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ABSTRACT

Monitoring of Escherichia coli concentrations in river water (RW) is essential to identify fecal
pollution of the river. The objective of this study was to assess the suitability of a novel simple
and high throughput method developed in our laboratory to enumerate E. coli concentrations in
RW samples. The method is based on the use of the synthetic substrate specific for the B-D-
glucuronidase (GUS) produced by E. coli. GUS activities and E. coli concentrations were
monitored at eight selected sites in rivers running through Sapporo, Japan. Because the
fluorescence intensities of the synthetic substrate in the RW samples increased linearly over a 4-h
incubation period, we could estimate the GUS activities of the RW samples. The GUS activities
were highly correlated with E. coli concentrations at >100 most probable numbers 100 mL"!
with a correlation coefficient of 0.87. The GUS activities of the RW samples collected from all
sampling sites fitted well to a single correlation equation, which indicates that it was applicable
to the estimation of E. coli concentrations regardless of the sampling sites. This method is
simple, rapid, reliable, inexpensive, and high throughput, and is therefore useful for monitoring
E. coli in RW.
Keywords

Enzyme; Fecal pollution; Fluctuation; Fluorescence; Sapporo; Wastewater
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1 Introduction

Rivers provide many ecosystem services, through the provision of drinking water, irrigation
water, livestock watering, fisheries, and recreational activities, but also through supporting and
maintaining aquatic ecosystem functions. Fecal pollution of an urban river negatively impacts
those ecosystem services. Urban river water (RW) contaminated with the pathogenic bacteria,
protozoa and viruses present in feces can pose a serious threat to human health. Combined sewer
overflows, the treated wastewater discharged from wastewater treatment plants (WWTPs) and
septic tanks, and stormwater runoff contaminated with feces from livestock, wild animals and
pets can be a source of pathogens in urban areas (Templar 2016). Previous studies have reported
that urbanization and rainfall events caused fecal pollution in Beiyun River, which flows through
Beijing and Tianjin, China (Zhang 2020); agricultural and urban drainage water and bird feces
were the likely source of fecal contamination in the Yahara lakes, the Columbia River and the
Mississippi River, USA (Stadler 2019). The microbiology of an urban river, especially the fate,
transport and pathways of pathogens, is spatially and temporally complicated because of

variability in their sources, survival, growth and complex transport processes (Jang 2017).

Because of the high cost and complexity of direct pathogen monitoring, fecal pollution is
usually identified by monitoring fecal indicator bacteria because they are present in the
gastrointestinal tract of humans and most warm-blooded animals, and easily and effectively grow
in or on common laboratory media (Jang 2017). Escherichia coli has historically been used as a
fecal indicator bacterium (Poopipattana 2018, Shrestha 2016). Currently, E. coli enumeration
methods include multiple tube fermentation, membrane filtration, plate count methods (Rice

2017), and quantitative polymerase chain reaction (QPCR; Zhang and Ishii, 2018). However,
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growth-based methods can require laborious media preparation and long incubation periods for
growth of E. coli (e.g., >18h), while skilled technical staff are required to perform molecular
biological techniques (e.g., qPCR) (Pala 2020). Because of these drawbacks, current methods are
not suitable for monitoring the dynamics of E. coli concentrations in an urban river, which
requires extensive sampling and laboratory analysis efforts. This makes it difficult to facilitate

effective and timely decision-making for mitigating fecal pollution of an urban river.

To overcome these problems, alternative rapid and simple methods have been developed
based on the detection of B-D-glucuronidase (GUS), which is produced by most E. coli strains
(Pala 2020). Herein, a synthetic substrate, specific for GUS produced by E. coli, was added to a
water sample. The synthetic enzyme substrate comprises -D-glucuronic acid as the substrate for
GUS, the fluorescence molecule, which produces a detectable signal after the enzymatic
reaction, and a labile spacer which connects the substrate to the fluorescence molecule. Typically,
the GUS activity of a water sample is detected using the synthetic substrate 4-
methylumbelliferyl-B-D-glucuronide (MUG). When MUG is added to the sample with E. coli, its
spacer is degraded via hydrolysis by GUS activity. Then, the fluorogenic substrate, such as
methylumbelliferone (MU), is liberated and generates a fluorescence signal, the intensity of
which is proportional to the GUS activity. Many previously developed methods using this
approach have been applied to measure E. coli concentrations in drinking water (Hesari 2016),
wastewater (Satoh 2020) and natural freshwater (George 2000, Heery 2016, Stadler 2019,
Wildeboer 2010). The detection limit and response time of those methods were ca. 10 cells mL™!
and <2 h, respectively. Specifically, the technology of automated GUS activity measurement

allowed for simple and easy determination of E. coli concentrations in large freshwater bodies
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(Stadler 2019), RW (Burnet 2019) and streams (Stadler 2016). However, they measure only one
sample per test and are not suitable for high throughput determination. Briciu-Burghina (2019)
developed ColiSense for E. coli detection, which relies on the detection of GUS with 6-chloro-4-
methyl-umbelliferyl-B-D-glucuronide as a fluorogenic substrate and measures a direct kinetic
response of extracted GUS. However, it requires lysis of E. coli cells and filtration for cell
concentration, GUS extraction and purification (Briciu-Burghina 2017). Analysis of fecal
pollution in an urban river in which the E. coli distribution is spatially and temporally

heterogeneous requires a high throughput monitoring system.

Previously, we developed a simple (no pretreatment), inexpensive (0.02 USD per
sample), high throughput (up to 96 samples per test) method to enumerate E. coli concentrations
in municipal wastewater samples based on GUS activity measurement (Satoh 2020). In the
previous study, E. coli concentrations in wastewater samples taken from different stages of the
treatment process and different WWTPs were successfully determined within 3 h with a dynamic
range of 10! to 10* most probable number (MPN) mL!. However, this technology has never
been applied to RW samples that have E. coli at much lower concentrations. In this study, we
applied our method to RW samples to assess the suitability of our method to enumerate E. coli
concentrations in RW samples. The RW samples were taken at eight selected sites in rivers
running through Sapporo, Japan from May 2017 to January 2018. Six of the sites were located
upstream and downstream from discharge outlets of three municipal WWTPs to analyze the
effect of treated wastewater on E. coli concentrations in urban rivers. The GUS activities
determined by our method were compared with E. coli concentrations determined by the Colilert

method to obtain the correlation equation used as a calibration curve and to examine the
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reliability of our method. Seasonal fluctuations in the E. coli concentrations of the RW samples
were also analyzed. The results presented here show that our simple method allowed for high

throughput determination of E. coli concentrations in RW samples.

2 Materials and Methods

2.1 Study site and river water sampling

The study was conducted in northern Sapporo, Japan (Figure 1). Sapporo is a city on the
southwest part of the Ishikari Plain and the alluvial fan of the Toyohira River. The population of
Sapporo is about 1,960,000. Major industries include information technology, retail, tourism, and
manufacturing of various goods such as food and related products, fabricated metal products,
steel, machinery, beverages, and pulp and paper. RW samples were collected weekly at eight
sampling sites in Sapporo, Japan from May 2017 to January 2018 (Figure 1). Six of them were at
distances of several hundred meters upstream and downstream from discharge outlets of three
municipal WWTPs. The scale, physicochemical characteristics and operating conditions of
WWTPs-A, -B and -C were described in our previous report (Satoh 2020). The WWTPs are
connected to wholly or partly combined sewer. There are a few livestock farms and industries
upstream from all the sampling sites. RW samples were collected in sterile one-liter

polypropylene containers. The RW samples were processed within 60 min after collection.

2.2 Quantification of E. coli by the Colilert method
Conventional enumeration of E. coli was conducted using Colilert and Quanti-Tray/2000
(IDEXX Laboratories) according to the manufacturer's instructions. The RW samples were

diluted with sterile physiological NaCl solution (0.9% NaCl) in 100-mL sterile bottles in our
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laboratory. Each analysis was carried out in duplicate for each ten-fold serial dilution tested. The
coefficient of variation (CV, expressed in %) was calculated by dividing the standard deviation

by the average and multiplying by 100.

2.3 Microplate GUS assay

A simple microplate assay was developed to measure E. coli GUS activity in our previous study
(Satoh 2020). Briefly, the phosphate buffer medium for incubation of E. coli, which contained
organic and inorganic compounds, sodium dodecyl sulfate (SDS), 0.1 g of isopropyl p-D-1-
thiogalactopyranoside (IPTG), and 0.1 g of MUG (Merck Millipore) was freshly prepared for
each test. SDS was added as a selective agent for gram-negative bacteria, while IPTG was added
to induce expression of GUS in E. coli. Chemicals and reagents, if not specified otherwise, were
obtained from Sigma-Aldrich. An aliquot (20 pL) of the medium was added to one well of a 96-
well microplate. Subsequently, 180 pL of RW samples or Milli-Q water as a blank control were
added and thoroughly mixed with the medium by pipetting. Ten wells were used for each sample.
The microplate was placed in a microplate reader (Tecan Infinite F200Pro) equipped with a 360-
nm excitation filter and 460-nm fluorescence filter and set at 37°C. Then, fluorescence intensity
was measured every 10 min over 4 h.

The fluorescence intensity increased linearly between 1 h and 3 h of the incubation
period. The temporal change in the fluorescence intensity during this period was fitted by linear
regression and the slope was taken as the substrate utilization rate. The obtained substrate
utilization rate was converted to the enzyme activity of GUS and expressed in modified Fishman
units per mL (MFU mL™"), following the standard Sigma Quality Control Test Procedure (Sigma

Aldrich, 1998). One MFU of GUS activity from E. coli liberates 1.0 pug of phenolphthalein from
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phenolphthalein B-D-glucuronide (P0501, Sigma-Aldrich) per hour at pH 6.8 at 37°C. The GUS
activity degrading one mole of phenolphthalein -D-glucuronide is assumed to be same as that
degrading same amount of MUG. For calibration, commercial enzyme standard (G7396-25KU,
type IX-A B-D-glucuronidase from E. coli, Sigma-Aldrich) activities were determined in

triplicate.

3 Results and Discussion

The fluorescence intensity of MU in the medium-RW mixture decreased in the initial incubation
period (about 0.5 h) and thereafter increased over the 4 h incubation period (Figure 2). The MU
fluorescence intensities increased linearly between 1 and 3 h. Because the slopes of the MU
fluorescence intensities of the samples could be related to the initial £. coli concentrations (Satoh
2020), the slopes were calculated. The slope decreased with decreasing E. coli concentrations;
slope values of 1.2, 0.31 and 0.015 h™! were obtained for samples with E. coli concentrations of

3,500, 930 and 27 MPN 100 mL ™, respectively.

To calculate sample-specific GUS activity, we used the slope of the linear fit to the MU
fluorescence intensities between 1 and 3 h of incubation. A linear increase in the MU
fluorescence intensities over time (Figure 2) indicated that the degradation of MUG by GUS was
a zero-order reaction within this period. The GUS activity was almost constant over the 4 h
incubation period, which indicates poor or no growth of E. coli during the incubation and the
presence of intrinsic GUS activity in the RW samples. These results agreed with those of
previous studies on the analysis of GUS activity in treated sewage wastewaters (Satoh 2020), in

recreational freshwaters (Cazals 2020) and in river water (Burnet 2019). GUS activities were
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calculated by subtracting the slope of the blank sample determined for each test from that of the
RW sample and converting the unit to milli-MFUs (mMFU) using the following equation
obtained in the previous study (Satoh 2020); GUS activities = 0.063 x Slope + 0.16. The GUS
activities were calculated to be 0.94, 0.35 and 0.16 h™! for E. coli concentrations of 3,500, 930

and 27 MPN 100 mL!, respectively (Figure 2).

This result implied the presence of intrinsic GUS activity in the RW samples, which was
high enough to catalyze MUG to emit a detectable level of the fluorescence signal within 3 h.
These GUS enzymes might have been produced when the E. coli was present in the intestine of
their hosts (e.g., humans), where glucuronidated compounds (i.e., substrates of GUS) are
abundantly available (Little 2018). The amount and activity of GUS in E. coli cells might remain
unchanged in a sewage system after being released from the host (Satoh 2020, Wéry 2008) and
even after discharge of the treated wastewater into a river as demonstrated in this study. Because
both E. coli cells and GUS are diluted in a similar manner in a sewage system and a river into
which treated wastewater is discharged, we hypothesized that it is possible to estimate the E. coli

concentrations in RW samples only by measuring the GUS activity in the RW samples.

To confirm this hypothesis, we examined the correlation between GUS activities and the
E. coli concentrations in RW samples (Figure 3). A total of 103 samples were collected from
eight points in Sapporo (Figure 1) from May 11 2017 to January 16 2018. Although the GUS
activities were unchanged (ca. 0.2 mMFU mL ') at <100 MPN 100 mL ! of E. coli, they
increased with the increase in E. coli concentrations in the RW samples at >100 MPN 100 mL !,

under which condition the GUS activities were highly correlated with E. coli concentrations with

11
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a correlation coefficient of 0.87 (y = 0.012 x*3!; p-value = 2.8x10732). The average and the

standard deviations (o) of the GUS activities at <100 MPN 100 mL! of E. coli concentrations
were 0.18 and 0.023, respectively. Based on these values, the limit of detection (LoD) of our
method was calculated from the following equation: LoD = 3 x ¢ / slope of an equation, to be
430 MPN 100 mL'. This LoD was lower than that of our previous method for analysis of treated
wastewater (2,200 MPN 100 mL™!; Satoh 2020) and that of a hand-held fluorescence detector

used for analysis of RW (700 colony-forming units 100 mL™!; Wildeboer 2010).

The plots of the RW samples collected downstream of the discharge points of three
WWTPs fitted well to the correlation equation, implying that the specific GUS activity of E. coli
cells (i.e., the exponent value of the correlation equation) in the RW samples contaminated with
treated sewage effluent (TSE) was comparable among the three WWTPs (Figure 1). The
exponent value (0.51) for the RW samples was quite similar to those for TSEs (0.47 for WWTP-
A and 0.48 for WWTP-B) in Sapporo (Satoh 2020), implying that once a correlation equation is
established it could be applicable to various RW samples. Conversely, Cazals (2020) reported
that linear relationships and coefficients of correlation between GUS activity and E. coli
concentrations in recreational freshwater samples were site-dependent. These results suggest that
our method is useful for simply quantifying E. coli concentrations in TSE and RW samples.
Because the exponent value of a correlation equation is identical to the specific GUS activity of
E. coli, the result suggested that the GUS activities of E. coli strains present in the urban river
system were similar to each other. Universality of specific GUS activities of E. coli in TSE and

RW shown in this study will be confirmed in future studies.
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Seasonal fluctuations in the E. coli concentrations and GUS activities of RW samples
collected upstream and downstream of the discharge point of WWTP-A were analyzed (Figure
4). Similar seasonal fluctuations were observed for the Colilert method and our method. During
the study period, the water level at monitoring site No. 1 and the flow rate at monitoring site No.
2 ranged from 0.65 to 1.43 m and from 1.04 to 14.62 m® s™!, respectively (Figure S1). The
monthly average temperature in Sapporo ranged from —2.6 to 22.9°C (Figure S1). The E. coli
concentration upstream was usually <100 MPN 100 mL'. The TSE increased the E. coli
concentration downstream by 1-2 log units. There were two peaks for the upstream RW samples
in July and September and two peaks for the downstream RW samples in June and December;
the downstream E. coli concentrations were relatively higher between July and October. Thus,
our method allowed for identification of seasonal and temporal fluctuations in E. coli

concentrations in RW.

Recently, several methods for enumeration of E. coli based on GUS measurement have
been developed. (Briciu-Burghina 2017) reported a novel protocol for the recovery and detection
of E. coli using GUS activity, with LoDs of 26 MPN 100 mL ' for seawater and 110 MPN 100
mL ™! for freshwater samples. Although the sample preparation (concentration, purification and
cell lysis) reduced the LoD, it required a syringe filter and cell lysis reagent. They also designed
and built a sensitive field-portable fluorimeter for E. coli enumeration (Heery 2016), which also
required pre-concentration of E. coli (Hesari 2016). Conversely, our method does not require any
pretreatment and the protocol (only mixing a sample with a liquid medium) is simpler and the
running cost (0.02 USD per sample) is lower than the other fluorogenic substrate-based methods

described above. Especially, our method can handle up to 96 samples simultaneously on a single
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microplate, which is advantageous for analysis of non-point source pollution in an aquatic

system.

4 Conclusions

The novel simple and rapid method for enumeration of E. coli concentration developed in
our laboratory was applicable to RW samples with >100 MPN 100 mL ™! of E. coli. Treated
wastewaters discharged into the river increased E. coli concentration in RW by 1-2 orders of
magnitude. Our method was suitable for monitoring temporal change in E. coli concentrations in
RW. Future work will evaluate the method for enumeration of E. coli concentrations in
groundwater as a drinking water source. Our method can be used as an alternative to
conventional culture-dependent methods, providing a rapid and simple method to enumerate E.
coli concentrations in water samples, which allows for effective and timely decision-making for

action toward proper drinking water quality management.

Acknowledgements

This research was supported financially by JST-Mirai Program [grant number JPMJMI18DB],
JSPS KAKENHI [grant number 20KK 0090, 19K21979, 17K18894], Gesuido Academic
Incubation to Advanced (GAIA) Project of the Ministry of Land, Infrastructure, Transport and
Tourism (MLIT) [grant number 2016-4], Northern Advancement Center for Science &
Technology (NOASTEC) [grant number 2016-Startup-7], and Toda Scholarship Foundation
[grant number 2016-1]. We thank Catherine Dandie, PhD, from Liwen Bianji, Edanz Editing

China (www.liwenbianji.cn/ac), for editing the English text of a draft of this manuscript.

14



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

Declaration of interests
The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

REFERENCES

Briciu-Burghina, C.; Heery, B.; Duffy, G.; Brabazon, D.; Regan, F. (2019) Demonstration of an
optical biosensor for the detection of faecal indicator bacteria in freshwater and coastal
bathing areas. Analytical and Bioanalytical Chemistry, 411 (29), 7637-7643; Analytical and
Bioanalytical Chemistry. Retrieved from http://link.springer.com/10.1007/s00216-019-
02182-6

Briciu-Burghina, C.; Heery, B.; Regan, F. (2017) Protocol for the recovery and detection of
Escherichia coli in environmental water samples. Analytica Chimica Acta, 964, 178—186.
Retrieved from https://linkinghub.elsevier.com/retrieve/pii/S0003267017302520

Burnet, J.-B.; Dinh, T. Q.; Imbeault, S.; Servais, P.; Dorner, S.; Prévost, M. (2019) Autonomous
online measurement of B-D-glucuronidase activity in surface water: is it suitable for rapid E.
coli monitoring? Water Research, 152, 241-250; Elsevier Ltd. Retrieved from
https://linkinghub.elsevier.com/retrieve/pii/S0043135419300211

Cazals, M.; Stott, R.; Fleury, C.; Proulx, F.; Prévost, M.; Servais, P.; Dorner, S. (2020) Near real-
time notification of water quality impairments in recreational freshwaters using rapid online
detection of B-D-glucuronidase activity as a surrogate for Escherichia coli monitoring.
Science of The Total Environment, 720, 137303. Retrieved from

https://linkinghub.elsevier.com/retrieve/pii/S0048969720308135

15



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

George, L.; Petit, M.; Servais, P. (2000) Use of enzymatic methods for rapid enumeration of
coliforms in freshwaters. Journal of Applied Microbiology, 88 (3), 404—413. Retrieved from
http://doi.wiley.com/10.1046/j.1365-2672.2000.00977.x

Heery, B.; Briciu-Burghina, C.; Zhang, D.; Duffy, G.; Brabazon, D.; O’Connor, N.; Regan, F.
(2016) ColiSense, today’s sample today: A rapid on-site detection of B-d-Glucuronidase
activity in surface water as a surrogate for E. coli. Talanta, 148, 75-83; Elsevier. Retrieved
from https://linkinghub.elsevier.com/retrieve/pii/S0039914015304008

Hesari, N.; Alum, A.; Elzein, M.; Abbaszadegan, M. (2016) A biosensor platform for rapid
detection of E. coli in drinking water. Enzyme and Microbial Technology, 83, 22-28;
Elsevier Inc. Retrieved from http://dx.doi.org/10.1016/j.enzmictec.2015.11.007

Jang, J.; Hur, H.-G.; Sadowsky, M. J.; Byappanahalli, M. N.; Yan, T.; Ishii, S. (2017)
Environmental Escherichia coli : ecology and public health implications-a review. Journal
of Applied Microbiology, 123 (3), 570-581. Retrieved from
http://doi.wiley.com/10.1111/jam.13468

Little, M. S.; Pellock, S. J.; Walton, W. G.; Tripathy, A.; Redinbo, M. R. (2018) Structural basis
for the regulation of B-glucuronidase expression by human gut Enterobacteriaceae.
Proceedings of the National Academy of Sciences, 115 (2), E152-E161. Retrieved from
http://www.pnas.org/lookup/doi/10.1073/pnas.1716241115

Pala, L.; Sirec, T.; Spitz, U. (2020) Modified Enzyme Substrates for the Detection of Bacteria: A
Review. Molecules, 25 (16), 3690. Retrieved from https://www.mdpi.com/1420-
3049/25/16/3690

Poopipattana, C.; Nakajima, M.; Kasuga, I.; Kurisu, F.; Katayama, H.; Furumai, H. (2018)

Spatial Distribution and Temporal Change of PPCPs and Microbial Fecal Indicators as

16



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

Sewage Markers after Rainfall Events in the Coastal Area of Tokyo. Journal of Water and
Environment Technology, 16 (3), 149—160. Retrieved from
https://www.jstage.jst.go.jp/article/jwet/16/3/16 _17-052/ article

Rice, E. W.; Baird, R. B.; Eaton, A. D. (Eds.). (2017) Standard Methods for the Examination of
Water and Wastewater; American Water Works Association.

Satoh, H.; Kikuchi, K.; Katayose, Y.; Tsuda, S.; Hirano, R.; Hirakata, Y.; Kitajima, M. (2020)
Simple and reliable enumeration of Escherichia coli concentrations in wastewater samples
by measuring B-D-glucuronidase (GUS) activities via a microplate reader. Science of the
Total Environment, 715, 136928. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0048969720304381

Shrestha, S.; Haramoto, E.; Sherchand, J. B.; Hada, S.; Rajbhandari, S.; Shindo, J. (2016)
Prevalence of protozoa and indicator bacteria in wastewater irrigation sources in
Kathmandu Valley, Nepal: cases from Kirtipur, Bhaktapur, and Madhyapur Thimi
municipalities. Journal of Water and Environment Technology, 14 (3), 149—-157.

Sigma Aldrich. (1998) Enzymatic assay of B-Glucuronidase (EC 3.2.1.31) from E. coli. Saint
Louis, Missouri. Retrieved January 23, 2021, from
https://www.sigmaaldrich.com/technical-documents/protocols/biology/enzymatic-assay-of-
b-glucuronidase-from-ecoli.html

Stadler, P.; Bloschl, G.; Vogl, W.; Koschelnik, J.; Epp, M.; Lackner, M.; Oismiiller, M. (2016)
Real-time monitoring of beta-d-glucuronidase activity in sediment laden streams: A
comparison of prototypes. Water Research, 101, 252-261. Retrieved from

https://linkinghub.elsevier.com/retrieve/pii/S0043135416303980

17



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

Stadler, P.; Loken, L. C.; Crawford, J. T.; Schramm, P. J.; Sorsa, K.; Kuhn, C.; Savio, D. (2019)
Spatial patterns of enzymatic activity in large water bodies: Ship-borne measurements of
beta-D-glucuronidase activity as a rapid indicator of microbial water quality. Science of the
Total Environment, 651, 1742—1752; The Author(s). Retrieved from
https://doi.org/10.1016/j.scitotenv.2018.10.084

Templar, H. A.; Dila, D. K.; Bootsma, M. J.; Corsi, S. R.; McLellan, S. L. (2016) Quantification
of human-associated fecal indicators reveal sewage from urban watersheds as a source of
pollution to Lake Michigan. Water Research, 100, 556-567; Elsevier Ltd. Retrieved from
http://dx.doi.org/10.1016/j.watres.2016.05.056

Weéry, N.; Lhoutellier, C.; Ducray, F.; Delgenes, J.-P.; Godon, J.-J. (2008) Behaviour of
pathogenic and indicator bacteria during urban wastewater treatment and sludge
composting, as revealed by quantitative PCR. Water Research, 42 (1-2), 53—62. Retrieved
from https://linkinghub.elsevier.com/retrieve/pii/S0043135407004368

Wildeboer, D.; Amirat, L.; Price, R. G.; Abuknesha, R. A. (2010) Rapid detection of Escherichia
coli in water using a hand-held fluorescence detector. Water Research, 44 (8), 2621-2628;
Elsevier Ltd. Retrieved from http://dx.doi.org/10.1016/j.watres.2010.01.020

Zhang, Q.; Ishii, S. (2018) Improved simultaneous quantification of multiple waterborne
pathogens and fecal indicator bacteria with the use of a sample process control. Water
Research, 137, 193-200; Elsevier Ltd. Retrieved from
https://doi.org/10.1016/j.watres.2018.03.023

Zhang, X.; Zhi, X.; Chen, L.; Shen, Z. (2020) Spatiotemporal variability and key influencing

factors of river fecal coliform within a typical complex watershed. Water Research, 178

18



378 (January), 115835. Retrieved from
379 https://linkinghub.elsevier.com/retrieve/pii/S0043135420303729

380

19



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

Figure legends

Figure 1. Map of the study area. Squares, circles, and triangles indicate wastewater treatment
plants, sampling sites, and water level and flow rate monitoring sites, respectively. Square A:
WWTP-A, Square B: WWTP-B, Square C: WWTP-C. Six samples were taken at distances of
several hundred meters upstream and downstream from discharge outlets of three municipal

WWTPs and other two samples were taken at circle 1 and circle 2.

Figure 2. Time-course changes in 4-methylumbelliferone fluorescence intensities in river
samples with Escherichia coli concentrations of 3,500 £+ 50 most probable number (MPN) 100
mL™' (@), 930+21 MPN 100 mL ™' (A) and 27 + 0.8 MPN 100 mL ! (m). All samples were
incubated in the medium with 4-methylumbelliferyl-f-D-glucuronide. Error bars indicate
standard deviation (n=10). The gray area indicates the period when B-D-glucuronidase activities

were calculated.

Figure 3. Correlation between B-D-glucuronidase (GUS) activities and Escherichia coli
concentrations of 103 river water (RW) samples collected from eight points from 11 May 2017 to
16 January 2018. Symbols shown in black and gray indicate the RW samples upstream and
downstream of the discharge point of the wastewater treatment plant, respectively. The horizontal
and vertical error bars indicate standard deviations of the E. coli concentrations (n=2) and GUS

activities (n=10), respectively. The solid, dashed, and gray lines indicate a regression line, 95%
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confidence interval, and prediction interval, respectively. MPN: most probable number. MFU:

modified Fishman unit.

Figure 4. Seasonal fluctuations in the Escherichia coli concentrations (gray triangle) and the -
D-glucuronidase (GUS) activities (black circle) of the river water samples collected upstream (a)
and downstream (b) of the discharge point of wastewater treatment plant A from May to
December 2017. Error bars indicate standard deviations in E. coli concentrations (n=2) and GUS

activities (n=10), respectively. MPN: most probable number. MFU: modified Fishman unit.
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