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18  Abstract

19  Molecular diagnostics provide advantages in many areas of water quality analysis compared to
20  cultivation-based methods, yet their implementation remains limited mainly due to reliance on
21 specialized instruments, trained personnel and regulatory barriers. To bridge this gap, we
22 developed and evaluated a rapid and field-compatible workflow for the assessment of
23 microbiological water quality. The approach combines simple, ionic liquid-based DNA
24 extraction directly from water filters with detection by loop-mediated isothermal amplification
25 (LAMP). Performance was assessed using three representative bacterial targets (Escherichia
26  coli, Pseudomonas aeruginosa, Enterococcus faecalis) and the human-associated faecal marker
27  HFI183 in environmental water samples to determine the applicability in resource-limited
28  settings. Each step of the workflow was carefully benchmarked against state-of-the-art
29  molecular diagnostics. First, our sample processing method was evaluated using dilution series
30  of target cells, demonstrating strong linearity and reliable detection down to very low cell
31  numbers. In spiked environmental water matrices, the method performed competitively with a
32 commercial extraction kit and phenol-chloroform-based extraction both of which require bead-
33  Dbeating steps. The evaluated sample processing method was then coupled with LAMP for on-
34 site target detection. This integrated workflow was highly competitive with reference
35  workflows across the entire concentration range of the chosen targets and showed similar
36 process limits of detection. Validation with environmental water samples demonstrated robust
37  performance, rapid detection times, and minimal variability across matrices. Overall, our
38  workflow offers simplicity without compromising applicability and reliability compared to
39  state-of-the-art molecular methods. The results indicate strong potential for rapid on-site

40  molecular testing in resource-limited settings.
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49 1. Introduction

50  Access to clean and safe water is a foundation of human health and development. Water used
51  for drinking and personal hygiene that is contaminated with harmful microorganisms can have
52  immediate and profound effects on health, contributing to disease transmission, either by
53  waterborne diseases or indirectly by foodborne diseases. These diseases disproportionately
54  affect low- and middle-income countries, where infrastructure for water and sanitation remains
55  limited [1]. The ability to accurately and rapidly assess microbial water quality is central for
56  the protection of public health. Cultivation-based approaches remain the gold standard in
57  microbial water quality assessment. These methods are inexpensive, simple, well standardized
58 and have long been embedded in regulatory frameworks, routine monitoring and standardized
59  protocols [2]. However, they suffer significant limitations, including low specificity, if no
60 additional specific analyses are performed, and long incubation times [2—4]. By contrast,
61  molecular diagnostic methods, including quantitative PCR (qPCR), isothermal amplification
62 and high-throughput sequencing offer rapid, sensitive, and specific detection with added
63  potential for comprehensive microbial community profiling. These techniques enable
64 identification of both culturable and non-culturable pathogens, including viruses and protozoa
65  that cannot be detected by conventional culture [4,5]. In contrast to PCR methods, isothermal
66  amplification methods such as loop-mediated isothermal amplification (LAMP) do not require
67 complex thermal cyclers, making them a promising alternative for field-testing in resource-
68  limited settings [6]. In the context of faecal contamination of environmental waters, molecular
69  detection methods also have the advantage of allowing source determination by detecting host-
70  associated source tracking markers, such as HF183 (Human Faecal Marker) or BacR (Ruminant

71 Faecal Marker) [7,8].

72 Despite these advantages, molecular diagnostics remain underutilized in water quality

73 monitoring worldwide [9]. Factors contributing to this slow rate of implementation are:
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74 Regulatory frameworks rarely mandate molecular methods, favouring standardized cultivation
75  assays that are well-established in legislation [10]. Moreover, molecular diagnostics are often
76 methodologically complex, requiring specialized laboratories and highly trained personnel.
77  They also tend to be more expensive compared with traditional approaches [11]. Also, usually
78  molecular diagnostics do not provide information about cell viability or pathogen infectivity
79  [5]. Before implementing a molecular diagnostic assay, it is important to evaluate the assay
80 characteristics not only with pure cultures of the target, but also with environmental samples
81  containing variable sample matrices and a diverse background microbiota [3]. For qPCR
82  methods it is essential and often challenging to establish calibration standards and standardized
83  protocols to ensure accuracy and consistency [5]. Additionally, to enable detection of specific
84  DNA sequences with qPCR or isothermal amplification, the genetic material must first be
85 released from cells and separated from interfering components. This generally involves
86  disrupting cells, removing proteins, lipids, inhibitors, and nucleases, and isolating the purified
87  DNA. Cell disruption can be achieved through thermal, chemical, enzymatic, mechanical, or
88  combined treatments [12]. Subsequent purification steps commonly employ hazardous reagents
89 like phenol—chloroform or expensive commercial extraction kits. While these approaches yield
90  high-quality DNA, they tend to be labour-intensive, time-consuming, and costly, and in some
91  matrices can produce inconsistent DNA recovery [13]. These limitations become particularly
92  problematic in low-resource environments, where complex sample processing remains a major
93  barrier to implementing molecular diagnostics. As a result, the use of molecular diagnostics for
94  water quality is largely confined to research contexts, specialized government laboratories, and
95 commercial testing facilities, rather than being widely deployed in municipal or community-
96 based monitoring systems [14]. This disconnect highlights a pressing need to translate
97 laboratory-based innovations into practical tools that can be implemented at scale. One of the
98 avenues of implementation could be the availability of fast, low-cost methods, that can be

99  performed on-site by non-specialists.
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100  The present study seeks to address this gap by developing and evaluating a rapid and simplified
101 workflow for the assessment of microbiological water quality integrating all the necessary steps
102  of sample concentration, DNA extraction, DNA amplification and evaluation of the results. To
103  this end, we developed a rapid sample processing method relying on minimal equipment and
104  coupled it with isothermal amplification protocols and an easy visualisation of amplified
105  products by eye to enable rapid on-site detection. We benchmarked this simplified workflow
106  against state-of-the-art lab-based molecular diagnostics using a set of three representative
107  bacterial target organisms (E. coli, P. aeruginosa and E. faecalis) and the human-associated
108  faecal marker HF183. An in-depth comparison was conducted with environmental water
109  samples, aiming to determine the applicability of the developed workflow for reliable microbial

110  monitoring in resource-limited and point-of-care settings.
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111 2. Material and Methods

112 2.1 Bacterial reference strains

113 As bacterial reference strains we selected Escherichia coli ATCC 11775, Enterococcus faecalis
114  ATCC 19433 and Pseudomonas aeruginosa ATCC 10145. E. coli and P. aeruginosa were
115  grown overnight in lysogeny broth (Merck, Darmstadt, Germany) and E. faecalis in tryptic soy
116  broth (Merck) at 37°C and 180 rpm. On the next day, cultures were diluted to an ODgg of 0.1
117  and grown until reaching ODgg of 1. Cells were harvested by centrifugation (5 min, 4000 x g),
118  washed, and resuspended in isotonic saline solution. For the experiments described in section
119 3.3, each bacterial suspension was diluted with isotonic saline solution in serial 10-fold
120  dilutions, whereby “dilution 0” represents the undiluted bacterial suspension. For the
121 experiments described in section 3.4, the resuspended cells were used for spiking different types
122 of water samples. To quantitatively determine total bacterial cell counts, epifluorescence
123 microscopy was used (S4 Table, S3 Fig). Bacterial cell suspensions were fixed with
124  paraformaldehyde (final concentration 0.8%) overnight at 4 °C and filtered through 0.2-um
125  Anodisc 25 filters (Whatman, Germany) as previously described [15].

126 2.2 Filtration

127  Polycarbonate membrane filters with a pore size of 0.22 pm and a diameter of 25 mm (Merck)
128  were used for filtration of cells. 1 mL of each sample was filtered in duplicates (3.1) and
129  triplicates (3.2 and 3.3). For the spiking experiments in section 3.4, 1 mL of wastewater influent,
130 50 mL of surface water and 100 mL of groundwater were filtered, each in duplicates.

131 2.3 DNA extraction

132 The extraction of genomic DNA was performed using one of the following methods: an ionic
133 liquid-based extraction protocol, a phenol-chloroform extraction protocol and QIAamp DNA
134  Mini Kit as well as Qiagen PowerSoil Kit (Qiagen, Hilden, Germany). Extraction controls were
135  always carried out for each DNA extraction method in order to rule out contamination during

136  the extraction process.
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137  When directly extracting DNA from cell suspensions in section 3.1 and 3.2 employing ionic
138  liquids (IL) and magnetic beads (MB) [15], 10 pL of the cell suspension was mixed with 90 pL
139  0of 90% w/w 1-ethyl-3-methylimidazolium acetate ([C2mim][OAc]) in 10 mM Tris pH 8 buffer
140  and incubated at room temperature for 5 min. Afterwards, the undiluted [C2mim][OAc] lysate
141 was mixed with 150 pL of SeraSil-Mag™ 400 silica coated superparamagnetic beads (Cytiva,
142 Vienna, Austria), vortexed and diluted with 765 pL of 10 mM Tris pH 8 buffer. The solution
143 was incubated (24°C, 10 min, 1400 rpm) to aid binding of nucleic acids to the beads. The beads
144  were collected by placing the tube onto a magnetic separation rack for 30 to 60 s and the
145  supernatant was discarded. 500 pL of 70% ethanol in 10 mM Tris pH 8 buffer was used for
146 washing of the beads, before letting them air-dry for 10 to 15 min. DNA was eluted with 50 pL
147  of TE buffer and incubation (65°C, 3 min, 1400 rpm).

148  Fig 1 shows the adjusted method for DNA extraction from filters with ionic liquids and
149  magnetic beads (F+IL+MB). For this, 90 pL of 90% w/w [C2mim][OAc] with 10 mM Tris
150  pH 8 buffer was mixed with the filter and vortexed at room temperature for 5 min. Afterwards,
151  the filter was washed with 765 pL of 10 mM Tris pH 8 buffer. The resulting mixture was
152  transferred into a clean reaction tube, and the filter was discarded. Then, the solution was mixed
153  with 150 pL of SeraSil-Mag™ 400 silica coated superparamagnetic beads and the standard
154  protocol was followed as described above.

155  <<Fig 1>>

156 Fig 1: Optimized IL-based extraction method enabling recovery of DNA, with the complete procedure taking roughly 30

157 minutes and requiring only about 5 minutes of actual hands-on work; Figure created in BioRender.com,

158

159  The extraction with Qiagen kits was performed following the manufacturer’s instructions. For
160  the Qiagen PowerSoil Kit, filters were directly put into the “Power Bead Tubes”. In the last

161  step, DNA was eluted in 50 pL of the respective buffer.
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162  For phenol-chloroform extraction, the protocol by [16] was followed, with DNA precipitation
163  using isopropanol instead of polyethylene glycol. Recovered DNA was dissolved in 50 uL of
164  TE buffer. All isolated DNA was stored at -20°C until further use.

165 2.4 Quantitative PCR targeting E. coli, P. aeruginosa, E. faecalis and HF183

166  The following quantitative PCR (qPCR) assays were used for the quantification of target
167  strains: E. coli [17], P. aeruginosa [18], E. faecalis [19,20] and HF183 [7]. Reactions were
168  carried out in a total reaction volume of 15 pL containing 2.5 pL DNA sample and performed
169  onaqTOWER? G real-time thermocycler (Analytik Jena, Jena, Germany). qPCR reactions were
170  carried out in triplicates, and no-template controls (NTCs) were included in each run. A plasmid
171  dilution series containing a known number of the target gene was used to generate a calibration
172 curve. Potential qPCR inhibition associated with residual IL was assessed by analysing different
173 dilutions (1:4, 1:8 and 1:16) of the same F+IL+MB DNA extracts. The resulting Cq values were
174  compared across dilution steps to determine whether dilution of the extracts resulted in an
175  unexpected improvement in amplification, which would indicate the presence of inhibitory
176  compounds. All reaction compositions and oligonucleotides used are listed in S1 and S2 Table,
177  respectively.

178 2.5 LAMP reactions targeting £. coli, P. aeruginosa, E. faecalis and HF183

179  All LAMP reaction compositions and conditions as well as the oligonucleotides for E. coli [21],
180  P. aeruginosa [22], E. faecalis [23] and HF183 [24] are listed in S1 and S2 Table, respectively.
181  The LAMP reactions were either performed on a heating block or in a qgTOWER? G real-time
182  thermocycler. The real-time fluorescence was considered as positive, if a threshold time (t;)
183  value could be detected in 60 minutes. The automatic manufacturer settings were used to set
184  the thresholds to ensure that there was no bias in the data analysis. Since LAMP is generally
185  considered to be a qualitative method, the results were evaluated solely based on the presence
186  or absence of a signal above the threshold value. Additionally, LAMP reactions were carried

187  out on a heating block for 60 min at their respective temperature, followed by 10 min at 80°C



http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

188  to stop the reaction. For the visualization of results, 9 uL aliquot of the products from finished
189  LAMP reactions were mixed with 1 uLL of a 1000 x SYBR® Green I nucleic acid stain (Thermo
190  Fisher Scientific, Waltham, USA) solution. When the LAMP reaction was successful, the
191  originally orange dye shifted to a bright light-green colour as it intercalated into resulting
192  double-stranded DNA, which altered its visible-light emission profile. By comparing this
193  visualisation with the t; values of the analysis in the real-time thermocycler, we could estimate
194  how long the amplification time needs to be to reach a positive signal even at low sample
195  concentrations. LAMP reactions were carried out in triplicates and NTCs were included in each
196  run.

197 2.6 Water Samples

198  Influent samples were collected from a municipal wastewater treatment plant serving
199  approximately 280.000 population equivalents. Sampling was conducted over a 24-hour period
200 using a flow-proportional composite sampling approach. Surface water samples were collected
201  as grab samples from the Danube River in Krems, Austria in sterile 1 L glass bottles.
202  Groundwater samples were obtained from a large karstic spring in the Northern Calcareous
203  Alps, which is used for drinking water production, using Nalgene sampling bottles (4.2 L;
204  Nalgene Europe, Hereford, UK) that had been rinsed with acid and ddH,O and subsequently
205 autoclaved. All samples were kept at 4°C in cooling boxes during transport and processed
206  within six hours of collection.

207 2.7 Spike Calculations

208  For the spiking experiments in section 3.4, different water types were spiked with overnight
209  cultures of E. coli, P. aeruginosa, E. faecalis and, as a source for HF 183, wastewater influent.
210  The target concentration was 10° cells/reaction or 103 marker equivalents/reaction in the final
211  assay reaction. Therefore, 1.4x107 cells/filter of E. coli, 2x10° cells/filter of P. aeruginosa,
212 8x10° cells/filter of E. faecalis and 2x10° marker equivalents/filter of HF183 were spiked

213 into/added to the different water samples. Each organism was spiked and analysed separately.

10
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214  Since different volumes were filtered for each specific water type, the results were evaluated
215  per eluate to ensure better comparability. All un-spiked water samples were assessed with
216  specific qPCR and LAMP assays, to obtain background values for the sample matrix. A
217  background contribution below 5% of the corresponding spiked sample signal was considered
218  negligible, as such a contribution was not expected to materially affect the comparison between
219  spiked samples or extraction methods. In the two samples exceeding this threshold, background
220  signals remained substantially lower than the corresponding spiked signals and did not affect
221  the interpretation of the results.

222 2.8 Software used

223 Calculations, tables and diagrams were generated in Microsoft Excel (2025). The graphical
224  abstract and Fig 1 were generated in BioRender under academic license (Farnleitner, A.)
225  (biorender.com).

226 2.9 Data availability

227  The raw data of the qPCR and LAMP analyses can be found on the TU Wien Research Data

228  repository under the DOI: 10.48436/gje3c-e3x80 (https://doi.org/10.48436/gje3c-e3x80).

11
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229 3. Results

230  Our simplified workflow was designed to enable rapid, on-site molecular detection of bacterial
231  indicators and pathogens and comprises three major steps: sample filtration, DNA extraction,
232 and isothermal amplification with read out of results. Membrane filtration was performed using
233 polycarbonate filters (0.2 pum pore size, 25 mm diameter). The DNA extraction method using
234 hydrophilic ionic liquids (ILs) combined with magnetic bead (MBs) purification was
235  specifically adapted to the prior filtration step to ensure simple, rapid and efficient recovery of
236 nucleic acids. This sample processing method for extracting DNA directly from the filter
237  (F+IL+MB) was evaluated using three representative bacterial targets. To assess analytical
238  performance, dilution series of selected bacterial indicators and pathogens were analysed by
239 gPCR and compared to current standard DNA extraction protocols. To further examine
240  applicability under realistic conditions, environmental water samples were included in the
241 evaluation. Finally, the complete workflow was validated by analysing both the dilution series
242 and the spiked environmental samples with isothermal amplification assays, allowing direct
243 comparison between the simplified workflow and the state-of-the-art laboratory-based
244 molecular detection methods.

245 3.1 Establishment of filter-based DNA extraction method for bacteria

246  In the present study, we developed and optimized a novel filter-based sample processing
247  method specifically for application in microbial water quality analysis by integrating membrane
248 filtration with an ionic liquid- and magnetic bead-based DNA extraction protocol (IL+MB). Its
249  extraction chemistry was based on a previously established protocol for direct DNA extraction
250  from liquid bacterial cell suspensions, primarily in the context of clinical samples [15]. In
251  contrast to the previous protocol, the sample processing method developed in this study enables
252 direct processing of filter-retained microorganisms and was specifically optimized and

253  validated for water samples.

12
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254 To evaluate this approach, E. coli was chosen as the model due to its relevance as a common
255  water quality indicator. For method establishment, detection was performed using an E. coli-
256  specific qPCR assay, while direct extraction of the cell spike using the QIAamp DNA Mini Kit
257  (Qiagen) served as a reference. To optimize extraction efficiency, different volumes of 90%
258  w/w [C2mim][OAc] were tested (500 pL, 250 pL, 90 uL) and added to the filter, which has
259  been transferred to a clean reaction tube after filtration. Likewise, different mixing approaches
260 were evaluated for ensuring contact between filter and IL in the reaction tube, including
261  incubation of filter+IL with shaking and with vortexing at room temperature for 5 min. The
262  resulting mixture was transferred into a clean reaction tube, and the filter was discarded. Then,
263  the solution was mixed with 150 pL of SeraSil-Mag™ 400 silica coated superparamagnetic
264  beads and the standard protocol was followed as described in Section 2.3. These pre-
265  experiments showed that vortexing the filter with 90 pL IL for 5 min was sufficient to lyse
266  bacterial cells retained on the filter (S1 Fig). Also, the effect of additional filter rinsing was
267  evaluated, because the viscous IL partially adheres to the wall of the reaction tube after
268  vortexing, which could result in a lower DNA yield. For this, 90uL IL was added to the filter
269  and the vial was vortexed at room temperature for 5 min. Before mixing the solution with MB,
270  the filter was rinsed either one time with 765 pL, two times with 383uL or three times with
271 255puL of 10 mM Tris pH 8 buffer. Results showed that one additional washing/elution step of
272 the filter with 765 pL of Tris buffer improved the extraction efficiency by a factor of 2.46 (S2
273 Fig). Although the protocol was initially established using E. coli, subsequent optimization with
274  P. aeruginosa and the Gram-positive bacterium E. faecalis showed that the same extraction
275  conditions performed best for all three species. This optimized sample processing method was
276  used as the simple extraction procedure for the subsequent experiments (F+IL+MB). To assess
277  whether residual IL affected downstream qPCR amplification, different dilutions of the same
278  F+IL+MB DNA extracts were analysed. Amplification followed the expected pattern across

279  the tested dilutions, with no indication of improved amplification upon sample dilution. These

13
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280  results provided no evidence of relevant qPCR inhibition by residual IL under the tested
281  conditions.

282 3.2 Assessment of sample processing method with selected target bacteria

283  To evaluate efficiency and applicability of the newly developed sample processing method
284  (F+IL+MB), P. aeruginosa and E. faecalis were added as target organisms. Cell suspensions
285  of all three bacterial target strains were processed and quantified using species-specific gPCR
286  assays to assess extraction efficiency. As reference methods, the ionic liquid-based extraction
287  method (IL+MB) [15] and the QIAamp DNA Mini Kit (QIAamp) were used. Both methods
288  were applied directly on the cell suspension, without prior filtration. The results of the QlAamp
289  Kit were defined as the 100% recovery benchmark. In Fig 2 all results are summarized.
290  Absolute values of measured genome copies/uL are provided in S3 Table. For E. coli, all
291  workflows yielded comparable results, with the F+IL+MB method yielding DNA
292  concentrations only 0.2 logio genome copies/uL less compared to the QIAamp Kit. For P.
293  aeruginosa, similar trends were observed with high recovery across methods, although IL+MB
294  and F+IL+MB performed slightly better than the QIAamp Kit. In the case of E. faecalis, more
295  pronounced differences emerged. The IL+MB approach resulted in lower and more variable
296  recovery, approximately 1.4 log;o genome copies/uL lower than those obtained with the
297  QIAamp Kit. By contrast, the combined F+IL+MB method achieved yields that were only 0.9
298  logyo genome copies/uL lower compared to the QIAamp Kit, thereby improving extraction
299 efficiency and reducing variability compared to direct IL+MB.

300

301 <<Fig 2>>

302 Fig 2: Comparison of DNA extraction efficiency for three target bacteria E. coli, P. aeruginosa and E. faecalis using different
303 extraction workflows; The field-compatible sample processing method (F+IL+MB) (grey) was compared with the commercial
304 QIlAamp DNA Mini Kit (QIAamp) (crosses) and the previous published ionic liquid-based extraction protocol (IL+MB) (lined)
305 without upstream filtration of cell suspensions; Boxes cover the 25th to 75th percentile; Line within the boxes: median;

306 Whiskers: min and max; Values shown are mean values from three biological replicates;

14
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307 3.3 Validation of sample processing method with dilution series of selected target bacteria

308 To systematically validate performance and robustness of the developed sample processing
309 method, dilution series of E. coli, P. aeruginosa, E. faecalis cells and wastewater containing
310 the HF183 marker were analysed to assess quantitative consistency across decreasing target
311  concentrations. The dilution series was designed to extend to complete dilution of the organism,
312 with the lowest dilution representing a condition in which the presence of the target organism
313 s no longer statistically expected. As water quality analysis workflows inherently rely on
314  filtration as an initial concentration step, the simplified sample processing method for DNA
315  extraction from filters (F+IL+MB) was benchmarked against two commonly used laboratory
316  reference protocols for filter-based DNA extraction: phenol-chloroform extraction (P/C) and
317  the Qiagen PowerSoil Kit (QPS). The use of filtration-based reference methods ensures
318 methodological comparability and reflects standard practices. Both reference methods use an
319 initial bead-beating step for mechanical lysis. All samples were processed in parallel and
320 analysed with their specific qPCR assays. Cell counts of bacterial cultures used for the dilution
321  series can be found in S4 Table, and representative pictures of the cultures imaged and
322 quantified under an epifluorescence microscope are shown in S3 Fig.

323 All three workflows showed strong linear relationships between cell numbers and detected
324  genome copies or marker equivalents for each target over the whole range of the dilution series
325 (Fig 3). For E. coli, only minor differences in recovery were observed between extraction
326  protocols. Overall, the F+IL+MB method demonstrated reliable linearity across the dilution
327 range (R?=0.996). In the case of P. aeruginosa, the F+IL+MB method yielded a regression of
328 y=0.914x + 0.314, which closely matched the slopes obtained for P/C (0.915) and QPS (0.924).
329  The lower intercept of the F+IL+MB method reflects that the absolute DNA yield per cell is
330 reduced compared to the reference methods (P/C and QPS). Despite this shift, the near-identical
331  slopes confirm that our novel sample processing method maintained a high degree of linearity

332 and quantitative consistency across the entire dilution series. For E. faecalis, our method

15
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333  demonstrated reliable linearity between cell count and detected genome copies (R* = 0.975).
334  Nevertheless, a slightly lower extraction efficiency of about 1-2 log;o genome copies at higher
335 input levels was found. For the source tracking marker HF 183, similar regressions were found
336  along the dilution series and between the different methods. However, as the starting solution
337  had lower input values, only 4 dilution steps were detected for P/C and 5 steps for both QPS
338  and the F+IL+MB method. The clear linearity of all workflows further supports the estimation
339  of the range of quantification in the absence of background matrix interference, indicating
340 reliable detection at even low input values of 1-2 log;o genome copies/reaction. This underlines
341  the applicability of our workflow for sensitive monitoring of drinking water quality.

342 <<Fig3>>

343 Fig 3: Validation of sample processing method (F+IL+MB) with dilution series of selected target bacteria: E. coli (A), P.
344 aeruginosa (B), E. faecalis (C) and HF 183 (D); Comparison of F+IL+MB (rhombus, blue) with phenol-chloroform extraction
345 protocol (P/C; circle, black) and commercial Qiagen PowerSoil Kit (QPS, triangle, grey); Values shown are mean values from

346 two biological replicates;

347 3.4 Validation of sample processing method with various environmental water matrices

348 To determine the applicability of the developed sample processing method for reliable
349  microbial monitoring in resource-limited settings, target detection in environmental water
350 samples was assessed. Wastewater, river water and groundwater were used in this experiment.
351  These water samples were spiked separately with known concentrations of E. coli, P.
352  aeruginosa, E. faecalis and HF183, respectively. DNA was extracted with F+IL+MB, P/C and
353  QPS and analysed with their respective qPCR assays.

354  Table 1 shows the results of qPCR analysis of all three water types with the four different targets
355  and three different DNA extraction methods. For E. coli spiked in wastewater, our sample
356  processing method reached similar values as QPS, and approximately 0.5 log;o genome copies
357  more than P/C. Similar trends were observed in surface and groundwater. For P. aeruginosa,
358  QPS and F+IL+MB performed comparably in wastewater, both surpassing P/C by a factor of

359  roughly 2. In surface water, our sample processing method reached values of 0.3 — 0.4 log)o
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360  genome copies less than QPS, being similar to the results from P/C. In groundwater, the three
361  methods produced variable results, with F+IL+MB yielding 1.1 — 1.5 log;o higher genome copy
362  numbers than QPS. The greatest extraction variability between methods occurred in the case of
363  E. faecalis. In wastewater, F+IL+MB resulted in substantially lower yields of 1.1 — 2 log;g
364  genome copies less compared to the reference methods. As for surface water, it achieved
365 considerably less than QPS, however our method achieved approximately 2 log;y genome
366  copies more than P/C. Similar to the other water samples with E. faecalis, our sample processing
367  method reached about 1.7 — 1.8 log;o genome copies lower yields compared to QPS in the case
368  of groundwater. For the human-associated marker HF183, both QPS and F+IL+MB produced
369  comparably high recoveries in wastewater with F+IL+MB reaching 83-151% of the values
370  achieved by QPS. Both methods were outperforming P/C by several fold. In surface water, all
371  three methods yielded similar values, with the largest deviation being 0.25 log;, genome copies.
372 In the case of groundwater, F+IL+MB resulted in comparable values to QPS, with P/C
373  delivering lower extraction efficiencies. Target recoveries obtained with F+IL+MB were
374  comparable across wastewater, surface water and groundwater, with discernible effect of the
375  water matrix consistently on target yield. This indicates that no substantial matrix-associated

376  effect on workflow performance was observed under the applied conditions.

377
378 Table 1: Validation of sample processing method with diverse environmental water matrices (wastewater, surface water,
379 groundwater) spiked with E. coli (turquoise), P. aeruginosa (yellow), E. faecalis (blue) or HF183 (brown), respectively;

380 Comparison of three extraction methods: phenol-chloroform protocol (P/C), Qiagen Kit (QPS), developed sample processing

381 method (F+IL+MB); Shade of colour corresponds to target concentration in relation to the min and the max for the respective
382 organism; Results are in log;y (genome copies +1) / eluate;
Organism Water sample P/C QPS F+IL+MB
7.32 8.06 7.86
Wastewater
7.29 7.93 7.98
5.16 8.34 8.33
E. coli Surface water
8.15 8.63 8.12
7.77 8.38 7.92
Groundwater
7.57 8.66 7.88
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6.92 7.09 7.10
Wastewater
6.74 7.17 6.96
6.92 7.14 6.72
P. aeruginosa Surface water
6.91 7.25 6.99
6.83 5.56 7.07
Groundwater
6.94 5.78 6.91
Wastewater
E. faecalis Surface water
Groundwater
Wastewater
7.13 7.32 7.13
HF183 Surface water ———— R
7.19 7.33
6.80 7.15
Groundwater
6.69 7.09

383

384 3.5 Validation of integrated simplified workflow — combining sample processing with LAMP

385  detection

386  For the validation of our complete workflow, the established sample processing method was
387  combined with isothermal amplification to enable rapid, on-site detection. To directly assess
388  whether the extraction procedure affected subsequent LAMP performance, DNA obtained from
389  the same dilution series of the selected targets using P/C, QPS and F+IL+MB was analysed
390  with the respective target-specific LAMP assays under identical amplification conditions for
391  each extraction method. Amplification was achieved both in a real-time thermocycler and on a
392  standard heating block with subsequent SYBR Green I addition for rapid and simple visual
393  read-out of results by the naked eye. Absolute threshold times for all samples can be found in
394 S5 Table.

395 The evaluation with LAMP revealed distinct detection patterns across dilution levels and
396  extraction methods for all four targets (Table 2). For E. coli, P. aeruginosa and E. faecalis all

397 three extraction approaches (P/C, QPS, F+IL+MB) showed consistent detection (3/3 replicates)
18
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398 starting from a theoretically equivalent DNA content of 6.0, 7.0 and 6.2 logso cell
399  counts/reaction (dilution 0 A and B, Table 2) down to 1.0, 2.0 and 1.2 logso cell
400  counts/reaction, respectively (dilution 5 A and B, Table 2). For samples with lower
401  concentrations, only partial detection was observed with 2/3 or 1/3 positive replicates
402  depending on the extraction method. In line with qPCR results, no signal was obtained at the
403  highest dilution step, in which no target cells are expected to be present (dilution 7_A and B,
404  Table 2), for all three bacterial targets. The comparable detection ranges obtained for
405  F+IL+MB, P/C and QPS also was an indication that the IL-based extraction procedure did not

406  adversely affect subsequent LAMP amplification under the tested conditions.

407

408 Table 2: TOP: Validation of workflow with dilution series of selected target bacteria E. coli, P. aeruginosa, E. faecalis and
409 marker HF183 analysed with their respective LAMP assay; Comparison of F+IL+MB with phenol-chloroform extraction
410 protocol (P/C) and Qiagen PowerSoil Kit (QPS); BOTTOM: Validation with diverse environmental water matrices
411 (wastewater, surface water, groundwater) spiked with E. coli, P. aeruginosa, E. faecalis or HF 183, respectively; Comparison

412 of three extraction methods: P/C, QPS, F+IL+MB measured with specific LAMP assays;

E. coli P. aeruginosa E. faecalis HF183
F+IL F+IL F+IL F+IL
P/C  QPS “MB P/C QPS “MB P/C QPS “MB P/C QPS “MB
Section 3.5.: Dilution series analysed with LAMP
0A 33 33 373 33 33 373 33 3/3 373 33  3/3 373
0B 33 33 373 33 33 33 33 3/3 373 33 3/3 373
1 A 3/3 33 373 33 3/3 33 3/3  3/3 33 33 3/3 373
1B 33 33 33 33 33 373 33 3/3 33 33 3/3 3/3
2 A 33 33 373 33 33 33 33 3/3 373 2/3 33 33
2 B 33 33 373 33 33 33 33 3/3 373 33 3/3 373
3A 3/3 33 373 33 33 33 3/3  3/3 33 03 03 373
3B 33 33 33 33 33 373 33 3/3 33 03 33 373
4 A 33 33 373 33 33 33 33 3/3 373 03 173 273
4 B 33 33 373 33 33 33 33 3/3 373 03 03 073
5 A 3/3 33 373 33 3/3 373 3/3  3/3 33 03 03 073
5B 2/3 33 33 33 33 373 33  3/3 33 03 03 073
6_A 2/3  2/3 373 2/3  3/3 23 33 2/3  3/3 03 03 073
6B 173 2/3 373 173 33 173 33 3/3 373 03 03 073
7_A 03 03 073 03 03 0/3 03 03 0/3 03 03 073
7B 03 03 073 03 03 073 03 03 073 03 03 073

Section 3.6.: Spiked water samples analysed with LAMP

33 33 373 33 33 3/3 3/3  3/3 373 3/3  3/3 373
33 33 373 33 33 373 33 3/3 373 33 3/3 373

Wastewater
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33 33 373 33 33 373 33 3/3 373 33 3/3 373
33 33 373 33 33 33 33 3/3 373 33  3/3 373
33 33 373 33 33 373 33 3/3 373 3/3 33 373
33 33 33 33 33 373 33 3/3 373 33 33 373

Surface water

Groundwater

413

414  For E. coli, our F+IL+MB method maintained positive replicates even at dilution level 6
415  (dilution 6 _A and B, Table 2), whereas not all replicates of P/C and QPS were detected. In the
416  case of P. aeruginosa, only 2/3 and 1/3 replicates of the F+IL+MB method at 1.1 log;, cell
417  counts/reaction (dilution 6 A and B, Table 2) were detected, although all replicates of QPS
418  were confirmed. For E. faecalis, no clear differences between extraction methods were found.
419  Asno cell counts can be obtained for the HF 183 marker, results were analysed based on dilution
420  steps. Samples until dilution 2 were generally positive across methods. Consistent with gPCR
421  results, the detection rate dropped below that and from dilution 3 onwards, replicate losses were
422  frequent. However, the F+IL+MB method was able to maintain detection of all replicates of
423  dilution 3 and also partially of dilution 4. In comparison, no signal was obtained after dilution
424 2 for P/C, and for QPS only one biological replicate of dilution 3 was detected. As a
425  representative example of visualization of amplified products by eye, the dilution series of E.
426  coli extracted with F+IL+MB was amplified on a heating block and stained with SYBR Green
427 1 (S4 Fig). All dilution levels, except for the highest dilution 7, exhibited the characteristic
428  colour change from orange to green. The lowest detected concentration (dilution 6) had a
429  threshold time of 23.3 minutes and corresponded to 27.4 genome copies/reaction as determined
430 by qPCR (Table 1). Overall, the simplified workflow showed performance levels highly
431  competitive with lab-based methods and the findings of fluorescence staining were in perfect
432 accordance with those obtained from real-time thermocycler analysis, which is a promising
433 result in view of the intended application.

434 3.6 Validation of integrated simplified workflow with environmental water matrices

435  For the validation of our integrated workflow in realistic resource-limited settings, the spiked
436  environmental water samples were also assessed with their respective LAMP assays.
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437  Qualitative results are shown in Table 2, while absolute threshold times for all samples can be
438  found in S6 Table. In summary, all spiked water samples were reliably detected (3/3 replicates)
439  for all four targets. Across all tested water matrices and target organisms, our sample processing
440  method consistently yielded the shortest detection times and predominantly the lowest
441  variability between replicates. For E. coli, the F+IL+MB method reduced detection time by
442  several minutes (3-8 minutes) compared to P/C, with the most pronounced difference observed
443  in wastewater samples. Similar trends were observed for P. aeruginosa, where notably,
444  F+IL+MB showed the lowest variability across replicates and water types, suggesting more
445  robust performance in complex matrices. Although the differences were smaller for E. faecalis,
446  our sample processing method maintained consistent performance across all water matrices,
447  even though the extraction efficiency was two orders of magnitude lower than for QPS, as seen
448  in the qPCR results (Table 1). The human-associated marker HF183 exhibited similar method-
449  dependent patterns, with F+IL+MB improving detection speed, particularly in surface and
450  groundwater samples. No systematic increase in threshold times or loss of detection was
451  observed across the tested water matrices, indicating that matrix-associated components did not
452  substantially interfere with amplification under the applied conditions. All spiked water
453  samples exhibited the characteristic colour change from orange to green (indicating positive
454  detection) after the amplification on a heating block and staining with SYBR Green I (S5 Fig).

455 3.7 Additional fluorescence-based characterization of LAMP reveals semi-quantitative

456  behaviour

457  To further characterize the analytical behaviour of the LAMP assays, the real-time fluorescence
458  data were additionally analysed for a potential relationship between amplification kinetics and
459  template concentration. This evaluation served as a complementary characterization of LAMP
460 and was independent of the field-compatible visual readout with SYBR Green I. When
461  comparing absolute threshold times of LAMP analyses from the dilution series as well as spiked

462  water samples (S5 and S6 Tables), we observed that the isothermal amplification method,
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463  although generally considered a qualitative analysis, exhibited a consistent correlation between
464  amplification time and template concentration. As shown in Fig 4 for the F+IL+MB samples,
465  the time to positive signal (minutes) correlated linearly with the logarithm of the genome copy
466  numbers or marker equivalents determined by qPCR. Linear regression analysis revealed strong
467  coefficients of determination for all tested targets, indicating that LAMP signal dynamics reflect
468  target abundance over a wide dynamic range. Similar relationships were confirmed for P/C and
469  QPS extraction samples (S6 Fig). These findings therefore highlight the semi-quantitative
470  potential of fluorescence-monitored LAMP, while the simplified field-compatible workflow
471  described in this study relies on visual endpoint readout rather than real-time instrumentation.

472 <<Fig 4>>

473 Fig 4: Comparison of results from LAMP (minutes) and qPCR (log;y (genome copies +1) / reaction or log o (marker equivalents
474 +1) /reaction) for F+IL+MB extraction samples of dilution series of model organisms E. coli (triangle, yellow), P. aeruginosa
475 (rhombus, grey), E. faecalis (square, blue) and the HF 183 marker (circle, black); Values shown are mean values from two
476 biological replicates and three replicates of each in gPCR and LAMP analysis; standard deviation was always below 0.44

477 log o (genome copies +1) / reaction for gPCR and below 3.48 minutes for LAMP;
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479 4. Discussion

480  Although molecular diagnostic tools can provide rapid, sensitive, and highly specific detection,
481  they are still not routinely applied in global water monitoring [9]. Their use in on-site
482  applications is even rarer [25]. To address this gap, we developed a sample processing protocol
483  compatible for the use in resource-limited and field settings and coupled it with isothermal
484  amplification protocols to enable rapid and simple on-site detection of selected target
485  organisms.

486  Previous studies have demonstrated the feasibility of field-ready water quality assessment and
487  achieved reliable detection of waterborne pathogens, for example by employing portable
488  devices or diagnostics workstations (e.g. [14,26]), coupling isothermal amplification with
489 lateral-flow assays [27], microfluidic based platforms [28] or microchips [29]. Nevertheless,
490  many still rely on multistep sample preparation, laboratory-dependent extraction protocols, or
491  sophisticated and expensive amplification and readout equipment. Additionally, methods often
492  exhibit low sensitivity, high limits of detection or lack validation with real water samples. Other
493  approaches omit dedicated DNA extraction and instead introduce the filter directly into
494  amplification reactions, which simplifies the workflow but increases susceptibility to
495  amplification inhibition or reduces sensitivity due to low cell lysis efficiency. The potential of
496  applying isothermal amplification for water quality assessment has been demonstrated in
497  multiple studies on the detection of diverse indicators and pathogens, e.g. E. coli [30],
498  enterococci [23,31], P. aeruginosa [32], as well as Vibrio cholerae [33]. Other isothermal
499  amplification assays for waterborne pathogens include Salmonella [34], Legionella [35] and
500 Listeria monocytogenes [36]. Additionally, assays for human-, ruminant-, pig- or poultry-
501  associated source tracking markers have been published [24,37,38].

502  Unfortunately, very few studies address the issue of sample filtration and DNA extraction,
503  which are essential for making isothermal amplification useful for water quality assessment in

504 the field. Conventional DNA extraction techniques often depend on the usage of hazardous
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505  reagents or specialized equipment and tend to be labor-intensive, time-consuming and costly
506  [13]. These limitations become particularly problematic in low-resource environments, where
507 complex sample preparation remains a major barrier to implementing molecular diagnostics.
508 ILs by contrast, have emerged as promising tools for simplifying and improving nucleic acid
509 extraction workflows. They are a class of organic salts that remain liquid at temperatures below
510 100 °C and have been used to isolate nucleic acids from viruses [39], bacteria [13,15] and plants
511  [40] as well as meat [41]. ILs can also be applied for more complex matrices such as whole
512 blood [42] or urine samples [43]. For our DNA extraction method, the hydrophilic IL
513  [C2mim][OAc] was combined with silica-coated magnetic beads (MBs) to enable rapid and
514  straightforward DNA purification. In this approach, nucleic acids released during lysis bind to
515 the bead surface in the presence of chaotropic agents, while unwanted cellular material is
516 removed through successive washing steps. We demonstrated the compatibility of this DNA
517  extraction method with prior water sample concentration by membrane filtration, establishing
518 anovel approach to enable rapid and on-site water quality testing. When cells are collected on
519 membrane filters before extraction, several challenges can arise. Cells often adhere strongly to
520 the filter surface or become trapped within its pores, making detachment and complete lysis
521  more difficult [44]. Furthermore, the filter material itself can interfere with extraction
522 chemistry. These effects can reduce recovery, introduce contaminants, or hinder efficient access
523  of lysis steps to the trapped cells [45]. In initial experiments, we adapted the DNA extraction
524  method for the application on filters. We showed that adding an additional rinsing step of the
525 filter improved extraction efficiency and was thereby comparable to direct extraction of the cell
526  suspension. For the target bacteria E. coli and P. aeruginosa, the developed sample processing
527 method achieved comparable or even higher extraction efficiencies than the commercial kits.
528  The Gram-positive bacteria E. faecalis proved to be a more challenging target probably due to
529 a thicker and multi-layered cell wall, making cells more resilient to lysis [15]. Future

530 optimisation could therefore evaluate longer lysis durations or moderately increased lysis
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531 temperatures to improve DNA recovery from Gram-positive organisms. Interestingly, the
532 sample processing method with prior filtration substantially enhanced recovery for E. faecalis
533  and performed close to the commercial kit.

534  Beyond analytical performance, the three extraction methods also differed in cost, hands-on
535 time and equipment requirements. Including the polycarbonate membrane filter, estimated
536  reagent and material costs were approximately €4.20 per sample for F+IL+MB, €3.00 for
537  phenol-chloroform extraction, and €12.20 for the PowerSoil kit. Estimated hands-on times were
538  approximately 5-10 min for F+IL+MB, 30-35 min for phenol-chloroform extraction, and 15-
539 20 min for the PowerSoil kit, while approximate total processing times were 30-35min, 75-85
540 min, and 40-45 min, respectively. Although phenol-chloroform extraction had the lowest
541  reagent costs, it required bead beating, repeated high-speed centrifugation and the handling of
542  hazardous organic solvents. In contrast, F+IL+MB required neither bead beating nor
543  centrifugation and relied only on comparatively simple laboratory equipment. These practical
544  differences support the suitability of F+IL+MB for decentralized or resource-limited settings,
545  where access to specialised equipment and appropriate facilities for handling hazardous
546  solvents may be limited. Importantly, this simplification did not substantially compromise
547  analytical performance. Our sample processing approach exhibited a strong linear relationship
548  between cell numbers and genome copies or marker equivalents detected by qPCR across the
549  tested dilution series. When evaluated on environmental water samples, our method achieved
550 results comparable to those obtained with the commercial PowerSoil kit and surpassed phenol-
551  chloroform extraction for most water types and target organisms. One notable exception was
552  P. aeruginosa in groundwater, where QPS yielded substantially lower genome copy numbers
553  than F+IL+MB. As this reduction was not observed in the other water matrices, it may reflect
554  method-specific variability and/or DNA loss during the more complex bead-beating and
555  purification procedure rather than a consistent matrix effect. Both reference methods are well

556  established for DNA extraction in environmental aquatic microbiology. Overall, our developed
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557  sample processing method combined shorter processing times, lower equipment requirements
558 and avoidance of hazardous organic solvents with analytical performance that was comparable
559  to established laboratory-based extraction methods.

560  Finally, the sample processing method was combined with LAMP. For the dilution series, our
561 workflow showed consistent detection (3/3 replicates) of all targets across the entire
562  concentration range. Reactions run on a heating block and when visualised by SYBR Green
563  staining were in perfect accordance with those obtained from thermocycler-based amplification.
564  The results indicated that 30 minutes of amplification time was sufficient to detect even low
565  concentrations. These experiments demonstrated that the proposed on-site workflow performed
566  highly competitive with laboratory-based workflows (i.e.: bead-beating based commercial kit
567 or phenol-chloroform extraction combined with qPCR). The validation on spiked
568  environmental water samples demonstrated the robustness of the approach for field application.
569  All targets were reliably detected both with thermocycler-based amplification with real-time
570  fluorescence monitoring and heating block amplification with endpoint-SYBR Green I staining
571  and visual read-out. Across all tested water matrices and target organisms, the novel workflow
572  consistently yielded the fastest detection times, very low variability between replicates and no
573  significant effects of any background matrices. Additionally, there are indications that the IL-
574  based sample processing was enhancing the LAMP assays as evident in shorter threshold times,
575  which might prove beneficial for rapid on-site analysis.

576  Furthermore, we also found that, despite being regarded as a qualitative method, LAMP showed
577 a clear inverse relationship between amplification time and template concentration. Under
578  fluorescence-monitored conditions, this behaviour indicates that LAMP can offer at least semi-
579  quantitative insights. This finding has also been explored by other publications, which have
580 proposed quantitative isothermal amplification methods based on colour changes measured by
581  visual inspection, real-time fluorescence measurements or specialized software for smartphone

582  cameras [46—48]. The development of quantitative isothermal amplification methods would be
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583  an important step, as they enable reliable risk, process and method assessment beyond mere
584  detection of presence, and could thus advance their establishment in molecular water quality
585 analysis.

586  Several limitations and opportunities for further development should nevertheless be
587  considered. As the workflow is readily adaptable to additional microbial targets and
588  environmental water matrices, further studies should validate it using a broader range of water-
589 related pathogens and environmental water matrices. In addition, improving the detection limit
500 will be important for targets that may pose a health risk even when present at low
591  concentrations. For the same reason, our workflow could be particularly useful for the detection
592  of faecal indicators and microbial source tracking markers, as these targets often occur in high
593  concentrations. To further increase operational simplicity, reagents could be lyophilised and
594  supplied in ready-to-use reaction tubes. Integration of extraction and LAMP into a lab-on-a-
595  chip platform could ultimately enable compact and battery-powered diagnostic devices.

596  The proposed workflow still requires simple laboratory equipment and electric power. Its most
597  practical application may therefore lie in decentralized laboratory settings or mobile testing
598 units that lack advanced molecular biology infrastructure and specialized personnel. The
599  current workflow can thus be regarded as an intermediate implementation stage between

600 conventional centralised molecular diagnostics and fully integrated point-of-need systems.
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601 5. Conclusion

602  This study contributes to overcoming key barriers that have so far limited the widespread
603  integration of molecular diagnostics into routine water quality monitoring. The successful
604  combination of field-compatible DNA extraction with isothermal amplification enabled the
605  rapid and reliable detection of selected targets in environmental water samples. The integrated
606  workflow achieved performance comparable to established laboratory-based reference methods
607  while reducing processing time, methodological complexity, and dependence on specialised
608 instrumentation. By addressing critical time-based and logistical limitations inherent to
609  conventional monitoring strategies, the workflow provides a practical basis for decentralised

610  water quality testing and may support rapid screening and timely on-site risk assessment.
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796  Supporting information

797 S1 Table. Oligonucleotides used for qPCR and LAMP assays in this study.
798  Summary of primers and probes used for qPCR and LAMP detection of the investigated
799  microbial targets.

800 S2 Table. Reaction compositions and amplification conditions of the qPCR and LAMP
801  assays used in this study.
802  Summary of reaction compositions and amplification conditions for the target-specific qPCR
803 and LAMP assays for E. coli, P. aeruginosa, E. faecalis, and HF183.

804  S1 Fig. Establishment of the filter-based IL+MB DNA extraction procedure using E. coli.
805  The previously established IL+MB extraction method was adapted for DNA extraction from
806 membrane filters. Direct extraction of the corresponding cell suspension using the QIlAamp
807 DNA Mini Kit (Qiagen) and the original IL+MB protocol served as reference methods. For
808  optimization of the filter-based procedure, different volumes of ionic liquid (IL; 500 pL, 250
809 uL, and 90 pL) and different approaches to ensure contact between the filter and IL (shaking
810 or vortexing) were evaluated. Following lysis, DNA was purified using magnetic beads (MB).
811  Boxes represent the 25th—75th percentiles, the horizontal line indicates the median, and
812  whiskers indicate minimum and maximum values. Data represent two independent biological
813  replicates, each analysed in technical triplicate.

814  S2 Fig. Effect of an additional filter rinsing step on DNA recovery using the F+IL+MB
815  procedure.

816  The effect of additional filter rinsing was evaluated using E. coli. Direct extraction of the
817  corresponding cell suspension using the QIAamp DNA Mini Kit (Qiagen) and the original
818 IL+MB protocol served as reference methods. Following IL-mediated lysis, filters were rinsed
819 either once with 765 pL, twice with 383 pL, or three times with 255 pL of 10 mM Tris (pH 8)
820  before magnetic bead-based DNA purification. Boxes represent the 25th—75th percentiles, the

821  horizontal line indicates the median, and whiskers indicate minimum and maximum values.
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822  Data were obtained from three independent biological replicates, each analysed in technical
823 triplicate.

824  S3 Table. Absolute genome copies obtained during validation of the sample processing
825 method with bacterial reference strains.
826  Measured genome copies per pL obtained after DNA extraction using the filter-based
827  F+IL+MB procedure, the QIAamp DNA Mini Kit, and the original IL+MB protocol without
828  prior filtration. Values are presented as means from three independent biological replicates,
829  each analysed in technical triplicate, with the corresponding standard deviations.

830 S4 Table. Cell counts of bacterial overnight cultures determined by epifluorescence
831  microscopy.

832  Cell concentrations of the bacterial cultures used in this study as determined by epifluorescence
833  microscopy. Values from three independent biological replicates, their means, and
834  corresponding standard deviations are shown.

835 S3 Fig. Epifluorescence microscopy of bacterial reference cultures used for DNA
836  extraction experiments.
837  Representative images of freshly grown bacterial cell suspensions used for DNA extraction
838  experiments. Cells were fixed with paraformaldehyde, filtered through 0.2-um Anodisc 25
839 filters, and visualized by epifluorescence microscopy. (A) E. coli, (B) P. aeruginosa, and (C)
840  E. faecalis. Scale bar, 10 um.

841 S5 Table. LAMP threshold times obtained from dilution series of the selected microbial
842  targets.

843  Results from dilution series analysed using the respective target-specific LAMP assays
844  following DNA extraction by phenol-chloroform extraction (P/C), the Qiagen PowerSoil Kit
845  (QPS), or the developed filter-based IL+MB procedure (F+IL+MB). Each dilution step was
846  analysed in two independent biological replicates (A and B). Values represent mean threshold

847  times (tt, min) obtained from three amplification replicates.
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848  S4 Fig. Visual endpoint detection of LAMP products from an E. coli dilution series
849  following F+IL+MB extraction.
850 DNA extracted using F+IL+MB was amplified on a heating block for 60 min at 66°C and
851  subsequently stained with SYBR Green I. (A) Visual evaluation of amplified products by the
852  naked eye. Samples from left to right: negative control followed by dilution steps 7 to 0. (B)
853  Visualization of the same amplification products under UV illumination. Samples are arranged
854  from the highest dilution (dilution step 7) to the undiluted sample (dilution step 0).

855 S6 Table. LAMP threshold times obtained from spiked environmental water samples.
856  Wastewater, surface water, and groundwater samples were individually spiked with E. coli, P.
857  aeruginosa, E. faecalis, or HF 183 and processed using phenol-chloroform extraction (P/C), the
858  Qiagen PowerSoil Kit (QPS), or the developed filter-based IL+MB procedure (F+IL+MB).
859  Threshold times are reported in minutes. Colour shading indicates the threshold time relative
860  tothe minimum and maximum values obtained for the respective target. Values represent means
861  from three amplification replicates.

862 S5 Fig. Visual endpoint detection of LAMP products from spiked environmental water
863  samples following F+IL+MB extraction.
864 DNA extracted from spiked wastewater, surface water, and groundwater samples using
865  F+IL+MB was amplified on a heating block for 60 min at the respective target-specific LAMP
866  temperature and subsequently stained with SYBR Green I. Samples from left to right: negative
867  control, wastewater samples (1-2), surface water samples (3—4), and groundwater samples (5—
868  6). Each water matrix was analysed in two independent biological replicates. (A) E. coli, (B) P.
869  aeruginosa, (C) E. faecalis, and (D) HF183.

870 S6 Fig. Relationship between LAMP threshold time and qPCR-derived target
871  concentration for the three extraction methods.
872  Comparison of LAMP threshold times (min) with target concentrations determined by qPCR

873  for dilution series of the investigated targets. qPCR results are expressed as logl0(genome
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874  copies + 1) per reaction for bacterial targets or logl O(marker equivalents + 1) per reaction for
875 HF183. Results are shown for phenol-chloroform extraction (P/C; circles), the Qiagen
876  PowerSoil Kit (QPS; triangles), and the developed filter-based IL+MB procedure (F+IL+MB;
877  diamonds). Panels show (A) E. coli, (B) P. aeruginosa, (C) E. faecalis, and (D) HF183. Values
878  shown are mean values from two biological replicates and three replicates of each in qPCR and
879  LAMP analysis.

880
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