gcmm:e &l ‘ecﬁmm;u
Subscriber access provided by Helmholtz Zentrum Muenchen - Zentralbibliothek

Dynamics of suspended and attached aerobic toluene degraders in small-
scale flow-through sediment systems under growth and starvation conditions

Adrian Mellage, Dominik Eckert, Michael Grdsbacher,
Ayse Zeynep Inan, Olaf Arie Cirpka, and Christian Griebler

Environ. Sci. Technol., Just Accepted Manuscript « DOI: 10.1021/es5058538 « Publication Date (Web): 26 May 2015
Downloaded from http://pubs.acs.org on June 3, 2015

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

ACS Publications

High quality. High impact. Environmental Science & Technology is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 31

10

11

12

13

14

15

16

Environmental Science & Technology

Dynamics of suspended and attached aerobic toluene
degraders 1n small-scale flow-through sediment

systems under growth and starvation conditions

Adrian Mellage, 7 Dominik Eckert,f Michael Gr(')'sbacher,§ Ayse Z. Inan, $ Olaf A. Cirpka, f*,

Christian Griebler®

1 University of Tiibingen, Center for Applied Geoscience, Holderlinstrasse, 12, 72074 Tiibingen,

Germany

§ Helmholtz Zentrum Miinchen, Institute of Groundwater Ecology, Ingolstddter Landstrasse 1,

85764, Neuherberg, Germany

I now at: University of Waterloo, Department of Earth and Environmental Sciences, 200

University Ave. W, Waterloo, Ontario, Canada N2L 3G1

*Corresponding author
Phone: +49 7071 29 78928
Fax: +49 7071 29 5059

Email: olaf.cirpka@uni-tuebingen.de

ACS Paragon Plus Environment



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Environmental Science & Technology

Keywords: bio-reactive transport, flow-through system, biodegradation, natural attenuation.

ABSTRACT: The microbially mediated reactions, that are responsible for field-scale natural
attenuation of organic pollutants, are governed by the concurrent presence of a degrading
microbial community, suitable energy and carbon sources, electron acceptors, as well as
nutrients. The temporal lack of one of these essential components for microbial activity, arising
from transient environmental conditions, might potentially impair in-situ biodegradation. This
study presents results of small scale flow-through experiments aimed at ascertaining the effects
of substrate-starvation periods on the aerobic degradation of toluene by Pseudomonas putida F1.
During the course of the experiments, concentrations of attached and mobile bacteria, as well as
toluene and oxygen were monitored. Results from a fitted reactive-transport model, along with
the observed profiles, show the ability of attached cells to survive substrate-starvation periods of
up to four months and suggest a highly dynamic exchange between attached and mobile cells
under growth conditions and negligible cell detachment under substrate-starvation conditions.
Upon reinstatement of toluene, it was readily degraded without a significant lag period, even
after a starvation period of 130 days. Our experimental and modeling results strongly suggest
that aerobic biodegradation of BTEX-hydrocarbons at contaminated field sites is not hampered

by intermittent starvation periods of up to four months.
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INTRODUCTION

Natural and/or enhanced bioremediation has been identified as a non-invasive and cost-
effective remediation strategy for aquifers contaminated with BTEX-hydrocarbons. The
microbially mediated reactions, responsible for field-scale natural attenuation of these pollutants,
are governed by their concentration distribution and subsequent availability of suitable energy-
yielding electron acceptors'. Strong evidence exists that degradation reactions occur where
mixing of electron donor and acceptor takes place”™.

Besides their intensively documented growth behavior, microbial populations in the subsurface
undergo a variety of non-growth processes (i.e., transport as well as adaptive behaviors to cope
with transient environmental conditions) that have the potential to affect contaminant
degradation in the subsurface.

While microorganisms attached to the sediments have been found to comprise the largest
portion of microbial biomass in the subsurface’”, studies on bioaugmentation and the spread of
pathogens have shown that they partition between the sediments and the mobile aqueous phase
and that they are transported in groundwater®'?. Only a limited number of studies, however, have

9, 15-18 .
’ . These studies

considered the interdependent effects of microbial growth and transport
observed that microbial growth, in addition to physical processes, strongly affects the
partitioning of cells between the aqueous phase and the sediment surface. An increase in the
number of suspended bacteria was observed after the addition of a growth substrate into the
system'*'®. However, the aforementioned studies did not monitor the response of biomass

attached to the sediments throughout the experiments. Harvey et al."” observed that this increase

in pore-water bacteria under growth conditions did not result in a reduction of attached cells.
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Similar observations of lower ratios of attached to suspended cells in nutrient-rich zones have
also been observed in laboratory™ and field*' studies.

Microbial populations are known to adapt to fluctuating environmental conditions®. In
response to fluctuations, organisms may metabolically ‘switch’ into a so-called anabiotic state,
referred to as dormancy™. Dormant cells do not exhibit behavioral patterns of living or dead
cells, they merely enter a state of lowered metabolic activity in which they do not undergo cell
division. Upon reinstatement of favorable conditions, they return to an ‘alive’ behavioral stateB,
that is, the phenotypic shift from dormant to active is reversible’>. Non-growth functions are
maintained by consuming endogenous reserves”*~2.

Several studies have investigated the effects of unfavorable growth conditions on
biodegradation™ %> 2. Observations and modeling results show the resilience of degraders to
stress and their ability to resume full metabolic functioning upon reinstatement of favorable
conditions. Métris et al.”* observed a degradation lag phase of a quarter of an hour after a three-
day starvation period in a bioreactor system, exposed to changes in inlet concentrations of
toluene and xylene. Matinez-Lavanchy et al.** observed no significant decline in biomass
concentration during a period of oxygen deprivation of 12 h and observed increased growth of
Pseudomonas putida and rapid toluene degradation upon the reinjection of an oxygen pulse into
their experimental batch system. In batch experiments, Kaprelyants and Kell*' observed that cells
subjected to a starvation period of 75 days readily grew after 16 — 18 h of incubation in a system
with a fresh substrate (lactate) containing medium.

In standard reactive-transport models, the degrading biota are assumed to be completely
immobile, and their ability to adapt to unfavorable environmental conditions is not considered.

The conventional dual-Monod modeling approach solely depends on the instantaneous
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concentrations of reaction counterparts and does not account for degradation delays due to
metabolic adaptations as well as concentration fluctuations” ™. A few studies attempted to
incorporate the adaptive dormant behavior that microbial communities exhibit under unfavorable
conditions”’?. Bradford et al.’® suggest that there is currently “a need to study and predict
microbial transport and survival throughout a range of environmentally relevant conditions in the
laboratory scale”.

In the present study, we introduce the results of a meticulously monitored small-scale flow-
through sediment system, studying the effects of substrate-starvation periods on the degradation
of toluene by the aerobic strain Pseudomonas putida F1. The build-up of cells in the sediment,
the breakthrough of mobile cells at the outflow, as well as the consumption of toluene (electron
donor) and oxygen were monitored. The attached degraders were subjected to toluene-starvation
periods of up to 130 days in duration. Unlike earlier studies, presented above, the growth of
degrading cells and contaminant degradation were monitored under flow-through conditions in
natural sediments, a setup closer to natural conditions than well-mixed batch systems. We fitted a
reactive-transport model - which takes the aforementioned patterns of microbial behavior into
account - to the experimental data in order to quantify the response of the aerobic degraders to
phases of toluene starvation of up to four months. The general question addressed by this study is
to which extent in-situ biodegradation of contaminants is hampered by temporarily unfavorable
conditions for the degrading microbial community, such as the temporal absence of growth
substrates, which might, e.g., arise from a shift in contaminant plume position caused by

changing hydraulic conditions.
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EXPERIMENTAL SECTION

Experimental Setup. We performed experiments with the aerobic toluene degrader
Pseudomonas putida F1 in small, cylindrical flow-through mini-columns (length: 1.60 cm;
diameter: 1.34 cm). To follow the temporal evolution of attached cells throughout the
experiments, we ran multiple mini-columns in parallel and dismantled replicate columns at
specific time points. The mini-columns were packed with natural sediment of the middle sand
fraction (200 — 630 pum). The measured effective porosity (1,) in the mini-columns was 30%.
Experiments were performed at a seepage velocity of 1.8 m d”. A multi-channel peristaltic pump
(Ismatech, Wertheim, Germany) was used to achieve the desired flow rate. Flow in each of the
mini-columns, was from the bottom to the top (Figure 1).

The mini-columns were inoculated with one pore volume containing 10* to 10° P. putida F1
cells mL”, a bacterial concentration encountered in natural groundwater. In addition to the
“reactive” mini-columns, one “control” mini-column, which was not inoculated with P. putida
F1, was run for each experiment. A bicarbonate-buffered freshwater medium was continuously
infiltrated as mineral medium®’. After inoculation, toluene was supplied at a concentration of
approximately 6 mg L. To prevent microbial growth in the inlet tubing, media containing
toluene and oxygen (electron acceptor) were combined only at the injection to the mini-columns

at a flow ratio of 1:9, respectively, from separate reservoirs.
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120 Figure 1. Schematic illustration of glass mini-columns used for all flow-through experiments.

121 For each mini-column three sections of equal dimensions, denoted bottom, middle and top,
122 were assessed separately in terms of oxygen concentration, as well as attached bacterial cells.
123 Each section contained a spot of oxygen sensitive foil (pink dots) for the monitoring of O,

124  concentrations in the domain.

125 Water samples were collected at the inlet and outlet to monitor toluene degradation and
126  transport of bacteria. Toluene concentrations were measured by GC-MS analysis®, and cell
127  numbers were quantified via flow cytometry®'. Each experiment was run with a multitude of
128  mini-columns in parallel. At specified time points, mini-column duplicates were dismantled to
129  measure the bacterial abundance, activity (ATP)*® and mean volume of cells in the sediment. The
130  sediment was partitioned into the three sections mentioned above (bottom, middle, and top), and
131  each sediment layer was separately analyzed for attached cells. Oxygen concentrations in the
132 flow-through mini-columns were measured non-invasively via an optode technique® (Fibox,
133 PreSens GmbH, Regensburg, Germany) — implementing spots of oxygen-sensitive foil glued to

134  the inner column wall at three different positions (bottom, middle and top).
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We used the experimental setup summarized above to run experiments under three different
scenarios regarding availability of the growth substrate, toluene: (1) an experiment in which the
toluene, and the electron acceptor oxygen, were continuously supplied (continuous injection); (2)
an experiment where the injection of toluene was halted twice for periods of 8 and 21 days,
respectively (short-term starvation), and (3) an experiment similar to the second one but with a
much longer single toluene-starvation period of 130 days (long-term starvation). During the
starvation periods, oxygenated mineral medium was continuously injected into the mini-
columns.

Conceptual Model. Experimental results from flow-through experiments (presented herein),
involving the aerobic degradation of toluene in porous media by Pseudomonas putida F1,
showed evidence of microbial transport, attachment, increased cell mobility under growth
conditions and the resilience of attached P. putida F1 cells to a four-month toluene-starvation
period. In order to capture the observed trends, we considered both mobile and immobile
microbial cells and incorporated the transport of bacteria in our model, simulating a scenario in
which bacteria are not evenly distributed across all grain surfaces. The model contains rate laws
for the attachment of mobile cells to particle surfaces and the detachment of immobile cells into
the aqueous phase. This aspect allowed for a more dynamic microbial population. Partitioning of
cells specifically due to growth of attached cells was incorporated in the model. The ability of
bacteria to enter a dormant state in the absence of toluene, and resume growth during toluene-
rich conditions was introduced via the implementation of an active and an inactive fraction of
attached bacteria. The following section presents the specific equations used for each of the

simulated scenarios.
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Governing Equations. The one-dimensional reactive-transport model developed to simulate
the flow-through experiments considers three mobile species, namely toluene, oxygen and
suspended bacteria, and two immobile species, namely active attached bacteria and inactive
attached bacteria. One-dimensional transport of all mobile species was described by the

advection-dispersion-reaction equation:

ac_Dazc oc )
ot oxz Vox |
where C is the aqueous concentration of the relevant mobile species [mg L™'], D is the dispersion
coefficient [m? d'], v is the seepage velocity [m d™'], and r represents a reactive source/sink term
[mg L' d']. A discussion on the validity of 1-D transport is given in the supporting information,
section S4.
Microbial growth was simulated by dual-Monod kinetics, describing the dependence of
microbial growth on the simultaneous presence of toluene (carbon source and electron donor)

and oxygen (electron acceptor). The microbial growth rate 74,oy¢p 18 then given by:

CTOl COZ
- . . « Co: 2
rgrowth Hmax CTol + KTol COZ + KOZ Bio ( )

where L4, [d'] is the maximum specific growth rate of the bacteria, Cro;[mg L] is the toluene
concentration and Co,[mg L] is the oxygen concentration, Kr,; [mg L] and Ko, [mg L] are
the Monod coefficients for toluene and oxygen, respectively, and Cg;, is the concentration of
biomass. In the model, growth of attached (immobile), C,?;’}) [cells Lyeq'], as well as suspended
(mobile) biomass, C*9P [cells L], is considered.

The experimental results indicated that the number of attached bacteria leveled off at a
maximum density, i.e., that there was a maximum carrying capacity of the system for attached

bacteria Cpia™ [cells Lea']. It has been observed that some bacterial strains exhibit less
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attachment to sediment surfaces when the concentration of cells in the sediment is high, a
phenomenon known as blocking®. The concept and processes behind “blocking”, resulting in a
maximum attachment capacity in sediments, are dealt with in more detail in other works*"**.
Once Cg;3* was reached, in the experiment, attached bacteria continued to grow. All new-grown
cells, however, were released to the aqueous phase and finally left the mini-column. This release
of new-grown cells from the sediment surface to the mobile aqueous phase, which was observed

13, 14, 40, 41

in previous studies , is also known as cell-division mediated transport’® and was

implemented in the model by the dynamic, growth-depended detachment rate, 14y gneer [cells

-1 4-1q.
Lsed d ]
im
— .im . Bio
rdaughter _rgrowth < max> (3)
Bio

in which rgi’r'lowth [cells Leq' d'] is the growth rate of the attached bacteria. The expression

considers all attached cells whether they are actively degrading or dormant — more details on
these growth-dependent distinctions are given below.

In order to account for adhesion of suspended bacteria to particle surfaces, as well as the
possible mobilization of attached bacteria due to non-growth processes, first-order rate
expressions for attachment 74, [cells L ' d'] and detachment rg,, [cells Leq ' d'] were

incorporated into the model:

im
_ . ~mob |, Bio
Tatt = katt Bio (1 - max> (4)
Bio
— L im
Tdet = kdet CBio (5)

in which kg [d'] and kg [d'] are the first-order rate coefficients for attachment and

detachment, respectively. The term (1 — CA7 /CH%*) was introduced to account for the carrying
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max
CBio ’

capacity of the system for attached cells*>. When the density of attached cells approaches
the attachment rate approaches zero.

In order to implement microbial dormancy, we considered active, C gir;/ % and inactive, C gir;/ in,
attached bacteria. Deactivation of active attached bacteria under unfavorable conditions, i.e., in
the absence of toluene as the sole carbon and energy source, and reactivation of inactive bacteria,

.. . . . . 2
once toluene injection was resumed, were implemented as pseudo first-order kinetic processes®’

in the model;

Tageac = (1 = 0) " Kgeqc - C;ﬁ/ac (6)
Treac = 0 " Kreac " C;Zl)/in (7

where Kgeqc [d'l] and ke [d'l] are the first-order rate coefficients for deactivation and
reactivation, respectively, and 6 [-] is a switch function describing the transition between the

active and inactive state of attached bacteria. The switch function is modified from Stolpovsky et

al.”’:
1
77 (c;hiesh — Cry, (®)
0.1-Ciapesh

in which CHeh[mg L] is the threshold toluene concentration for microbial growth. The
switch-function 6 determines whether conditions are favorable or unfavorable for bacterial
growth. It can take on values between 0, denoting maximally unfavorable conditions, and 1,
marking optimal conditions.

Combining all expressions gives rise to a model system in which microbes grow when both
substrate and electron acceptor are present. Their growth may result in detachment which implies
the presence of a mobile population of biomass. Like toluene and oxygen, the mobile biomass

undergoes transport but it can adhere to particle surfaces along its flow path. Both attached and
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suspended bacteria are able to grow, consuming toluene and oxygen. However, due to the short
mean water residence time (minutes) compared to the considerably long generation time (hours),
and the finding that 99% of the bacteria per volume porous medium were attached to the
sediments (see Results & Discussion section), growth of mobile bacteria was found to be

insignificant. The governing equations are summarized as follows:

dCTol - D dZCTol dCTol 1 . .imj/ac 1 mob 1 (9)
dt © dx2 " dx  n, ‘growth’y T Tgrowtn’y
dCo, d*Cy, dCOZ _im/ac 1 mop 1 (10)
dr D dx? _fOZ n_e Tgrowtn Y foz 'rgrowth'?
dClm/ac ]
% = ;Zl){z:ch — Taaughter T Ne " Tatt — Taet —Tdeac T Treac (11)
dege’ _  PCR  dCR e L L
dt - dxz v dx growth N, rdaughter Tatt n, Tdet (12)
im/in
dCBLo =r -7
- dt deac reac (13)

The rates of change of both toluene and oxygen concentrations depend on their consumption
by the bacteria, which is proportional to microbial growth. The yield coefficient Y [cells mggyp ']
describes the amount of cells produced per mass of toluene degraded in the growth reactions and
the stoichiometric coefficient f,, [mgox/mgi] relates the mass of oxygen consumed to the mass
of toluene degraded. The effective porosity n, is used as a conversion factor for unit agreement
between the rates depending on the concentrations of attached bacteria and those of mobile

bacteria.
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Numerical Methods. The coupled system of five nonlinear partial differential equations was
discretized in space by the cell-centered Finite Volume method (Ax = 0.1 mm), applying upwind
differentiation of the advective term. The global implicit approach was adopted for the coupling
of transport and reaction terms. The resulting system of nonlinear algebraic equations was
linearized by the Newton-Raphson method. The code was written as a MATLAB program.

RESULTS & DISCUSSION

Experimental Results. Figure 2 depicts the experimental data along with the corresponding
simulation results. The figure includes the results for the continuous injection experiment as well
as the short- and long-term starvation experiments.

In the flow-through experiment with continuous toluene injection, steady-state conditions were
reached after 1.5 to 2 days of experiment run-time — data points are illustrated in the left column
of Figure 2. The marked drop in toluene concentrations is strongly mirrored by the oxygen
consumption in the system. The temporal evolution of dissolved oxygen concentrations
measured in the bottom, middle and top part of the mini-columns are almost identical, indicating
that oxygen consumption, and hence microbial activity, was restricted to the bottom (inflow)
section of the mini-columns under steady-state conditions. The number of attached cells
increased by two orders of magnitude during the first three days and then leveled off at a
maximum of about 2x10° cells per mL of sediment (mLseq) in the bottom section of the domain
and about 1x10° cells mLsed'1 in the middle and top sections. The number of cells suspended in
the outflowing pore water also increased by two orders of magnitude within the initial growth
phase. Once the maximum number of attached cells was reached, the amount of cells
continuously washed out was constant throughout the remainder of the experiment. The wash-

out of about 2x10° cells mL™"' suggests that attached cells, even though their density in the

ACS Paragon Plus Environment
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249  sediment stayed constant, were still replicating, releasing the daughter cells into the mobile
250  aqueous phase.

251 Over the course of the experiment, 76 % of the new-grown cells were flushed out of the
252 column. To estimate the distribution of bacteria between water and sediment, we compared the
253  amount of cells attached to the sediment in the top part of the column (close to the outlet) and the
254  amount of cells in the outflowing water under stable conditions. Even though the majority of
255  new-grown cells were flushed out of the column over time, the vast majority of cells per volume
256  of porous media (99%) was found to be attached to the sediment surface. In conjunction with the
257  short mean water residence time of only 13 minutes and thus short travelling time of suspended
258  cells through the sediment mini-columns, this finding strongly suggests that the contribution of
259  new-grown cells stemming from suspended cells was negligible for our experiment.

260 The data points in the second and third columns of Figure 2 show the results of the short-term
261  (middle column) and long-term starvation experiment (right column), respectively. In the short-
262  term starvation experiment, the oxygen concentration in the column outlet rapidly dropped to
263 effectively zero during the periods of toluene injection and initially rebounded to about 8 mg L™
264  when toluene injection was stopped, but decreased to a level of about 6 mg L™ for the remainder
265  of the starvation periods. The maximum toluene concentrations detected after the resumption of
266  toluene injection at the end of the two starvation phases was less than half of the injected
267  concentration, and the concentration values declined to the level observed before the onset of
268  starvation within hours. This indicates that the attached bacteria were able to degrade toluene
269  right away, even after the absence of toluene for a period of three weeks during the second

270  starvation phase.
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The initial growth phase in the short-term starvation experiment (from day 1 to 4) resulted in
the highest numbers of attached cells in the three experiments, with cell densities of about 1x10°
cells mLm{1 in the bottom (inflow section) of the domain. While, the number of attached cells
decreased to a level similar to the one observed in the other two experiments during the first
starvation phase, the number of attached cells stayed constant during the second starvation phase.
The breakthrough of suspended cells at the outflow showed evidence of periodic variations in
conjunction with toluene-injection switches. The number of out-washed cells was highest during
growth periods, reaching cell concentrations in the outflowing water similar to the ones detected
in the continuous-injection experiment, and precipitously declined by around one order of
magnitude during the starvation periods, followed by a swift increase to the previous level upon
reinstatement of substrate injection.

The right column of Figure 2 shows the results for the long-term starvation experiment with a
single starvation phase of four months. Trends are similar to those of the short-term starvation
experiment. The number of attached cells increased by a factor of 15 during the first three days
and stayed constant during the 130-day starvation period in the bottom (inflow) part of the
column, while it decreased by approximately 30 and 70% in the mid and top part, respectively.
The maximum observed density of attached cells was approximately 7.8x10° cells mLsed'1 and
thus about two times larger than in the continuous-injection experiment. Similar to the short-term
starvation experiment, we observed a constant out-wash of about 2x10° cells mL™" during the
starvation phase. The detection of similar cell densities at the column inlet, stemming from a
contamination of the oxic mineral medium (blue diamonds in Figure 2), indicated that these cells
may not have been produced in the sediment columns, but originated from the injection media

(for details see S2 in the supporting information). Our results indicate that, within four months of
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toluene starvation, no substantial number of attached P. putida F1 cells were lost due to
detachment or biomass decay and that the attached cells were able to regain their full toluene-
degradation potential within less than a quarter of a day after toluene injection was resumed on
day 133.

The continuous injection of about 2x10° cells mL™" indicated unintended contamination with
microbial cells in the injection media. While we do not know the nature and origin of these
“contaminant” cells, we could rule out that these were P. putida F1 cells or any other toluene-
degrading strain. In addition to the “reactive” mini-columns we ran control mini-columns, which
were not inoculated with P. putida F1, but fed with the same inflow solution. In contrast to the
“reactive” mini-columns neither toluene degradation nor oxygen consumption was observed in
the “control” mini-columns. For more detailed information on the issue of cell contamination
please refer to section S2 in the supporting information.

In addition to the measurement of cell numbers, Figure 3 shows ATP concentrations and the
bio-volume of the attached cells recorded during the four month starvation period. The ATP
measurements suggest a reduction in cell activity by 70 to 90% after the injection of toluene was
ceased. The cell volume decreased by a factor of four during the four months of toluene
starvation. We hypothesize that the reduction in cell volume is at least partially associated with a
loss of biomass, which may be utilized to gain energy for cell maintenance. While the oxygen
measurements suggest slight, but consistent, oxygen consumption throughout the two starvation
phases of the short-term starvation experiment, the detected oxygen consumption during the

long-term starvation experiment was not consistent.
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Continuous Toluene Injection Short-term Starvation Long-term Starvation
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316  Figure 2. Experimental and simulation results for all three experimental setups (from left to
317  right): continuous toluene injections, short-term (8 days and 21 days) starvation and long-term
318 (130 days) starvation. The grey rectangles in the toluene plots in the upper row indicate the
319  toluene-starvation periods.
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321  Figure 3. Change in the mass of ATP per cell over time in the bottom (inflow) part of the column
322  for the long-term starvation experiment (left subplot) and the temporal change of the cell bio-
323 volume of attached cells (right subplot). The area shaded in grey indicates the toluene-starvation

324  periods of 130 days.

325

326 Simulation Results. Figure 2 contains a comparison of the experimental data to the simulation
327  results of all three scenarios. The parameters of the reactive-transport model, applied to simulate
328  the column experiments, are summarized in Table 1. A discussion and justification of individual
329  parameter values is given in the supporting information, S1. The parameters in bold are fitted,
330  whereas all other parameters were determined prior to the reactive-transport simulations in batch
331 and flow-through experiments, or were taken from the literature. Except for slight variations in
332 the yield and the observed maximum amount of attached bacteria, the three experiments could be
333  adequately simulated using the same parameters. This effectively yielded a single model that

334  satisfactorily explained all experiments.
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336 Table 1. Model parameters which best simulated the growth curves and concentration profiles

337 observed in the experimental data. Parameters which were fitted to the data of the column

338  experiments are given in bold. All remaining parameters were determined from batch and

339  column experiments prior to the reactive-transport simulations or were taken from the literature.

Parameters antipuous Short-t@rm Long-tgrm
Injection Starvation Starvation
T 4.5 4.5 4.5 batch
Y [cells mgior '] 3.9x10° 8.5x10° 8.5x10° column®
Krop [mg L] 0.1 0.1 0.1 batch
1’(0243 [mg L] 0.32 0.32 0.32 literature
fo, [Mgox Mg '] 1.5 1.5 1.5 column®
max  [cells mL-PM']  2.5x10° 9.4x10 7.6x10° column®
cimesh  Img L) - 13107 1x10” fitted
Kot [d™Y 50 50 50 fitted
Kot [d™ 0.007 0.007 0.007 fitted
Kieqe  [d7] - 2 2 fitted
Kroge [ - 2 2 fitted
340 “mass balance (new-grown cells/toluene degraded); "mass balance (oxygen
341 consumed/toluene degraded); “maximum observed attached cell density
342
343 The simulation of the continuous-injection experiment yielded results in which the initial

344  consumption of oxygen and toluene resulted in growth curves that closely fit measured attached

345  cell concentrations during the initial growth phase. The parameterization of cell-division

346  mediated transport, which simulated the expulsion of new-grown (daughter) cells from the
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sediment surface to the mobile aqueous phase - once the carrying capacity of the system for
attached cells was reached - resulted in a simulated breakthrough of bacteria at the outflow
similar to the one observed. The measured oxygen concentrations plateaued at 1-2 mg L™ under
stable conditions, while toluene could still be detected at the outflow. Oxygen profiles were not
accurately fitted to the measured profiles after the initial growth phase. Because the reaction is
highly energy yielding, it seems unlikely that oxygen values would all stabilize at such high
levels. Since the simulated oxygen profiles during the dynamic toluene injection experiments
follow similar trends as the data, the measured values for the continuous injection experiment
were treated with caution and the lack of a proper fit was attributed to a measurement bias -
caused by aging of the sensor foils, which were replaced in later experiments.

Results for the short-term starvation (middle column in Figure 2) simulation yielded oxygen
profiles that plateaued at values higher (about 2 mg L") than the observed ones. This might
indicate that other pathways of oxygen consumption were at play in the mini-columns. A
possible explanation for this finding could be endogenous respiration of P. putida F1, the

26, 34

oxidation of cell reserves in the absence of external substrates . The consumption of oxygen

in the absence of external energy sources has been observed in previous flow-through

1844 The results of the oxygen measurements in the long-term starvation experiment

experiments
were not as conclusive as for the short-term starvation experiments. While most of the
measurements before day 70 of the experiment where about 2 mg L' lower than expected, the
measured concentrations for later times were similar to the inflow concentration.

While the model reproduced the concentrations of attached cells well for the continuous

injection experiment, experimental and simulation results showed some discrepancies for the two

starvation experiments. The model was not able to accurately reproduce the increased initial
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growth spurt and subsequent decrease of cells attached to the sediment during the first starvation
phase in the short-term starvation experiment. It was also not able to model the concentration of
attached cells in the middle and bottom part of the column towards the end of the long-term
starvation experiment.

The simulations of both the long-term (right column in Figure 2) and short-term starvation
experiments were able to capture the abrupt drop in cell breakthrough during toluene-starvation
conditions, pointing out the importance of considering peak cell detachment under growth
conditions, which arises from the continuous proliferation of attached cells and the release of
new-grown cells to the aqueous phase once the carrying capacity of the system for attached cells
was reached. Cell detachment during the toluene-starvation phases was found to be negligible
and the concentration of cells at the outflow during these periods was similar to the
concentrations at the inflow. It cannot be ruled out that some of the imported cells from the
supply medium replaced sediment cells that partitioned into the mobile phase. However, since
the bacterial cells from the inflow did not contribute to toluene degradation, the fast recovery of
full toluene degradation activity after the starvation period is clear evidence against the
replacement of attached P. putida F1 cells by incomers - to a significant degree.

During the periods of toluene-starvation the bacteria enter a resting (inactive) state in which
they survive by consuming cell reserves, this causes cells to decrease in size and also leads to a
reallocation of resources which induces a change in cell elemental composition®*. It is usually the
case that biomass exposed to a new substrate needs to first initiate enzyme production and
metabolic pathways and may need to repair cell damage, from the time of dormancy, before
substrate consumption can begin, which is also known as metabolic lag30. The first-order

activation rate coefficient determines the speed at which the bacteria are able to switch between
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their inactive and active states. The fitted activation coefficient of 2 d' accurately modeled the
awakening period evident from the close fit of the peaks in toluene concentration at the outlet
upon reinjection.

The overall model fit and ability to reproduce the experimental system is good and its
performance is encouraging. The array of variables considered and measured depicts a complex
system. Discrepancies between model fit and experimental results are likely due to the transient
nature of natural processes and the fact that certain conditions can shift an organisms’ response
to its environment. Such variability can lead to unexpected patterns, such as the initial growth
spurt in the short-term starvation experiment — not captured by the simulation. Information on
processes governing transience of model parameters was, however, not available. Therefore a

simplified approach was implemented.

IMPLICATIONS FOR IN-SITU BIODEGRADATION PROCESSES

In small-scale flow-through experiments performed with the aerobic toluene degrader P.
putida F1, we found that cells attached to the sediment matrix survived a toluene-starvation
period of four months. There was no significant loss in numbers of attached cells and the
attached cells regained their full biodegradation potential within a quarter of a day after toluene
reinjection into the system. Furthermore, the model-based analysis of the experimental data
showed the highly dynamic nature of microbial detachment. While detachment of P. putida F'1
cells from the sediments was found to be negligible under toluene-starvation conditions, most of
the new-grown cells were released to the mobile water phase under growth conditions.

Our experimental and modeling results strongly suggest that in-situ biodegradation of toluene

at contaminated field sites is not hampered by periods of unfavorable (lack of substrate
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availability) conditions. The temporal lack of toluene, which might arise from changes in
contaminant plume position or variations in groundwater flow, will most likely not lead to a
breakdown of the degradation capability of the microbial community if it has been established by
exposure to the contaminants in the past, at least not under aerobic conditions.

So far, experiments were performed for toluene degradation under aerobic conditions. At many
contaminated field sites, however, oxygen is only present at trace amounts, and contaminant

4. 46 Towards this end, it is not clear if the

degradation is governed by anaerobic processes
results from the aerobic system can be directly transferred to biodegradation under anaerobic
(e.g., sulfate reducing) conditions. Anaerobic conditions are energetically considerably less
favorable than aerobic biodegradation - microbial growth and hence contaminant degradation

rates are much smaller’’. Similar arguments may hold for aerobic degradation of less energy-rich

contaminants.
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