European countries’ ® and Accepted:  February 11, 2022

may affect human (slightly toxic by oral route)” and ecosystem Published: March 9, 2022

health (i.e,, moderate ecotoxicity to freshwater species).'’ With
a high water solubility of 2.7 g/L, a low log K, of 0.77, and a
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of the overall process,”" whereas further transformation of 2,6-
DCBA is comparatively rapid in sand filters.’

However, a specific challenge of using Aminobacter sp.
MSH1 for BAM degradation is that the rate of BAM
degradation appears to decrease over time in long-term
purification schemes.”'>** A manifestation of this phenomen-
on is the observation that the degree of biodegradation, that is,
the extent to which concentrations decrease relative to their
initial value for a %iven residence time, drops at low BAM
concentrations.”*””” One explanation of this decreased degree
of BAM biodegradation is the loss of inoculated bacteria from
sediments, irrespective of whether the sand filters were running
with or without backwashing.”'® Due to the loss of inoculated
bacteria (e.g., via protozoan grazin%,s’16 competition with
indigenous bacteria,® and wash-out 5), BAM degradation
efficiency can decrease to less than 20% from the initial
degradation/mineralization rate, and it has been reported to be
difficult to maintain efficient degradation for more than 2 to 3
weeks.'>** A second possible explanation for poor long-term
performance of biofilters is starvation of degraders. In the study
of Horemans et al,,'® even though the degrading biomass in
the sand filters should not limit BAM degradation based on
theoretical considerations, specific BAM degradation rates
were 100-fold below expectations. This is consistent with
observations of Sekhar et al.>** where 30—60 day-old cells in
carbon- and nitrogen-starved biofilms grew slower compared
to fresh cells, likely because of reduced bacterial fitness
(physiological adaptation).”” In general, observed degradation
efficiency at low BAM concentrations was consistently smaller
compared to biodegradation at high BAM concentrations.®
Studies have argued that a potential limiting factor for
biodegradation of BAM at low concentrations, that is, under
starvation/oligotrophic conditions, is rate-limiting mass trans-
fer of the contaminant from the bulk solution into the bacterial
cell.”*** In addition, physiological limitations that decrease the
overall enzymatic activities inside bacterial cells may be a
factor, such as detachment or death of cells, down-regulation of
functional genes, or reduced activity of catabolic enzymes due
to a physiological response to oligotrophic conditions.”**°

Perturbations via transient contaminant supply or flow
fluctuation in flow-through sediment systems have shown
promise in enhancing and recovering the efficiency of
bacterially mediated contaminant biodegradation.'**”  Evi-
dence has shown that transient flow and/or transient
contaminant loads may spread microbial biomass over a larger
area and maintain gene expression at a sufficient level, yielding
an improved degradation capacity.”’ ' In addition, in most
natural microbial environments, microbes will show character-
istic switches between growth-supporting state (high-nutrient
flux r condition) and maintenance state (low-nutrient flux K
condition) in response to the related environmental stress for
microbial fitness, such as a temporary change in food supply or
population density.”> Many studies suggest that bacteria
preadapted to a given target contaminant at a certain threshold
concentration may stay active even at low contaminant
concentrations or regain biodegradation ability faster than
bacteria that have not been exposed to the contaminant
before.'**”*373° However, knowledge gaps still remain
regarding (i) to what extent bacterial adaptation happens in
response to different system perturbations, (ii) whether
bacterial adaptation under system perturbations can yield
promising degradation efficiency over a long time, and (iii)
how to recognize the underlying limitations (physiological vs
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mass-transfer limitation) in response to such system
perturbations.

To address these knowledge gaps, we applied compound-
specific stable isotope analysis (CSIA), an advanced approach
for the interpretation of biodegradation. The isotope value of a
substrate/organic contaminant in a sample is usually expressed

as 6 [%o],
R

sample — “standard

2

sample —

(1)

in which the heavy to light isotope ratio (e.g, "*C/'C,
N/"N) of a sample Ry, [—] is reported relative to the
isotope ratio of an international reference material Ry,q0rq [—1-
For example, Vienna PeeDee Belemnite (V-PDB) and Air-N,
are the international reference standards for carbon and
nitrogen isotope values, respectively. As recently demonstrated
by Sun et al.”” and other laboratory™ and field studies,”
isotope fractionation induced by dispersion, diffusion, and
adsorption in aqueous phase and porous media is negligible,
whereas enzymatic biotransformation causes pronounced
changes in isotope values of BAM.** Observation of such
pronounced isotope fractionation may therefore be linked to
degradation, and the absence of isotope fractionation despite
ongoing BAM degradation may uniquely inform about rate-
limiting mass transfer into the cell interior.

Specifically, since the enzymatic reaction of the first step in
BAM transformation is associated with a pronounced isotope
effect,”” BAM molecules with heavy isotopes are discriminated
during enzyme turnover. When this intracellular enzyme
turnover is slower than mass transfer into and out of the
bacterial cell, molecules can diffuse freely in and out making
this isotope fractionation observable in the bulk solution that is
sampled for analysis.”* Such pronounced isotope fractionation
during biotransformation is usually observed at high substrate
concentrations, and is described by the Rayleigh equation,
which has been widely apglied for well-mixed closed systems
(eq 2, Figure I, left).*"* It is applicable if a unidirectional
enzymatic reaction is rate limiting such that the ratio of pseudo
ﬁrst-o4r;dﬁr rate coeflicients of two isotopologues is con-
stant.

(hc/lc)t _ o +1 _fs
(hC/lC)o - 6+ 1 -

standard

)

Ineq2, be [#g/L] and e [1g/L] represent the concentration
of heavy and light isotopologues, respectively; f = ¢,/c, [—]
represents the remaining fraction of the substrate; &, [%o], and
8, [%o] represent the isotope values at time zero and at time £,
respectively; € [%o] is the ratio of the pseudo first-order rate
coeflicients, the isotope enrichment factor.

By contrast, when enzyme turnover is faster than diffusive
substrate supply into (and out of) the cell, mass transfer
becomes rate—limiting.24 Hence, substrate molecules are
consumed in enzyme turnover before they can diffuse back
to the outside of the cell. Consequently, changes in substrate
isotope ratios of the cell interior are no longer reflected in the
bulk solution: observable isotope fractionation is masked
(Figure lc, right).7“4’45’46 A decrease in isotope fractionation
beyond the trend expected from Rayleigh fractionation is,
therefore, indicative of mass-transfer limitations. Such a
transition has been observed specifically at low concentrations
in various experimental setups with either suspended cells or
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Figure 1. (a) Simplified tank setup and the sketch of the plume shape.
(b) Sequence of experimental phases with BAM inlet concentration of
50 mg/L (phase 1), 100 mg/L (phase 2), and S0 mg/L (phase 3) at
the central inlet port (z = 8 cm) yielding pg/L concentrations at the
outlet ports. Gray shades: periods over which integrated samples were
taken for isotope analysis at quasi-steady state; red dashed line: day of
inoculation; dash-dotted lines: days of flow fluctuation; dashed line:
day of sediment sampling for attached bacterial cell number counting
(day 170). (c) Conceptual sketches of expected isotope fractionation
with decreasing concentrations without (left) and with (right) mass-
transfer limitation.

attached cells on sediments adapted to oligotrophic concen-
trations.

Whether or not this effect will be observed when bacteria
adapt to low concentrations, however, is an open question.
Evidence has shown that bacteria can downregulate their
overall enzyme activity in response to surrounding low
concentrations, slowing down enzymatic turnover to match
slow mass transfer (physiological adaptation).”® In this case
mass transfer may not necessarily be limiting and isotope
fractionation following the Rayleigh equation might also be
observed at low concentrations (Figure 1, left). Furthermore,
mass-transfer limitation and downregulation of enzymatic
turnover might not be mutually exclusive, but rather go hand
in hand. By using isotope fractionation as a performance
indicator, we can, therefore, characterize changes in biode-
gradation activity and enzyme regulation in response to
perturbations and identify the underlying limitations when a
system is operating under different quasi-steady-state con-
ditions.

In this study, we therefore characterized the response and
adaptation of microbial BAM degradation in a flow-through
sediment tank inoculated with the BAM-degrading bacterial
strain Aminobacter sp. MSH1, exposed to a transient supply of
elevated contaminant concentrations as a priming strategy
(Figure 1). In addition, we took advantage of an inadvertent
temporal flow fluctuation in the sediment system to investigate
how the perturbations changed bacterial activity and the
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associated biodegradation efficiency in space and over time. By
injecting an anoxic BAM solution through a single, central inlet
port of the tank while injecting a BAM-free oxygen-saturated
solution through parallel ports above and below, we created
transverse cross-gradients of BAM and dissolved oxygen. Thus,
concentrations (ug/L) at the fringes of the BAM plume (near
the upper and lower boundaries of the tank, Figure 1)
mimicked typical oligotrophic conditions in groundwater or
raw water-treatment facilities (e.g, sand filters). The vertical
distribution of concentrations, biomass, and isotope fractiona-
tion along the outlet of the tank enabled us to track changes in
bacterial adaptation and biodegradation activity at different
concentrations, and to identify the concentration range at
which mass transfer and physiological adaptation were, or
became, limiting. In addition, the upper and lower regions of
the tank can be regarded as physical/technical replicates
because they were operated under identical external conditions
(i.e., homogeneous sediment conditions with identical flow
rates). We increased the inlet substrate concentration as a
priming strategy to stimulate biomass growth and the
degradation activity of the bacterial strain. Subsequently, we
decreased the inlet concentration back to the initial conditions.
In a recent study, we modeled a subset of this experimental
data corresponding to a momentary steady-state profile as a
proof-of-principle to reveal the relevance of mass transfer
through the cell membrane as a limiting factor for
biodegradation at low contaminant concentrations.”® The
present study takes one step further to investigate the relevance
of mass-transfer limitation not only during a single snapshot in
time, but continuously throughout the adaptation of an
inoculated system. Thus, it places the newly discovered and
confirmed isotope approach into practice by analyzing the
long-term adaptation of the system (e.g, enzyme activity,
mass-transfer limitation) and its response to concentration and
flow changes. Here, isotope analysis served to explore the
factors (namely mass transfer or bacterial physiology) that
represented different bottlenecks of degradation while actively
engineering the system toward improved bioremediation of the
organic micropollutant BAM.

B EXPERIMENTAL SECTION

Setup of the Quasi-Two-Dimensional Flow-Through
Sediment-Tank. The setup of the tank system was adapted
from Bauer et al.*’ and has been detailed in Sun et al.*”*
Briefly, the tank with inner dimensions of 95 cm X 18 cm X 1
cm (Figure la, quasi-two-dimensional) was wet-packed with
uniform quartz sand (diameter of 0.8—1.2 mm). Sixteen
equally spaced (1.0 cm) ports were emplaced at the inlet and
outlet of the tank. An anoxic BAM solution was injected at the
center of the inlet ports (at z = 8 cm), whereas oxic medium
was introduced through the other inlet ports, and samples were
collected at quasi-steady state at the outlet ports. This gave rise
to low (microgram-per-liter) concentrations in the vertical
gradient at the outlet ports of the tank. During all the
experimental stages (e.g., abiotic experiment, inoculation, and
biotic experiments), the pumping rate of all ports was
maintained at 45 + 2 pL/min/port (with a seepage velocity
of 125 m/day, and residence time of 18.2 h). Detailed
information about the preparation and setup of the tank
experiment, chemicals, liquid media, and bacterial cultures is
provided in the Supporting Information (SI).

Before the inoculation, the tank was operated in an abiotic
experimental phase to establish a stable, conservative
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concentration distribution in the tank by continuously
injecting a S0 mg/L sterilized, anoxic BAM solution at the
central inlet port (at z = 8 cm) and a sterilized oxic medium
through all other inlet ports (SI Figure S3). As observed in
other studies””*”*° with a similar setup and a homogeneous
porous medium, the conservative tracer behavior in the tank
system”’’ showed a symmetrical concentration distribution
along the vertical outlet profile of the tank. After running the
abiotic experiment for 4 days, a stable, conservative plume
established.’ Subsequently, we started the biotic experiment
by introducing an inoculum (without carbon or nitrogen
source) of the strain Aminobacter sp. MSH1 (with a cell density
of 1 X 107 cells/mL) to all ports except the central one for 24
h. After inoculation, we stopped the flow for 3 h to allow the
bacteria to adhere to the sediment. The first day after the
inoculation was denoted day 1. The experiment consisted of
three phases (Figure 1b), with sequential changes of the BAM
inlet concentration through the central port from 50 mg/L
(phase 1) to 100 mg/L (phase 2), and back to 50 mg/L again
(phase 3). Specifically, in phase 1, we injected a S0 mg/L BAM
solution through the central port, and all concentrations in the
respective outlet ports were at quasi-steady state from day S to
day 26. On day 27 and day 38, flow inadvertently fluctuated
due to partial blockage of individual tubes connected to the
outlet ports such that the system was not at steady state
anymore during a short intermittence. After normal flow was
reestablished, we started phase 2 of the experiment by
increasing the BAM inlet concentration through the central
port to 100 mg/L on day 50. The concentrations in the outlet
reached a quasi-steady state on day 66. The system continued
running at 100 mg/L BAM inlet concentration until day 13S.
On day 136, we decreased the inlet BAM concentration
through the central port back to 50 mg/L (phase 3). During
the last experimental period from day 140 to day 169, changes
of concentrations were minimal, yielding a quasi-steady state.
At the end of the experiment (day 170), sediment samples
were collected from the tank in different depths along different
vertical cross sections.

Samples for concentration measurements of BAM and its
metabolite 2,6-dichlorobenzoic acid (2,6-DCBA), isotope
measurements, and bacterial cell counting (TCC,,) were
collected at each outlet port. In each experimental phase,
concentration samples (1 mL) were taken every 3 to S days,
while samples for isotope analysis were continuously collected
until one to two liters of sample for isotope analysis had
accumulated at each outlet position. In phase 1, with S0 mg/L
BAM inlet concentration at the central port, samples for
isotope analysis were collected from day S to day 26. In phase
2, with a 100 mg/L BAM inlet concentration at the central
port, we collected isotope samples over two periods, from day
66 to day 98 and from day 99 to day 13S. The quasi-steady-
state data from the second sampling period (phase 2) has been
presented by Sun et al.*® as a subset of the results discussed in
full here. In phase 3, with the BAM inlet concentration at the
central port back to 50 mg/L, we collected isotope samples
from day 140 to day 169 (Note: All sampling times are given in
days after inoculation). Samples for concentration and isotope
measurements were all filtered through 0.22 uM syringe filters
(Merck KGaA, Germany) and stored at —20 °C until analysis.

Stable Carbon Isotope Analysis of BAM. Biodegrada-
tion of BAM by Aminobacter sp. MSH1 has previously been
shown to induce strong carbon isotope fractionation with
isotopic enrichment factors & = —7.8 = 0.2%o at high
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concentrations in batch experiments.”” For the carbon isotope
measurements of BAM, samples concentrated in ethyl acetate
after solid-phase extraction (SPE) were measured on a GC-
IRMS system in which a TRACE GC Ultra gas chromatograph
(Thermo Fisher Scientific, Italy) was coupled to a Finnigan
MAT 253 isotope-ratio mass spectrometer (IRMS) through a
Finnigan GC Combustion III interface (Thermo Fisher
Scientific, Germany). The separation was carried out on a
DB-$ analytical column (60 m, 0.25 mm id., 0.5 pm film,
Agilent Technologies, Germany). The typical uncertainty of
carbon isotope measurements is +0.5%o. A detailed method
description, including sample preparation and SPE, is provided
in the SL

Concentration Measurements of BAM, DO, and Total
Cell Counts. By adopting the method of Jensen et al,>
concentrations of BAM and 2,6-DCBA were measured by
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) after SPE for sample preparation. Compound separation
was performed using a Kinetex C18 column (2.6 ym, 10 nm,
100 X 2.1 mm id., Phenomenex, U.S.) at 40 °C. A detailed
method description is provided in the SI. We calculated the
fraction f [—] of residual BAM concentrations cyses [#g/L]
relative to the initial BAM concentrations ciyaa [pg/L] that
would be expected in the absence of biodegradation,

biotic ; _abiotic

= CaM / CBAM (3)
Here, ciSic values for 50 mg/L BAM concentrations at the

central inlet port were inferred from the concentration profile
on the fourth day of the initial abiotic experiment (see above
and Sun et al.’’). iR values for 100 mg/L inlet
concentrations at the center port were extrapolated from the
cibictic yalues of the 50 mg/L inlet concentration condition
considering that transverse dispersion scales linearly with
concentrations so that values in the profile can be multiplied by
an appropriate factor (here: 2).

DO concentrations along the vertical cross sections at the
inlet, in the middle, and at the outlet of the tank were
monitored by reading oxygen-sensitive polymer optode foils
(18 cm X 0.5 cm, PreSens GmbH, Regensburgs, Germany) at
the inner side of the tank with a FIBOX2 Fiber-optic oxygen
meter (PreSens, Regensburg, Germany). For total cell counts
of the washed-out bacteria, samples (1.5 mL) were collected
every 3—5 days from the outlet ports of the tank, fixed with
glutaraldehyde (2.5% final concentration), and stored at 4 °C.
For the total cell counts of the attached bacteria on the
sediments, duplicate sediment samples (0.5 mL) were taken at
every 1.0 cm depth (from z = 1 cm to z = 16 cm) along the
vertical cross sections at 2 cm distance from the inlet
boundary, in the middle, and at 2 cm from the outlet
boundary of the tank at the end of the experiment on day 170.
A detailed description of sediment sampling and sample
treatment is provided in the SI. Samples for the bacterial cell
number measurement were stained with SYBR Green I and
measured on a Cytomics FC 500 flow cytometer (Beckmann
Coulter, Hebron, KY) according to the method of Bayer et
al.>® To further confirm the presence of the strain Aminobacter
sp- MSH1 and to probe for potential contamination (which
would not be seen by qPCR) at all depths (z) of the tank,
terminal restriction fragment length polymorphism (T-RFLP)
analysis was performed to target bacterial 16S rRNA genes.
DNA isolation was done for samples collected at each depth at
the end of the experiment according to the protocol described
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Figure 2. Vertical profiles of washed-out cell numbers, concentrations, and concentration ratios. Column (a): total number of washed-out cells;
column (b): BAM concentrations; column (c): 2,6-DCBA concentrations; column (d): dissolved oxygen (DO) concentrations 2 cm from the inlet
boundary (blue shade), in the middle of the tank (orange shade), and 2 cm from the outlet boundary (gray shade); column (e): residual BAM
concentrations in the effluent relative to the expected concentration in an abiotic experiment f = chgn/cinst, see eq 3; column (f): molar
concentration ratios of 2,6-DCBA to BAM in the effluent in three experimental phases and on the flow fluctuation days. Color shades represent the
range of measurement values during the sampling periods. Data points with error bars represent the average values with standard errors during the
quasi-steady state sampling periods. DO profiles on the flow fluctuation days only represent the data measured along the outlet cross-section.
Samples for concentration measurements were measured every 3 to S days from days 5 to 26, 66 to 135, and 140 to 169. Samples for TCC,,,

measurements were measured on days 17, 19, 47 (phase 1), 81, 83, 87 (phase 2), 155, and 159 (phase 3), respectively.

in Pilloni et al.>* The PCR thermo profile (SI Figure S5) and degradation efliciency was lower than at the plume fringes,
T-RFLP process are further described in the SI. with a higher f-value and a lower molar concentration ratio of
2,6-DCBA to BAM. The observed decrease in BAM
B RESULTS AND DISCUSSION degradation capacity with decreasing BAM concentrations
Distribution of Solutes and Biomass. Figure 2 (from the plume fringes to the uppermost and lowermost
summarizes results of the three experimental phases with regions of the plume, Figure 2f) were consistent with the
BAM inlet concentrations in the central port of S0 mg/L, 100 reduced BAM degradation activity of Aminobacter sp. MSHI at
mg/L, and S0 mg/L, respectively, as well as snapshots during low co;l;fgitrations observed in batch and flow channel
the phase of flow-fluctuation at the end of phase 1. The vertical studies.”™"” The lower bacterial degradation activity at low
profiles in the three phases show the typical plume-fringe concentrations will be discussed together with the results from
pattern,'#*”*’ that is, the hot spots of biomass growth isotope analysis below.
(reflected in the washed-out cell number) were located at To better understand bacterial adaptation in the different
the plume fringes where BAM and DO mixed due to transverse zones of the BAM plume, we calculated the ratio of the
dispersion, and steep DO concentration gradients developed number of sediment-attached bacteria to the washed-out
toward the plume center. At the hot spots in the plume fringes, bacterial cell number per unit of bulk volume (TCC,q4/

BAM degradation was most eflicient, indicated by the lowest TCC,,) at the end of phase 3 with S0 mg/L BAM inlet
fraction f and the highest ratio of 2,6- DCBA to BAM concentration (Figure 3). When calculating the ratio TCC,y/

concentrations (Figure 2e,f). In the plume center, the washed- TCC,,y the number of washed-out (Suspended) bacterial cells
out cell numbers (a proxy for growth) were lower than at the per unit of water volume (cells Liiquia ') was transformed into
plume fringes, and the remaining BAM and 2,6-DCBA the number of bacterial cells per unit of bulk volume (cells
concentrations were highest indicating that the lack of electron Lya " = cells Lq") by multiplication with the porosity of
acceptor (ie, DO) limited biodegradation of BAM and 0.45. The number of bacteria attached to the sediment was
biomass growth. In the uppermost and lowermost regions of 13—220 times higher than the number of washed-out bacterial
the tank, low pg/L-level concentrations and low biomass cells. In the center of the plume (z = 7—10 cm), where there
densities adequately mimicked oligotrophic conditions typical was no substrate (BAM) limitation, the ratio of attached to
of groundwater or sand-filter systems. Even though at these suspended cells (TCC,.4/TCC,,,) was the smallest. With the
locations the electron acceptor (ie, DO) was in excess, widening of the plume, this ratio increased. This trend of the
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Figure 3. Vertical profiles of (a) total cell number of washed-out bacteria (TCC,,,), (b) total cell number of bacteria attached to the sediments
(TCC,.q) on the last sampling day of phase 3 (day 170) with SO mg/L inlet concentration, (c) ratio of the cell number on sediments to the washed-
out cell number per unit of bulk volume, (d) specific BAM degradation rate per cell rgo,_pay on day 170. In panel (b), red, yellow, and blue circles
represent the measurements of TCC,q4 at 2 cm distance from the inlet boundary, in the middle, and at 2 cm distance from the outlet boundary of
the tank, respectively. Error bars in panel (a)—(b) represent the measurement errors (standard deviation); uncertainties in panel (c)—(d) were
calculated based on Gauss’ error propagation law by using the standard deviations of TCC,.4 values at different locations.

TCC,q/ TCC,, ratio (Figure 3c) mirrors the observations in
many microcosm”**® and field studies®’ ™" in which a low
TCC,.q/TCC,, ratio occurs at high substrate concentrations,
whereas a high TCC,4/TCC,,, ratio, albeit with overall lower
absolute cell numbers, is typical of substrate-limited oligo-
trophic conditions.””®* This pattern has been explained by the
growth/cell-division-mediated biomass transport in previous
studies:****®* when a certain density of the attached biomass
in microcolonies is reached (carrying capacity), additional
bacteria cells resulting from biomass growth (i.e., cell division)
are released into the mobile phase and can thus be washed
out.” Column experiments conducted by Mellage et al.
suggest that the release of daughter cells during growth is
orders of magnitude higher than cell detachment driven by
alternative mechanisms, and as such these can be neglected.33
Therefore, the increased TCC,4/TCC,,, ratio, observed in our
experiment, at smaller substrate concentrations indicates
slower microbial growth at lower concentrations. We therefore
divided the BAM-mass consumed per time by the cell number
of the attached bacteria to obtain the specific BAM-
degradation rate per cell rg,,_gay. In general, we observed a
decreased r4.,_pay With decreasing BAM concentration, which
indicated that the observed trend in the fraction f of
transformed BAM in phase 3 (Figure 2e, fourth row) was
not only due to a lower number of attached bacteria at low
concentrations (Figure 3b), but also to a lower cell-specific
degradation activity (Figure 3d).

Adaptation of Aminobacter sp. MSH1 and Biode-
gradation Efficiency. In phase 1 of the experiment, when we
introduced 50 mg/L BAM through the central port,
biodegradation of BAM started immediately after inoculation,
and the system remained at quasi-steady state from day S to
day 26. The relatively high number of washed-out cells (Figure
2a, first row) indicated that bacteria may have been in an
adaptation stage after inoculation, where they showed a lower
tendency to attach to sediment. In addition, a fraction of these
washed-out cells may stem from the original inoculation.
Interestingly, the spatial distribution of the biodegradation
activity was not yet symmetric, with a smaller f-value at the
lower than at the upper fringe of the plume (Figure 2e, first
row). This observed asymmetrical distribution of f-values
indicates that the inoculation-induced activity of bacteria was
still different in the two replicate parts of the tank, even after 3
weeks of operation. This may be caused by a nonsymmetric
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distribution of microbial activity, possibly in combination with
slight variations in flow and/or bacterial adaptation.

At the end of phase 1, inadvertent partial “clogging”
occurred shortly in the outlet ports on day 27 and day 35,
which provided an opportunity to investigate the response of
the system to a flow fluctuation. The plume of BAM slightly
shifted upward along with a concomitant fluctuation of 2,6-
DCBA (Figure 2) and DO (SI Figure S2). More BAM was
degraded as indicated by decreased BAM concentrations
(Figure 2b, second row) and a decreased f-value (Figure 2e,
second row). After the clogging was removed, the previous
flow regime re-established, and the plume went back to its
original position. The BAM concentrations remained at lower
levels in conjunction with a smaller number of washed-out
bacterial cells by the end of the first period (day 47). The low
remaining BAM concentrations indicated an enhanced
degradation of BAM due to a better spread of the bacterial
biomass driven by flow fluctuation.””***" Specifically, when
the plume center slightly shifted upward—as indicated by the
shift of the conservative tracer metolachlor (Figure S1)—it
reached the previous plume fringes where biomass hot spots
were located. In addition, a shift of the BAM plume induced a
shift in the distribution of biomass, leading to a buildup of cells
at new locations (as depicted in Figure 2a second row, the hot-
spot fringe shifted upward from z = 10 cm to z = 11 cm).
Thus, the flow fluctuation (i.e., reduction of the flow rate and
redirection of the plume due to the clogging) led to an
unintended priming which stimulated a more even distribution
of biodegradation activity throughout the spatial profile.

In phase 2, we increased the BAM concentration in the
central inlet port to 100 mg/L, establishing a quasi-steady state
after 2 weeks. Even though the increased inlet concentration
would be expected to induce a higher growth rate of attached
biomass, the numbers of washed-out cells were smaller than in
phase 1 and during the flow fluctuation period. The smaller
washed-out cell numbers in phase 2 may indicate that bacteria
were not yet well adapted until phase 2. Under the assumption
that washed-out cell numbers represented cell growth, we
calculated the carbon assimilation rate by dividing the amount
of consumed carbon of BAM and 2,6-DCBA to the amount of
carbon of the washed-out biomass (SI Table S2). The
calculated carbon assimilation rate of 17 + 10% indicates
that carbon was primarily utilized for cell respiration rather
than cell growth (carbon assimilation for biomass synthesis).
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Figure 4. Observable isotope fractionation in the three experimental phases with BAM inlet concentrations of 50, 100, and 50 mg/L through the
central inlet port. Panels (a)—(d): vertical profiles of carbon isotope values A§'*C (data with error bars) and mean values of the fraction f of
residual BAM concentration (f = chists/cinetc purple data points); panels (e)—(h): carbon isotope values AS">C vs the fraction f—a typical
representation of data under the assumption of the Rayleigh relation (eq 1). For comparison, blue solid lines represent the predicted Rayleigh
relation between f and isotope values in the absence of mass-transfer limitation. Data points were labeled with the vertical outlet sampling position z
= 1—16 cm. Isotope data points with gray shadow in the upper panels (a)—(d) represent the isotope values strongly constrained by mass-transfer
limitation (red points) or by both mass-transfer limitation and slowdown of enzyme reaction rate (yellow data points). Blue data points represent
isotope fractionation close to the Rayleigh relation. Dashed lines connect data points from adjacent ports as a guide. Error bars represent +0.5 %o

uncertainty of carbon isotope measurements.

Further, a widening of the BAM plume, higher remaining BAM
concentrations and higher concentrations of 2,6-DCBA (i.e.,
incompletely catabolized substrate) were observed at the
plume center when 100 mg/L of BAM were fed through the
central inlet port. This observation is most likely due to a
depletion of oxygen over a larger width of the plume center.
Consequently, the plume fringes, where bacteria were
particularly enriched, widened (Figure 3b), from the locations
atz =7 cmand z = 11 cm to the location at z = 6 cm and z =
11 cm. In addition, the degradation activity became spatially
more symmetric, as seen in the profiles of f-values and
metabolite-to-parent compound ratios (Figure 2e,f, third row).
This observation indicates that a more symmetric distribution
of biomass in the system had developed with the spread of the
contaminant plume.

In phase 3 (the final phase), we decreased the inlet BAM
concentration from 100 mg/L back down to 50 mg/L (day
136). After the switch the BAM concentration in the outlet
ports decreased drastically after 20 h and kept decreasing in the
next 4 days (from 7 mg/L to 1 mg/L at port 8). From day 140
on, changes of concentrations were relatively small, thus we
considered the sampling period from day 140 to day 169 to be
at quasi-steady state. An average BAM degradation efficiency of
up to 99 + 2% was reached during this quasi-steady-state
sampling period (day 140 to day 169), where the deficit in the
mass balance (SI Table S2) was primarily attributable to the
plume center and the fringes rather than the low concentration
regions (SI Figure S4). The calculated carbon assimilation rate
was 7 =+ 1%. The remaining BAM concentrations were
generally smaller (Figure 2b), and the vertical distribution of
the activity in the tank was more symmetric than in phase 1,
even though the inlet concentration was the same (Figure 2e,
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fourth row). In addition, the f-values at the outlet ports at z =
9—12 cm in phase 3 were about 2 orders of magnitude lower,
and the isotope fractionation was generally 5—7%o higher than
the values in phase 1 (Figure 4). This line of evidence (BAM
concentration, f- values, and isotope value profiles) suggests
that the combined effect of the inadvertent flow fluctuation
and the injection of increased substrate concentrations
(priming) yielded an increased degradation capacity/activity
of attached cells and led to a higher degradation of BAM
compared to phase 1, despite identical BAM inlet concen-
trations. It also suggests that once a new quasi-steady state
related to substrate concentration and flow velocity”® had been
reached, a decrease in inlet concentrations between phase 2
and phase 3 did not drive an immediate decrease in bacterial
activity. Instead, it persisted for a considerable time (weeks to
months).'***%* Specifically, the zones of the highest attached
cell numbers in phase 3 (z = 6, 9, and 10 cm, Figure 2a, fourth
row) were wider than the zone covered by the ports of the
highest washed-out cell numbers in the initial operational
phase 1 (z = 7 and 10 cm at S0 mg/L BAM inlet
concentration, Figure 2a, first row). This observation implies
the persistence of biomass, established during the high-
concentration phase 2, even after the BAM inlet concentration
had decreased. Hence, although the plume width narrowed
when the BAM inlet concentration was reduced from phase 2
to phase 3, the observed elevated degradation activity in phase
3 indicated that the attached biomass distribution and activity
likely remained similar as in phase 2 at elevated BAM inlet
concentration. This result contrasts with the observation in
phase 1 (large washed-out cell number with overall low
degradation capacity) and the widely observed loss (more than
90%) of initially adhered Aminobacter sp. MSH1 bacteria (e.g.,
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due to processes of shearing, starvation, and cell death), or of
decreased BAM degradation efliciency within the first weeks
after inoculation in many sand-filter experiments without
priming.ls’é4

Underlying Limitations for Biodegradation over the
Three Experimental Phases. To further elucidate the
dynamics of the microbial population in response to
concentration changes, we analyzed the isotope fractionation
profile along the outlet cross-section (Figure 4).

The isotope fractionation profiles along the outlet cross-
section showed a general trend similar to the one observed and
accurately simulated by Sun et al.*® At high BAM
concentrations (from the center of the plume to the plume
fringes, blue data points in Figure 4a—ce—g), isotope
fractionation increased with decreasing remaining BAM
concentrations and decreasing f-values. These trends follow a
Rayleigh behavior according to eq 2 and indicate that
degradation was only limited by the availability of the electron
acceptor (i.e., DO). At the plume fringes, where electron donor
and acceptor mixed most efficiently, isotope values were
highest, corresponding to a small f-value and a high
concentration ratio of 2,6-DCBA to BAM (Figure 2ef). At
lower BAM concentrations (from the plume fringes toward the
upper and lower boundaries of the tank, red data points in
Figure 4), the smaller extent of isotope fractionation
(compared to the isotope fractionation that the Rayleigh
equation would predict with the given f-values) revealed that
mass transfer became limiting (“threshold region”). Due to the
slower mass-transfer rate compared to fast enzymatic turnover,
many molecules with both heavy and light isotopes were
transformed before they could diffuse out of the cell again,
strongly masking the observable isotope fractionation in the
bulk solution.

For locations where BAM concentrations were even lower
(0.1-3 ug/L, in the uppermost and lowermost regions, yellow
data points in Figure 4), Figure S illustrates two possible
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scenarios. A scenario with no physiological adaptation and high
enzyme activity would yield a further decrease in isotope
fractionation; therefore, isotope fractionation becomes com-
pletely masked (Figure Sb). In contrast, in a scenario where
physiological adaptation acted to downregulate enzyme activity
to match the lower substrate availability, isotope fractionation
would remain somewhat masked, but would not disappear
altogether (Figure Sa). The regions with yellow data points in
Figure 4 show that changes in isotope values remained
consistent with the isotope values in the threshold region
corresponding to the scenario in Figure Sa. This observation
indicates that in this low concentration range, mass-transfer
limitation further induced physiological limitation (i.e., enzyme
regulation). In fact, the consistently observed small isotope
fractionation over almost the whole concentration range (red
and yellow data points in Figure 4d) indicates that the same
extent of mass-transfer limitation prevailed throughout the
gradient (with the exception of the center, where DO was
limiting).

To explore this general trend of isotope fractionation in the
context of an expected Rayleigh behavior (Figure 1c, eq 2), the
design of our experiment in three phases enabled us to follow
the relationship between isotope fractionation and the f-value
over time (Figure 4e—h) and to explore whether it can confirm
these conclusions about the limitations of BAM degradation at
low concentrations (e.g., mass-transfer limitation, or limitation
by physiological adaptation) in response to the perturbations
imposed.

In phase 1, we did not observe any isotope fractionation at
the upper and lower boundaries of the tank (yellow dots in
Figure 4ae, at z = 1, 2, 3, 14, 15, 16 cm). A potential
explanation is that bacteria were in an adaptation stage after
inoculation, and neither the cell population nor the
degradation activity was well established throughout the
tank. Therefore, in the first sampling days, the associated
turnover was limited, despite favorable thermodynamic
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conditions. Since we collected integrated samples over a longer
time period, the original isotope ratio of nondegraded samples
(BAM molecules having experienced no biodegradation) at the
beginning of the sampling period may have diluted the isotope
fractionation induced by biodegradation at the later stage of
the sampling period. Thus, isotope fractionation may not have
been discernible in the final time-integrated samples. This is
consistent with our conclusion that the bottleneck of
biodegradation in this experimental phase was the adaptation
and establishment of the strain Aminobacter sp. MSHI1
throughout the tank. Furthermore, even though the f-values
in the upper region are approximately 2 orders of magnitude
higher than the ones in the lower region, the difference of the
observed isotope fractionation in the upper and lower regions
is only 1—2 per mil (Figure 4a,e). As discussed in more detail
below, this again is likely due to the effect of masking where
similar changes in isotope values are observed irrespective of f-
values.

In the first sampling period of phase 2, when the BAM inlet
concentration in the central port had just been increased to
100 mg/L, the degradation hot spots where the isotope
fractionation was highest were at ports z = 5 and 11 cm. In
contrast, during the second sampling period, when the bacteria
had already adapted to the change of the higher inlet
concentration, the biodegradation efficiency had increased,
and the plume became narrower, as indicated by the smaller f-
values and higher isotope fractionation at the hot spots at z =6
and 10 cm. The corresponding experimental data of this phase
has recently been analyzed in detail via a numerical reactive
transport model.*® The current study builds on this work, but
goes further and enables us to explore bacterial adaptation
beyond this snapshot in time by following the change of
biodegradation activity in the tank system over an extended
time period.

In phase 3, after the BAM concentration in the central inlet
port had been decreased to 50 mg/L, isotope values in the
plume center (blue data points, Figure 4h) deviated from the
theoretical trend of the Rayleigh relation (blue solid line,
Figure 4h) and the constant isotope values in the low
concentrations throughout the upper and lower regions of the
tank (red and yellow data points, Figure 4h) revealed that
biodegradation was limited by mass transfer throughout the
tank, even in the plume center, which is an effect of the large
biomass buildup during phase 2. The observation follows the
trend observed during the second sampling period of phase 2
where the f-values at ports z = 1-5 cm and z = 11-16 cm
increased toward the upper and lower boundaries, indicating a
decreased biodegradation rate and a potential physiological
limitation by adaptation (see also Sun et al.*’). Hence, with
sufficient biomass, the biodegradation efficiency of the system
increased to the degree that it became limited by diffusion into
the cells. Under these conditions, the changes in isotope values
remained equally small at the upper and lower plume regions,
whereas f-values increased with decreasing concentration,
indicating a smaller extent of degradation (yellow dots). This
zone of reduced degradation at z = 1—4, 13—16 cm was closer
to the plume center compared to phases 1 and 2, which
indicates a wider spread of a physiological adaptation (less
active metabolism) in response to the mass-transfer limitation
of substrate supply. In line with this observation, Figure 3d
shows a much lower specific BAM degradation rate per cell at
the upper and lower boundaries of the tank.
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Thus, although the overall biodegradation efficiency was
enhanced, the degradation activity was limited by a
physiological adaptation of the microorganisms to the low
substrate concentration. Specifically, the degradation perform-
ance in phase 3 represented a stimulated system that was more
efficient compared to the initial phase 1 (50 mg/L BAM-
injection). The higher biomass density at the onset of phase 3
(a legacy of the 100 mg/L injection during phase 2) drove the
concentration drop in the breakthrough profiles. We
hypothesize that this subsequently caused the bacteria to
adapt to the low concentrations via a reduction in the cell-
specific degradation activity, as indicated by the small, but
consistently nonzero isotope fractionation, depicted in the
scenario of Figure Sa. We reason that a higher internal activity
may be difficult to sustain at low substrate turnover because of
the increasing mass-transfer limitation. Such physiological
adaptation (e.g, downregulation of functional genes, or
reduced activity of catabolic enzymes) would result in lower
bacterial activity which would prevent complete degradation of
BAM. This physiological limitation of Aminobacter sp. MSH1I,
which yields reduced BAM degrading ability at low BAM
concentration, has also been observed by Sekhar et al,,”® who
explained it by reduced production of the amidase BbdA that
converts BAM to 2,6-DCBA due to physiological adaptation.
B IMPLICATIONS FOR IMPROVEMENT OF
BIODEGRADATION SCHEMES AND
INTERPRETATION OF ISOTOPE-FRACTIONATION

Figure § illustrates the opportunity brought forth by this study.
That is, recognizing the limitations of biodegradation while
following the adaptation of a bioremediation system over time,
and while exploring its adaptation to low concentrations.
Initially, in a freshly inoculated sediment tank we observed a
priming effect on biodegradation when we introduced
intermediate disturbances in environmental conditions (such
as a temporary increase of the substrate concentration and a
temporary, transient flow condition) in our flow-through
sediment system. The elevated degradation efficiency con-
tinued over weeks after returning to a lower inlet
concentration, suggesting that such priming has the potential
to establish a sustainable high degradation efficiency over a
relatively long time (weeks or months). Exposing bacteria to
elevated concentrations of the target compound and changing
the flow regime, is, therefore, a potential strategy to improve
the degradation of organic contaminants in water treatment
plants or in situ remediation. Our findings are in line with the
ecological concept of the ‘intermediate disturbance hypoth-
esis’:*>* that functional microbial populations are stimulated
when there are regular disturbances that are neither too rare
nor too frequent, and neither too intensive nor too moderate.

Moreover, our results suggest that such periodic inter-
mediate stimulation may be urgently needed. Our observations
indicate that biodegradation activity became not only limited
by mass-transfer limitations, but also by bacterial adaptation to
low concentrations over time. Specifically, while our isotope
data are consistent with the conclusions of our recent work,*
that mass transfer becomes partially rate-limiting at low
concentrations (Figure 4a—c), the long-term results of the
present study suggest that this is only part of the picture.
Figure 4d shows that mass transfer never became completely
rate-limiting meaning that a scenario as depicted in Figure Sb
was not observed. Rather Figure 4d implies a scenario as
depicted in Figure Sa: The more the system was stimulated
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and adapted over time, the more uniform was the extent of
isotope fractionation throughout the gradient, irrespective of
concentrations. (Note: An exception is the plume center where
oxygen was partly limiting.) The fact that we observed some
isotope fractionation even at low concentrations, implies that
even there, molecules with heavy isotopes were discriminated
by the slow enzymatic reactions and had the opportunity to
difftuse back to the bulk solution to be observed by
measurements (Figure Sa). Thus, as illustrated in the
conceptual diagram of Figure Sa, bacteria seemed to adapt
their enzyme activity to the prevailing concentrations thereby
tending to operate “at the brink of substrate supply”. The
uniform extent of isotope fractionation, irrespective of f (Figure
4d), suggests that, in response to mass-transfer limitations,
physiological limitation (i.e., a reduced enzymatic reaction
rate) to prevailing concentrations took place (Figure Sa),
which inevitably limited the biodegradation performance
throughout the spatial concentration gradient. This interplay
is modeled in SI Figure S6, which illustrates the influence of
bulk concentration and maximum enzymatic reaction rate on
the observable isotope fractionation with the consideration of
the mass-transfer process through the bacterial cell membrane.

To make use of this insight for water treatment technologies,
approaches may build on a hybrid concept brought forward by
Hylling et al.”” Here, membrane filtration by a reverse osmosis
(RO) unit is combined with biodegradation in a sand filter
system that is continuously fed with RO retentate. If a
particularly concentrated retentate solution is used to periodi-
cally regenerate the sand filter system through backwashing,
this could potentially provide for such a regular disturbance/
priming and further stimulate the bacterial degradation
capacity in the inoculated sand filter system such that it
would show activity beyond regulation “at the brink of
substrate supply”. In fact, our results are in line with recent
work by Ellegaard-Jensen et al,”® who observed excellent
biodegradation performance in their inoculated sand filter for
up to 60 days, and a decline in the BAM removal rate to 60%
after 150 days,”” suggesting that also therein restimulation may
have been needed.

Future investigations should therefore focus on pilot sand-
filter experiments that introduce such intermediate disturban-
ces/priming during the backwashing stage, or that focus on the
influence of multiple carbon sources on such a priming effect.
For a conceptual assessment of in situ biodegradation at
contaminated sites, priming effects or intermediate system
disturbances should be considered as a potential trigger that
enriches biomass and optimizes the spread of the bacteria. To
reach a more generalizable conclusion, investigations in more
complex (natural) environmental systems, with multiple
carbon sources, a higher complexity of the microbial
community, and a wider range of organic pollutants are still
needed. In such endeavors the approach delineated here—
combined analysis of isotope fractionation and residual
substrate fraction—can greatly help reveal mass-transfer and
physiological limitations and, therefore, aid in “tuning” in situ
bioremediation for complete elimination of organic micro-
pollutants.
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