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22 ABSTRACT

23 The influence that coincidental carbon substrates (i.e., assimilable organic carbon, AOC) and 

24 indigenous microbial communities has on pesticide biotransformation by degrader strains in 

25 aquatic environments is poorly understood. We conducted batch experiments to investigate 

26 carbofuran biotransformation by Novosphingobium sp. KN65.2 using four environmentally 

27 derived water samples with varying amounts and types of AOC and indigenous microbial 

28 communities. We designed experimental scenarios to explore the influence of AOC and 

29 indigenous microbial communities on the growth of strain KN65.2 and the biotransformation of 

30 carbofuran. Relevant kinetic parameters were estimated from simpler experiments, and used to 

31 predict the growth of strain KN65.2 and the biotransformation of carbofuran in more complex 

32 experiments with an additive biokinetic model. We found that our additive biokinetic model 

33 adequately predicts the growth of strain KN65.2 and the rate of carbofuran biotransformation in 

34 natural waters that support the growth of strain KN65.2. However, our model over-predicts the 

35 growth of strain KN65.2 and the rate of carbofuran biotransformation in low-AOC environments. 

36 Overall, our results define the scope within which additive biokinetic models can be used to predict 

37 pesticide biotransformation in the presence of coincidental carbon substrates and indigenous 

38 microbial communities.
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39 INTRODUCTION

40 The presence of pesticides in aquatic systems, even at trace concentrations (ng-μg L-1 range), 

41 might pose long-term environmental or human health risks.1-3 Many pesticides are inherently 

42 biodegradable; one option to accelerate the removal of pesticides from contaminated water systems 

43 is through the addition of bacterial strains with metabolic capabilities to mineralize certain types 

44 of pesticides.4, 5 This process is known as bio-augmentation,6 and bio-augmentation might happen 

45 in a distributed (e.g., addition to aquifers) or localized (e.g., addition to unit processes in water 

46 treatment facilities) manner.7, 8 The practice of bio-augmentation has, however, often failed or is 

47 only briefly successful.9 One likely reason for this failure is that pesticide degrading strains are 

48 enriched and isolated at high pesticide concentrations and they cannot handle substrates at low 

49 concentrations.10 In addition to the physiological challenges presented when growth substrates are 

50 present at trace concentrations,11 there are at least two other fundamental considerations that have 

51 rarely been explored when evaluating pesticide bio-augmentation scenarios. First, natural water 

52 systems contain assimilable organic carbon (AOC) consisting of a complex mixture of substrates 

53 in addition to trace-levels of pesticides.12, 13 The presence of AOC, which we refer to as 

54 coincidental carbon substrates, supports the growth of indigenous microbial communities and may 

55 or may not support the growth of the added pesticide degrader. It is also unclear whether the 

56 presence of AOC, typically at higher concentrations than the pesticide in question, would result in 

57 physiological changes in pesticide degraders and could lead to the down regulation of relevant 

58 pesticide catabolic pathways.14-16 Second, natural waters contain indigenous microbial 

59 communities, and their presence can be a key factor for pesticide biodegradation. For example, 

60 indigenous microbial communities might compete for AOC or other essential nutrients and affect 

61 the density and fate of the pesticide degraders.17, 18
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62 To the best of our knowledge, the literature lacks reports on growth measurements of specific 

63 pesticide degraders with concomitant measurements of pesticide biodegradation at low 

64 concentrations in the presence of AOC and indigenous microbial communities. We believe it is 

65 essential to understand and describe, using suitable models, the interactions between AOC and 

66 indigenous microbial communities and pesticide degradation in aquatic environments. Such 

67 knowledge would allow us to predict potential failure and success of bio-augmentation strategies 

68 for pesticide removal from aquatic systems. Complementary approaches, based on partial least 

69 square analysis, have been examined to predict strain survival and biodegradation activity in 

70 contaminated soils based on soil physico-chemical soil characteristics.19 In this work, we studied 

71 the removal of the carbamate insecticide carbofuran by Novosphingobium sp. KN65.2, a strain that 

72 can mineralize carbofuran as the sole carbon source5 in batch experiments with increasing 

73 complexity. We conducted the experiments using water derived from a variety of natural sources 

74 that contained varying amounts and types of AOC. Experiments were conducted to explicitly 

75 measure growth of strain KN65.2 on AOC in the absence of an indigenous microbial community, 

76 growth of the indigenous microbial community on AOC in the absence of strain KN65.2, growth 

77 of strain KN65.2 on AOC and carbofuran in the absence of an indigenous microbial community, 

78 and growth of both the indigenous microbial community and strain KN65.2 on AOC and 

79 carbofuran. In the latter two cases, we also measured carbofuran biotransformation. In previous 

80 work, we measured growth and carbofuran utilization kinetics of KN65.2 in the absence of AOC.10 

81 We also previously introduced an additive biokinetic model framework to describe growth-linked 

82 biodegradation of trace-level pollutants in the presence of coincidental carbon substrates and 

83 indigenous microbial communities, which we tentatively validated against limited literature-

84 reported experimental data.20 The dataset generated by the experiments reported here allows for a 
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85 more thorough evaluation of the proposed biokinetic model, which facilitates a full interpretation 

86 of the experimental results and leads to generalizable insights on the fundamentals of trace-level 

87 pesticide degradation in natural systems. 

88 MATERIALS AND METHODS

89 Carbofuran and strain KN65.2. We selected carbofuran as the model pesticide because it is 

90 frequently measured in surface and groundwater resources21-26 and its occurrence in drinking water 

91 is regulated around the world.27 We purchased carbofuran (99.9% purity) from Sigma-Aldrich 

92 (Seelze, Germany) and prepared spike solutions in AOC-restricted mineral medium at 100 mg L-1 

93 as previously described.10 Novosphingobium sp. strain KN65.2 has the ability to mineralize 

94 carbofuran, and the biotransformation pathway is initiated by carbamate hydrolysis.5 We received 

95 strain KN65.2 as a streak on an R2A agar plate from D. Springael (Department of Earth and 

96 Environmental Sciences, KU Leuven). A single colony was picked from the agar plate and added 

97 to 5 mL of sterilized LB medium. Cells were grown to early-stationary phase and diluted to 

98 approximately 15 % glycerol (0.5 mL of 50 % sterile glycerol added to 1 mL cell culture) and 

99 stored at -80 °C.

100 Environmental water samples. We collected water from four sources: groundwater (GW); bank 

101 filtrate (BF); shallow stream (SS); and stagnant pond (SP) near Dübendorf (CH). We reasoned that 

102 each of the water samples would contain varying quantities and qualities of AOC and diverse 

103 indigenous microbial communities. The samples were collected in 2 L trace clean glass bottles and 

104 pasteurized (30 min at 60°C) within 30 minutes of sampling as previously described.10 A sufficient 

105 volume of each sample was preserved without pasteurization to allow for subsequent re-

106 inoculation of the indigenous microbial community. All water samples were characterized for 
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107 dissolved organic carbon (DOC), specific UV absorbance (SUVA), pH, and specific conductivity 

108 following standard procedures.28

109 Batch Experiments. All glassware and caps used for batch experiments were treated rigorously 

110 to remove any residual AOC as previously described.17, 29 Aliquots of 20 mL of the pasteurized 

111 water samples were filtered through a 0.1 µm Millex® syringe filter (Millipore, Billerica, MA, 

112 USA) into a 40 mL borosilicate glass vial. The 0.1 µm Millex® syringe filter was selected to 

113 ensure that all microorganisms were removed and to limit the leaching of AOC from the filters 

114 into the samples;  the small pore size may have removed a negligible amount of larger AOC 

115 constituents.  The borosilicate glass vials were again pasteurized (30 min at 60°C) to ensure sterile 

116 conditions. We designed four experimental scenarios to meet the project objectives (See Fig 1 in 

117 20). First, the indigenous microbial community was re-introduced into three vials at a concentration 

118 of 103 cells mL-1 and growth on the residual AOC was measured by flow cytometry. The inoculum 

119 was derived from unpasteurized water samples and cells in the inoculum were quantified by means 

120 of flow cytometry. Second, strain KN65.2 was spiked into three vials at a concentration of 103 

121 cells mL-1 and growth on the residual AOC was measured by flow cytometry. The inoculum was 

122 prepared from the frozen glycerol stock and grown in mineral medium amended with 

123 approximately 10 mg L-1 of carbofuran as previously described;10 cells were washed in mineral 

124 medium three times to remove any residual AOC prior to inoculation in experiments. Third, strain 

125 KN65.2 was spiked into three vials at a concentration of 103 cells mL-1 along with 1 mg L-1 of 

126 carbofuran. Growth of strain KN65.2 on residual AOC plus carbofuran was measured by flow 

127 cytometry and carbofuran biotransformation was measured by HPLC-UV. Fourth, the indigenous 

128 microbial community and strain KN65.2 were both added to three vials at a concentration of 103 

129 cells mL-1 along with 1 mg L-1 of carbofuran. Growth of the combined microbial community on 
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130 residual AOC and carbofuran was measured by flow cytometry, growth of strain KN65.2 was 

131 inferred from qPCR-based detection of KN65.2 in total community DNA extracts, and carbofuran 

132 biotransformation was measured by HPLC-UV. All batch experiments were conducted at 30 °C. 

133 Samples were taken at the time of inoculation and periodically thereafter until cell density 

134 measurements suggested stationary phase or carbofuran concentration was below the limit of 

135 detection (<0.05 mg L-1).

136 Quantification of growth by flow cytometry. Cell densities were measured on a BD Accuri C6 

137 Flow Cytometer (Erembodegem, Belgium). Aliquots of 500 μL from a batch experiment were 

138 combined with 5 μL of SYBR Green stain (Molecular Probes, Ba 154 sel, Switzerland) diluted 

139 100-fold in dimethylsulfoxide (Fluka Chemie AG, Buchs, Switzerland) in a 1.5 mL plastic 

140 centrifuge tube (Greiner Bio One, Frickenhausen, Germany), vortexed briefly, and incubated in 

141 the dark at 40 ºC for 10 minutes. For cell densities less than 5×105 cells mL-1, samples were 

142 measured directly on the BD Accuri C6 Flow Cytometer without dilution; for cell densities greater 

143 than 5×105 cells mL-1, samples were diluted in filter-sterilized water. Data were analyzed with 

144 the CFlow v1.0.227.4 flow cytometry software. Enumeration was achieved with signals collected 

145 on the gated combined 533 nm/670nm density plot as previously described.30

146 Quantification of carbofuran biotransformation. HPLC-UV analyses were performed on a 

147 Gynkotek system with a Dionex ASI-100 autosampler and a UVD 340U diode array detector. 

148 Carbofuran was separated on a Nucleosil 100-5 C18 HD column (250×4.0 mm) with an octadecyl 

149 modified high density silica stationary phase (Macherey-Nagel, Düren, Germany). The HPLC was 

150 operated isocratically at a flow rate of 0.7 mL min-1 with 55 % methanol and 45 % nanopure water 

151 eluents. Limits of quantification for carbofuran were less than 0.05 mg L-1 with a 50 μL injection 

152 volume. The Chromeleon Client v6.6 (Dionex) was used for chromatogram analysis.
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153 Quantification of growth of strain KN65.2 by means of qPCR. The collected cells were subject 

154 to DNA extraction using the MP FastDNA™ SPIN Kit (MP Biomedicals LLC., Solon, USA) 

155 following manufacturer’s instructions. Concentration and purity of extracted DNA were checked 

156 by spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA). qPCR was carried out 

157 on extracted DNA samples to determine the relative abundance of KN65.2 cells based on the cfdC 

158 gene and the 16S rRNA gene as targets for quantification of KN65.2 and all bacteria, respectively. 

159 For cfdC detection, primers cfdCfor: CCGCTCATGCCGTTTATCTAC and cfdCrev: 

160 GGTTTCCAGATCGAACTCGC, were used with a PCR program consisting of an initial 5 min. 

161 denaturation at 94oC, 35 cycles of (94oC: 30 s; 54oC: 20 s; 72oC: 30 s) and final 5 min at 72oC. A 

162 unique product size was 252 bp, with melting at 87-88 oC.  An E. coli clone carrying a BamHI 

163 fragment of the cfdC gene served as source for calibration curves. The cfdC qPCR had a linear 

164 dynamic range from 10 to 108 copies/reaction, with an efficiency of 94%. Total bacteria were 

165 enumerated using eubacterial 16S rRNA primers 1055f and 1392r, following standard procedures 

166 as described before.31

167 Additive biokinetic model framework. We calibrated and applied a previously described 

168 additive biokinetic model to interpret the experimental data.20 The model is implemented in 

169 AQUASIM 2.1 and is available upon request from the authors. The model variables and rate 

170 expressions are summarized in Table S1. Briefly, the model considers a trace-level pollutant 

171 (carbofuran, STP) and coincidental carbon substrates (AOC, SAOC) as potentially limiting growth 

172 substrates; all other growth substrates are considered to be in excess. The model also considers the 

173 trace-level pollutant degrader (strain KN65.2, XKN65.2) and the indigenous microbial community 

174 (XBC) as independent populations with independent growth dependencies. XKN65.2 grows on STP 

175 (with a yield of YTP,X) and both XKN65.2 and XBC grow on SAOC. Whereas XBC can access the entire 
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176 pool of SAOC (i.e., the AOC is estimated based on the measured growth of XBC),17
 only a fraction 

177 of the SAOC is available for XKN65.2. Therefore, we divide the SAOC into two pools, SAOC,X and 

178 SAOC,other, denoting the fraction simultaneously available to both XKN65.2 and XBC, and the fraction 

179 exclusively available to XBC, respectively. Saturation-type substrate-dependencies (Monod) are 

180 assumed for all kinetic rate expressions. We assume growth on STP and SAOC is additive, and that 

181 there are no direct interactions between the presence of SAOC and XBC on the growth of XKN65.2 on 

182 STP. We also assume first order biomass decay.

183 Estimation of model parameters. We used data collected from experiments conducted according 

184 to scenarios (1) and (2) to parameterize the biokinetic model. We estimated growth and substrate 

185 utilization kinetic parameters (  and Ks) for strain KN65.2 (XKN65.2) and the indigenous 𝝁𝒎𝒂𝒙

186 microbial community (XBC) on AOC by fitting the biokinetic model function to cell numbers by 

187 non-linear least-squares fitting. The standard deviation for parameter estimation was set to 10% to 

188 ensure the validity of the obtained parameter values.20 The initial AOC concentrations available 

189 for XKN65.2 and XBC in each water sample were estimated from the maximum measured cell 

190 concentrations from experimental scenarios (1) and (2) with previously reported yields on AOC:12

191 AOC [mg L-1] =  (1)
(cells) L ―1

1.0 × 109 cells (mg AOC) ―1

192 Here,  cells (mg AOC)-1 refers to the assumed cell yield YC/S.12 The resulting model 1.0 × 109

193 growth and substrate utilization kinetic parameters are summarized in Table S2 alongside 

194 previously reported data on carbofuran utilization kinetics and resulting yield of strain KN65.2 in 

195 the absence of AOC.10 A first order decay coefficient of 0.01 h-1 was assumed, as it could not be 

196 estimated from the experiments because they did not continue sufficiently long into decay phase.

197 Model simulations. We used the parameterized kinetic model to simulate the biotransformation 

198 of carbofuran by strain KN65.2 in the presence of AOC and in the presence of AOC and the 
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199 indigenous microbial community. In the former simulation, we assumed only growth processes 

200 were relevant (P1 and P2 in Table S1) and compared the simulation results to the data from 

201 experimental scenario (3). In the latter simulation, we assumed all growth and decay processes 

202 were relevant (P1 through P6 in Table S1) and compared the simulation results to the data from 

203 experimental scenario (4). A summary describing the full model framework and the scenarios that 

204 were simulated is provided in Figure S1.   

205 RESULTS AND DISCUSSION

206 Characterization of water samples. We selected four water sources that had varying amounts 

207 and qualities of AOC and indigenous microbial communities of different environmental origin. 

208 The characterization of the GW, BF, SS, and SP water samples is given in Table 1. The pH of the 

209 water samples ranged between 7.6 and 8.1. Therefore, the neutral species of carbofuran was 

210 dominating in all experiments (pKa=14.7). The specific conductivity of the water samples ranged 

211 between 290 and 676 µS cm-1, which is a typical range for environmentally derived fresh water.32 

212 The water samples differed significantly with regard to the amounts and types of organic 

213 carbon. The dissolved organic carbon concentrations (DOC) ranged over two orders of magnitude 

214 with GW having had the lowest (0.7 mg L-1) and SP having had the highest concentration (10.0 

215 mg L-1). In addition, the fraction of labile organic carbon among the water samples may be quite 

216 different with even GW containing labile organic carbon derived from a variety of sources.33, 34 

217 We used SUVA to measure the degree of aromaticity of the DOC in each of the water samples as 

218 a surrogate for labile organic carbon or AOC quality (less aromaticity leads to more labile organic 

219 carbon).35, 36 Waters with SUVA values >2 L mg C-1 m-1 (BF and SS) have relatively high fractions 

220 of hydrophobic, aromatic, and high molecular weight DOC, while waters with SUVA values <2 L 

221 mg C-1 m-1 (GW and SP) contain mostly hydrophilic, non-humic, and low molecular weight DOC 
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222 fractions.37 Therefore, based on the SUVA measurements given in Table 1, GW and SP were 

223 expected to have the largest fractions of labile organic carbon.

224 As a more direct measure of AOC quality, we also estimated AOC in each of the water 

225 samples by measuring the growth of strain KN65.2 or the indigenous microbial community and 

226 assuming a yield of 109 cells (mg AOC)-1.12 AOC can be considered as the fraction of DOC that is 

227 available for heterotrophic growth by the respective microbial populations and is a better measure 

228 of labile organic carbon than SUVA.38 AOC consists of low molecular weight compounds derived 

229 from primary producers, of substances leaching from dying microorganisms, or of substances set 

230 free by enzymatic and (photo)chemical hydrolysis of more complex DOC.13, 39 AOC values (SAOC) 

231 of the water samples determined with the indigenous microbial community ranged between 0.40 

232 mg L-1 (BF) and 7.03 mg L-1 (SP). Interestingly, AOC made up a larger percentage of the DOC 

233 for GW (66%), SP (70%), and SS (100%) than for BF (28%), confirming that SUVA is not a good 

234 estimator of labile organic carbon. The AOC values (SAOC,X) for the water samples determined 

235 with strain KN65.2 were lower, but followed a similar trend in magnitude and percentage of DOC 

236 as determined for the indigenous microbial community. Importantly, the AOC value estimated for 

237 GW is lower than 0.01 mg L-1, which is often considered a threshold value to support heterotrophic 

238 growth.38 

239 Estimation of kinetic parameters. The kinetic parameters for the growth of the indigenous 

240 microbial community and strain KN65.2 on AOC were independently estimated from the 

241 experimental data for each water sample, as shown in Figures S2 and Figure 1A-D (circles), 

242 respectively. All of the cell density profiles could be adequately described assuming Monod 

243 growth kinetics, and the resulting kinetic parameters are given in Table S2. As was expected in 

244 fitting data of this type, independent estimation of μmax and Ks was challenging because those two 
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245 parameters are not separately identifiable.40 Therefore, we constrained the estimation routine to 

246 only accept values for Ks that were less than the initial AOC concentration for that water sample. 

247 Best fit curves (dotted lines) for growth of strain KN65.2 on the AOC present (circles) are shown 

248 in Figure 1A-D. Limited growth of strain KN65.2 was observed in GW and BF, whereas strain 

249 KN65.2 exceeded 108 cells L-1 in SS and approached 109 cells L-1 in SP. These differences are 

250 attributed to the quantity and quality of AOC and other nutrients present in the respective water 

251 samples and their availability for strain KN65.2.34  

252 Influence of AOC on growth of strain KN65.2 and carbofuran biotransformation. Using the 

253 kinetic parameters estimated for strain KN65.2 from the data collected in experimental scenario 

254 (2), we simulated the expected growth of strain KN65.2 and the concomitant carbofuran 

255 biotransformation (i.e., utilization) in each of the water samples in the absence of the indigenous 

256 microbial community. We used the residual AOC estimated from each water sample as SAOC,X and 

257 1 mg L-1 of carbofuran as STP. The experimental data (squares) and the model simulation (solid 

258 line) for growth of strain KN65.2 and for the concomitant biotransformation of carbofuran are 

259 shown in Figure 1A-H.  

260 The experimental results demonstrate that, in the presence of 1 mg L-1 of carbofuran, the 

261 growth of strain KN65.2 is limited in GW and BF (Figure 1A-B). In fact, growth of strain KN65.2 

262 in GW and BF was the same whether carbofuran had been provided as a supplement (squares) or 

263 not (circles). On the other hand, growth of strain KN65.2 exceeded 109 cells L-1 in SS and SP water 

264 when 1 mg L-1 of carbofuran was added as a growth supplement. Strain KN65.2 achieved greater 

265 cell numbers with carbofuran as a supplement than with residual AOC alone (Figure 1C-D). We 

266 compared these data to those reported previously describing the growth of strain KN65.2 in AOC-

267 restricted mineral media (including excess phosphorous and nitrogen nutrients) in the presence of 
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268 1 mg L-1 of carbofuran as a supplement (Figure 1C, triangles).10 The data from these previous 

269 experiments are the same in each panel and are provided as a reference for the experimental data 

270 reported here. We note that significantly more growth of strain KN65.2 was observed in our 

271 previous experiments in AOC-restricted mineral media when compared to the GW and BF samples 

272 reported here; though more growth was observed in SS and SP water here than in our previous 

273 experiments. This suggests that there might have been a limiting nutrient in the GW and BF water 

274 samples that specifically limited growth of strain KN65.2 (but not of the indigenous microbial 

275 community that was adapted to the oligotrophic conditions), even in the presence of a suitable 

276 growth substrate (carbofuran).41 As a consequence, the simulations for strain KN65.2 growth in 

277 GW and BF (Figure 1A-B, squares) did not agree with the experimental data (Figure 1A-B, solid 

278 line) as the additive biokinetic model assumed that all other growth substrates were in excess. On 

279 the other hand, the simulations (Figure 1C-D, squares) in SS and SP agreed well with the 

280 experimental data (Figure 1C-D, solid line), providing some validation for the additive biokinetic 

281 model framework; the model simulations predict growth that is greater than the measured growth 

282 on either residual AOC or the supplemental carbofuran alone.     

283 The experimental results also demonstrated that carbofuran was biotransformed in all water 

284 samples (Figure 1E-H). In GW and BF, the rate of carbofuran biotransformation was slower than 

285 predicted by our simulation, and in SS and SP the rate of carbofuran biotransformation agreed well 

286 with our predictions. It is interesting to note that we observed carbofuran biotransformation in GW 

287 and BF samples, but did not observe concomitant growth of strain KN65.2. It is also important to 

288 emphasize that the carbofuran biotransformation that we did observe occurred at a slower rate than 

289 one would have predicted based on carbofuran utilization kinetics and associated growth of strain 

290 KN65.2. These coupled observations provide strong evidence that the limited growth that was 
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291 observed for strain KN65.2 in GW and BF was not the result of growth-linked carbofuran 

292 utilization. While the low AOC and poor nutrient environment in GW and BF was expected to 

293 result in the expression of many accessory catabolic pathways,11 it is not clear whether expression 

294 of the specific carbofuran catabolic pathway would have been favored under these conditions. The 

295 carbofuran biotransformation pathway is initiated with a carbamate hydrolysis that, by itself, is not 

296 expected to support growth and is known to be regulated differentially from subsequent 

297 biotransformation steps along the pathway to mineralization.5 The biotransformation of carbofuran 

298 (but not mineralization) would then result in accumulation of metabolites that are not further 

299 metabolized. Our data, therefore, suggest that the carbofuran biotransformation observed in GW 

300 and BF did not lead to mineralization and, consequently, did not support growth of strain KN65.2. 

301 On the other hand, the good agreement between measured growth of strain KN65.2 and carbofuran 

302 biotransformation in SS and SP and our simulations suggests that strain KN65.2 grew on residual 

303 AOC as well as on carbofuran in these water samples, and that the carbofuran utilization kinetics 

304 can be adequately predicted when we treat this coupled growth as an additive biokinetic process. 

305 In conclusion, we note that the additive biokinetic model was able to simulate adequately the 

306 growth of strain KN65.2 and the concomitant biotransformation of carbofuran in natural waters in 

307 the presence of coincidental carbon substrates (i.e., AOC) when the environment also supports 

308 growth of strain KN65.2 in the absence of carbofuran. However, the additive biokinetic model 

309 does not adequately simulate the growth of strain KN65.2 and the concomitant biotransformation 

310 of carbofuran in natural waters that do not support growth or that suppress the catabolic pathway. 

311 This could have been the result of limiting growth nutrients for strain KN65.2 (but not the 

312 indigenous microbial community) in GW and BF or of repression of the catabolic pathway for 

313 carbofuran degradation under oligotrophic conditions.
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314 Influence of indigenous microbial community on growth of strain KN65.2 and carbofuran 

315 biotransformation. Using the kinetic parameters estimated for the indigenous microbial 

316 community and strain KN65.2 from the data collected in experimental scenarios (1) and (2), 

317 respectively, we next simulated the expected growth of strain KN65.2 and the concomitant 

318 carbofuran biotransformation (i.e., utilization) in each of the water samples in the presence of the 

319 indigenous microbial community. We used the residual AOC that can be utilized by strain KN65.2 

320 and the indigenous microbial community as SAOC,X, the residual AOC that can be utilized by the 

321 indigenous microbial community as SAOC,other, and 1 mg L-1 of carbofuran as STP. The 

322 experimental data (black squares) and the model simulation (solid line) for growth of the combined 

323 microbial community (strain KN65.2 + the indigenous microbial community) and the concomitant 

324 biotransformation of carbofuran are shown in Figure 2A-H. We also tracked the specific growth 

325 of strain KN65.2 by means of qPCR-based detection of the functional gene cfdC, encoding the 

326 putative carbofuran-phenol hydroxylase,5  among total community DNA extracts (diamonds) and 

327 simulated the growth of strain KN65.2 using the kinetic parameters derived from experimental 

328 scenario (2) (dotted line). 

329 The experimental results demonstrate that, in the presence of 1 mg L-1 of carbofuran, 

330 growth of the combined microbial community (Figure 2A-D, filled squares) exceeded that which 

331 was observed when strain KN65.2 was present in the absence of the indigenous microbial 

332 community (Figure 1A-D, open squares). This was expected because the combined microbial 

333 community can access more of the residual AOC than strain KN65.2 can by itself. However, our 

334 simulations again predicted greater cell numbers for the combined microbial community in GW 

335 and BF than we observed experimentally (Figure 2A-B). Also, we observed more growth of strain 

336 KN65.2 in GW and BF experiments conducted in the presence of the indigenous microbial 
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337 community (diamonds) than we did in the absence of the indigenous microbial community (open 

338 squares). We attribute this latter finding to members of the indigenous microbial community 

339 breaking down AOC that was not previously accessible to strain KN65.2 into AOC that supported 

340 growth of strain KN65.2. Despite this added growth of strain KN65.2, our simulations of growth 

341 of strain KN65.2 in GW and BF predicted greater cell numbers than we observed experimentally. 

342 On the other hand, our simulations for the combined microbial community (solid line) agreed well 

343 with the experimental data (black squares) in SS and SP (Figure 2C-D), though we over predicted 

344 growth of strain KN65.2 (dotted line) in these simulations. Interestingly, strain KN65.2 grew less 

345 in experiments conducted in the presence of an indigenous microbial community (diamonds) than 

346 in the absence of an indigenous microbial community (open squares) in SS and SP. We attribute 

347 this finding to the indigenous microbial community utilizing a fraction of the residual AOC that 

348 supported growth of strain KN65.2 (SAOC,X), and perhaps also breakdown products of carbofuran 

349 generated by strain KN65.2, leaving less of the residual AOC or the AOC  present in carbofuran 

350 to support growth of strain KN65.2. This interpretation would need to be confirmed by further 

351 experiments. In conclusion, the presence of an indigenous microbial community enhanced the 

352 growth of strain KN65.2 in low AOC or nutrient environments (GW and BF) and inhibited the 

353 growth of strain KN65.2 in high AOC or nutrient environments (SS and SP) likely due to 

354 competition effects.    

355 The experimental results also demonstrate that carbofuran was biotransformed in all of the 

356 water samples, even in the presence of an indigenous microbial community (Figure 2E-H). In GW 

357 and BF, the rate of carbofuran biotransformation increased in the presence of an indigenous 

358 microbial community, in concordance with the increased cell density of strain KN65.2, though the 

359 rate of carbofuran biotransformation remained slower than predicted based on growth-linked 
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360 utilization (Figure 2E-F vs Figure 1E-F). This again suggests that the observed carbofuran 

361 biotransformation in GW and BF did not lead to mineralization, and may be restricted to the initial 

362 carbamate hydrolysis. Therefore, this implies that the rate of carbofuran biotransformation may 

363 have been enhanced in low AOC environments due to co-degradation between strain KN65.2 and 

364 the indigenous microbial community, though limiting factors may have still precluded expression 

365 of the full catabolic pathway. On the other hand, the presence of the indigenous microbial 

366 community had no effect on the rate of carbofuran removal for SS and SP and the experimental 

367 data agreed well with our simulations (Figure 2G-H vs Figure 1G-H), despite the observation 

368 that the indigenous microbial community limited the total growth of strain KN65.2 in terms of cell 

369 density. Our data, therefore, suggest that the presence of an indigenous microbial community had 

370 an overall benefit to carbofuran biotransformation by strain KN65.2 in each water sample type.  

371 Implications for biokinetic modeling of bio-augmentation systems. It is essential to understand 

372 and describe the interactions of AOC and indigenous microbial communities on pesticide 

373 degradation in aquatic environments. An improved understanding of the interactions between 

374 AOC, indigenous microbial communities, and trace-level pesticide degraders will allow us to 

375 predict potential failure and success of bio-augmentation strategies for pesticide removal from 

376 aquatic systems that may include contaminated aquifers or biologically active sand filters used for 

377 drinking water production. In this research, we designed a series of experiments to explicitly 

378 challenge an additive biokinetic model to predict growth of degrader strains on trace-level 

379 pollutants and concomitant biotransformation of the pollutant. We found that under scenarios that 

380 support the growth of the degrader strain in the absence of a trace pollutant (water derived from a 

381 shallow stream (SS) and a stagnant pond (SP)), the degrader strain worked in cooperation with the 

382 indigenous microbial community and an additive biokinetic model could adequately predict 
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383 growth of the combined microbial community and the rate of pollutant utilization. However, under 

384 scenarios that did not support the growth of the degrader strain in the absence of a trace pollutant 

385 (water derived from groundwater (GW) and bank filtrate (BF)), growth of the degrader strain in 

386 the presence of the trace-level pollutant was limited and catabolic pathways may have been 

387 suppressed. These results support the utility of our additive biokinetic framework in some 

388 situations, and suggest that preliminary growth experiments can be useful for predicting the 

389 success of bio-augmentation. In future work, it will be important to identify the specific fractions 

390 of AOC or other trace nutrients that can stimulate the activity of bio-augmented strains in 

391 oligotrophic environments that otherwise do not support their growth.  

392  SUPPORTING INFORMATION

393 Supporting information is available that includes details of the model framework, details of the 

394 experimental matrix, and results of water characterization.   
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397 FIGURE CAPTIONS

398 Figure 1. Results from batch experiments (discrete symbols) and model simulations (continuous 

399 lines) investigating (A-D) the growth of strain KN65.2 and (E-H) the biotransformation of 

400 carbofuran. We report the growth of KN65.2 only on residual AOC (circles; dotted lines) and on 

401 carbofuran in the presence of residual AOC (squares; solid line) in different water samples. The 

402 growth of KN65.2 on carbofuran in AOC-restricted mineral media (data from Helbling et al 10 in 

403 triangles and fitted with dot-dashed line) is shown in figure C. We report biotransformation of 

404 carbofuran in the presence of residual AOC for different water samples (E-H).

405 Figure 2. Results from batch experiments (discrete symbols) and model simulations (continuous 

406 lines) investigating (A-D) the growth of the combined microbial community (strain KN65.2 + 

407 indigenous microbial community) and the growth of strain KN65.2 and (E-H) the 

408 biotransformation of carbofuran. We report the combined microbial community on carbofuran in 

409 the presence of residual AOC (filled square; solid line), and KN65.2 on carbofuran in the presence 

410 of residual AOC and the indigenous microbial community (diamonds; dotted line) for different 

411 water samples. We report biotransformation of carbofuran in the presence of residual AOC and 

412 the indigenous microbial community for different water samples (E-H).
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413 TABLES

414 TABLE 1. Water quality characteristics of the water samples.

pH

Specific 
Conductivity

[µS cm-1]
DOC

[mg L-1]

1SUVA
[L mg 

C-1 m-1]
2SAOC

[mg L-1]
3SAOC,X
[mg L-1]

Ground water (GW) 7.8 490 0.70±0.02 1.4 0.46±0.11 0.008±0.001

Bank filtrate (BF) 7.6 676 1.3±0.01 2.6 0.37±0.08 0.021±0.005

Shallow stream (SS) 8.1 640 1.8±0.03 2.4 3.1±0.11 0.19±0.005

Stagnant pond (SP) 8.1 290 10.0±0.3 1.7 7.0±0.47 0.66±0.039

415 1SUVA = specific ultraviolet absorbance; 2The assimilable organic carbon (AOC) utilized by the indigenous 
416 microbial community in each water sample; 3The assimilable organic carbon (AOC) utilized by strain 
417 KN65.2 in each water sample. 
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22 ABSTRACT

23 The influence that coincidental carbon substrates (i.e., assimilable organic carbon, AOC) and 

24 indigenous microbial communities has on pesticide biotransformation by degrader strains in 

25 aquatic environments is poorly understood. We conducted batch experiments to investigate 

26 carbofuran biotransformation by Novosphingobium sp. KN65.2 using four environmentally 

27 derived water samples with varying amounts and types of AOC and indigenous microbial 

28 communities. We designed experimental scenarios to explore the influence of AOC and 

29 indigenous microbial communities on the growth of strain KN65.2 and the biotransformation of 

30 carbofuran. Relevant kinetic parameters were estimated from simpler experiments, and used to 

31 predict the growth of strain KN65.2 and the biotransformation of carbofuran in more complex 

32 experiments with an additive biokinetic model. We found that an additive biokinetic model 

33 adequately predicts the growth of strain KN65.2 and the rate of carbofuran biotransformation in 

34 natural waters that support the growth of strain KN65.2. However, our model over-predicts the 

35 growth of strain KN65.2 and the rate of carbofuran biotransformation in low-AOC environments. 

36 Overall, our results define the scope within which additive biokinetic models can be used to predict 

37 pesticide biotransformation in the presence of coincidental carbon substrates and indigenous 

38 microbial communities.
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39 INTRODUCTION

40 The presence of pesticides in aquatic systems, even at trace concentrations (ng-μg L-1 range), 

41 might pose long-term environmental or human health risks.1-3 Many pesticides are inherently 

42 biodegradable; one option to accelerate the removal of pesticides from contaminated water systems 

43 is through the addition of bacterial strains with metabolic capabilities to mineralize certain types 

44 of pesticides.4, 5 This process is known as bio-augmentation,6 and bio-augmentation might happen 

45 in a distributed (e.g., addition to aquifers) or localized (e.g., addition to unit processes in water 

46 treatment facilities) manner.7, 8 The practice of bio-augmentation has, however, often failed or is 

47 only briefly successful.9 One likely reason for this failure is that pesticide degrading strains are 

48 enriched and isolated at high pesticide concentrations and they cannot handle substrates at low 

49 concentrations.10 In addition to the physiological challenges presented when growth substrates are 

50 present at trace concentrations,11 there are at least two other fundamental considerations that have 

51 rarely been explored when evaluating pesticide bio-augmentation scenarios. First, natural water 

52 systems contain assimilable organic carbon (AOC) consisting of a complex mixture of substrates 

53 in addition to trace-levels of pesticides.12, 13 The presence of AOC, which we refer to as 

54 coincidental carbon substrates, supports the growth of indigenous microbial communities and may 

55 or may not support the growth of the added pesticide degrader. It is also unclear whether the 

56 presence of AOC, typically at higher concentrations than the pesticide in question, would result in 

57 physiological changes in pesticide degraders and could lead to the down regulation of relevant 

58 pesticide catabolic pathways.14-16 Second, natural waters contain indigenous microbial 

59 communities, and their presence can be a key factor for pesticide biodegradation. For example, 

60 indigenous microbial communities might compete for AOC or other essential nutrients and affect 

61 the density and fate of the pesticide degraders.17, 18
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62 To the best of our knowledge, the literature lacks reports on growth measurements of specific 

63 pesticide degraders with concomitant measurements of pesticide biodegradation at low 

64 concentrations in the presence of AOC and indigenous microbial communities. We believe it is 

65 essential to understand and describe, using suitable models, the interactions between AOC and 

66 indigenous microbial communities and pesticide degradation in aquatic environments. Such 

67 knowledge would allow us to predict potential failure and success of bio-augmentation strategies 

68 for pesticide removal from aquatic systems. Complementary approaches, based on partial least 

69 square analysis, have been examined to predict strain survival and biodegradation activity in 

70 contaminated soils based on soil physico-chemical soil characteristics.19 In this work, we studied 

71 the removal of the carbamate insecticide carbofuran by Novosphingobium sp. KN65.2, a strain that 

72 can mineralize carbofuran as the sole carbon source5 in batch experiments with increasing 

73 complexity. We conducted the experiments using water derived from a variety of natural sources 

74 that contained varying amounts and types of AOC. Experiments were conducted to explicitly 

75 measure growth of strain KN65.2 on AOC in the absence of an indigenous microbial community, 

76 growth of the indigenous microbial community on AOC in the absence of strain KN65.2, growth 

77 of strain KN65.2 on AOC and carbofuran in the absence of an indigenous microbial community, 

78 and growth of both the indigenous microbial community and strain KN65.2 on AOC and 

79 carbofuran. In the latter two cases, we also measured carbofuran biotransformation. In previous 

80 work, we measured growth and carbofuran utilization kinetics of KN65.2 in the absence of AOC.10 

81 We also previously introduced an additive biokinetic model framework to describe growth-linked 

82 biodegradation of trace-level pollutants in the presence of coincidental carbon substrates and 

83 indigenous microbial communities, which we tentatively validated against limited literature-

84 reported experimental data.20 The dataset generated by the experiments reported here allows for a 

Page 41 of 73 Environmental Science: Water Research & Technology



6

85 more thorough evaluation of the proposed biokinetic model, which facilitates a full interpretation 

86 of the experimental results and leads to generalizable insights on the fundamentals of trace-level 

87 pesticide degradation in natural systems. 

88 MATERIALS AND METHODS

89 Carbofuran and strain KN65.2. We selected carbofuran as the model pesticide because it is 

90 frequently measured in surface and groundwater resources21-26 and its occurrence in drinking water 

91 is regulated around the world.27 We purchased carbofuran (99.9% purity) from Sigma-Aldrich 

92 (Seelze, Germany) and prepared spike solutions in AOC-restricted mineral medium at 100 mg L-1 

93 as previously described.10 Novosphingobium sp. strain KN65.2 has the ability to mineralize 

94 carbofuran, and the biotransformation pathway is initiated by carbamate hydrolysis.5 We received 

95 strain KN65.2 as a streak on an R2A agar plate from D. Springael (Department of Earth and 

96 Environmental Sciences, KU Leuven). A single colony was picked from the agar plate and added 

97 to 5 mL of sterilized LB medium. Cells were grown to early-stationary phase and diluted to 

98 approximately 15 % glycerol (0.5 mL of 50 % sterile glycerol added to 1 mL cell culture) and 

99 stored at -80 °C.

100 Environmental water samples. We collected water from four sources: groundwater (GW); bank 

101 filtrate (BF); shallow stream (SS); and stagnant pond (SP) near Dübendorf (CH). We reasoned that 

102 each of the water samples would contain varying quantities and qualities of AOC and diverse 

103 indigenous microbial communities. The samples were collected in 2 L trace clean glass bottles and 

104 pasteurized (30 min at 60°C) within 30 minutes of sampling as previously described.10 A sufficient 

105 volume of each sample was preserved without pasteurization to allow for subsequent re-

106 inoculation of the indigenous microbial community. All water samples were characterized for 
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107 dissolved organic carbon (DOC), specific UV absorbance (SUVA), pH, and specific conductivity 

108 following standard procedures.28

109 Batch Experiments. All glassware and caps used for batch experiments were treated rigorously 

110 to remove any residual AOC as previously described.17, 29 Aliquots of 20 mL of the pasteurized 

111 water samples were filtered through a 0.1 µm Millex® syringe filter (Millipore, Billerica, MA, 

112 USA) into a 40 mL borosilicate glass vial. The 0.1 µm Millex® syringe filter was selected to 

113 ensure that all microorganisms were removed and to limit the leaching of AOC from the filters 

114 into the samples;  the small pore size may have removed a negligible amount of larger AOC 

115 constituents.  The borosilicate glass vials were again pasteurized (30 min at 60°C) to ensure sterile 

116 conditions. We designed four experimental scenarios to meet the project objectives (See Fig 1 in 

117 20). First, the indigenous microbial community was re-introduced into three vials at a concentration 

118 of 103 cells mL-1 and growth on the residual AOC was measured by flow cytometry. The inoculum 

119 was derived from unpasteurized water samples and cells in the inoculum were quantified by means 

120 of flow cytometry. Second, strain KN65.2 was spiked into three vials at a concentration of 103 

121 cells mL-1 and growth on the residual AOC was measured by flow cytometry. The inoculum was 

122 prepared from the frozen glycerol stock and grown in mineral medium amended with 

123 approximately 10 mg L-1 of carbofuran as previously described;10 cells were washed in mineral 

124 medium three times to remove any residual AOC prior to inoculation in experiments. Third, strain 

125 KN65.2 was spiked into three vials at a concentration of 103 cells mL-1 along with 1 mg L-1 of 

126 carbofuran. Growth of strain KN65.2 on residual AOC plus carbofuran was measured by flow 

127 cytometry and carbofuran biotransformation was measured by HPLC-UV. Fourth, the indigenous 

128 microbial community and strain KN65.2 were both added to three vials at a concentration of 103 

129 cells mL-1 along with 1 mg L-1 of carbofuran. Growth of the combined microbial community on 
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130 residual AOC and carbofuran was measured by flow cytometry, growth of strain KN65.2 was 

131 inferred from qPCR-based detection of KN65.2 in total community DNA extracts, and carbofuran 

132 biotransformation was measured by HPLC-UV. All batch experiments were conducted at 30 °C. 

133 Samples were taken at the time of inoculation and periodically thereafter until cell density 

134 measurements suggested stationary phase or carbofuran concentration was below the limit of 

135 detection (<0.05 mg L-1).

136 Quantification of growth by flow cytometry. Cell densities were measured on a BD Accuri C6 

137 Flow Cytometer (Erembodegem, Belgium). Aliquots of 500 μL from a batch experiment were 

138 combined with 5 μL of SYBR Green stain (Molecular Probes, Ba 154 sel, Switzerland) diluted 

139 100-fold in dimethylsulfoxide (Fluka Chemie AG, Buchs, Switzerland) in a 1.5 mL plastic 

140 centrifuge tube (Greiner Bio One, Frickenhausen, Germany), vortexed briefly, and incubated in 

141 the dark at 40 ºC for 10 minutes. For cell densities less than 5×105 cells mL-1, samples were 

142 measured directly on the BD Accuri C6 Flow Cytometer without dilution; for cell densities greater 

143 than 5×105 cells mL-1, samples were diluted in filter-sterilized water. Data were analyzed with 

144 the CFlow v1.0.227.4 flow cytometry software. Enumeration was achieved with signals collected 

145 on the gated combined 533 nm/670nm density plot as previously described.30

146 Quantification of carbofuran biotransformation. HPLC-UV analyses were performed on a 

147 Gynkotek system with a Dionex ASI-100 autosampler and a UVD 340U diode array detector. 

148 Carbofuran was separated on a Nucleosil 100-5 C18 HD column (250×4.0 mm) with an octadecyl 

149 modified high density silica stationary phase (Macherey-Nagel, Düren, Germany). The HPLC was 

150 operated isocratically at a flow rate of 0.7 mL min-1 with 55 % methanol and 45 % nanopure water 

151 eluents. Limits of quantification for carbofuran were less than 0.05 mg L-1 with a 50 μL injection 

152 volume. The Chromeleon Client v6.6 (Dionex) was used for chromatogram analysis.
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153 Quantification of growth of strain KN65.2 by means of qPCR. The collected cells were subject 

154 to DNA extraction using the MP FastDNA™ SPIN Kit (MP Biomedicals LLC., Solon, USA) 

155 following manufacturer’s instructions. Concentration and purity of extracted DNA were checked 

156 by spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA). qPCR was carried out 

157 on extracted DNA samples to determine the relative abundance of KN65.2 cells based on the cfdC 

158 gene and the 16S rRNA gene as targets for quantification of KN65.2 and all bacteria, respectively. 

159 For cfdC detection, primers cfdCfor: CCGCTCATGCCGTTTATCTAC and cfdCrev: 

160 GGTTTCCAGATCGAACTCGC, were used with a PCR program consisting of an initial 5 min. 

161 denaturation at 94oC, 35 cycles of (94oC: 30 s; 54oC: 20 s; 72oC: 30 s) and final 5 min at 72oC. A 

162 unique product size was 252 bp, with melting at 87-88 oC.  An E. coli clone carrying a BamHI 

163 fragment of the cfdC gene served as source for calibration curves. The cfdC qPCR had a linear 

164 dynamic range from 10 to 108 copies/reaction, with an efficiency of 94%. Total bacteria were 

165 enumerated using eubacterial 16S rRNA primers 1055f and 1392r, following standard procedures 

166 as described before.31

167 Additive biokinetic model framework. We calibrated and applied a previously described 

168 additive biokinetic model to interpret the experimental data.20 The model is implemented in 

169 AQUASIM 2.1 and is available upon request from the authors. The model variables and rate 

170 expressions are summarized in Table S1. Briefly, the model considers a trace-level pollutant 

171 (carbofuran, STP) and coincidental carbon substrates (AOC, SAOC) as potentially limiting growth 

172 substrates; all other growth substrates are considered to be in excess. The model also considers the 

173 trace-level pollutant degrader (strain KN65.2, XKN65.2) and the indigenous microbial community 

174 (XBC) as independent populations with independent growth dependencies. XKN65.2 grows on STP 

175 (with a yield of YTP,X) and both XKN65.2 and XBC grow on SAOC. Whereas XBC can access the entire 
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176 pool of SAOC (i.e., the AOC is estimated based on the measured growth of XBC),17
 only a fraction 

177 of the SAOC is available for XKN65.2. Therefore, we divide the SAOC into two pools, SAOC,X and 

178 SAOC,other, denoting the fraction simultaneously available to both XKN65.2 and XBC, and the fraction 

179 exclusively available to XBC, respectively. Saturation-type substrate-dependencies (Monod) are 

180 assumed for all kinetic rate expressions. We assume growth on STP and SAOC is additive, and that 

181 there are no direct interactions between the presence of SAOC and XBC on the growth of XKN65.2 on 

182 STP. We also assume first order biomass decay.

183 Estimation of model parameters. We used data collected from experiments conducted according 

184 to scenarios (1) and (2) to parameterize the biokinetic model. We estimated growth and substrate 

185 utilization kinetic parameters (  and Ks) for strain KN65.2 (XKN65.2) and the indigenous 𝝁𝒎𝒂𝒙

186 microbial community (XBC) on AOC by fitting the biokinetic model function to cell numbers by 

187 non-linear least-squares fitting. The standard deviation for parameter estimation was set to 10% to 

188 ensure the validity of the obtained parameter values.20 The initial AOC concentrations available 

189 for XKN65.2 and XBC in each water sample were estimated from the maximum measured cell 

190 concentrations from experimental scenarios (1) and (2) with previously reported yields on AOC:12

191 AOC [mg L-1] =  (1)
(cells) L ―1

1.0 × 109 cells (mg AOC) ―1

192 Here,  cells (mg AOC)-1 refers to the assumed cell yield YC/S.12 The resulting model 1.0 × 109

193 growth and substrate utilization kinetic parameters are summarized in Table S2 alongside 

194 previously reported data on carbofuran utilization kinetics and resulting yield of strain KN65.2 in 

195 the absence of AOC.10 A first order decay coefficient of 0.01 h-1 was assumed, as it could not be 

196 estimated from the experiments because they did not continue sufficiently long into decay phase.

197 Model simulations. We used the parameterized kinetic model to simulate the biotransformation 

198 of carbofuran by strain KN65.2 in the presence of AOC and in the presence of AOC and the 
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199 indigenous microbial community. In the former simulation, we assumed only growth processes 

200 were relevant (P1 and P2 in Table S1) and compared the simulation results to the data from 

201 experimental scenario (3). In the latter simulation, we assumed all growth and decay processes 

202 were relevant (P1 through P6 in Table S1) and compared the simulation results to the data from 

203 experimental scenario (4). A summary describing the full model framework and the scenarios that 

204 were simulated is provided in Figure S1.   

205 RESULTS AND DISCUSSION

206 Characterization of water samples. We selected four water sources that had varying amounts 

207 and qualities of AOC and indigenous microbial communities of different environmental origin. 

208 The characterization of the GW, BF, SS, and SP water samples is given in Table 1. The pH of the 

209 water samples ranged between 7.6 and 8.1. Therefore, the neutral species of carbofuran was 

210 dominating in all experiments (pKa=14.7). The specific conductivity of the water samples ranged 

211 between 290 and 676 µS cm-1, which is a typical range for environmentally derived fresh water.32 

212 The water samples differed significantly with regard to the amounts and types of organic 

213 carbon. The dissolved organic carbon concentrations (DOC) ranged over two orders of magnitude 

214 with GW having had the lowest (0.7 mg L-1) and SP having had the highest concentration (10.0 

215 mg L-1). In addition, the fraction of labile organic carbon among the water samples may be quite 

216 different with even GW containing labile organic carbon derived from a variety of sources.33, 34 

217 We used SUVA to measure the degree of aromaticity of the DOC in each of the water samples as 

218 a surrogate for labile organic carbon or AOC quality (less aromaticity leads to more labile organic 

219 carbon).35, 36 Waters with SUVA values >2 L mg C-1 m-1 (BF and SS) have relatively high fractions 

220 of hydrophobic, aromatic, and high molecular weight DOC, while waters with SUVA values <2 L 

221 mg C-1 m-1 (GW and SP) contain mostly hydrophilic, non-humic, and low molecular weight DOC 

Page 47 of 73 Environmental Science: Water Research & Technology



12

222 fractions.37 Therefore, based on the SUVA measurements given in Table 1, GW and SP were 

223 expected to have the largest fractions of labile organic carbon.

224 As a more direct measure of AOC quality, we also estimated AOC in each of the water 

225 samples by measuring the growth of strain KN65.2 or the indigenous microbial community and 

226 assuming a yield of 109 cells (mg AOC)-1.12 AOC can be considered as the fraction of DOC that is 

227 available for heterotrophic growth by the respective microbial populations and is a better measure 

228 of labile organic carbon than SUVA.38 AOC consists of low molecular weight compounds derived 

229 from primary producers, of substances leaching from dying microorganisms, or of substances set 

230 free by enzymatic and (photo)chemical hydrolysis of more complex DOC.13, 39 AOC values (SAOC) 

231 of the water samples determined with the indigenous microbial community ranged between 0.40 

232 mg L-1 (BF) and 7.03 mg L-1 (SP). Interestingly, AOC made up a larger percentage of the DOC 

233 for GW (66%), SP (70%), and SS (100%) than for BF (28%), confirming that SUVA is not a good 

234 estimator of labile organic carbon. The AOC values (SAOC,X) for the water samples determined 

235 with strain KN65.2 were lower, but followed a similar trend in magnitude and percentage of DOC 

236 as determined for the indigenous microbial community. Importantly, the AOC value estimated for 

237 GW is lower than 0.01 mg L-1, which is often considered a threshold value to support heterotrophic 

238 growth.38 

239 Estimation of kinetic parameters. The kinetic parameters for the growth of the indigenous 

240 microbial community and strain KN65.2 on AOC were independently estimated from the 

241 experimental data for each water sample, as shown in Figures S2 and Figure 1A-D (circles), 

242 respectively. All of the cell density profiles could be adequately described assuming Monod 

243 growth kinetics, and the resulting kinetic parameters are given in Table S2. As was expected in 

244 fitting data of this type, independent estimation of μmax and Ks was challenging because those two 
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245 parameters are not separately identifiable.40 Therefore, we constrained the estimation routine to 

246 only accept values for Ks that were less than the initial AOC concentration for that water sample. 

247 Best fit curves (dotted lines) for growth of strain KN65.2 on the AOC present (circles) are shown 

248 in Figure 1A-D. Limited growth of strain KN65.2 was observed in GW and BF, whereas strain 

249 KN65.2 exceeded 108 cells L-1 in SS and approached 109 cells L-1 in SP. These differences are 

250 attributed to the quantity and quality of AOC and other nutrients present in the respective water 

251 samples and their availability for strain KN65.2.34  

252 Influence of AOC on growth of strain KN65.2 and carbofuran biotransformation. Using the 

253 kinetic parameters estimated for strain KN65.2 from the data collected in experimental scenario 

254 (2), we simulated the expected growth of strain KN65.2 and the concomitant carbofuran 

255 biotransformation (i.e., utilization) in each of the water samples in the absence of the indigenous 

256 microbial community. We used the residual AOC estimated from each water sample as SAOC,X and 

257 1 mg L-1 of carbofuran as STP. The experimental data (squares) and the model simulation (solid 

258 line) for growth of strain KN65.2 and for the concomitant biotransformation of carbofuran are 

259 shown in Figure 1A-H.  

260 The experimental results demonstrate that, in the presence of 1 mg L-1 of carbofuran, the 

261 growth of strain KN65.2 is limited in GW and BF (Figure 1A-B). In fact, growth of strain KN65.2 

262 in GW and BF was the same whether carbofuran had been provided as a supplement (squares) or 

263 not (circles). On the other hand, growth of strain KN65.2 exceeded 109 cells L-1 in SS and SP water 

264 when 1 mg L-1 of carbofuran was added as a growth supplement. Strain KN65.2 achieved greater 

265 cell numbers with carbofuran as a supplement than with residual AOC alone (Figure 1C-D). We 

266 compared these data to those reported previously describing the growth of strain KN65.2 in AOC-

267 restricted mineral media (including excess phosphorous and nitrogen nutrients) in the presence of 
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268 1 mg L-1 of carbofuran as a supplement (Figure 1C, triangles).10 The data from these previous 

269 experiments are the same in each panel and are provided as a reference for the experimental data 

270 reported here. We note that significantly more growth of strain KN65.2 was observed in our 

271 previous experiments in AOC-restricted mineral media when compared to the GW and BF samples 

272 reported here; though more growth was observed in SS and SP water here than in our previous 

273 experiments. This suggests that there might have been a limiting nutrient in the GW and BF water 

274 samples that specifically limited growth of strain KN65.2 (but not of the indigenous microbial 

275 community that was adapted to the oligotrophic conditions), even in the presence of a suitable 

276 growth substrate (carbofuran).41 As a consequence, the simulations for strain KN65.2 growth in 

277 GW and BF (Figure 1A-B, squares) did not agree with the experimental data (Figure 1A-B, solid 

278 line) as the additive biokinetic model assumed that all other growth substrates were in excess. On 

279 the other hand, the simulations (Figure 1C-D, squares) in SS and SP agreed well with the 

280 experimental data (Figure 1C-D, solid line), providing some validation for the additive biokinetic 

281 model framework; the model simulations predict growth that is greater than the measured growth 

282 on either residual AOC or the supplemental carbofuran alone.     

283 The experimental results also demonstrated that carbofuran was biotransformed in all water 

284 samples (Figure 1E-H). In GW and BF, the rate of carbofuran biotransformation was slower than 

285 predicted by our simulation, and in SS and SP the rate of carbofuran biotransformation agreed well 

286 with our predictions. It is interesting to note that we observed carbofuran biotransformation in GW 

287 and BF samples, but did not observe concomitant growth of strain KN65.2. It is also important to 

288 emphasize that the carbofuran biotransformation that we did observe occurred at a slower rate than 

289 one would have predicted based on carbofuran utilization kinetics and associated growth of strain 

290 KN65.2. These coupled observations provide strong evidence that the limited growth that was 
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291 observed for strain KN65.2 in GW and BF was not the result of growth-linked carbofuran 

292 utilization. While the low AOC and poor nutrient environment in GW and BF was expected to 

293 result in the expression of many accessory catabolic pathways,11 it is not clear whether expression 

294 of the specific carbofuran catabolic pathway would have been favored under these conditions. The 

295 carbofuran biotransformation pathway is initiated with a carbamate hydrolysis that, by itself, is not 

296 expected to support growth and is known to be regulated differentially from subsequent 

297 biotransformation steps along the pathway to mineralization.5 The biotransformation of carbofuran 

298 (but not mineralization) would then result in accumulation of metabolites that are not further 

299 metabolized. Our data, therefore, suggest that the carbofuran biotransformation observed in GW 

300 and BF did not lead to mineralization and, consequently, did not support growth of strain KN65.2. 

301 On the other hand, the good agreement between measured growth of strain KN65.2 and carbofuran 

302 biotransformation in SS and SP and our simulations suggests that strain KN65.2 grew on residual 

303 AOC as well as on carbofuran in these water samples, and that the carbofuran utilization kinetics 

304 can be adequately predicted when we treat this coupled growth as an additive biokinetic process. 

305 In conclusion, we note that the additive biokinetic model was able to simulate adequately the 

306 growth of strain KN65.2 and the concomitant biotransformation of carbofuran in natural waters in 

307 the presence of coincidental carbon substrates (i.e., AOC) when the environment also supports 

308 growth of strain KN65.2 in the absence of carbofuran. However, the additive biokinetic model 

309 does not adequately simulate the growth of strain KN65.2 and the concomitant biotransformation 

310 of carbofuran in natural waters that do not support growth or that suppress the catabolic pathway. 

311 This could have been the result of limiting growth nutrients for strain KN65.2 (but not the 

312 indigenous microbial community) in GW and BF or of repression of the catabolic pathway for 

313 carbofuran degradation under oligotrophic conditions.
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314 Influence of indigenous microbial community on growth of strain KN65.2 and carbofuran 

315 biotransformation. Using the kinetic parameters estimated for the indigenous microbial 

316 community and strain KN65.2 from the data collected in experimental scenarios (1) and (2), 

317 respectively, we next simulated the expected growth of strain KN65.2 and the concomitant 

318 carbofuran biotransformation (i.e., utilization) in each of the water samples in the presence of the 

319 indigenous microbial community. We used the residual AOC that can be utilized by strain KN65.2 

320 and the indigenous microbial community as SAOC,X, the residual AOC that can be utilized by the 

321 indigenous microbial community as SAOC,other, and 1 mg L-1 of carbofuran as STP. The 

322 experimental data (black squares) and the model simulation (solid line) for growth of the combined 

323 microbial community (strain KN65.2 + the indigenous microbial community) and the concomitant 

324 biotransformation of carbofuran are shown in Figure 2A-H. We also tracked the specific growth 

325 of strain KN65.2 by means of qPCR-based detection of the functional gene cfdC, encoding the 

326 putative carbofuran-phenol hydroxylase,5  among total community DNA extracts (diamonds) and 

327 simulated the growth of strain KN65.2 using the kinetic parameters derived from experimental 

328 scenario (2) (dotted line). 

329 The experimental results demonstrate that, in the presence of 1 mg L-1 of carbofuran, 

330 growth of the combined microbial community (Figure 2A-D, filled squares) exceeded that which 

331 was observed when strain KN65.2 was present in the absence of the indigenous microbial 

332 community (Figure 1A-D, open squares). This was expected because the combined microbial 

333 community can access more of the residual AOC than strain KN65.2 can by itself. However, our 

334 simulations again predicted greater cell numbers for the combined microbial community in GW 

335 and BF than we observed experimentally (Figure 2A-B). Also, we observed more growth of strain 

336 KN65.2 in GW and BF experiments conducted in the presence of the indigenous microbial 
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337 community (diamonds) than we did in the absence of the indigenous microbial community (open 

338 squares). We attribute this latter finding to members of the indigenous microbial community 

339 breaking down AOC that was not previously accessible to strain KN65.2 into AOC that supported 

340 growth of strain KN65.2. Despite this added growth of strain KN65.2, our simulations of growth 

341 of strain KN65.2 in GW and BF predicted greater cell numbers than we observed experimentally. 

342 On the other hand, our simulations for the combined microbial community (solid line) agreed well 

343 with the experimental data (black squares) in SS and SP (Figure 2C-D), though we over predicted 

344 growth of strain KN65.2 (dotted line) in these simulations. Interestingly, strain KN65.2 grew less 

345 in experiments conducted in the presence of an indigenous microbial community (diamonds) than 

346 in the absence of an indigenous microbial community (open squares) in SS and SP. We attribute 

347 this finding to the indigenous microbial community utilizing a fraction of the residual AOC that 

348 supported growth of strain KN65.2 (SAOC,X), and perhaps also breakdown products of carbofuran 

349 generated by strain KN65.2, leaving less of the residual AOC or the AOC  present in carbofuran 

350 to support growth of strain KN65.2. This interpretation would need to be confirmed by further 

351 experiments. In conclusion, the presence of an indigenous microbial community enhanced the 

352 growth of strain KN65.2 in low AOC or nutrient environments (GW and BF) and inhibited the 

353 growth of strain KN65.2 in high AOC or nutrient environments (SS and SP) likely due to 

354 competition effects.    

355 The experimental results also demonstrate that carbofuran was biotransformed in all of the 

356 water samples, even in the presence of an indigenous microbial community (Figure 2E-H). In GW 

357 and BF, the rate of carbofuran biotransformation increased in the presence of an indigenous 

358 microbial community, in concordance with the increased cell density of strain KN65.2, though the 

359 rate of carbofuran biotransformation remained slower than predicted based on growth-linked 
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360 utilization (Figure 2E-F vs Figure 1E-F). This again suggests that the observed carbofuran 

361 biotransformation in GW and BF did not lead to mineralization, and may be restricted to the initial 

362 carbamate hydrolysis. Therefore, this implies that the rate of carbofuran biotransformation may 

363 have been enhanced in low AOC environments due to co-degradation between strain KN65.2 and 

364 the indigenous microbial community, though limiting factors may have still precluded expression 

365 of the full catabolic pathway. On the other hand, the presence of the indigenous microbial 

366 community had no effect on the rate of carbofuran removal for SS and SP and the experimental 

367 data agreed well with our simulations (Figure 2G-H vs Figure 1G-H), despite the observation 

368 that the indigenous microbial community limited the total growth of strain KN65.2 in terms of cell 

369 density. Our data, therefore, suggest that the presence of an indigenous microbial community had 

370 an overall benefit to carbofuran biotransformation by strain KN65.2 in each water sample type.  

371 Implications for biokinetic modeling of bio-augmentation systems. It is essential to understand 

372 and describe the interactions of AOC and indigenous microbial communities on pesticide 

373 degradation in aquatic environments. An improved understanding of the interactions between 

374 AOC, indigenous microbial communities, and trace-level pesticide degraders will allow us to 

375 predict potential failure and success of bio-augmentation strategies for pesticide removal from 

376 aquatic systems that may include contaminated aquifers or biologically active sand filters used for 

377 drinking water production. In this research, we designed a series of experiments to explicitly 

378 challenge an additive biokinetic model to predict growth of degrader strains on trace-level 

379 pollutants and concomitant biotransformation of the pollutant. We found that under scenarios that 

380 support the growth of the degrader strain in the absence of a trace pollutant (water derived from a 

381 shallow stream (SS) and a stagnant pond (SP)), the degrader strain worked in cooperation with the 

382 indigenous microbial community and an additive biokinetic model could adequately predict 
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383 growth of the combined microbial community and the rate of pollutant utilization. However, under 

384 scenarios that did not support the growth of the degrader strain in the absence of a trace pollutant 

385 (water derived from groundwater (GW) and bank filtrate (BF)), growth of the degrader strain in 

386 the presence of the trace-level pollutant was limited and catabolic pathways may have been 

387 suppressed. These results support the utility of our additive biokinetic framework in some 

388 situations, and suggest that preliminary growth experiments can be useful for predicting the 

389 success of bio-augmentation. In future work, it will be important to identify the specific fractions 

390 of AOC or other trace nutrients that can stimulate the activity of bio-augmented strains in 

391 oligotrophic environments that otherwise do not support their growth.  

392  SUPPORTING INFORMATION

393 Supporting information is available that includes details of the model framework, details of the 

394 experimental matrix, and results of water characterization.   
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397 FIGURE CAPTIONS

398 Figure 1. Results from batch experiments (discrete symbols) and model simulations (continuous 

399 lines) investigating (A-D) the growth of strain KN65.2 and (E-H) the biotransformation of 

400 carbofuran. We report the growth of KN65.2 only on residual AOC (circles; dotted lines) and on 

401 carbofuran in the presence of residual AOC (squares; solid line) in different water samples. The 

402 growth of KN65.2 on carbofuran in AOC-restricted mineral media (data from Helbling et al 10 in 

403 triangles and fitted with dot-dashed line) is shown in figure C. We report biotransformation of 

404 carbofuran in the presence of residual AOC for different water samples (E-H).

405 Figure 2. Results from batch experiments (discrete symbols) and model simulations (continuous 

406 lines) investigating (A-D) the growth of the combined microbial community (strain KN65.2 + 

407 indigenous microbial community) and the growth of strain KN65.2 and (E-H) the 

408 biotransformation of carbofuran. We report the combined microbial community on carbofuran in 

409 the presence of residual AOC (filled square; solid line), and KN65.2 on carbofuran in the presence 

410 of residual AOC and the indigenous microbial community (diamonds; dotted line) for different 

411 water samples. We report biotransformation of carbofuran in the presence of residual AOC and 

412 the indigenous microbial community for different water samples (E-H).
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413 TABLES

414 TABLE 1. Water quality characteristics of the water samples.

pH

Specific 
Conductivity

[µS cm-1]
DOC

[mg L-1]

1SUVA
[L mg 

C-1 m-1]
2SAOC

[mg L-1]
3SAOC,X
[mg L-1]

Ground water (GW) 7.8 490 0.70±0.02 1.4 0.46±0.11 0.008±0.001

Bank filtrate (BF) 7.6 676 1.3±0.01 2.6 0.37±0.08 0.021±0.005

Shallow stream (SS) 8.1 640 1.8±0.03 2.4 3.1±0.11 0.19±0.005

Stagnant pond (SP) 8.1 290 10.0±0.3 1.7 7.0±0.47 0.66±0.039

415 1SUVA = specific ultraviolet absorbance; 2The assimilable organic carbon (AOC) utilized by the indigenous 
416 microbial community in each water sample; 3The assimilable organic carbon (AOC) utilized by strain 
417 KN65.2 in each water sample. 
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Figure 1. Results from batch experiments (discrete symbols) and model simulations (continuous lines) 
investigating (A-D) the growth of strain KN65.2 and (E-H) the biotransformation of carbofuran. We report 

the growth of KN65.2 only on residual AOC (circles; dotted lines) and on carbofuran in the presence of 
residual AOC (squares; solid line) in different water samples. The growth of KN65.2 on carbofuran in AOC-

restricted mineral media (data from Helbling et al 10 in triangles and fitted with dot-dashed line) is shown in 
figure C. We report biotransformation of carbofuran in the presence of residual AOC for different water 

samples (E-H). 
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Figure 2. Results from batch experiments (discrete symbols) and model simulations (continuous lines) 
investigating (A-D) the growth of the combined microbial community (strain KN65.2 + indigenous microbial 
community) and the growth of strain KN65.2 and (E-H) the biotransformation of carbofuran. We report the 
combined microbial community on carbofuran in the presence of residual AOC (filled square; solid line), and 
KN65.2 on carbofuran in the presence of residual AOC and the indigenous microbial community (diamonds; 

dotted line) for different water samples. We report biotransformation of carbofuran in the presence of 
residual AOC and the indigenous microbial community for different water samples (E-H). 
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1 TABLE S1. Matrix notation of the model framework.

V1 V2 V3 V4 V5                             
STP SAOC,X SAOC,other XKN65.2 XBC

Kinetics Rate Expression

XKN65.2

P1 Growth XKN65.2 on STP -
1

YTP,X
1 μXB,X,TP,max

STPXKN65.2

STP + KTP,X

P2 Growth XKN65.2 on SAOC, Z -
1

YAOC,X
1 μXB,X,AOC,max

SAOC,XXKN65.2

SAOC,X + KAOC,X

P3 Decay of XKN65.2 -1 bXXKN65.2

XBC

P4 Growth XBC on SAOC,X ― 1
YAOCX,BC

1 μXB,BC,AOCx,max
SAOC,XXBC

SAOC,X + KAOC,X,BC

P5 Growth XBC on SAOC,other ― 1
YAOCother,BC

1 μXB,BC,AOC other,max
SAOC,otherXBC

SAOC,other + KAOC,other,BC

P6 Decay of XBC -1 bBCXBC

2
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3 TABLE S2. Model parameters calculated from batch experiments in the absence of carbofuran supplements. 

Strain KN65 (XKN65)  Natural community (XBC)

Substrate Carbofuran1 AOCGW AOCBF AOCSS AOCSP AOCGW AOCBF AOCSS AOCSP

µmax

 [day-1]
7.8 0.106 0.647 7.78 15.18 10.0 10.11 16.78 6.11

Ks 

[mg L-1]
1.5 0.0001 1.4×10-4 0.63 1.92 4.35 1.10 2.64 0.0003

YC/S

[Cells (mg 
substrate)-1]

3.12×109 1.0×109 1.0×109 1.0×109 1.0×109 1.0×109 1.0×109 1.0×109 1.0×109

4 1Data from previous publication: Helbling, D. E.; Hammes, F.; Egli, T.; Kohler, H. P. E., Kinetics and Yields of Pesticide Biodegradation at Low 
5 Substrate Concentrations and under Conditions Restricting Assimilable Organic Carbon. Appl Environ Microb 2014, 80, (4), 1306-1313.
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FIGURE S1. General procedure for prediction of carbofuran degradation by KN65.2 in water 
samples by the proposed model framework
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Figure S2: Growth of the indigenous microbial community on AOC in (A) groundwater, (B) 
bank filtrate, (C) a shallow stream, and (D) a stagnant pond.
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