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ABSTRACT: Biodegradation of persistent pesticides like atrazine often stalls at low 1 

concentrations in the environment. While mass transfer does not limit atrazine degradation by 2 

the Gram-positive Arthrobacter aurescens TC1 at high concentrations (> 1 mg∙L-1), 3 

bioavailability limitations have recently been observed at trace concentrations (< 0.1 mg∙L-1). 4 

To assess the bioavailability constraints on biodegradation, the roles of cell wall physiology 5 

and transporters remain imperfectly understood. Here, compound-specific isotope analysis 6 

(CSIA) demonstrates that cell wall physiology (i.e. the difference between Gram-negative and 7 

Gram-positive bacteria) imposes mass transfer limitations in atrazine biodegradation even at 8 

high concentrations. Atrazine biodegradation by Gram-negative Polaromonas sp. Nea-C 9 

caused significantly less isotope fractionation (ε(C) = -3.5 ‰) than expected for hydrolysis by 10 

the enzyme TrzN (ε(C) = -5.0 ‰) and observed in Gram-positive Arthrobacter aurescens 11 

TC1 (ε(C) = -5.4 ‰). Isotope fractionation was recovered in cell free extracts (ε(C) = -5.3 ‰) 12 

where no cell envelope restricted pollutant uptake. When active transport was inhibited with 13 

cyanide, atrazine degradation rates remained constant demonstrating that atrazine mass 14 

transfer across the cell envelope does not depend on active transport but is a consequence of 15 

passive cell wall permeation. Taken together, our results identify the cell envelope of the 16 

Gram-negative bacterium Polaromonas sp. Nea-C as relevant barrier for atrazine 17 

biodegradation. 18 

 19 

 20 
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abstract art 21 

Introduction 22 

Groundwater contamination by micropollutants is a prominent challenge of our time. Since 23 

ground and surface waters represent an important drinking water resource, the presence of 24 

micropollutants is of concern not only for ecosystems, but also for human health.1 Because of 25 

their ubiquitous release and their low concentrations, however, evaluating the fate of 26 

micropollutants in the environment is complex. Pharmaceuticals are discharged into the 27 

environment with wastewater treatment effluents2-4 and pesticides used in agriculture even 28 

directly leach into groundwater on a large scale.5, 6 EU regulations on drinking water quality 29 

set a maximum concentration of 0.1 μg/L for pesticides and their degradation products 30 

(European Union Drinking Water Directive, 98/83/EC). How difficult it is, however, to relate 31 

successful biodegradation in the lab to the fate of pesticides in the environment, is illustrated 32 

by the herbicide atrazine: even though banned in the EU as long ago as 2003, atrazine and its 33 

metabolites are still the groundwater contaminants most frequently detected above this 34 

threshold concentration.7 The underlying bottlenecks of biodegradation at trace concentrations 35 

which cause this persistence have eluded researchers for years. Even though atrazine is 36 

initially adsorbed and retained to some extent on soil and sediments,8 the pesticide becomes 37 

available at low concentrations (µg/L) for atrazine degrading bacteria.9, 10 For such a situation, 38 

competing models claim that it is either mass transfer (uptake into microbial cells) which puts 39 

a limit to otherwise rapid enzymatic transformation,11, 12 or that physiological limitations 40 

(enzyme activity, downregulation) prevail.13 Compound-specific isotope analysis (CSIA) 41 

provides a way to directly visualize the rate-determining step of pollutant biodegradation:14 42 

Chemical bond breakage during pollutant degradation is slower when the bond contains a 43 

heavy isotope since the respective activation energy is higher. Therefore, the remaining 44 

pollutant molecules contain on average increasingly more heavy isotopes as an enzymatic 45 
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reaction proceeds.15 This trend can be described by relating the change in isotope ratios 46 

(Rt/Ro) to the fraction of the remaining pollutant f according to the Rayleigh equation16, 17 (1)  47 

where the enrichment factor ε reflects the incremental isotope fractionation during 48 

transformation. This isotope effect, however, can only be observed if substrate molecules 49 

experiencing the isotopic discrimination during the enzymatic reaction in the cytosol diffuse 50 

back out into the bulk solution, where the isotope ratio is assessed. Thus, any partially rate-51 

determining step preceding the irreversible enzymatic turnover (e.g. mass transfer) will lead 52 

to a reduced exchange of “enriched” substrate molecules to the outside of the cell. As a 53 

consequence, the observable isotope enrichment factor ε will be smaller, since the reduced 54 

exchange masks the isotope fractionation of the enzymatic reaction.18, 19 Masked isotope 55 

fractionation due to mass transfer limitations is well understood from photosynthesis,20, 21 56 

sulfate reduction,22-24 or nitrate reduction.25, 26 The same effect has previously been 57 

demonstrated for organic pollutants taken up by active transport27 and for non-polar 58 

chlorinated ethenes.19, 28 A conceptual framework has been brought forward by Thullner et al. 59 

to mathematically predict the effect for passive permeation of organic pollutants through a 60 

biological double membrane.29, 30 Based on these studies, we recently discovered that cell wall 61 

permeation was not relevant for atrazine biodegradation by Arthrobacter aurescens TC1 at 62 

high concentrations, but became suddenly rate-limiting at low concentrations (low µg/L 63 

range).31 This finding is challenged by earlier observations by Meyer et al. that even at high 64 

concentrations, isotope fractionation in atrazine degradation varied significantly between 65 

bacterial strains catalyzing the same reaction.32 Usually, the isotope fractionation factor is 66 

assumed to be characteristic for a specific transformation pathway if the underlying enzyme 67 

reaction is identical.33-35 A compelling clue to explain the results of Meyer et al., is, therefore, 68 

ln ൬
𝑅௧
𝑅
൰ = 𝜀 × 𝑙𝑛(𝑓) (1) 
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the fact that differences exist between Gram-negative and Gram-positive bacterial strains. The 69 

additional outer membrane in Gram-negative strains possibly constitutes an additional barrier 70 

for mass transfer which can mask the enzymatic isotope fractionation. Indeed, Renpenning et 71 

al. observed that carbon isotope fractionation during chlorinated ethene degradation differed 72 

for Gram-positive and Gram-negative bacteria and depended on the integrity of the cell 73 

envelope.28 In the case of Meyer et al., however, this proposed causal relationship could not 74 

be uniquely pinpointed because different enzymes of the same family (AtzA vs. TrzN) were 75 

involved. Consequently, it could not be excluded that the observed variability may, 76 

alternatively, be attributable to subtle variations in transition state structures.  77 

We, therefore, systematically addressed the question in our study by exploiting the 78 

opportunity that the Gram-negative bacterium, Polaromonas sp. Nea-C, harbors the same set 79 

of intracellular atrazine degrading enzymes36 as the Gram-positive A. aurescens TC1 (TrzN, 80 

AtzB, AtzC).32, 37 Atrazine hydrolysis by TrzN (KM = 19 µM, kcat = 5.5 s-1) proceeds via 81 

initial protonation of the ring nitrogen and subsequent hydrolysis of the C-Cl bond.36, 38 82 

Further, enrichment factors of the degradation reaction in whole cells are similar to those of 83 

the degradation with purified TrzN without cell envelope meaning that atrazine degradation 84 

by whole cells of Gram-positive A. aurescens TC1 is not mass transfer limited.38 We 85 

compared the isotope fractionation during atrazine degradation with intact cells of Gram-86 

negative Polaromonas sp. Nea-C – a scenario in which mass transfer across the cell envelope 87 

can matter – relative to degradation with Gram-positive A. aurescens TC1, cell free extracts 88 

of Gram-negative Polaromonas sp. Nea-C or purified TrzN enzyme,38 three scenarios in 89 

which mass transfer is absent. Furthermore, we addressed the possibility of active transport to 90 

clarify whether passive membrane permeation of atrazine is sufficient to provide enough 91 

influx for those bacteria to sustain growth. To this end, we investigated whether atrazine 92 
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degradation rates of Polaromonas sp. Nea-C and A. aurescens TC1 were affected when active 93 

transport was inhibited by the respiratory chain inhibitor potassium cyanide (KCN).  94 

Experimental section 95 

Chemicals 96 

A list of chemicals used can be found in the supporting information. 97 

Cultivation of bacteria 98 

Polaromonas sp. Nea-C was kindly provided by Fabrice Martin-Laurent (Microbiologie du 99 

Sol et de l’Environnement, INRA, France) and Arthrobacter aurescens TC1 was kindly 100 

provided by Larry Wackett (The BioTechnology Institute, University of Minnesota, USA). 101 

All strains were grown in liquid mineral salt medium (MSM) containing a nitrogen source 102 

(composition see supporting information). Excess atrazine above the solubility limit was 103 

added in solid form to a concentration of 500 mg/L to provide enough nutrient for high cell 104 

densities. Cultures were incubated at room temperature (25°C).  105 

Atrazine degradation with whole cells of Polaromonas sp. Nea-C for isotope analysis. 106 

Growth of a freshly inoculated culture (500 mL) of Polaromonas sp. Nea-C was followed 107 

by monitoring the optical density (OD600). During exponential phase (OD600 = 0.05) cells 108 

were pelleted by centrifugation (Heraeus Megafuge 40R, Thermo Scientific, TX-1000 rotor, 109 

3700 g, 30 min, 4°C) and washed twice in 50 mL MSM to remove the remaining atrazine. 110 

After those washing steps, the cell pellet was resuspended in 500 mL of fresh MSM 111 

containing 30 mg/L atrazine. The atrazine concentration was close to the solubility limit of 33 112 

mg/L (see media preparation in the SI) to maximize the amount of substance per volume and, 113 

hence, to minimize the necessary sample volume for reliable isotope analysis (see below).39 114 

The degradation experiment lasted approximately 24 h and the atrazine concentration was 115 

monitored by HPLC-UV (see below). For each of the three biological replicates, 5 samples 116 

for isotope analysis were taken (20 mL in the beginning and 50, 70, 150, 200 mL at 117 
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approximately 50 %, 75 %, 85 %, and 95 % atrazine consumption respectively). The 118 

degradation reaction was stopped by sterile filtration with a regenerated cellulose membrane 119 

filter (pore size 0.2 µm, diameter 47 mm; GE Healthcare ltd., UK). The biomass and the filter 120 

volume were not extracted, as their volume (< 0.5 mL) is negligible compared to the filtrate 121 

(> 20 mL). The filtrate was extracted three times with 10 % (v/v) dichloromethane. The 122 

combined dichloromethane extracts were evaporated under an air stream and the samples 123 

were reconstituted in 100 µL ethyl acetate for GC-IRMS measurements (see below). 124 

Preparation of cell free extracts of Polaromonas sp. Nea-C. 125 

Polaromonas sp. Nea-C cells were grown and harvested as described above. The cell pellet 126 

was resuspended in 5 mL of fresh MSM and put on ice. Cell membranes were disrupted in 127 

two passages by a French pressure cell (American Instrument Company, USA, 3/8” piston 128 

diameter, 20000 Psi). Remaining whole cells and cell fragments were removed by sterile 129 

filtration with a regenerated cellulose membrane filter (pore size 0.2 µm, diameter 47 mm; GE 130 

Healthcare ltd., UK) and the extract was stored on ice for a short time for the degradation 131 

experiment. 132 

Atrazine degradation with cell free extracts of Polaromonas sp. Nea-C for isotope 133 

analysis. 134 

The 5 mL concentrated cell free extract was diluted in 250 mL of fresh MSM containing 135 

30 mg/L atrazine. The atrazine concentration over time was monitored by HPLC-UV (see 136 

below) by taking samples for 4 h. For each of the three biological replicates, 5 samples for 137 

isotope analysis were taken (10 mL in the beginning and 15, 35, 60, 120 mL at approximately 138 

60 %, 80 %, 90 %, and 95 % atrazine consumption respectively) and the degradation reaction 139 

was stopped by extracting atrazine with three times 10 % (v/v) dichloromethane. The extracts 140 

were concentrated for GC-IRMS as described above. 141 

Atrazine degradation rates with and without respiratory chain inhibitor KCN. 142 
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Growth of freshly inoculated cultures (50 mL) of both, Polaromonas sp. Nea-C and 143 

A. aurescens TC1, was followed by the OD600 and cell numbers per mL were estimated for 144 

both strains with 8 ∙ 108 cells∙mL-1∙OD600. The cells were harvested as described above and 145 

the cell pellet was resuspended in 50 mL of fresh MSM. For both species, each of the three 146 

biological replicates was split in 2 x 25 mL cell suspensions to get the same biomass for the 147 

inhibited and the non-inhibited degradation experiment. To inhibit the respiratory chain, 0.25 148 

mM KCN was added to one cell suspension. Afterwards, atrazine was added to both cell 149 

suspensions at a concentration of 3 mg/L. A small initial atrazine concentration was chosen to 150 

ensure short degradation times to rule out growth of the non-inhibited cells during the 151 

experiment. The atrazine concentration over time was monitored by HPLC-UV for 4 h (see 152 

below). Because Polaromonas sp. Nea-C and A. aurescens TC1 might have different TrzN 153 

abundances, we only compared each strain with and without inhibition and not the 154 

degradation kinetics of Polaromonas sp. Nea-C versus A. aurescens TC1. 155 

Determination of the atrazine concentration by HPLC-UV. 156 

Atrazine concentrations were measured using a Prominence HPLC system (Shimadzu 157 

Corp., Japan) together with a 100 x 4.6 mm Kinetex 5 µ Biphenyl 100 Å column equipped 158 

with a SecurityGuard ULTRA Biphenyl cartridge (both Phenomenex Inc., USA). The injected 159 

sample volume was 10 µL. Peak separation was achieved by 1 mL/min isocratic flow of a 160 

mixture of 51 % 5 mM KH2PO4 buffer at pH 7 and 49 % methanol, respectively, for 9 min. 161 

The compounds were detected by UV absorbance at 222 nm and the peaks were quantified 162 

using LabSolutions V 5.71 SP2 (Shimadzu Corp., Japan). External calibration was conducted 163 

with atrazine dissolved in 25 % methanol and 75 % water in the following concentrations: 0.5, 164 

4, 12, 35 µg/L  165 

Carbon and nitrogen isotope measurements with GC-IRMS 166 
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The method was adapted from Reinnicke et al..39 The GC-IRMS system consisted of a 167 

TRACE GC Ultra gas chromatograph (GC; Thermo Fisher Scientific, Milan, Italy) linked to a 168 

Finnigan MAT 253 isotope ratio mass spectrometer (IRMS) (Thermo Fisher Scientific, 169 

Germany) by a Finnigan GC Combustion III Interface (Thermo Fisher Scientific, Germany). 170 

Helium (grade 5.0) was used as carrier gas and the split injector was kept at 250°C with a 171 

1:10 split at a flow rate of 1.4 mL/min. The samples were injected using a GC Pal 172 

autosampler (CTC, Switzerland) onto a 60-m DB-5 (30 m × 0.25 mm; 1 μm film; Restek 173 

GmbH, Germany) analytical column. Isotope values were determined as δ13C and δ15N values 174 

in per mill relative to Vienna PeeDee Belemnite (VPDB),40 and Air-N2.41 The δ13C and δ15N 175 

values were assessed in relation to a monitoring gas (CO2 and N2, respectively) which was 176 

measured alongside each run at the beginning and the end. Calibration of monitoring gases 177 

was performed in a Finnigan MAT Delta S isotope ratio mass spectrometer with dual inlet 178 

system (Thermo Fisher Scientific, Germany). The gases were measured against VPDB and 179 

air, respectively, by use of international reference materials: the CO2 gases RM 8562, RM 180 

8563, and RM 8564 for CO2 and NSVEC (N2 gas) for N2. Reference standards were provided 181 

by the IAEA. The GC oven started at 65 °C (hold 3 min), ramp 25 °C/min to 190 °C This was 182 

followed by a temperature ramp of 15 °C/min to 270 °C which was kept for 20 min. 183 

Modelling of the isotope fractionation during the degradation. 184 

In the absence of the cell envelope, the bioavailable concentration is equal to the bulk 185 

concentration. Therefore, the biodegradation of both substrate fractions (molecules containing 186 

12C and 13C, short 12S and 13S) follows Michaelis-Menten kinetics42 and is described by the set 187 

of equations (2) and (3):16 188 

dൣ Sଵଶ ൧

dt
=

𝑞௫ൣ Sଵଶ ൧

ൣ Sଵଶ ൧ + ൣ Sଵଷ ൧ + K

 (2) 
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where α is the fractionation factor with ε = α-1, qmax is the maximum degradation rate, and 189 

KM is the half saturation constant of the Michaelis-Menten kinetics. In the presence of mass 190 

transfer limitations across the cell envelope it is necessary to distinguish between substrate 191 

concentrations outside the cell, S, and substrate concentrations inside the cell, S(bio), where 192 

the exchange rate between these two phases is determined by the mass-transfer coefficient 193 

ktr.43, 44 Including the mass transfer limiting term in equation (2) and (3) gives equations (4) 194 

and (5) and analogous equations for the heavy fraction, where the last term in equation (5) is 195 

multiplied by the fractionation factor α:26 196 

These equations were solved and fitted to the experimental results to obtain the unknown 197 

parameters ktr and the maximum degradation rate qmax using a modified version of 198 

ReKinSim.45 The enzymatic fractionation factor α = ε + 1 was determined by the fit of the 199 

Rayleigh equation (Eq. (1), Table 1) and the value for KM = 19 µmol/L was taken from the 200 

literature.36 Equation (6) calculates an estimate of the atrazine diffusion coefficient in lipids, 201 

Dlip, 202 

where δ = 10 nm is the thickness of two lipid double membranes (5 nm each) to mimic the 203 

Gram-negative cell wall and V = 0.5 L the volume of the cell suspension. A is the bacterial 204 

total surface area calculated from an estimate of 4 × 107 cells∙mL-1 (derived from the OD600 = 205 

dൣ Sଵଷ ൧

dt
=

𝛼𝑞௫ൣ Sଵଷ ൧

ൣ Sଵଶ ൧ + ൣ Sଵଷ ൧ + K

 (3) 

dൣ Sଵଶ ൧

dt
= −𝑘௧(ൣ Sଵଶ ൧ − ൣ S(bio)ଵଶ ൧) (4) 

dൣ S(bio)ଵଶ ൧

dt
= +𝑘௧൫ൣ Sଵଶ ൧ − ൣ S(bio)ଵଶ ൧൯ −

𝑞௫ൣ Sଵଶ ൧

ൣ Sଵଶ ൧ + ൣ Sଵଷ ൧ + K

 (5) 

D =
𝑘௧ × 𝛿 × 𝑉

𝐴 × 𝐾ି௪
 (6) 
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0.05 with 8 ∙ 108 cells∙mL-1∙OD600) and an average bacterial surface of 4 µm3. Klipw = 741 is 206 

the lipid-water distribution coefficient of atrazine.46 207 

Results and discussion 208 

Atrazine degradation with Gram-negative Polaromonas sp. Nea-C induced smaller 209 

isotope fractionation than observed with TrzN. 210 

Resting cells of Gram-negative Polaromonas sp. Nea-C with a OD600 = 0.05 degraded 30 211 

mg/L atrazine within 24 h (see SI Figure S1). TrzN-catalyzed atrazine hydrolysis to 212 

hydroxyatrazine led to considerable isotope fractionation both for carbon (enrichment of 13C 213 

relative to 12C corresponding to a normal isotope effect) and for nitrogen (depletion of 15N 214 

relative to 14N representing an inverse isotope effect) (Figure 1). This inverse nitrogen 215 

isotope effect is characteristic of proton-assisted hydrolysis in the transition state of TrzN.38 216 

The enrichment factors for carbon ε(C) = -3.5‰  0.1‰ and nitrogen ε(N) = 1.9‰  0.1‰ ( 217 

95 % confidence intervals) were determined by the Rayleigh equation, as shown in Figure 218 

2A, B. These enrichment factors are significantly smaller than those described for atrazine 219 

hydrolysis catalyzed by TrzN, i.e. those obtained during biodegradation with Gram-positive 220 

A. aurescens TC132 (Figure 2 A, B). We screened for genes analogous to the trzN gene 221 

sequence from A. aurescens TC147 in the NCBI database by Blast search48 and found more 222 

than 20 sequences coding for TrzN with more than 99 % similarity (SI Table S1). Also the 223 

isotope fractionation of the abiotic model reaction – acid-catalyzed hydrolysis in water – is 224 

stronger than observed in our experiment with Polaromonas sp. Nea-C.32 Taken together, this 225 

evidence is consistent with the hypothesis that a different rate determining step – mass 226 

transfer across the cell envelope – partially masked the isotope fractionation of the enzyme in 227 

Polaromonas sp. Nea-C. Remarkably, the enrichment factors for the Gram-negative 228 

Chelatobacter heintzii (ε(C) = -3.7  0.2 ‰ and ε(N) = 2.3  0.4 ‰) are statistically 229 

indistinguishable from Polaromonas sp. Nea-C. Both are Gram-negative bacteria with the 230 
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difference that Chelatobacter heintzii degrades atrazine with a different enzyme - AtzA32- but 231 

still via the same acidic hydrolysis (Table 1). This raises the question whether these different 232 

enzymes from different species (AtzA, TrzN from Polaromonas sp. Nea-C, and TrzN from A. 233 

aurescens TC1) have different transition states and thus different enrichment factors, or 234 

whether the difference in isotope fractionation is attributable to physiological differences in 235 

the cell envelope that are characteristic of Gram-positive (A. aurescens TC1) versus Gram-236 

negative (Chelatobacter heintzii and Polaromonas sp. Nea-C) bacterial strains.  237 

Strong enzymatic isotope fractionation was masked by mass transfer limitations. 238 

Indeed, although the sequences of trzN genes from Polaromonas sp. Nea-C versus A. 239 

aurescens TC1 are highly similar (see above), it cannot be strictly excluded that subtle 240 

differences in the protein structure of even TrzN could be responsible for the differences in 241 

isotope fractionation. For example, in a recent study by Schürner et al..38, we observed that 242 

single point mutations in the trzN gene can lead to subtle changes in isotope fractionation. We 243 

therefore prepared cell free extracts of Polaromonas sp. Nea-C to degrade atrazine to 244 

hydroxyatrazine and followed the degradation with CSIA. As the hydrolysis of the atrazine C-245 

Cl bond does not depend on any cofactors or energy in the form of ATP, the cell free extracts 246 

were highly active, atrazine turnover was fast (SI Figure S2), and was accompanied by strong 247 

isotope fractionation, as shown in Figure 1. The isotope fractionation in cell free extracts was 248 

considerably larger than in whole cells and gave enrichment factors ε(C) = -5.3  0.7 ‰ and 249 

ε(N) = 3.2  0.5 ‰ that again were indistinguishable from those of A. aurescens TC1 (Figure 250 

2 A, B).32 This isotope fractionation was also similar to that of recombinant TrzN from A. 251 

aurescens TC1 (instead of cell free extracts), and of abiotic acidic hydrolysis (Table 1).32, 38 252 

Further, the slope of the dual element isotope plot λ ≈ ε(N)/ ε(C) was the same for the 253 

degradation with Polaromonas sp. Nea-C, A. aurescens TC1, and the cell free extract of 254 

Polaromonas sp. Nea-C (λ = -0.55  0.04, -0.60  0.02, and -0.61  0.14 respectively) 255 
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(Figure 2 C) and was similar to those with recombinant TrzN and abiotic acidic hydrolysis 256 

(Table 1).32, 38 This similarity in intrinsic isotope fractionation strongly suggests that the same 257 

enzymatic reaction and same transition state prevailed but that this isotope fractionation was 258 

partially masked by a non-isotope fractionating step. This masking occurred only in whole 259 

cells with intact cell envelope, but not in cell free extracts of Polaromonas sp. Nea-C. Such 260 

masking effects have previously be invoked to be attributable to (i) artificial high cell 261 

densities49, (ii) diffusion through water, or (iii) retention in extracellular polymeric substance 262 

(EPS). These alternative explanations can be ruled out, however, since (i) our cell densities 263 

were small in comparision with Kampara et al.’s study49, (ii) the atrazine diffusion in water is 264 

fast compared to diffusion in lipid membranes,31 and (iii) Polarmonas sp. NeaC does not form 265 

EPS. Consequently, we conclude that it was mass transfer across the cell envelope that was 266 

the partially rate-limiting step in biodegradation of atrazine by the Gram-negative 267 

Polaromonas sp. Nea-C, but not by the Gram-positive A. aurescens TC1. 268 

Passive processes dominate atrazine uptake into the cell. 269 

The phenomenon that organic pollutant uptake can mask isotope fractionation has already 270 

been described by Qiu et al. where active transport along the proton motive force was the 271 

rate-determining step for phenoxy acid degradation at high concentrations.27 However, no 272 

specific transporters for atrazine are known and non-polar molecules like atrazine with a 273 

relatively high log P value of 2.6 can even permeate the phospholipid bilayer directly.50, 51 A 274 

phosphotransferase uptake system52 can be ruled out, as atrazine does not undergo 275 

phosphorylation. Other plausible uptake pathways are active transport across the lipid bilayer 276 

driven by ATP hydrolysis or by an electrochemical gradient.53-55 To explore these hypotheses, 277 

atrazine degradation rates with Polaromonas sp. Nea-C and A. aurescens TC1, were 278 

compared for both strains with and without addition of KCN. Cyanide is known to inhibit 279 

cytochrome c so that the proton gradient collapses and ATP production ceases. As shown in 280 
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Figure 3, the initial atrazine degradation rates in Polaromonas sp. Nea-C and A. aurescens 281 

TC1 were not influenced by 0.25 mM KCN. We conclude that atrazine degradation does not 282 

depend on active transport by ATP or the proton motive force. Thus, passive processes driven 283 

by the atrazine gradient led to atrazine uptake, e.g. through facilitated transport with porins or 284 

permeation of the membrane itself. 51, 56 Note that we did not study isotope fractionation here, 285 

because (i) this concentration range was also covered in the previous degradation (SI Figure 286 

S1) and (ii) the isotope fractionation was not concentration dependent in this concentration 287 

range (Figure 2A, B; Table 1) so that the same isotopic enrichment factor is expected. 288 

Implications for the application of CSIA in field studies. 289 

When mass transfer masks the enzymatic reaction, this does not only limit biodegradation 290 

in the environment, but also has implications for the in situ assessment of biodegradation 291 

based on CSIA: pollutant turnover via the Rayleigh equation can best be estimated if isotope 292 

enrichment factors associated with a certain degradation pathway are constant and show little 293 

variation. However, as demonstrated in this study and by Renpenning et al.,28 the isotope 294 

fractionation does not only depend on the reaction mechanism, but also on masking of the 295 

enzymatic reaction by mass transfer across the Gram-negative cell envelope. This leads to 296 

subtle differences in enrichment factors even for the same enzymatic reaction and introduces a 297 

small additional uncertainty in biodegradation assessments by CSIA in the field.57 As a 298 

consequence, identification of the primary degradation pathway and the primary degrading 299 

strain would help to relate isotope fractionation in the field to isotope fractionation in the lab. 300 

A different strategy would be to use the enrichment factor determined under optimal 301 

conditions where mass transfer limitations are absent as a conservative estimate of 302 

biodegradation. This may underestimate biodegradation when the mass transfer becomes 303 

more and more rate limiting at low concentrations.31 In contrast, the possibility to distinguish 304 

different processes and reaction pathways with dual element isotope plots remains valid, as 305 
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long as the mass transfer across the cell envelope does not mask the enzymatic isotope 306 

fractionation completely. 307 

Therefore, we theoretically analyzed how the isotope fractionation during atrazine 308 

degradation by Polaromonas sp. Nea-C is affected by decreasing concentrations. This 309 

concentration-dependent observable isotope enrichment factor ε* can be modeled with a 310 

mathematical framework proposed by Thullner et al. for the case that mass transfer masks the 311 

intrinsic enzymatic fractionation factor ε.30 This framework correlates the specific affinity of 312 

the enzyme a = qmax∙KM
-1 with the mass transfer coefficient across the cell envelope ktr. When 313 

the influx (determined by ktr) is slower than the enzymatic turnover (determined by a) the 314 

fractionation factor ε will be masked which leads to a smaller observable enrichment factor ε* 315 

(ε* < ε). We used numerical modeling (see experimental section above) to fit the time-316 

dependent enrichment in 13C associated with the atrazine concentration decrease (equations 317 

(4) and (5); SI Figure S3). Thus, we were able to estimate the parameters for Thullner et al.’s 318 

model: qmax = 2.7 nmol L−1s−1 which gives a = 0.14 s-1 and the mass transfer coefficient across 319 

the cell envelope ktr = 1.6∙10-4 s-1. We validated our modeling approach for ktr by calculating 320 

the lipid diffusion coefficient Dlip according to equation (6) where the cell shape and 321 

physiology is taken into account, to compare with literature values. Indeed, the calculated 322 

atrazine lipid diffusion coefficient Dlip = 1.3∙10-17 m2∙s-1 was, as expected, smaller, but in the 323 

same range as Dlip reported for atrazine in a single lipid bilayer of the Gram-positive A. 324 

aurescens TC1.31 This demonstrates, that our modeling approach yields realistic values for ktr 325 

allowing us to use ktr to predict a decreasing observed fractionation factor ε* with decreasing 326 

atrazine concentrations according to Thullner et al..30 Consistent with our experimental 327 

results, at a concentration of 4 mg/L the enzymatic fractionation factor of ε = -5.3 ‰ is 328 

already reduced to ε* = -3.5 ‰ and it is predicted to be further reduced to below -3 ‰ already 329 

at an atrazine concentration of 1 mg/L. 330 
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Pollutant mass transfer of non-polar pollutants may be rate limiting for 331 

biodegradation in Gram-negative bacteria. 332 

Our results strongly suggest that the specific physiology of the Gram-negative Polaromonas 333 

sp. Nea-C with its additional restrictive outer membrane limited the influx of atrazine. In 334 

contrast, isotope fractionation in the Gram-positive A. aurescens TC1 was fully observable, 335 

demonstrating the absence of mass transfer limitation. This shows that the permeation of the 336 

cell envelope is partially rate-determining for atrazine degradation by Polaromonas sp. Nea-C 337 

already at high concentrations. Furthermore, Renpenning et al. show that the mass transfer 338 

across the cell envelope of Gram-negative bacteria affects biodegradation of chlorinated 339 

ethenes.28 Taken together, the difference between Gram-positive and Gram-negative 340 

physiology might also affect the nature of non-polar pollutant biodegradation in the 341 

environment: while a restrictive outer membrane protects Gram-negative bacteria from 342 

xenobiotics58 and from the toxicity of compounds with high log P values59, 60 it might also 343 

lower the supply of non-polar pollutants as nutrients when transporters are absent.  344 
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 345 

Figure 1. Isotope fractionation in Polaromonas sp. NeaC depends on the integrity of the 346 

cell envelope. The biodegradation of atrazine by the Gram-negative Polaromonas sp. Nea-C 347 

(black full squares) leads to considerably less isotope fractionation than the atrazine 348 

degradation of cell free extracts of Polaromonas sp. Nea-C (red empty squares) both for 349 

normal carbon (A) and inverse nitrogen (B) isotope fractionation. Error bars represent typical 350 

standard deviations of carbon (± 0.3 ‰) and nitrogen (± 0.5 ‰) isotope analysis. 351 

  352 
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 353 

Figure 2. Rate limiting mass transfer across the Gram-negative cell envelope was 354 

revealed by isotope fractionation. Normal carbon isotope fractionation factors (ε(C)) (A) 355 

and inverse nitrogen isotope fractionation factors (ε(N)) (B) were determined by the Rayleigh 356 

equation. Enrichment factors in cell free extracts of Polaromonas sp. Nea-C (red empty 357 

squares) were identical to those with whole cells of Gram-positive A. aurescens TC132 (blue 358 

full circles) and purified TrzN38 (green empty circles) indicating that an identical enzyme 359 
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reaction was at work. In contrast, smaller isotope fractionation was observed in degradation 360 

with intact cells of Gram-negative Polaromonas sp. Nea-C (black full squares). (C) The slope 361 

λ in the dual element isotope plot was similar for all degradation experiments, indicating that 362 

a common reaction mechanism (acidic hydrolysis) and similar transition state architecture is 363 

present in TrzN of both bacteria. Taken together, this indicates that the isotope effect of the 364 

enzyme reaction was partially masked by mass transfer across the cell envelope in 365 

Polaromonas sp. Nea-C. This non-fractionating step affects carbon and nitrogen fractionation 366 

in the same way so that the dual element isotope slope λ stays constant even though the 367 

enrichment factors are smaller. Error bars represent typical standard deviations of carbon 368 

(± 0.3 ‰) and nitrogen (± 0.5 ‰) isotope analysis (except for data from degradation with A. 369 

aurescens TC1 where total uncertainties are given). 370 

  371 
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 372 

 373 

Figure 3. Mass transfer of atrazine into the cytosol is not mediated by a mode of active 374 

transport that depends on energy or the proton gradient. The degradation rates for both 375 

species ((A) A. aurescens TC-1 and (B) Polaromonas sp. Nea-C) were the same for control 376 

cells (black squares) and cells treated with 0.25 mM KCN (red circles). A pseudo first order 377 

reaction kinetics was assumed, as the concentration range was well below the Michaelis-378 

Menten constant KM of TrzN.36 Cyanide was added to inhibit cytochrome c to prevent 379 

formation of a proton gradient so that energy production ceases. The hydrolytic enzyme TrzN 380 

does not depend on ATP or other cofactors and is not inhibited. The degradation rates were 381 

reduced in A. aurescens TC-1 150 minutes after KCN addition, indicating endogenous decay 382 

of TrzN. The fits of the first order rate constant in (A) and (B) are statistically not different at 383 

the 0.05 significance level. 384 
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Table 1. Overview of isotope fractionation during atrazine degradation via acidic hydrolysis 385 

in different experimental setups. Uncertainties represent 95% confidence intervals. 386 

experimental system enzyme Gram stain 
ε(C) 
(‰) 

ε(N) 
(‰) 

λ ≈ ε(N)/ ε(C) 
concentration 

(mg/L) 
Ref. 

whole cells 
Polaromonas sp. 

Nea-C 
TrzN negative -3.5  0.1 1.9  0.1 -0.55  0.04 30 - 1.4 

this 
study 

cell free extract 
Polaromonas sp. 

Nea-C 
TrzN negative -5.3  0.7 3.2  0.5 -0.60  0.14 30 - 2.8 

this 
study 

whole cells A. 
aurescens TC1 

TrzN positive -5.4  0.6 3.3  0.4 -0.61  0.02 18 - 1.3 32 

purified A. aurescens 
TC1 TrzN 

TrzN positive -5.0  0.2 2.5  0.1 -0.54  0.02 24 - 3 38 

Chelatobacter 
heintzii 

AtzA negative -3.7  0.2 2.3  0.4 -0.65  0.08 15 - 1.8 32 

abiotic pH 3 60°C --- --- -4.8  0.4 2.5  0.2 -0.52  0.04 24 - 3 32 

   387 
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