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6 ABSTRACT: Slow microbial degradation of organic trace chemicals (“micro-
7 pollutants”) has been attributed to either downregulation of enzymatic turnover
8 or rate-limiting substrate supply at low concentrations. In previous
9 biodegradation studies, a drastic decrease in isotope fractionation of atrazine
10 revealed a transition from rate-limiting enzyme turnover to membrane
11 permeation as a bottleneck when concentrations fell below the Monod constant
12 of microbial growth. With degradation of the pollutant 4-chlorophenol (4-CP)
13 by Arthrobacter chlorophenolicus A6, this study targeted a bacterium which adapts
14 its enzyme activity to concentrations. Unlike with atrazine degradation, isotope
15 fractionation of 4-CP increased at lower concentrations, from ε(C) = −1.0 ±
16 0.5‰ in chemostats (D = 0.090 h−1, 88 mg L−1) and ε(C) = −2.1 ± 0.5‰ in
17 batch (c0 = 220 mg L−1) to ε(C) = −4.1 ± 0.2‰ in chemostats at 90 μg L−1.
18 Surprisingly, fatty acid composition indicated increased cell wall permeability at
19 high concentrations, while proteomics revealed that catabolic enzymes (CphCI
20 and CphCII) were differentially expressed at D = 0.090 h−1. These observations support regulation on the enzyme activity level
21 through either a metabolic shift between catabolic pathways or decreased enzymatic turnover at low concentrationsand, hence,
22 reveal an alternative end-member scenario for bacterial adaptation at low concentrations. Including more degrader strains into this
23 multidisciplinary analytical approach offers the perspective to build a knowledge base on bottlenecks of bioremediation at low
24 concentrations that considers bacterial adaptation.
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26 ■ INTRODUCTION

27 Organic contaminants such as pesticides, personal care
28 products, steroid hormones, and pharmaceuticals are fre-
29 quently detected in the aquatic environment at low
30 concentrations (ng L−1 to μg L−1)1,2 These low-level
31 contaminantsreferred to as chemical micropollutantsbear
32 potential to impact ecosystems3 so that their natural
33 degradation is of great relevance. Many of these pollutants
34 were found to be biodegradable in studies at high
35 concentrations, at which degrading organisms could be
36 cultivated and isolated from contaminated environments.4−6

37 Nonetheless, the increasingly frequent detection of micro-
38 pollutants in aquatic environments indicates that their turnover
39 must be very slow to nonexistent at low environmental
40 concentrations.7,8 This observation is mirrored by the
41 persistence of assimilable organic carbon (AOC) in aquatic
42 environments on the order of 1−100 μg L−1 where
43 concentrations of individual sugars are only a few μg L−1.
44 This suggests that contaminants and degradable biomolecules
45 alike may become “persistent by dilution”.9 Despite such slow

46degradation of AOC and despite an energy-limited environ-
47ment, where microorganisms face continuous exposure to low
48concentrations, viable cell counts still amount to 105 to 106

49cells mL−1,9−11 of which most (∼70%) maintain their
50activity.12,13 Hence, understanding activity, intrinsic limita-
51tions, and microbial adaptation to low concentrations is
52important, not only to understand the physiology of micro-
53organisms under extreme environmental conditions but also
54for micropollutant management and remediation strategies
55when compounds are in principle biodegradable and organisms
56are active, but degradation is inexplicably slow.
57Two competing paradigms may rationalize such a low
58activity at low concentrations. First, uptake of micropollutants
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59 into microbial cells (active/passive transport) may become
60 rate-limiting when the enzyme reaction shifts from zero- to
61 first-order kinetics at low concentrations so that intracellular
62 substrate levels are drained.14−16 Alternatively, enzymatic
63 turnover may become rate-limiting when microorganisms
64 adapt their physiology to low concentrationsfor example,
65 by switching to maintenance mode and downregulating
66 catabolic enzymes17,18so that enzymatic degradation slows
67 or even stalls below a particular low concentration. With
68 conventional methods, it is challenging to identify the
69 bottleneckmass transfer or enzyme activityunder these
70 circumstances. Insights from compound-specific isotope
71 analysis (CSIA) offer complementary evidence. CSIA measures
72 the ratios of stable isotopes at their natural abundance in a
73 compound. The isotope effect of enzymatic reactions usually
74 discriminates against heavy isotopes and, therefore, leads to an
75 enrichment of heavy relative to light isotopes in the remaining
76 pollutant molecules next to the enzyme.19 If this enrichment
77 can also be observed outside the cell in solution, it makes CSIA
78 a unique approach to determine turnover of micropollutants in
79 natural systems. Such an isotope fractionation is typically
80 observed in microbial degradation at high concentrations when
81 enzymes inside the cell are substrate-saturated and enzymatic
82 turnover runs at zero-order kinetics (Vmax). Under these
83 conditions, mass transfer across the cell membrane is fast in
84 comparison, and intra- and extracellular substrate concen-
85 trations are in rapid equilibrium.20,21 At low concentrations
86 depending upon microbial adaptationhowever, two scenar-
87 ios can arise: one where the enzyme reaction remains the rate-
88 determining step and the other where mass transfer into the
89 cell becomes limiting.21 In analogy to insights from isotope
90 fractionation of CO2 in photosynthesis of C3 versus C4 plants

22

91 or in algae when uptake becomes limiting,23,24 here, observable
92 isotope fractionation can provide conclusive evidence. (i) If
93 intracellular concentrations fall below the Michaelis Menten
94 constant, enzymatic turnover will no longer run at saturation
95 but follow first-order kinetics. The enzyme reaction may
96 consequently become fast relative to mass transfer into and out
97 of the cell so that cell membrane passage becomes the
98 bottleneck of the overall transformation (Scenario 1 above). In
99 such a situation, the isotope effectwhich still occurs next to
100 the enzymewill no longer be represented outside the cell
101 because molecules are quicker to be converted than to diffuse
102 out and make the isotope discrimination visible in solution.
103 Hence, concomitant to mass transfer limitations, the isotope
104 fractionation that is experimentally observed outside the cell
105 will become masked and decrease.15,16,25 (ii) In contrast, if the
106 enzymatic turnover remains slower than the mass transfer
107 across the cell membranecorresponding to scenario 2
108 mentioned abovethe opposite trend will be observed:
109 isotope fractionation will be fully expressed, similarly as at
110 high concentrations.
111 In degradation of the prevalent micropollutant atrazine with
112 Arthrobacter aurescens TC1,26 a drastic decrease in isotope
113 fractionation revealed that scenario 1 prevailed: at about 60 μg
114 L−1, mass transfer through the cell membrane became limiting
115 implying that the enzyme machinery remained fully active at
116 low concentrations.27,28 While intriguing, insights from this
117 study are based on the response of only one microorganism
118 cultivated with one specific micropollutant, and it represents a
119 case where enzyme activity was not reported to respond to
120 specific micropollutant concentrations. It is well-recognized
121 that organisms exist (i) whose enzyme activity is regulated by

122the micropollutant concentration, either on the expression
123level of metabolic pathways (up/downregulation9,18,29,30) or
124directly on the level of enzyme activity (inhibition31−33 and
125activation34,35), and, further, (ii) whose cell membrane may
126change in response to high versus low concentrations of a
127compound so that membrane permeability and, thus, mass
128transfer are also modulated.36,37

129Phenolic compounds, for example, 4-chlorophenol (4-CP),
130represent a specific category of pollutants which are known for
131acute toxicity that has a regulating effect on both enzyme
132activity38,39 and cell membrane fluidity so that mass transfer
133across the cell membrane is also modulated.40 Attention has
134been paid to isolation of degrader strains and to the influence
135of high, toxic concentrations on growth kinetics.5,41 In
136contrast, it remains to be investigated how degraders adapt
137to low concentrations and what influence changes in cell
138membrane fluidity, as well as enzyme activity regulation, have
139on limiting 4-CP turnover at low concentrations. Specifically, it
140was our objective to investigate whether concentrations may
141have a regulating effect on enzymatic turnover of 4-CP so
142thatunlike in the case of A. aurescens TC1it would be
143enzymatic turnover rather than mass transfer through the cell
144membrane that becomes rate-limiting at low concentrations.
145To explore this, Arthrobacter chlorophenolicus A6 was chosen as
146a model microorganism which can degrade various phenolic
147compounds.5 The availability of a fully sequenced genome,42

148experimental evidence of membrane adaptation at varying
149concentrations,37 and the presence of inducible degradation
150enzymes that can catalyze two catabolic pathways simulta-
151neously42,43 make this organism a promising candidate to
152explore the effect of physiological adaption/regulation on the
153bottleneck of phenolic compound degradation at low
154concentrations. Previous studies targeted CSIA during
155biodegradation of phenolic compounds at high concentra-
156tions44 or they explored the indirect influence of phenolic
157compounds on isotope fractionation of a different substrate
158the electron acceptor nitrate.45 Here, it was our aim to directly
159measure the observable isotope fractionation of 4-CP during
160ongoing degradation along with analysis of membrane fatty
161acids and the proteome state of the cells at varying
162concentrations. To investigate two end-member scenarios, A.
163chlorophenolicus A6 was cultivated at high concentrations (mg
164L−1) in batch and chemostats and at low concentrations (μg
165L−1) in chemostats. In both cases, observable isotope
166fractionation was measured to explore limitations by mass
167transfer. To probe for physiological adaptation, (i) flow
168cytometry was performed to inform about the fraction of
169viable to total cells, (ii) comparative label-free proteomics was
170conducted to observe changes in protein expression, and (iii)
171the cell membrane fatty acid composition was analyzed to test
172for changes in membrane fluidity.

173■ MATERIALS AND METHODS
174Cultivation in Batch and Chemostats. A. chloropheno-
175licus A6 (DSMZ, Germany) was grown on mineral salt (MS)
176medium supplemented with 220 (1.71 mM) mg L−1 4-CP and
1770.5 g L−1 (6.25 mM) NH4NO3 (Sigma-Aldrich, Germany) as a
178source of C and N, respectively.5 The medium was prepared in
179MilliQ water where the total organic carbon content was less
180than 10 μg L−1 and the pH was adjusted to 7.2 with sodium
181hydroxide (1.0 M). The medium was autoclaved at 121 °C for
18220 min and cooled. After autoclaving, the media was spiked
183with 4-CP (≥99%, 1.3 g mL−1, Sigma-Aldrich, Germany) and
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184 NH4NO3 (stock solution = 20 g L−1 and filter-sterilized) to
185 reach a final concentration of 220 mg L−1 and 0.5 g L−1,
186 respectively. This was followed by the addition of a filter-
187 sterilized FeCl3·6H2O solution (5.14 mg L−1). To prepare a
188 preculture for subsequent batch and chemostats (continuous
189 cultivation) degradation experiments, A. chlorophenolicus A6
190 was grown on MS media with 4-CP and NH4NO3 in a shaken
191 flask at 300 rpm until an optical density at 600 nm (OD600) of
192 0.15 (mid-exponential phase) was reached. For batch
193 degradation experiments, cells were harvested by centrifuging
194 50 mL of preculture, washing the pellet twice in sterile MS
195 media, and resuspending it in 1 mL of sterile MS media. This
196 suspension was added to 500 mL of MS media supplemented
197 with 220 mg L−1 4-CP to initiate the degradation of 4-CP at 25
198 °C. Subsequently, samples were taken for concentration and
199 isotope analysis of 4-CP and cell concentration measurements
200 over time and data were used to estimate Haldane inhibition
201 kinetic constants (see the Supporting Information).
202 The continuous cultivation of A. chlorophenolicus A6 was
203 performed in custom-made bioreactors equipped with a
204 magnetic stirrer, where the agitation speed was maintained at
205 300 rpm (Supporting Information, Figure S1). In such
206 chemostats, the growth of microorganisms is determined by
207 the rate of in- and outflow, where wash-out of media and
208 microorganisms is balanced by continuous addition of media
209 and growth of bacteria. At high flow/dilution rates D [defined
210 as the ratio of the medium flow rate (mL h−1) and cultivation
211 volume (L)], the reactor volume is quickly exchanged so that
212 bacteria grow more quickly to maintain a steady-state cell
213 concentration. At low D, in contrast, growth rates become
214 small. Periodic aeration of the culture was achieved by
215 pumping air through an L-shaped tube sparger assembly.
216 Specifically, an intermittent flow of air at a rate of 0.03 L-air
217 L−1 min−1 was sparged to maintain the oxygen saturation level
218 in the range of 40−70% as monitored using a pO2 probe
219 (Applikon Biotechnologie B.V., Netherlands). No loss of 4-CP
220 was observed. The feeding bottle was tightly closed and
221 connected to another bottle with the same concentration of 4-
222 CP solution to exclude substance loss by evaporation into the
223 gas phase in the feeding reservoir. The working volume of the
224 bioreactor was maintained at 1600 mL, the pH was held
225 constant at 7.2, and the temperature was 25 °C. A preculture of
226 A. chlorophenolicus A6 [10% (v/v)] was used for inoculation.
227 The bioreactors were operated at three dilution rates (D) of
228 0.018, 0.038, and 0.090 h−1 corresponding to a hydraulic
229 retention time (HRT) of 3, 1, and 0.46 days, respectively.
230 Dilution rates were only changed after achieving a steady state
231 at a particular D. The steady state was defined by constant cell
232 densities and 4-CP concentrations (<5 and <10% relative
233 variation, respectively) for at least four HRTs. All cultivations
234 were performed in duplicates. Due to the toxicity of 4-CP and
235 intermediates of its catabolic breakdown,43 the cultivation
236 vessels were kept in the safety hood; also, to exclude
237 photodegradation, they were protected from light (cover by
238 aluminum foil).
239 Measurement of Substrate (4-CP) Concentrations
240 and Biomass. Samples were taken at different time points
241 during batch degradation and continuous operation of the
242 bioreactors. After filtering the samples, concentration measure-
243 ments of 4-CP were conducted using a Prominence HPLC
244 system (Shimadzu Corp., Japan) equipped with a 150 × 4.6
245 mm Ultracarb 5 μm ODS (30) 60 Å column (Phenomenex
246 Inc., USA) and UV detector. Details of the HPLC method are

247provided in the Supporting Information. To measure the cell
248dry weight, samples from chemostats at the steady state were
249centrifuged at 4 °C in a preweighed tube washed with 0.9%
250NaCl and dried at 85 °C to constant weight.30

251Determination of Cell Numbers, Viability, and
252Morphology. Cells were stained with SYBR Green I and
253propidium iodide to estimate the number of total cells and
254viable cells by flow cytometry, respectively, as described in
255Kundu et al.27 The cell concentration measurements were used
256to define the steady state in the chemostats and for calculating
257the specific growth rate46 in batch cultivation. For morphology,
258the cells were analyzed on agar glass slides by light microscopy
259with an Axioscope 2 Plus microscope (Carl Zeiss AG,
260Germany).47

261Consumption Rate of 4-CP. The specific substrate
262consumption rate of 4-CP was represented as qs, that is, the
263quotient of substrate consumption rate per hour and biomass
264present in the vessel (mg S mg Cx h

−1). qs was calculated as

μ=q
Ys

opt 265(1)

266where μ is the specific growth rate (in chemostats at steady
267state, μ = D) and Yopt is the operational yield, that is, mg
268biomass produced per mg of the substrate consumed where
269biomass was determined from cell dry weight experimentally as
270described above. In chemostats, Yopt was determined as
271described below

=
−

Y
X

S Sopt
0 272(2)

273where X is biomass concentration measured at the steady state,
274S0 is the 4-CP concentration in the medium, and S is the
275residual 4-CP concentration at the steady state.
276Gas Chromatography Isotope Ratio Mass Spectrom-
277etry Analysis of 4-CP Samples in Batch and Chemostats.
278Carbon isotope values of the 4-CP (Sigma-Aldrich, Germany)
279used in the cultivation were determined beforehand using an
280elemental analyzer coupled with isotope ratio mass spectrom-
281etry (EA-IRMS). Details of the method are included in the
282Supporting Information. For isotope analysis, 10−20 mL of
283sample volumes was withdrawn from batch and 100−200 mL
284from chemostats at the steady state. Samples were filtered
285within 5 min (pore size 0.2 μm, diameter 47 mm; GE
286Healthcare Ltd., UK) to stop degradation. Degradation during
287this time was verified to be less than 1% (data not shown).
288After filtration, 4-CP was extracted with dichloromethane
289(DCM, 5% of the sample volume, three times, resulting in an
290overall extraction efficiency of app. 90% and no changes in
291isotope values). DCM was partly evaporated (not to complete
292dryness) at room temperature using a gentle nitrogen stream,
293and finally, 4-CP was reconstituted in 100 μL of DCM.
294Simultaneously, 1 mL of the medium which was fed to the
295chemostats was collected, frozen at −80 °C, and dried by
296lyophilization, and 4-CP was reconstituted in 100 μL of DCM.
297Controls ensured the absence of isotope fractionation during
298these operations. Carbon isotope analysis of 4-CP was
299performed on a gas chromatography-IRMS (GC-IRMS)
300system (Thermo Fisher Scientific, Waltham, Massachusetts,
301USA) consisting of a Trace GC with a PAL autosampler (CTC
302Analytics) equipped with a DB-5 analytical column (30/60 m,
3030.25 mm ID, 0.25/1 μm film, Agilent Technologies, Germany)
304coupled to a Finnigan MAT 253 isotope ratio mass
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305 spectrometer via a Finnigan GC Combustion III interface
306 (both Thermo Fisher Scientific, Germany).
307 Values of δ13C of 4-CP in per mil (‰) are reported relative
308 to PeeDee Belemnite (V-PDB) using the following equation49

δ− = − =
( )
( )

R
R
( )

( )
1 1 Cx

ref

C
C x

C
C ref

13

13

12

13

12

309 (3)

310 where R is the ratio of heavy (13C) and light (12C) carbon
311 isotopes, respectively, in a sample (x) and reference (ref).
312 Determination of δ13C values was performed relative to the
313 laboratory CO2 monitoring gas, which was introduced at the
314 beginning and the end of each analysis run. The laboratory
315 CO2 was calibrated to the international reference material
316 VPDB by the reference CO2 standard (RM8563) supplied by
317 the International Atomic Energy Agency. The enrichment
318 factor (ε) for batch degradation was calculated using the classic
319 Rayleigh equation48,49

δ
δ

ε= +
+

= ·
R
R

fln
C 1
C 1

lnt

0

13

13
0320 (4)

321 where Rt and R0 are compound-specific isotope ratios of heavy
322 versus light isotopes at a given time and at the beginning of the
323 reaction, respectively, and f is the fraction of the remaining
324 pollutant in the time course of reaction or degradation. In the
325 case of samples from chemostat experiments where 4-CP was
326 continuously added and the outflow was withdrawn, ε was
327 calculated as per the following equation28

ε δ δ= − − f( C C )/(1 )13
in

13
chemostat328 (5)

329 where δin and δchemostat refer to carbon isotope ratios of 4-CP in
330 inflow and outflow of the chemostat, respectively, and f =
331 (concchemostat/concin) denotes the fraction of the residual
332 substrate in the chemostat (eq 2.23 in Hayes, 198350).
333 Samples from each sampling event were split into 3−6
334 technical replicates for isotope measurements. Even though
335 concentrations in the outflow of chemostats were as low as 90
336 μg/L, our sampling protocol ensured sufficient mass (1500
337 ppm in the extracts, 1 nmol on-column) for peak amplitudes of
338 2 V ensuring precise isotope analysis (see Figure S9). Overall
339 analytical uncertainty, 2σ of carbon isotope measurements, was
340 ±0.5‰. For evaluating isotope ratios of samples from batch
341 experiments, measurements were bracketed by those of
342 laboratory standards so that the principle of identical treatment
343 by Werner and Brand51 could be applied where isotope values
344 are determined against those of precharacterized standards and
345 values are expressed as arithmetic means of 3−6 replicate
346 measurements with their respective standard deviations (±σ).
347 For analysis of samples from chemostat experiments, samples
348 from in- and outflow were measured intermittently so that the
349 enrichment factor for each biological replicate at each dilution
350 rate could be determined as described above (eq 6) from six
351 technical replicates without additional calibration by external
352 standards. These technical replicates did not differ significantly
353 from one another at the 0.05 level for each dilution rate.
354 Hence, the enrichment factors of the two biological replicates
355 were combined and the average is reported.
356 Lipid Extraction and Membrane Fatty Acid Analysis.
357 To extract membrane lipids and generate fatty acid methyl
358 esters (FAMEs), the “Sherlock Microbial Identification
359 System” was used.52 A sample volume of 2 mL was used for

360extraction and analysis. In brief, the fatty acids were separated
361from the rest of the lipid by saponification followed by
362methylation and extraction. The FAMEs were analyzed using a
363gas chromatograph coupled to a mass spectrometer (GC−MS)
364equipped with a split/splitless injector (FinniganTrace Ultra
365and Trace DSQ, Thermo Electron Corporation, Waltham, MA,
366USA) on a CP-Sil 88 capillary column (Agilent Technologies,
367Netherlands; 50 m × 0.25 mm × 0.20 μm film). The fatty acids
368were identified by their retention time and mass spectrum in
369comparison with an authentic standard mix containing
370different FAMEs (EURISO-TOP GmbH, Saarbrücken,
371Germany). The anteiso/iso ratio was calculated as follows

=anteiso
iso

ratio
Area(C15: 0 anteiso)

Area(C15: 0 iso) 372(6)

373Details of the method are provided in the Supporting
374Information.
375Proteomics Analysis. For proteomics analysis, 200 mL of
376sample volume was withdrawn from chemostats at steady state
377and 20 mL from batch experiments. Details of protein
378extraction are reported in our previous publication.27 Ten
379micrograms of the whole protein extract from each sample was
380used for trypsin digestion using a modified FASP procedure.53

381The details of label-free quantification are provided in the
382Supporting Information. Normalization of raw abundance data
383of all unique peptides allocated to each protein were performed
384using Progenesis QI software.
385Analysis of normalized abundances of proteins detected
386under different cultivation conditions was carried out using the
387limma R/Bioconductor package.54 A multidimensional scaling
388(MDS) plot based on log2-transformed protein abundances
389quantified for different conditions was generated to show the
390relationship between different samples. Analysis of differential
391protein abundances was performed using the Limma-Voom in
392Bioconductor pipeline.54,55 The voomWithQualityWeights
393function was used, which determines both observation-level
394and sample-specific weights for subsequent linear modeling.
395After voom transformation, Empirical Bayes-moderated t-
396statistics were used to assess the differentially abundant
397proteins between different conditions.56 The undetected
398proteins were handled in the same way as for linear models.56

399A cutoff in the log fold change (LFC) higher than log2(2.5)
400and a Benjamini−Hochberg57-corrected P-value of <0.05 were
401applied for the proteins to be differentially abundant during the
402pairwise comparison between different conditions. Normalized
403protein abundance of each protein was converted to z-score
404using the transformation [x − mean]/SD, where x is one
405protein in the data set population and SD is the standard
406deviation. Hierarchical clustering of the z-scores for the
407differentially abundant proteins and all quantified proteins
408was performed using “Euclidean distance” as a distance
409function and was visualized as heat maps with the seaborn
410package.58

411■ RESULTS AND DISCUSSION
412Chemostat Cultivation Revealed That Degradation
413Activity Was Downregulated at Low Concentrations. 4-
414CP was degraded in batch (S0 = 220 mg L−1) up to 82% within
41555 h (Supporting Information, Figure S2). This confirms that
416Arthrobacter cholorophenolicus A6 can withstand high and toxic
417concentrations of 4-CP as suggested by Westerberg et al.5 In
418addition, 4-CP is known to be inhibitory to A. chlorophenolicus
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419 A6,
37 where substrate inhibition follows a fundamental

420 biological regulatory mechanism.59 The regulating effect has

421 also been reported in the microbial growth rate whichin

422 contrast to classical Monod growth kineticswas found to

423 become lower at high concentrations60,61 and even the lag

424 phase of the microbial growth curve was found to be extended

425 at high inhibitory concentrations.5,60 Analogous observations

426were made in this study and could be modeled by Haldane
427kinetics (see Figures S2 and S3).
428After observing an expected regulating effect at high 4-CP
429concentrations (mg L−1 range) in batch experiments, we
430explored adaptation in the low-concentration regime in
431 f1chemostat experiments (Figure 1A,B). The residual steady-
432state 4-CP concentration in chemostats operated at a D of
4330.018 h−1 was 90 ± 10 μg L−1 or 0.7 ± 0.1 μM, which is much

Figure 1. Chemostat cultivation reveals that degradation activity was regulated on the enzyme level. (A) Concentration of residual 4-CP at different
dilution rates in chemostats. (B) Cell numbers per milliliter at different dilution rates.

Figure 2. Higher isotope fractionation in chemostat cultivation indicates that 4-CP degradation at low concentrations was not mass transfer-
limited. (A) Isotope fractionation (ε) in batch (high concentration data point) was determined according to the Rayleigh equation (eq 5). (B)
Isotope fractionation at different dilution points in chemostats. Isotope fractionation in a chemostat was determined by the difference of the isotope
values (δ13C) of inflow and outflow (eq 6). Error bars indicate the standard deviation of isotope analysis of samples. A ratio of anteiso vs iso fatty
acid shows higher membrane permeability at high concentrations.
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434 smaller than the Monod constant of Ks = 0.012 mM estimated
435 from kinetic modeling (Supporting Information, Figure S3).
436 The viable cell count at this concentration was ∼2.22 ± 0.32 ×
437 108 cells mL−1. Remarkably, changing the D to 0.038 h−1 did
438 not introduce significant changes in the 4-CP concentration
439 (95 ± 10 μg L−1) at the steady state (Figure 1A) neither was
440 an apparent change in the biomass in terms of cell
441 concentration (1.92 ± 0.32 × 108 cells mL−1) observed
442 (Figure 1B). This is in stark contrast to the classical behavior
443 of chemostat experiments where residual substrate concen-
444 trations decrease with a decrease in D.17 Previously, this kind
445 of behavior was observed in benzoate degradation where no
446 significant change in residual concentration was observed after
447 changing D, an observation which was attributed to regulation
448 of enzymatic turnover by altered degradation protein
449 abundance.18 Hence, the fact that the same residual
450 concentration was observed even after doubling D implies
451 that degradation activity at low concentrations of 4-CP must
452 have been regulated leading to slower turnover and higher
453 residual concentrations than expectedalso in comparison
454 with the batch degradation experiment, 4-CP was completely
455 degraded (Supporting Information, Figure S2).
456 It was only at an extremely high dilution rate of D = 0.09 h−1

457 that steady-state cell concentrations decreased to 6.83 ± 0.12
458 × 107 cells mL−1 and a stark increase in 4-CP concentrations to
459 88 ± 8 mg L−1 (0.68 mM) was finally observed (Figure 1A,B).
460 Since under these conditions, residual 4-CP concentrations (S)
461 greatly exceeded the Haldane inhibition constant KI = 12.0 mg
462 L−1 from kinetic modeling (Supporting Information, Figure
463 S3), this inhibitory effect is fully consistent with our
464 observation of inhibition at high substrate concentrations
465 from batch. Combined evidence from batch and chemostats
466 therefore suggests that 4-CP degradation was not only
467 inhibited at high 4-CP concentrationsas known from the
468 literature59 and modeled by Haldane kinetics (Supporting
469 Information, Figure S3)but we discovered that turnover was
470 in addition decreased by regulation of enzyme activity at low
471 concentrations. In a next step, we therefore explored whether
472 such a regulation of enzyme activity was associated with
473 changes in isotope fractionation.
474 Pronounced Isotope Fractionation in Chemostats
475 Indicates That 4-CP Degradation Was Not Strongly
476 Mass Transfer-Limited at Low (90 μg L−1) Concen-
477 trations. In a batch experiment starting at high concentrations
478 (c0 = 220 mg L−1), isotope analysis of 4-CP at different
479 degradation time points showed significant changes in isotope

f2 480 values 13C/12C (δ13C) in the remaining 4-CP (Figure 2A).
481 Determination of the carbon isotope enrichment factor
482 according to the Rayleigh equation resulted in a value of ε =
483 −2.1 ± 0.5‰. No isotope fractionation was observed in sterile
484 controls which confirmed that no isotope fractionation was
485 introduced by steps of extraction and reconstitution of
486 samples. An even smaller extent of isotope fractionation of ε
487 = −1.0 ± 0.5‰ was obtained in chemostats at very high
488 dilution D = 0.090 h−1 and a high residual substrate
489 concentration of 88 mg L−1. In contrast, in chemostats at D
490 0.018 h−1 with a much lower residual concentration of 90 ± 10
491 μg L−1, the isotope enrichment factor of 4-CP in chemostats
492 was significantly higher (ε = −4.1 ± 0.2‰, Figure 2B). This
493 value even stands out when comparing it to carbon isotopic
494 enrichment factors reported for biodegradation of other
495 phenolic substrates transformed through aromatic ring
496 oxidation such as of phenol (ε = −1.5 ± 0.1‰),44 cresol (ε

497= −1.4 ± 0.2‰),44 2-nitrophenol (ε = −1.2 ± 0.1‰),62 5-
498methyl-2-nitrophenol (ε = −1.3 ± 0.2‰),62 or trichlorinated
499phenols (ε = −0.5 to +0.3‰).63 The initial step in degradation
500of 4-CP in A. chlorophenolicus A6 is catalyzed by two
501monooxygenases.43 Hence, this value may be compared to
502carbon isotope fractionation in ring monooxygenation from
503enzyme assays where a possible influence of the cell membrane
504was eliminated, such as of 2-nitrophenol (ε = −1.4 ± 0.1‰),62

5055-methyl-2-nitrophenol (ε = −1.5 ± 0.2‰),62 4-hydroxyphe-
506nylacetate (ε = −1.1 ± 0.1‰),64 and 4-hydroxybenzoate (ε =
507−0.1 ± 0.1‰).64 Again, these reported values are smaller than
508the isotope fractionation observed in our study. It is well-
509recognized and has been demonstrated in an illustrative study
510by Wijker et al. that intrinsic isotope effects may already be
511masked on the enzyme leveldepending on the presence of
512“bold” versus “cautious” monooxygenasesso that these
513values of enzymes and microorganisms likely do not reflect
514the intrinsic isotope effect of the underlying biochemical
515reaction.64 To compare it with tabulated kinetic isotope effects
516of unmasked reactions, we therefore considered that our
517observed enrichment factor ε = −4.1 ± 0.2‰ represents a
518compound average and that 4-CP contains six carbon atoms so
519that a position-specific apparent kinetic isotope effect can
520tentatively be estimated as AKIE = 1/(−0.0041·6 + 1) =
5211.025.65 This value falls toward the upper end of the range of
522unmasked kinetic isotope effects reported for abiotic CC
523bond oxidation (1.011 to 1.024, Table 2 Elsner et al.65). We
524can, therefore, conclude (i) that the degradation of 4-CP at low
525concentrations was not significantly mass transfer-limited and
526(ii) that it even represented the intrinsic isotope effect of the
527underlying biochemical reaction inside the enzymeother-
528wise, this intrinsic isotope effect would have been masked.
529This increase in isotope fractionation at lower concen-
530trations, however, is in stark contrast with results from our
531recent study on atrazine degradation, where a dramatic
532decrease in isotope fractionation was observed when substrate
533concentrations fell below 60 μg L−1.28 A direct comparison is
534difficult becausein contrast to atrazine degradation by A.
535aurescens TC1the regulation of enzyme activity in A.
536chlorophenolicus A6 prevented us from reaching 4-CP
537concentrations below 85 μg L−1 in our chemostat experiments:
538when lowering the dilution rate, cell-specific activity also
539declined so that concentrations remained at the same level,
540even though a longer residence time was available for
541degradation. Nonetheless, we observed (i) that the intrinsic
542isotope effect of the enzyme reaction was strongly expressed at
543low (90 ± 10 μg L−1) concentrations; (ii) that enzyme activity
544appeared to be strongly regulated under these circumstances;
545and (iii) that much smaller isotope fractionation was observed
546at higher concentrations in batch and chemostats. This
547observation is in contrast to theoretical predictions that
548smaller isotope fractionation is expected at lower rather than at
549higher concentrations.15,16 It therefore highlights a novel type
550of regulation at low concentrations suggesting either a switch
551in metabolic pathways and/or that an interplay between
552changes in membrane permeability and enzyme activity may be
553at work as hypothesized in the Introduction. In a next step, we
554therefore considered evidence from the analysis of membrane
555fatty acids and proteomics to explore a possible role of
556membrane composition and the regulation of enzyme
557expression.
558Fatty Acid Analysis Gives Evidence of Smaller
559Membrane Permeability at Low Concentrations. The
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560 transport across the membrane of bacterial cells is affected by
561 its physical properties, especially by its fatty acid content.66

562 The fatty acid content of a cell membrane can change as a
563 result of physiological adaptation.36,37,40,67 In A. chloropheno-
564 licus A6, the predominating fatty acids are iso-pentadecanoic

565(iso-C15:0) and anteiso-pentadecanoic (anteiso-C15:0).5 It is
566well-established that the ratio of anteiso/iso controls the
567fluidity or permeability of the membrane, where a high anteiso
568content makes the membrane more fluid.37 Surprisingly,
569measurement of membrane fatty acids showed a greater

Figure 3. Physiological adaptation at different concentrations in chemostats and batch. (A) Venn diagram illustrates differentially abundant
proteins between the three comparison pairsbatch vs chemostat at D0.018 (Batch−D0.018), D0.018 vs chemostat at a dilution rate of 0.090 h−1

(D0.018−D0.090), and batch vs D0.090 (Batch−D0.090). Numbers in red represent significantly highly abundant proteins and those in blue
represent proteins of significantly low abundance. (B) Heat map representing the clustering of 731 significantly abundant proteins at batch, D0.018,
and D0.09. Protein abundance is displayed in the heat map as z-scores (i.e., calculated based on how many SD units a protein’s abundance is away
from the mean abundance derived from all conditions) in the range between 2 (of significantly higher abundance, red) and −2 (of significantly
lower abundance, green). Each batch and chemostat cultivation was performed in replicates as indicated by dilution rates in the brackets below the
heat map. (C) Distribution of overlapping significantly high- and low-abundant proteins across COG categories in batch, D0.018, and D0.09. First
seven COG categories contained proteins for transport and were highly abundant (present at the right side of the tornado plot) in batch compared
to D0.018 indicating that the transport of molecules was slow at D0.018.
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570 anteiso-to-iso ratio in batch indicating that the cell membrane
571 was more permeable than at low concentrations in chemostats
572 (Figure 2B). This is contrary to the observation of Unell et
573 al.,37 where a lower anteiso-to-iso ratio was observed at high 4-
574 CP concentrationshowever, under growth on yeast extract
575 with spiked 4-CP so that the results are not directly
576 comparable to our findings. It also contrasts recent findings
577 by Wunderlich et al.45 who observed that higher 4-CP
578 concentrations resulted in more rigid membranes in Thaurera
579 aromatica (higher degree of fatty acid saturation), entailing
580 smaller 15N/14N isotope fractionation during nitrate reduction.
581 It is noteworthy that our results represent a specific case where
582 the phenolic compound was used as a growth substrate. We
583 speculate that cells may have abstained from making the
584 membrane rigid so that permeation would not be slowed when
585 an efficient enzyme machinery was in place for catabolic
586 breakdown. Since 4-CP is more lipophilic than nonsubstituted
587 phenols,37 permeation is likely mediated by diffusion. Never-
588 theless, to understand the possible role of transporters in the
589 degradation, we looked into the expression of proteins related
590 to transport.
591 Proteomics Reveals Significantly Lower Abundance
592 of Transport-Related Proteins at Low Concentrations.
593 Microorganisms are known to physiologically adapt to different
594 substrate conditions, for example, by upregulating specific
595 enzymes or transporters, which is generally reflected in the
596 proteome state of the cells.27−29,68 The proteome state of the
597 cells was analyzed in chemostats at D 0.018 and D 0.09 and in
598 batch. In total, 1404 proteins were quantified which
599 corresponds to ∼31% coverage of total predicted protein-
600 coding genes in A. chlorophenolicus A6 and 1201 proteins were
601 quantified in all the samples (Supporting Information, Table
602 S1). During pairwise comparisons of three cultivation

f3 603 conditions, 731 differentially abundant proteins (either up/

604 f3downregulated) (Figure 3A) were observed. Hierarchical
605clustering of differentially abundant proteins shows that
606many proteins in batch and at D0.09 had a significantly higher
607abundance (z-score around 2) which were less abundant at
608D0.018 suggesting an adaptation at the cellular level in
609response to low concentrations (Figure 3B). To perform a
610functional interpretation, these differentially abundant proteins
611were linked to clusters of orthologous group categories
612(COGs)69 (Figure 3C, Supporting Information, Tables S2−
613S4). Specific transporters for 4-CP are not known. However,
614putative transporters which might play a role in 4-CP
615permeation were highly abundant at high concentrations
616such as the putative ligand-binding sensor protein (B8H8Y4)
617(Supporting Information, Tables S2 and S4). This suggests
618that in the case of transporter-mediated permeation, mass
619transfer might have been accelerated at high concentrations at
620batch compared to low concentrations. In this study, therefore,
621both the fatty acid analysis and proteomics data indicate that
622the lower isotope fractionation at high concentrations in
623chemostats is not caused by a less-permeable cell membrane
624but must have other reasons. In a next step, proteomics was
625therefore evaluated to explore regulation on the level of
626enzyme expression.
627Differential Expression of Proteins Related to 4-CP
628Degrading Enzymes at Low Concentrations. As discussed
629above, the high isotope fractionation (ε = −4.1 ± 0.2‰) in
630chemostats (D0.018) gives unequivocal evidence that
631enzymatic turnover was slow relative to mass transfer at low
632concentrationsotherwise, intrinsic isotope effects would not
633have been so strongly expressed. When interpreting this value
634in comparison with the lower observable isotope fractionation
635at high concentrations in batch and chemostats at D0.09, the
636decisive step is the enzyme reaction of the initial irreversible
637transformation. Compared to atrazine transformation by A.

Figure 4. 4-CP degradation pathway adapted from the literature.43,71,72,77 Three pairwise comparison groups were created as indicated by the
numbers 1, 2, and 3. 1: Batch vs chemostat at a dilution rate of 0.018 h−1 (batch-D018). 2: Chemostat at a dilution rate of 0.018 h−1 vs chemostat
at a dilution rate of 0.090 h−1 (D018-D090). 3: Batch vs chemostat at a dilution rate of 0.090 h−1 (batch-D090). Different colors represent the LFC
in specific proteins from a pairwise comparison between chemostats and batch. Symbols (*) indicate proteins of differential abundance, where the
criteria for significant differences were a P-value of <0.05 together with a cutoff LFC of log2(2.5). The dotted line indicates the postulated pathway,
and the brackets indicate the hypothetical intermediate.
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638 aurescens TC1, 4-CP transformation by A. chlorophenolicus A6
639 is more complex because it may involve two possible initial
640 pathways,43 which are encoded by a chlorophenol degradation

f4 641 (cph) gene cluster involving different proteins (Figure 4,
642 Supporting Information, Table S5). One initial oxidative
643 degradation pathway of 4-CP is catalyzed by CphCI and
644 CphB whichtogether with flavin reductase (B8HJC3)
645 form a two-component flavin-diffusible monooxygenase (TC-
646 FDM).43,70−72 CphB reduces FAD to FADH2 via NADH,
647 whereas CphCI uses FADH2 to activate molecular O2 for
648 oxidation of 4-CP to hydroxyquinone.71,72 The second
649 degradation pathway is catalyzed by the CphCII protein
650 which has been postulated to oxidize 4-CP to 4-chloroca-
651 techol.43 Here, the degradation mechanism has not been
652 elucidated yet. Consequently, the turnover of 4-CP can be the
653 result of two parallel transformations catalyzed by CphCI and
654 CphCII, and the observable isotope fractionation may be the
655 weighted average of both, where it would mostly reflect the
656 predominant pathway. The observation that breakdown by
657 different enzymes causes different isotope effects in organic
658 pollutants has been made previously for dioxygenases in
659 nitroaromatic compound oxidation73 or for ring versus methyl
660 group oxidation of toluene74

661 Hence, when interpreting the smaller value of ε at high
662 concentrations in batch in comparison with the large ε in
663 chemostats at D0.018, the modulated ε may either be evidence
664 of masked isotope fractionation due to mass transfer or the
665 result of a metabolic shift between the two initial pathways of
666 Figure 4 leading to a different weighted average of isotope
667 effects from two different enzymes. In this case, one would
668 expect regulation of one enzymatic pathway relative to the
669 other at high versus low concentrations (CphCI vs CphCII).
670 Direct observation of either pathway was not possible
671 because our chemical analysis was not optimized to measure
672 the respective short-lived intermediates (hydroxyquinone vs 4-
673 chlorocatechol). However, to understand the regulation on the
674 degradation of 4-CP at low concentrations, proteins related to
675 the 4-CP degradation pathway could be compared between
676 D0.018, D0.09, and batch (Figure 4). We observed that CphCI
677 and CphCII were both differentially less abundant at D0.018
678 compared to D0.090 (Supporting Information, Table S5,
679 Figure 4). This indicates that downregulation of enzymes is a
680 possible reason for the higher isotope fractionation observed at
681 low concentrations. Alternatively, a shift in degradation
682 pathways might play a role. Indeed, abundance of CphCI
683 was fourfold reduced, whereas CphCII was eightfold less
684 abundant (Supporting Information, Table S5). Both CphCI
685 and CphCII are inducible not constitutive,42 and evidence
686 from previous work suggests that both pathways were co-
687 occurring at high concentrations (no kinetic preference).43

688 Hence, the expression level of CphCI and CphCII might also
689 contribute to a dominance of one degradation pathway. In this
690 study, the relative abundance of CphCI was higher than
691 CphCII under all conditions. However, a small shift in the ratio
692 of CphCI/CphCIIabout half from D018 (202:1) and batch
693 (159:1) to D090 (90:1)was observed (Supporting Informa-
694 tion, Table S5), which might also produce a small shift in
695 degradation pathways. Hence, our analysis highlights physio-
696 logical adaptation on the enzyme expression levelboth with
697 respect to total abundance of catabolic enzymes (CphCI and
698 CphCII) and with respect to a possible shift in metabolic
699 pathways (CphCI and CphCII) at low concentrations.

700This total abundance (CphCI and CphCII) also explains the
701observed regulation on 4-CP turnover in chemostats, which
702decreased with lower dilution rates leading to the same residual
703substrate concentration at different dilution rates, Figure 1, and
704the situation that two different qs were observed at the same
705residual concentrations (0.66 ± 0.12 vs 1.54 ± 0.65 mg S mg
706Cx

−1 h−1 at D of 0.018 and 0.038 h−1, respectively, See
707Supporting Information, Table S6). At high D (0.09), a high qs
708(6.14 ± 0.88 mg S−1 mg Cx h

−1) was observed indicating that
709degradation became faster at high concentrations and became
710smaller at low concentrations in chemostats, consistent with
711our conclusions about enzyme activity regulation at low
712concentrations mentioned above. Specifically, when the
713feeding pump was stopped, only very slow degradation was
714observed over 60 min in chemostats at a residual (=effluent)
715concentration of 90 ± 5 μg L−1 (Supporting Information,
716Figure S5). This is in contrast to atrazine degradation, where
717we observed rapid degradation of atrazine in chemostats at a
718residual (=effluent) concentration of 60 μg L−1.28 Besides the
719downregulation of proteins (Figure 3), the overall reduced
720metabolism was also reflected in the morphology of cells
721(Supporting Information, Figure S4).
722Environmental Significance. In natural oligotrophic
723environments such as groundwater, heterotrophic bacteria
724feed on a multitude of naturally occurring organic compounds
725that have in common that they occur only in small
726concentrations. Hence, understanding bacterial regulation
727and adaptation under such low-energy conditions is of general
728importanceas much for the persistence of organic matter in
729carbon budgeting, as for bioremediation of low-level chemical
730pollution. To explore possible underlying patterns of
731adaptation, this study has focused on degradation of one
732substrate (4-CP) by one strain in a setup of deliberately
733reduced complexity. Even though this experimental design
734does not directly mimic natural groundwater conditions, it has
735the advantage that it enables a relevant generic process
736understanding by allowing us to combine evidence from CSIA,
737membrane fatty acid analysis, and the analysis of the proteome
738state of the cells. This multidisciplinary approach revealed (i)
739that the enzymatic turnover inside bacteria of the studied strain
740A. chlorophenolicus A6 was regulated at multiple levels at low
741concentrations (μg L−1) including membrane composition, as
742well as differential expression of enzymes and/or a possible
743shift in metabolic pathways, and (ii) that this regulation
744resulted in a situation that substrate supply through the cell
745membrane did not become rate-limiting at low concentrations
746but that rather enzyme activity inside the cell was down-
747regulated first. Since this observation is in stark contrast to the
748observation of mass transfer limitation in low-level atrazine
749degradation by A. aurescens TC128 or of 2,6-dichlorobenza-
750mide degradation by Aminobacter sp. MSH1,75 the present
751study reveals a different pattern of microbial adaptation to low
752concentrations: bacteria downregulated their enzymatic
753activity instead of running into limited substrate supply.
754Hence, the pattern observed here reveals another “end-
755member behavior” on the scale of physiological adaptation of
756degrading bacteria that can be expected in low-energy
757environments. Remarkably, this physiological limitation was
758observed at a concentration around 90 μg L−1. Considering
759that ΔRG0′cat = −111 ± 5 kJ·mol−1 and that the observed
760specific substrate consumption rate observed was 0.66 mg S g
761Cx

−1·h−1, this concentration is much higher than the minimum
762substrate concentration required for maintenance of cells’
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763 viability.76 Cells can physiologically adapt under extremely low
764 energy fluxes which will enable moving to much lower
765 concentrations with a near-zero growth rate.27 Nonetheless,
766 in this study, degradation was observed to become slow already
767 at 90 μg L−1 indicating that microbial adaptation by enzyme
768 regulation would curb bioremediation effortsor utilization of
769 organic matterat low concentrations. Based on this insight,
770 we conclude that bioaugmentation approaches would seem
771 most promising when they rely on bacteria that maintain their
772 intrinsic enzyme activity high so that they run into mass
773 transfer limitations as an ultimate physical limit before
774 downregulating their metabolism. The discovery of such
775 specific physiological adaptation in degrading bacteria
776 emphasizes the need for a knowledge base for management
777 of bioremediation of different pollutants that account for
778 bacterial adaptation. In future studies, it will, hence, be
779 important to study degradation of other contaminants by
780 different microorganisms to better understand limitations of
781 mass transfer versus enzymatic turnover on micropollutant
782 degradationor organic substrates in generalat low
783 concentrations and design strategies to overcome them.
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