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ABSTRACT: The microbially mediated reactions, that are responsible for field-scale natural 19 

attenuation of organic pollutants, are governed by the concurrent presence of a degrading 20 

microbial community, suitable energy and carbon sources, electron acceptors, as well as 21 

nutrients. The temporal lack of one of these essential components for microbial activity, arising 22 

from transient environmental conditions, might potentially impair in-situ biodegradation. This 23 

study presents results of small scale flow-through experiments aimed at ascertaining the effects 24 

of substrate-starvation periods on the aerobic degradation of toluene by Pseudomonas putida F1. 25 

During the course of the experiments, concentrations of attached and mobile bacteria, as well as 26 

toluene and oxygen were monitored. Results from a fitted reactive-transport model, along with 27 

the observed profiles, show the ability of attached cells to survive substrate-starvation periods of 28 

up to four months and suggest a highly dynamic exchange between attached and mobile cells 29 

under growth conditions and negligible cell detachment under substrate-starvation conditions. 30 

Upon reinstatement of toluene, it was readily degraded without a significant lag period, even 31 

after a starvation period of 130 days. Our experimental and modeling results strongly suggest 32 

that aerobic biodegradation of BTEX-hydrocarbons at contaminated field sites is not hampered 33 

by intermittent starvation periods of up to four months.  34 
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INTRODUCTION 35 

Natural and/or enhanced bioremediation has been identified as a non-invasive and cost-36 

effective remediation strategy for aquifers contaminated with BTEX-hydrocarbons. The 37 

microbially mediated reactions, responsible for field-scale natural attenuation of these pollutants, 38 

are governed by their concentration distribution and subsequent availability of suitable energy-39 

yielding electron acceptors1. Strong evidence exists that degradation reactions occur where 40 

mixing of electron donor and acceptor takes place2-4. 41 

Besides their intensively documented growth behavior, microbial populations in the subsurface 42 

undergo a variety of non-growth processes (i.e., transport as well as adaptive behaviors to cope 43 

with transient environmental conditions) that have the potential to affect contaminant 44 

degradation in the subsurface. 45 

While microorganisms attached to the sediments have been found to comprise the largest 46 

portion of microbial biomass in the subsurface5-7, studies on bioaugmentation and the spread of 47 

pathogens have shown that they partition between the sediments and the mobile aqueous phase 48 

and that they are transported in groundwater8-14. Only a limited number of studies, however, have 49 

considered the interdependent effects of microbial growth and transport9, 15-18. These studies 50 

observed that microbial growth, in addition to physical processes, strongly affects the 51 

partitioning of cells between the aqueous phase and the sediment surface. An increase in the 52 

number of suspended bacteria was observed after the addition of a growth substrate into the 53 

system15-18. However, the aforementioned studies did not monitor the response of biomass 54 

attached to the sediments throughout the experiments. Harvey et al.19 observed that this increase 55 

in pore-water bacteria under growth conditions did not result in a reduction of attached cells. 56 
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Similar observations of lower ratios of attached to suspended cells in nutrient-rich zones have 57 

also been observed in laboratory20 and field21 studies. 58 

Microbial populations are known to adapt to fluctuating environmental conditions22. In 59 

response to fluctuations, organisms may metabolically ‘switch’ into a so-called anabiotic state, 60 

referred to as dormancy23. Dormant cells do not exhibit behavioral patterns of living or dead 61 

cells, they merely enter a state of lowered metabolic activity in which they do not undergo cell 62 

division. Upon reinstatement of favorable conditions, they return to an ‘alive’ behavioral state23, 63 

that is, the phenotypic shift from dormant to active is reversible22. Non-growth functions are 64 

maintained by consuming endogenous reserves24-26.  65 

Several studies have investigated the effects of unfavorable growth conditions on 66 

biodegradation23, 25, 27-32. Observations and modeling results show the resilience of degraders to 67 

stress and their ability to resume full metabolic functioning upon reinstatement of favorable 68 

conditions. Métris et al.25 observed a degradation lag phase of a quarter of an hour after a three-69 

day starvation period in a bioreactor system, exposed to changes in inlet concentrations of 70 

toluene and xylene. Matínez-Lavanchy et al.32 observed no significant decline in biomass 71 

concentration during a period of oxygen deprivation of 12 h and observed increased growth of 72 

Pseudomonas putida and rapid toluene degradation upon the reinjection of an oxygen pulse into 73 

their experimental batch system. In batch experiments, Kaprelyants and Kell31 observed that cells 74 

subjected to a starvation period of 75 days readily grew after 16 – 18 h of incubation in a system 75 

with a fresh substrate (lactate) containing medium. 76 

In standard reactive-transport models, the degrading biota are assumed to be completely 77 

immobile, and their ability to adapt to unfavorable environmental conditions is not considered. 78 

The conventional dual-Monod modeling approach solely depends on the instantaneous 79 
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concentrations of reaction counterparts and does not account for degradation delays due to 80 

metabolic adaptations as well as concentration fluctuations33-35. A few studies attempted to 81 

incorporate the adaptive dormant behavior that microbial communities exhibit under unfavorable 82 

conditions27-29. Bradford et al.36 suggest that there is currently “a need to study and predict 83 

microbial transport and survival throughout a range of environmentally relevant conditions in the 84 

laboratory scale”. 85 

In the present study, we introduce the results of a meticulously monitored small-scale flow-86 

through sediment system, studying the effects of substrate-starvation periods on the degradation 87 

of toluene by the aerobic strain Pseudomonas putida F1. The build-up of cells in the sediment, 88 

the breakthrough of mobile cells at the outflow, as well as the consumption of toluene (electron 89 

donor) and oxygen were monitored. The attached degraders were subjected to toluene-starvation 90 

periods of up to 130 days in duration. Unlike earlier studies, presented above, the growth of 91 

degrading cells and contaminant degradation were monitored under flow-through conditions in 92 

natural sediments, a setup closer to natural conditions than well-mixed batch systems. We fitted a 93 

reactive-transport model - which takes the aforementioned patterns of microbial behavior into 94 

account - to the experimental data in order to quantify the response of the aerobic degraders to 95 

phases of toluene starvation of up to four months. The general question addressed by this study is 96 

to which extent in-situ biodegradation of contaminants is hampered by temporarily unfavorable 97 

conditions for the degrading microbial community, such as the temporal absence of growth 98 

substrates, which might, e.g., arise from a shift in contaminant plume position caused by 99 

changing hydraulic conditions. 100 
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EXPERIMENTAL SECTION 101 

Experimental Setup. We performed experiments with the aerobic toluene degrader 102 

Pseudomonas putida F1 in small, cylindrical flow-through mini-columns (length: 1.60 cm; 103 

diameter: 1.34 cm). To follow the temporal evolution of attached cells throughout the 104 

experiments, we ran multiple mini-columns in parallel and dismantled replicate columns at 105 

specific time points. The mini-columns were packed with natural sediment of the middle sand 106 

fraction (200 – 630 µm). The measured effective porosity (��) in the mini-columns was 30%. 107 

Experiments were performed at a seepage velocity of 1.8 m d-1. A multi-channel peristaltic pump 108 

(Ismatech, Wertheim, Germany) was used to achieve the desired flow rate. Flow in each of the 109 

mini-columns, was from the bottom to the top (Figure 1). 110 

The mini-columns were inoculated with one pore volume containing 104 to 105 P. putida F1 111 

cells mL-1, a bacterial concentration encountered in natural groundwater. In addition to the 112 

“reactive” mini-columns, one “control” mini-column, which was not inoculated with P. putida 113 

F1, was run for each experiment. A bicarbonate-buffered freshwater medium was continuously 114 

infiltrated as mineral medium37. After inoculation, toluene was supplied at a concentration of 115 

approximately 6 mg L-1. To prevent microbial growth in the inlet tubing, media containing 116 

toluene and oxygen (electron acceptor) were combined only at the injection to the mini-columns 117 

at a flow ratio of 1:9, respectively, from separate reservoirs. 118 
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 119 

Figure 1. Schematic illustration of glass mini-columns used for all flow-through experiments.  120 

For each mini-column three sections of equal dimensions, denoted bottom, middle and top, 121 

were assessed separately in terms of oxygen concentration, as well as attached bacterial cells. 122 

Each section contained a spot of oxygen sensitive foil (pink dots) for the monitoring of O2 123 

concentrations in the domain. 124 

Water samples were collected at the inlet and outlet to monitor toluene degradation and 125 

transport of bacteria. Toluene concentrations were measured by GC-MS analysis6, and cell 126 

numbers were quantified via flow cytometry21. Each experiment was run with a multitude of 127 

mini-columns in parallel. At specified time points, mini-column duplicates were dismantled to 128 

measure the bacterial abundance, activity (ATP)38 and mean volume of cells in the sediment. The 129 

sediment was partitioned into the three sections mentioned above (bottom, middle, and top), and 130 

each sediment layer was separately analyzed for attached cells. Oxygen concentrations in the 131 

flow-through mini-columns were measured non-invasively via an optode technique39 (Fibox, 132 

PreSens GmbH, Regensburg, Germany) – implementing spots of oxygen-sensitive foil glued to 133 

the inner column wall at three different positions (bottom, middle and top). 134 
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We used the experimental setup summarized above to run experiments under three different 135 

scenarios regarding availability of the growth substrate, toluene: (1) an experiment in which the 136 

toluene, and the electron acceptor oxygen, were continuously supplied (continuous injection); (2) 137 

an experiment where the injection of toluene was halted twice for periods of 8 and 21 days, 138 

respectively (short-term starvation), and (3) an experiment similar to the second one but with a 139 

much longer single toluene-starvation period of 130 days (long-term starvation). During the 140 

starvation periods, oxygenated mineral medium was continuously injected into the mini-141 

columns. 142 

Conceptual Model. Experimental results from flow-through experiments (presented herein), 143 

involving the aerobic degradation of toluene in porous media by Pseudomonas putida F1, 144 

showed evidence of microbial transport, attachment, increased cell mobility under growth 145 

conditions and the resilience of attached P. putida F1 cells to a four-month toluene-starvation 146 

period. In order to capture the observed trends, we considered both mobile and immobile 147 

microbial cells and incorporated the transport of bacteria in our model, simulating a scenario in 148 

which bacteria are not evenly distributed across all grain surfaces. The model contains rate laws 149 

for the attachment of mobile cells to particle surfaces and the detachment of immobile cells into 150 

the aqueous phase. This aspect allowed for a more dynamic microbial population. Partitioning of 151 

cells specifically due to growth of attached cells was incorporated in the model. The ability of 152 

bacteria to enter a dormant state in the absence of toluene, and resume growth during toluene-153 

rich conditions was introduced via the implementation of an active and an inactive fraction of 154 

attached bacteria. The following section presents the specific equations used for each of the 155 

simulated scenarios. 156 
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Governing Equations. The one-dimensional reactive-transport model developed to simulate 157 

the flow-through experiments considers three mobile species, namely toluene, oxygen and 158 

suspended bacteria, and two immobile species, namely active attached bacteria and inactive 159 

attached bacteria. One-dimensional transport of all mobile species was described by the 160 

advection-dispersion-reaction equation: 161 

 ∂�
∂� = � ∂��

∂�� − 
 ∂�
∂� + � (1) 

where � is the aqueous concentration of the relevant mobile species [mg L-1], � is the dispersion 162 

coefficient [m2 d-1], 
 is the seepage velocity [m d-1], and � represents a reactive source/sink term 163 

[mg L-1 d-1]. A discussion on the validity of 1-D transport is given in the supporting information, 164 

section S4. 165 

Microbial growth was simulated by dual-Monod kinetics, describing the dependence of 166 

microbial growth on the simultaneous presence of toluene (carbon source and electron donor) 167 

and oxygen (electron acceptor). The microbial growth rate �
����� is then given by: 168 

 �
����� = μ��� ∙ �������� +���� ∙
������ + ��� ∙ ���� (2) 

where μ��� [d-1] is the maximum specific growth rate of the bacteria, ����[mg L-1] is the toluene 169 

concentration and ���[mg L-1] is the oxygen concentration, ���� [mg L-1] and ��� [mg L-1] are 170 

the Monod coefficients for toluene and oxygen, respectively, and ���� is the concentration of 171 

biomass. In the model, growth of attached (immobile), ������  [cells Lsed
-1], as well as suspended 172 

(mobile) biomass, ������� [cells L-1], is considered. 173 

The experimental results indicated that the number of attached bacteria leveled off at a 174 

maximum density, i.e., that there was a maximum carrying capacity of the system for attached 175 

bacteria ������� [cells Lsed
-1]. It has been observed that some bacterial strains exhibit less 176 
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attachment to sediment surfaces when the concentration of cells in the sediment is high, a 177 

phenomenon known as blocking8. The concept and processes behind “blocking”, resulting in a 178 

maximum attachment capacity in sediments, are dealt with in more detail in other works40-42. 179 

Once ������� was reached, in the experiment, attached bacteria continued to grow. All new-grown 180 

cells, however, were released to the aqueous phase and finally left the mini-column. This release 181 

of new-grown cells from the sediment surface to the mobile aqueous phase, which was observed 182 

in previous studies13, 14, 40, 41, is also known as cell-division mediated transport34 and was 183 

implemented in the model by the dynamic, growth-depended detachment rate, � �!
���� [cells 184 

Lsed
-1 d-1]:  185 

 � �!
���� = �
������� ∙ " �������������# (3) 

in which �
�������  [cells Lsed
-1 d-1] is the growth rate of the attached bacteria. The expression 186 

considers all attached cells whether they are actively degrading or dormant – more details on 187 

these growth-dependent distinctions are given below. 188 

In order to account for adhesion of suspended bacteria to particle surfaces, as well as the 189 

possible mobilization of attached bacteria due to non-growth processes, first-order rate 190 

expressions for attachment ���� [cells L -1 d-1] and detachment � �� [cells Lsed
 -1 d-1] were 191 

incorporated into the model: 192 

 ���� = $��� ∙ ������� ∙ "1 − �������������# (4) 

 � �� = $ �� ∙ ������  (5) 

in which $��� [d-1] and $ �� [d-1] are the first-order rate coefficients for attachment and 193 

detachment, respectively. The term &1 − ������ /�������( was introduced to account for the carrying 194 
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capacity of the system for attached cells42. When the density of attached cells approaches ������� , 195 

the attachment rate approaches zero. 196 

In order to implement microbial dormancy, we considered active, ������/�), and inactive, ������/�*, 197 

attached bacteria. Deactivation of active attached bacteria under unfavorable conditions, i.e., in 198 

the absence of toluene as the sole carbon and energy source, and reactivation of inactive bacteria, 199 

once toluene injection was resumed, were implemented as pseudo first-order kinetic processes27 200 

in the model: 201 

 � ��) = (1 − ,) ∙ $ ��) ∙ ������/�) (6) 

  ����) = , ∙ $���) ∙ ������/�* (7) 

where $ ��) [d-1] and $���) [d-1] are the first-order rate coefficients for deactivation and 202 

reactivation, respectively, and , [-] is a switch function describing the transition between the 203 

active and inactive state of attached bacteria. The switch function is modified from Stolpovsky et 204 

al.27: 205 

 , = 1
exp"��������1� − ����0.1 ∙ ��������1� # + 1

 
(8) 

in which ��������1�[mg L-1] is the threshold toluene concentration for microbial growth. The 206 

switch-function , determines whether conditions are favorable or unfavorable for bacterial 207 

growth. It can take on values between 0, denoting maximally unfavorable conditions, and 1, 208 

marking optimal conditions. 209 

Combining all expressions gives rise to a model system in which microbes grow when both 210 

substrate and electron acceptor are present. Their growth may result in detachment which implies 211 

the presence of a mobile population of biomass. Like toluene and oxygen, the mobile biomass 212 

undergoes transport but it can adhere to particle surfaces along its flow path. Both attached and 213 
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suspended bacteria are able to grow, consuming toluene and oxygen. However, due to the short 214 

mean water residence time (minutes) compared to the considerably long generation time (hours), 215 

and the finding that 99% of the bacteria per volume porous medium were attached to the 216 

sediments (see Results & Discussion section), growth of mobile bacteria was found to be 217 

insignificant. The governing equations are summarized as follows: 218 

4����4� = � 4�����4�� − 
 4����4� −	 1�� ∙ �
�����
��/�) ∙ 16 	−	�
�������� ∙ 16 

 

(9) 

4���4� = � 4����4�� − 
 4���4� − 7�� ∙ 1�� ∙ �
�����
��/�) ∙ 16 	−	7�� ∙ �
�������� ∙ 16 

 

(10) 

4������/�)
4� = �
�������/�) − � �!
���� + �� ∙ ���� − � ��−� ��) + ����) 

 

(11) 

4�������4� = � 4��������4�� − 
 4�������4� + �
�������� + 1
�� ∙ � �!
���� − ���� + 1

�� ∙ � �� 
 

(12) 

4������/�*
4� = � ��) − ����) (13) 

The rates of change of both toluene and oxygen concentrations depend on their consumption 219 

by the bacteria, which is proportional to microbial growth. The yield coefficient 6 [cells mgsub
-1] 220 

describes the amount of cells produced per mass of toluene degraded in the growth reactions and 221 

the stoichiometric coefficient 7�� 	[mgox/mgtol] relates the mass of oxygen consumed to the mass 222 

of toluene degraded. The effective porosity �� is used as a conversion factor for unit agreement 223 

between the rates depending on the concentrations of attached bacteria and those of mobile 224 

bacteria. 225 
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Numerical Methods. The coupled system of five nonlinear partial differential equations was 226 

discretized in space by the cell-centered Finite Volume method (∆x = 0.1 mm), applying upwind 227 

differentiation of the advective term. The global implicit approach was adopted for the coupling 228 

of transport and reaction terms. The resulting system of nonlinear algebraic equations was 229 

linearized by the Newton-Raphson method. The code was written as a MATLAB program. 230 

RESULTS & DISCUSSION 231 

Experimental Results. Figure 2 depicts the experimental data along with the corresponding 232 

simulation results. The figure includes the results for the continuous injection experiment as well 233 

as the short- and long-term starvation experiments.  234 

In the flow-through experiment with continuous toluene injection, steady-state conditions were 235 

reached after 1.5 to 2 days of experiment run-time – data points are illustrated in the left column 236 

of Figure 2. The marked drop in toluene concentrations is strongly mirrored by the oxygen 237 

consumption in the system. The temporal evolution of dissolved oxygen concentrations 238 

measured in the bottom, middle and top part of the mini-columns are almost identical, indicating 239 

that oxygen consumption, and hence microbial activity, was restricted to the bottom (inflow) 240 

section of the mini-columns under steady-state conditions. The number of attached cells 241 

increased by two orders of magnitude during the first three days and then leveled off at a 242 

maximum of about 2×108 cells per mL of sediment (mLsed) in the bottom section of the domain 243 

and about 1×108 cells mLsed
-1 in the middle and top sections. The number of cells suspended in 244 

the outflowing pore water also increased by two orders of magnitude within the initial growth 245 

phase. Once the maximum number of attached cells was reached, the amount of cells 246 

continuously washed out was constant throughout the remainder of the experiment. The wash-247 

out of about 2×106 cells mL-1 suggests that attached cells, even though their density in the 248 
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sediment stayed constant, were still replicating, releasing the daughter cells into the mobile 249 

aqueous phase. 250 

Over the course of the experiment, 76 % of the new-grown cells were flushed out of the 251 

column. To estimate the distribution of bacteria between water and sediment, we compared the 252 

amount of cells attached to the sediment in the top part of the column (close to the outlet) and the 253 

amount of cells in the outflowing water under stable conditions. Even though the majority of 254 

new-grown cells were flushed out of the column over time, the vast majority of cells per volume 255 

of porous media (99%) was found to be attached to the sediment surface. In conjunction with the 256 

short mean water residence time of only 13 minutes and thus short travelling time of suspended 257 

cells through the sediment mini-columns, this finding strongly suggests that the contribution of 258 

new-grown cells stemming from suspended cells was negligible for our experiment. 259 

The data points in the second and third columns of Figure 2 show the results of the short-term 260 

(middle column) and long-term starvation experiment (right column), respectively. In the short-261 

term starvation experiment, the oxygen concentration in the column outlet rapidly dropped to 262 

effectively zero during the periods of toluene injection and initially rebounded to about 8 mg L-1 263 

when toluene injection was stopped, but decreased to a level of about 6 mg L-1 for the remainder 264 

of the starvation periods. The maximum toluene concentrations detected after the resumption of 265 

toluene injection at the end of the two starvation phases was less than half of the injected 266 

concentration, and the concentration values declined to the level observed before the onset of 267 

starvation within hours. This indicates that the attached bacteria were able to degrade toluene 268 

right away, even after the absence of toluene for a period of three weeks during the second 269 

starvation phase. 270 
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The initial growth phase in the short-term starvation experiment (from day 1 to 4) resulted in 271 

the highest numbers of attached cells in the three experiments, with  cell densities of about 1×109 272 

cells mLsed
-1 in the bottom (inflow section) of the domain. While, the number of attached cells 273 

decreased to a level similar to the one observed in the other two experiments during the first 274 

starvation phase, the number of attached cells stayed constant during the second starvation phase. 275 

The breakthrough of suspended cells at the outflow showed evidence of periodic variations in 276 

conjunction with toluene-injection switches. The number of out-washed cells was highest during 277 

growth periods, reaching cell concentrations in the outflowing water similar to the ones detected 278 

in the continuous-injection experiment, and precipitously declined by around one order of 279 

magnitude during the starvation periods, followed by a swift increase to the previous level upon 280 

reinstatement of substrate injection. 281 

The right column of Figure 2 shows the results for the long-term starvation experiment with a 282 

single starvation phase of four months. Trends are similar to those of the short-term starvation 283 

experiment. The number of attached cells increased by a factor of 15 during the first three days 284 

and stayed constant during the 130-day starvation period in the bottom (inflow) part of the 285 

column, while it decreased by approximately 30 and 70% in the mid and top part, respectively. 286 

The maximum observed density of attached cells was approximately 7.8×108 cells mLsed
-1 and 287 

thus about two times larger than in the continuous-injection experiment. Similar to the short-term 288 

starvation experiment, we observed a constant out-wash of about 2×105 cells mL-1 during the 289 

starvation phase. The detection of similar cell densities at the column inlet, stemming from a 290 

contamination of the oxic mineral medium (blue diamonds in Figure 2), indicated that these cells 291 

may not have been produced in the sediment columns, but originated from the injection media 292 

(for details see S2 in the supporting information). Our results indicate that, within four months of 293 
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toluene starvation, no substantial number of attached P. putida F1 cells were lost due to 294 

detachment or biomass decay and that the attached cells were able to regain their full toluene-295 

degradation potential within less than a quarter of a day after toluene injection was resumed on 296 

day 133.  297 

 The continuous injection of about 2×105 cells mL-1 indicated unintended contamination with 298 

microbial cells in the injection media. While we do not know the nature and origin of these 299 

“contaminant” cells, we could rule out that these were P. putida F1 cells or any other toluene-300 

degrading strain. In addition to the “reactive” mini-columns we ran control mini-columns, which 301 

were not inoculated with P. putida F1, but fed with the same inflow solution. In contrast to the 302 

“reactive” mini-columns neither toluene degradation nor oxygen consumption was observed in 303 

the “control” mini-columns. For more detailed information on the issue of cell contamination 304 

please refer to section S2 in the supporting information.  305 

In addition to the measurement of cell numbers, Figure 3 shows ATP concentrations and the 306 

bio-volume of the attached cells recorded during the four month starvation period. The ATP 307 

measurements suggest a reduction in cell activity by 70 to 90% after the injection of toluene was 308 

ceased. The cell volume decreased by a factor of four during the four months of toluene 309 

starvation. We hypothesize that the reduction in cell volume is at least partially associated with a 310 

loss of biomass, which may be utilized to gain energy for cell maintenance. While the oxygen 311 

measurements suggest slight, but consistent, oxygen consumption throughout the two starvation 312 

phases of the short-term starvation experiment, the detected oxygen consumption during the 313 

long-term starvation experiment was not consistent. 314 
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 315 

Figure 2. Experimental and simulation results for all three experimental setups (from left to 316 

right): continuous toluene injections, short-term (8 days and 21 days) starvation and long-term 317 

(130 days) starvation. The grey rectangles in the toluene plots in the upper row indicate the 318 

toluene-starvation periods. 319 
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 320 

Figure 3. Change in the mass of ATP per cell over time in the bottom (inflow) part of the column 321 

for the long-term starvation experiment (left subplot) and the temporal change of the cell bio-322 

volume of attached cells (right subplot). The area shaded in grey indicates the toluene-starvation 323 

periods of 130 days. 324 

 325 

Simulation Results. Figure 2 contains a comparison of the experimental data to the simulation 326 

results of all three scenarios. The parameters of the reactive-transport model, applied to simulate 327 

the column experiments, are summarized in Table 1. A discussion and justification of individual 328 

parameter values is given in the supporting information, S1. The parameters in bold are fitted, 329 

whereas all other parameters were determined prior to the reactive-transport simulations in batch 330 

and flow-through experiments, or were taken from the literature. Except for slight variations in 331 

the yield and the observed maximum amount of attached bacteria, the three experiments could be 332 

adequately simulated using the same parameters. This effectively yielded a single model that 333 

satisfactorily explained all experiments.  334 
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 335 

Table 1. Model parameters which best simulated the growth curves and concentration profiles 336 

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

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

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

Parameters 
Continuous 
Injection 

Short-term 
Starvation 

Long-term 
Starvation 

 

μ89: [d-1] 4.5 4.5 4.5 batch 

6 [cells mgtol
-1] 3.9×108 8.5×108 8.5×108 columna 

���� [mg L-1] 0.1 0.1 0.1 batch 

				���43 
[mg L-1] 0.32 0.32 0.32 literature  

7�� [mgox mgtol
-1] 1.5 1.5 1.5 columnb 

������� [cells mL-PM-1] 2.5×108 9.4×108 7.6×108 columnc 

;<=>?@ABC@
 [mg L

-1
] - 1×10

-3
 1×10

-3
 fitted 

DE?? [d
-1
] 50 50 50 fitted 

DFB? [d
-1
] 0.007 0.007 0.007 fitted 

DFBEG [d
-1
] - 2 2 fitted 

DABEG [d
-1
] - 2 2 fitted 

amass balance (new-grown cells/toluene degraded); bmass balance (oxygen 340 

consumed/toluene  degraded); cmaximum observed attached cell density  341 

 342 

The simulation of the continuous-injection experiment yielded results in which the initial 343 

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

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

mediated transport, which simulated the expulsion of new-grown (daughter) cells from the 346 
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sediment surface to the mobile aqueous phase - once the carrying capacity of the system for 347 

attached cells was reached - resulted in a simulated breakthrough of bacteria at the outflow 348 

similar to the one observed. The measured oxygen concentrations plateaued at 1-2 mg L-1 under 349 

stable conditions, while toluene could still be detected at the outflow. Oxygen profiles were not 350 

accurately fitted to the measured profiles after the initial growth phase. Because the reaction is 351 

highly energy yielding, it seems unlikely that oxygen values would all stabilize at such high 352 

levels. Since the simulated oxygen profiles during the dynamic toluene injection experiments 353 

follow similar trends as the data, the measured values for the continuous injection experiment 354 

were treated with caution and the lack of a proper fit was attributed to a measurement bias - 355 

caused by aging of the sensor foils, which were replaced in later experiments. 356 

Results for the short-term starvation (middle column in Figure 2) simulation yielded oxygen 357 

profiles that plateaued at values higher (about 2 mg L-1) than the observed ones. This might 358 

indicate that other pathways of oxygen consumption were at play in the mini-columns. A 359 

possible explanation for this finding could be endogenous respiration of P. putida F1, the 360 

oxidation of cell reserves in the absence of external substrates26, 34. The consumption of oxygen 361 

in the absence of external energy sources has been observed in previous flow-through 362 

experiments18, 44. The results of the oxygen measurements in the long-term starvation experiment 363 

were not as conclusive as for the short-term starvation experiments. While most of the 364 

measurements before day 70 of the experiment where about 2 mg L-1 lower than expected, the 365 

measured concentrations for later times were similar to the inflow concentration. 366 

While the model reproduced the concentrations of attached cells well for the continuous 367 

injection experiment, experimental and simulation results showed some discrepancies for the two 368 

starvation experiments. The model was not able to accurately reproduce the increased initial 369 
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growth spurt and subsequent decrease of cells attached to the sediment during the first starvation 370 

phase in the short-term starvation experiment. It was also not able to model the concentration of 371 

attached cells in the middle and bottom part of the column towards the end of the long-term 372 

starvation experiment. 373 

The simulations of both the long-term (right column in Figure 2) and short-term starvation 374 

experiments were able to capture the abrupt drop in cell breakthrough during toluene-starvation 375 

conditions, pointing out the importance of considering peak cell detachment under growth 376 

conditions, which arises from the continuous proliferation of attached cells and the release of 377 

new-grown cells to the aqueous phase once the carrying capacity of the system for attached cells 378 

was reached. Cell detachment during the toluene-starvation phases was found to be negligible 379 

and the concentration of cells at the outflow during these periods was similar to the 380 

concentrations at the inflow. It cannot be ruled out that some of the imported cells from the 381 

supply medium replaced sediment cells that partitioned into the mobile phase. However, since 382 

the bacterial cells from the inflow did not contribute to toluene degradation, the fast recovery of 383 

full toluene degradation activity after the starvation period is clear evidence against the 384 

replacement of attached P. putida F1 cells by incomers - to a significant degree.  385 

During the periods of toluene-starvation the bacteria enter a resting (inactive) state in which 386 

they survive by consuming cell reserves, this causes cells to decrease in size and also leads to a 387 

reallocation of resources which induces a change in cell elemental composition24. It is usually the 388 

case that biomass exposed to a new substrate needs to first initiate enzyme production and 389 

metabolic pathways and may need to repair cell damage, from the time of dormancy, before 390 

substrate consumption can begin, which is also known as metabolic lag30. The first-order 391 

activation rate coefficient determines the speed at which the bacteria are able to switch between 392 
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their inactive and active states. The fitted activation coefficient of 2 d-1 accurately modeled the 393 

awakening period evident from the close fit of the peaks in toluene concentration at the outlet 394 

upon reinjection.  395 

The overall model fit and ability to reproduce the experimental system is good and its 396 

performance is encouraging. The array of variables considered and measured depicts a complex 397 

system. Discrepancies between model fit and experimental results are likely due to the transient 398 

nature of natural processes and the fact that certain conditions can shift an organisms’ response 399 

to its environment. Such variability can lead to unexpected patterns, such as the initial growth 400 

spurt in the short-term starvation experiment – not captured by the simulation. Information on 401 

processes governing transience of model parameters was, however, not available. Therefore a 402 

simplified approach was implemented.  403 

IMPLICATIONS FOR IN-SITU BIODEGRADATION PROCESSES 404 

In small-scale flow-through experiments performed with the aerobic toluene degrader P. 405 

putida F1, we found that cells attached to the sediment matrix survived a toluene-starvation 406 

period of four months. There was no significant loss in numbers of attached cells and the 407 

attached cells regained their full biodegradation potential within a quarter of a day after toluene 408 

reinjection into the system. Furthermore, the model-based analysis of the experimental data 409 

showed the highly dynamic nature of microbial detachment. While detachment of P. putida F1 410 

cells from the sediments was found to be negligible under toluene-starvation conditions, most of 411 

the new-grown cells were released to the mobile water phase under growth conditions. 412 

Our experimental and modeling results strongly suggest that in-situ biodegradation of toluene 413 

at contaminated field sites is not hampered by periods of unfavorable (lack of substrate 414 
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availability) conditions. The temporal lack of toluene, which might arise from changes in 415 

contaminant plume position or variations in groundwater flow, will most likely not lead to a 416 

breakdown of the degradation capability of the microbial community if it has been established by 417 

exposure to the contaminants in the past, at least not under aerobic conditions. 418 

So far, experiments were performed for toluene degradation under aerobic conditions. At many 419 

contaminated field sites, however, oxygen is only present at trace amounts, and contaminant 420 

degradation is governed by anaerobic processes45, 46. Towards this end, it is not clear if the 421 

results from the aerobic system can be directly transferred to biodegradation under anaerobic 422 

(e.g., sulfate reducing) conditions. Anaerobic conditions are energetically considerably less 423 

favorable than aerobic biodegradation - microbial growth and hence contaminant degradation 424 

rates are much smaller47. Similar arguments may hold for aerobic degradation of less energy-rich 425 

contaminants. 426 
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Schematic illustration of glass mini-columns used for all flow-through experiments.  
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Experimental and simulation results for all three experimental setups (from left to right): continuous toluene 
injections, short-term (8 days and 21 days) starvation and long-term (130 days) starvation. The grey 

rectangles in the toluene plots in the upper row indicate the toluene-starvation periods.  
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Change in the mass of ATP per cell over time in the bottom (inflow) part of the column for the long-term 
starvation experiment (left subplot) and the temporal change of the cell bio-volume of attached cells (right 

subplot). The area shaded in grey indicates the toluene-starvation periods of 130 days.  
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