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A B S T R A C T

UV disinfection is extensively used for wastewater disinfection and disinfection efficiency is commonly moni
tored using culture-based enumeration of E. coli. While culture-independent real-time quantitative polymerase 
chain reaction (qPCR) based methods are attractive due to faster turnaround and easier application, previous 
attempts with qPCR to monitor disinfection have been unsuccessful. In this study, the effect of UV irradiation on 
a pure E. coli culture was examined in collimated beam (CB) experiments and monitored using both a culturing 
technique and DNA damage quantified using both short amplicon (SA; <~200 bp) qPCR and longer amplicon 
(LA; ~500-bp) qPCR. The results, covering a UV dose range of 0 - 20 mJ/cm2 commonly used for wastewater 
disinfection, indicate a correlation between DNA gene damage quantified by both SA- and LA-qPCR and the 
decline in E. coli observed through culture-based methods. This demonstrates the potential of qPCR to serve as 
rapid alternative for monitoring wastewater disinfection efficacy. Furthermore, LA-qPCR was observed to be 
more sensitive than SA-qPCR. The results using LA-qPCR also revealed that UV exposure caused widespread and 
indiscriminate damage to E. coli’s genome, which is considered critical for its function and survival. The com
bined effect of UV on E. coli’s ability to function, grow or repair damage is suggested as the reason for the decline 
in culturability observed.

Introduction

The threat of pathogenic contamination of water resources from 
human fecal matter in wastewater treatment plant (WWTP) effluents, 
combined sewer overflow (CSO) and sanitary sewer overflow (SSO) is 
well-established (WHO, 2003; McLellan et al., 2007; Templar et al., 
2016). To manage this pollution, ultraviolet (UV) disinfection of WWTP 
effluents, before discharge into receiving waters, is being extensively 
applied all over the world. UV light is a physical disinfectant, and its 
mechanism differs from that of chemical disinfectants. UV disinfection 
generally maintains cellular integrity as UV-C light targets DNA, forming 
pyrimidine dimers in the helical structure that causes DNA to lose its 
functionality (Xu et al., 2018).

Microbial water quality is currently commonly assessed by quanti
fying fecal indicator bacteria (FIB), such as E. coli, using standard 
microbiological methods which rely on culturing E. coli. Culture- 

independent real-time quantitative polymerase chain reaction (qPCR) 
based methods are gaining popularity in monitoring due to faster 
turnaround and easier application for direct monitoring of waterborne 
pathogens (and microbial markers of fecal pollution) from various 
human and animal sources (Bower et al., 2005; Shahraki et al., 2019a). 
A draft qPCR-based method for monitoring E. coli is in the final stages of 
approval by USEPA (Sivaganesan et al., 2019). Similar to routine water 
quality monitoring, wastewater disinfection efficacy is currently 
measured using FIB such as E. coli, again using culture-based methods. 
Efforts to apply qPCR methods for such purposes have been fraught with 
many challenges. qPCR-based methods for quantifying bacteria involves 
amplifying a small DNA amplicon (<200-bp) of the target gene for 
reliable and efficient PCR (Chern et al., 2011; Xu et al., 2018; Shahraki 
et al., 2019a); however, qPCR methods using DNA cannot distinguish 
between viable and dead cells (Nocker et al., 2007; Weigel et al., 2017). 
Pre-treatment with propidium monoazide (PMA), a photo-activated 

* Corresponding author.
E-mail address: rseth@uwindsor.ca (R. Seth). 

1 Current address: Cooperative Institute for Great Lakes Research, School for Environment and Sustainability, University of Michigan 4840 South State Street Ann 
Arbor, MI 48108 United States.

Contents lists available at ScienceDirect

Water Research X

journal homepage: www.sciencedirect.com/journal/water-research-x

https://doi.org/10.1016/j.wroa.2024.100285
Received 30 July 2024; Received in revised form 17 November 2024; Accepted 20 November 2024  

Water Research X 26 (2025) 100285 

Available online 22 November 2024 
2589-9147/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:rseth@uwindsor.ca
www.sciencedirect.com/science/journal/25899147
https://www.sciencedirect.com/journal/water-research-x
https://doi.org/10.1016/j.wroa.2024.100285
https://doi.org/10.1016/j.wroa.2024.100285
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wroa.2024.100285&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


DNA intercalating dye, has been used to bind to and remove DNA from 
membrane-compromised (lysed) cells before PCR analysis. However, UV 
disinfection does not damage the membrane; thus, the signal from dead 
cells cannot be eliminated by PMA treatment (Nocker et al., 2007; Ho 
et al., 2016). An alternative would be to develop a correlation between 
UV damage quantified using qPCR and cell mortality using 
culture-based methods. Correlation with culture-based methods is 
beneficial as current recreational water quality criteria values and 
disinfection targets for E. coli use culture-based enumeration and are 
derived based on epidemiological studies showing positive relationships 
with the occurrence of gastrointestinal illness (Dufour, 1984). However, 
the short PCR amplicons currently targeted for monitoring have been 
shown to have poor sensitivity in detecting DNA damage by UV, and 
thus may not correlate with culture-based methods as expected (Nocker 
et al., 2007; Xu et al., 2018).

One option to improve sensitivity may be to use longer amplicons 
(>200-bp) to quantify UV damage. Increases in the detection of UV 
damage using longer amplicon (LA) qPCR was demonstrated by Ho et al. 
(2016). A previous study that examined UV damage detection with 
qPCR used various amplicon lengths (108 – 1764 bp) and showed that 
amplicon lengths of approximately 500-bp was a good compromise 
between damage detection and reliable PCR amplification (Ho et al., 
2016). However, correlation between qPCR with longer amplicon length 
and culture-based enumeration of E. coli has not yet been examined.

Past qPCR assay methods for E. coli monitoring have focussed on 
genes based on the abundance (high copy number) and specificity of 
those targets, and not on their importance for cell survival (Chern et al., 
2011). The effectiveness of UV as a disinfectant would be better reflected 
by its ability to damage genes that are critical for cell function and 
survival, such as those involved in UV repair, cell division and cell 
metabolism.

In this study, the effect of UV irradiation on a pure E. coli culture was 
examined by exposing cultures to UV in collimated beam (CB) experi
ments and calculating the efficiency of treatment through both a 
culturing technique and qPCR. E. coli log-reduction using culture-based 
methods were compared against DNA damage quantified by short 
amplicon (<200-bp) qPCR (SA-qPCR) and long amplicon (~500-bp) 
qPCR (LA-qPCR) for the commonly used rRNA and uidA targets. Gene 
targets which were considered critical for E. coli function and survival 
were identified based on the literature and a comprehensive evaluation 
of the ability of UV to damage these genes was quantified using LA- 
qPCR. Finally, we provide recommendations on the optimal methodol
ogy for quantifying E. coli reduction with UV using qPCR-based 
methods.

Material and methods

E. coli culture

E. coli ATCC® 8739™ cells were obtained in six 300-µL glycerol stock 
vials. A single vial was added to 20 mL sterile nutrient broth (Becton 
Dickinson) and incubated at 37 ◦C for 20 h. Sterile nutrient broth agar 
plates were prepared with addition of 1.5 % agar. Cultured E.coli cells 
were streaked on the plates to separate colonies. A single isolated colony 
from the agar plates was inoculated into 40 mL sterile nutrient broth and 
incubated for 16 – 20 h at 37 ◦C. The culture was then centrifuged for 20 
min at 4000 rpm. The nutrient broth supernatant was removed and the 
settled cells were re-suspended in 20 mL sterile phosphate-buffered sa
line (PBS). Cell concentration was estimated using UV–vis spectropho
tometry according to an earlier version of the USEPA Draft Method C. 
For developing standard curves, E. coli cells were serially diluted with 
sterile PBS to 2 – 6 log cells per mL, and aliquots in triplicate from each 
dilution were frozen at − 20 ◦C until DNA extraction. For UV exposure 
experiments, E. coli cells were diluted in 1 L sterile PBS to approximately 
7-log cells per mL.

UV exposure experiments

UV exposure experiments were conducted with a low-pressure 
collimated beam apparatus (Trojan Technologies, Canada) according 
to the manufacturer’s standardized protocols. Intensity was measured at 
the sample surface with the IL1700 radiometer (Trojan Technologies, 
Canada). For each sample, 53 mL E. coli suspension was held in a clear 
glass petri dish with a stir bar. 3 mL was taken out for UVT readings 
using Real Tech Water’s UV254 portable meter with split sense tech
nology. Based on the UVT readings, we calculated the time required for 
the desired dose. Samples were exposed to five UV doses: 5, 10, 20, 50 
and 100 mJ/cm2. Each dose trial was performed in triplicate. Calcula
tions for the dose accounted for the petri dish divergence, and reflection 
factors as per Bolton & Linden (2003). After exposure, each sample was 
split into aliquots for culturing and DNA extraction. Six 1.75 mL aliquots 
were frozen at − 20 ◦C for DNA extraction, and the remaining sample 
was used for culturing.

Culture-dependent method

IDEXX Colilert Quanti-Trays®/2000 were used as the culture-based 
method in this study. The Colilert test is able to simultaneously detect 
or quantify both total coliform and E. coli up to 2419 MPN/100 mL, with 
results in 24 h. The test is approved by the USEPA and included in 
Standard Methods for Examination of Water and Wastewater (APHA 
et al., 2023). Each sample, UV-exposed and non-exposed, was serially 
diluted with sterile PBS to a concentration that would be within the 
range of this method.

DNA extraction

Frozen 1.75 mL samples were thawed at room temperature and 
centrifuged at 10,000 rpm for 15 min. The supernatant was removed and 
400 µL sterile PBS was added. For each sample, 500 µL of 1.0 mm sterile 
glass beads in 400 µL sucrose lysis buffer was added. Sucrose lysis buffer 
was made according to Shahraki et al. (2019a). After adding lysis buffer, 
samples were subjected to homogenization using the 
Mini-beadbeater-16 (Lab Services BV, Nederland) for 40 s three times at 
an intensity of 3450 oscillations/min, after which 100 µL of 1 % SDS and 
50 µL 20 mg/mL lysozyme (Sigma-Aldrich, USA) was added to each 
tube. Samples were then incubated at 37 ◦C on a shaker overnight. The 
next day, 2 µL of 20 mg/mL proteinase K (Thermo Scientific, USA) were 
added, and samples were again incubated at 37 ◦C on a shaker over
night. Finally, the next morning, proteinase K was deactivated in a 95 ◦C 
water bath for 10 min. The digest from each tube was plated in a 96-well 
extraction plate, and DNA was extracted by magnetic bead robotic 
extraction using an automated liquid handling platform (Tecan Freedom 
Evo150 Liquid Handling Platform, Perkin Elmer), and DNA was eluted 
into 50 µL of TE buffer according to Shahraki et al. (2019). Extracts were 
kept in the freezer at − 20 ◦C until qPCR analysis. Nuclease free water 
samples were used as control to verify cross contamination during DNA 
extraction. DNA purity was verified using NanoDrop UV–Visible spec
trophotometer (ThermoFisher Scientific) at 260/280 nm.

Gene target selection: short and long amplicon comparison

Short and long amplicon targets for the 23S rRNA and uidA genes 
were used in the study (SI; Table S1). The 23S rRNA gene short amplicon 
was selected as it is the target used in the USEPA Draft Method C for 
monitoring E. coli in recreational waters (Chern et al., 2011; Sivagane
san et al., 2019). The uidA gene has also been used for its specificity and 
its product is a frequently used enzymatic marker for E. coli identifica
tion (Chern et al., 2011). Long amplicons (~500-bp) of both genes were 
identified and selected in the study to compare the effect of increasing 
amplicon size on the DNA damage recorded.
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Gene target selection: metabolism, cell division and UV repair

The list of the twelve essential precursors from the core metabolism 
of E. coli identified by Noor et al. (2010) and their location on the core 
metabolism map of E. coli from the BiGG Model are included in Fig. 1. 
The pathways on this map were used to identify nine core metabolism 
genes (SI; Table S2, with their function listed in Table S3) at important 
intersections in the map that, if damaged, would reduce or eliminate the 
production of one or more of the twelve essential metabolic precursors. 
The cell division pathway outlined in Ouellette et al. (2015) was also 
used in a similar manner and two cell division gene targets were chosen 
(SI; Table S2). Bacterial UV repair pathways from several studies 
(Reuven et al., 1999; Goosen and Moolenaar, 2008; Janion, 2008) were 
used to select two candidate UV repair gene targets, also shown in SI 
(Table S2). For all of the selected genes, PCR primers were designed to 
generate long (~500-bp) amplicon lengths.

We also included long amplicon PCR primer sets for two additional 
gene targets (16S rRNA and gadA) (SI; Table S4), that are reported in the 
literature for monitoring E. coli, for comparison of responses with the 
several new gene targets used in this study. 16S rRNA gene regions are 
commonly used for bacterial monitoring and community analyses due to 
the presence of multiple copies in almost all bacteria resulting in 
straightforward PCR amplification. The gadA gene was used by Zhang 
et al. (2015) and Xu et al. (2018) for bacterial quantification due to its 
ability to help bacteria survive acidic environments, such as the human 
stomach.

Primer design

Primers were designed using Geneious 10.1 software. The sequences 
for target genes found in various E. coli strains were downloaded from 
the NCBI database and aligned with those of other common bacteria of 
concern and bacterial closely related to E. coli (Salmonella, Shigella, 
Citrobacter, Klebsiella, Enterobacter, etc.). Primers were designed for re
gions specific to E. coli.

Primer validation

Selected primers were first tested on the NCBI BLAST database to 
determine the potential for PCR cross-amplification with other micro
organisms. Subsequently, standard desalting primers were obtained 
from Integrated DNA technologies (IDT) for all target genes and primers 
were tested using PCR and gel electrophoresis. PCR was conducted with 
a 25 µL reaction volume, containing: 16.4 µL nuclease-free water, 2.5 µL 
10x Taq buffer, 0.5 µL of 10 mM DNTPs, 3.5 µL 20 mM MgSO4, 0.5 µL of 
each 10 mM Forward- and Reverse-primer, 0.1 µL Taq polymerase, and 1 
µL E. coli genomic DNA template. A PCR negative control (nuclease-free 
water instead of DNA template was added to master mix) was included. 
All reactions were conducted in duplicate. The program started with an 
initial incubation at 95 ◦C for 1 min, followed by thirty-five cycles of 95 
◦C for 15 s, 60 ◦C for 15 s, and 72 ◦C for 40s. The last step included one 
cycle of 72 ◦C for 7 min to complete elongation. The PCR products were 
then run on 2 % agarose gels and the product size was estimated to 
confirm that the designed primers only produced a single product and all 
products were of the expected length.

qPCR

First, qPCR was used to create standard curves for each primer, 
developing a standard curve to determine the relationship between Cq 
values and the log cell numbers. Afterwards, DNA extracts from the UV 
exposure experiments were used with each primer set. Due to the large 
number of samples and primer pairs, 384-well qPCR plates were utilized 
with a 9-µL reaction volume. To prepare the 384-well plate, four 96-well 
plates were prepared with 12-µL reactions containing: 4.4 µL nuclease- 
free water, 6 µL 2x PowerUp™ SYBR® Green Master Mix (Applied 
Biosystems), 0.3 µL of each 10-mM F- and R-primers, and 1 µL DNA 
template. Then 9 µL was transferred from the four 96-well plates into a 
single 384-well plate. The QuantStudio™ 12 K Flex System (Thermo
Fisher Scientific) ran the following program: initial step at 95 ◦C for 20 s, 
followed by forty cycles of 95 ◦C for 10 s and 60 ◦C for 60s. In addition, a 

Fig. 1. BiGG Model core metabolism map with essential precursors (Original map obtained from the BiGG Model, http://bigg.ucsd.edu/models/e_coli_core).
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denature step (melt curve) was included and validated for single peak 
for each target (Figures S13 - S31). Nuclease free water was added 
instead of DNA for the no template controls (NTC). All samples and 
corresponding NTC were run in triplicates. To validate the variation 
between the runs uidA assay standards were run on multiple plates and 
no significant variation was noticed between runs. Cq values were 
determined using QuantStudio design and analysis software v.2.0 
through automated baseline correction, threshold setting in the expo
nential phase, and detecting the cycle number at which fluorescence 
exceeds this threshold..

Standard curves

An optimized qPCR assay can be described as one which is linear, 
efficient and consistent across replicates. Amplification efficiency is 
expected to suffer with increasing amplicon lengths. Correlation co
efficients (R2) greater or equal to 0.85 and amplification efficiencies 
between 85 % and 105 % were considered to be adequate for an 
acceptable qPCR assay enumeration of E. coli in the current study. Gene 
targets used in the current study included short and long amplicons for 
23S rRNA gene (SA 23S) and uidA gene (SA uidA) (SI; Table S1), long 
amplicons for nine metabolic, 2 cell division and 2 UV repair longer 
amplicon gene targets in E. coli (SI; Table S2) and long amplicons for two 
additional gene targets (gadA and 16S rRNA rrsA) that are reported in 
the literature for monitoring E. coli (SI; Table S4). Standard curves for all 
gene targets used in the current study, as presented in the SI (Figures S3- 
S8) met the above criteria, except for umuC, pck, ptsG and ftsZ (SI; 
Table 5). The amplification efficiencies for umuC (84 %), pck and ptsG 
(83 %) were considered close enough to 85 % and retained, while ftsZ 
(77 %) was excluded from further consideration.

Statistical analysis was conducted using RStudio (v2024.09.0) with R 
(v4.0.1). For each target gene, the R² values were calculated from the 
linear regression of Cq values against log10-transformed E. coli cell 
concentrations, providing an indication of the fit quality. Slope and 
intercept values were derived from the standard curve equation. 
Amplification efficiency of the qPCR assays for each gene target was 
assessed for sensitivity in accordance with MIQE guidelines (Bustin 
et al., 2009).

To determine the Limit of Detection (LOD), dose-response models 
were fitted to detection data to estimate the lowest concentration 
detectable with 95 % probability (SI; Table S5). For the Limit of Quan
tification (LOQ), only standard concentrations with 100 % detection 
rates and target that can be accurately quantified with coefficient of 
variation (CV) below a threshold of ≤35 % were included to ensure high 
reliability (SI; Table S5). The relationship between the coefficient of 
variation (CV) of Cq values and starting quantities was modeled using 
several candidate approaches: an exponential decay model, a linear 
model, and polynomial models from second to sixth order. The model 
with the lowest residual standard error was selected to determine the 
LOQ. Outliers were identified by detecting Cq values that deviated >10 
% from the median Cq value for each standard concentration. Suspected 
outliers were reviewed carefully, and if confirmed, they were removed, 
followed by reanalysis of the data. R packages ggplot2 and drc were used 
for data visualization and dose-response curve modeling, respectively. 
The LOD and LOQ for each gene target qPCR assay were estimated using 
the qPCR_LOD_calculator R script (Klymus et al., 2019). UV induced 
gene damage was assessed by calculating the change in Cq (ΔCq) value 
between pre and post exposure of UV dose (0–100 mJ/cm2). The linear 
regression models were fitted for each gene and plots were generated 
showing the dose dependent gene damage with error bars and R-squared 
values using the ggplot2 and dplyr packages in RStudio.

Results and discussion

UV inactivation of E. coli: culture-based evaluation

Dose response experiments were conducted for E. coli over a UV dose 
range of 0 to 100 mJ/cm2. For E. coli concentrations of approximately 
7.0-log/mL and UV dose range up to 20 mJ/cm2, which is commonly 
applied in wastewater disinfection (Hijnen et al., 2006), the 
culture-based method showed a steady decline of approximately a 
5.5-log reduction in culturable cells after which the curve began to 
plateau (SI; Figure S9). With most of the culturable cells gone, the pla
teauing with further increase in UV dosages to 100 mJ/cm2 is not sur
prising. Xu et al. (2018) have also previously reported approximately 
6.0-log reduction at UV dosages up to 20 mJ/cm2 followed by similar 
plateauing.

UV inactivation of E. coli: qPCR-based evaluation with short and long 
amplicon

The dose-response of UV on E. coli was monitored using culture- 
independent qPCR using short amplicon (SA) 23S gene target, recom
mended by USEPA in Draft Method C for environmental monitoring of 
E. coli, and the results are presented in Fig. 2A. With increasing UV dose, 
Cq values are seen to continually increase, indicating progressive dam
age to the gene target (Fig. 2A). Further linear regression plots between 
UV dose and ΔCq values showcased linear relationship with increasing 
UV dose with an R2 values in the range of 0.9 to 0.96 for all the genes 
measured using long amplicons and 0.79 to 0.81 for short amplicons 
(Figure S32). Higher ΔCq variations was noticed with long amplicons 
compared to short amplicons, which is similar to the trend reported for 
antibiotic resistance genes when exposed with UV dose (Chang et al., 
2017; Choi et al., 2021; He et al., 2019; Yoon et al., 2018). While the 
culture-based dose-response curve plateaus after UV dose of 20 mJ/cm2 

(SI; Figure S9), Fig. 2A shows no such plateauing with the Cq values till 
the maximum applied UV dose of 100 mJ/cm2. Increasing Cq values in 
qPCR are only indicative of increasing DNA damage but do not distin
guish between viable and dead cells. This suggests that a limited amount 
of DNA damage may be causing most E. coli cells to lose culturability. 
However, beyond the UV dose of 20 mJ/cm2, there is still a lot of copies 
of the target DNA left that are yet to be damaged, explaining the 
increasing Cq values.

Correlation between DNA damage using qPCR (quantified as change 
in Cq values, or ΔCq) with culture-based enumeration for E. coli would be 
useful for the development of alternate qPCR approaches for monitoring 
disinfection. Such a correlation, based on data presented in SI 
(Figures S9) and 2A for SA 23S gene target is presented in Fig. 2B. 
Significant difference in Cq values at UV doses typically used for 
wastewater disinfection (0 – 20 mJ/cm2) have not been previously re
ported with SA-qPCR (Xu et al., 2018; Chern et al., 2014), leading Chern 
et al. (2014) to conclude that SA-qPCR may not be suitable for moni
toring efficacy of wastewater disinfection. The ΔCq values observed for 
UV dose increase from 0 to 20 mJ/cm2, corresponding to 5.5-log 
reduction in culturable E. coli, were 1.30 for 23S (Fig. 2B). More 
importantly, the Cq values at UV dose of 10 and 20 mJ/cm2, while not 
significantly different from each other, were significantly different from 
those at the beginning (no UV exposure) (p < 0.05 for 10 mJ/cm2; p <
0.005 for 20 mJ/cm2), with excellent correlation (R2 = 0.97, p 
<<0.005) between ΔCq values and log reduction in culturable E. coli 
(Fig. 2B). The improvement may be attributed to advancement in 
qPCR-based technology and instrumentation. Similar results were ob
tained with the SA uidA gene target (SI; Figure S10). This is exciting as, 
contrary to the conclusion by Chern et al. (2014), our findings suggest 
that, while further improvement in sensitivity may be desirable, DNA 
SA-qPCR could be used to monitor the efficacy of wastewater disinfec
tion over the range of correlation.

The dose-response of UV on E. coli was further monitored using long 
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amplicon (LA) 23S gene target (Table S1), and the results are presented 
in Fig. 2C. Similar to results with SA 23S, excellent correlation (R2 =

0.92, p <<0.005) between ΔCq values and log reduction in culturable 
E. coli was observed for LA 23S (Fig. 2D), and Cq values with LA 23S were 
also significantly different from those at the beginning (no UV exposure) 
(p < 0.05 for 10 mJ/cm2; p < 0.005 for 20 mJ/cm2). Further, the ΔCq 
value observed for UV dose increase from 0 to 20 mJ/cm2, corre
sponding to 5.5-log reduction in culturable E. coli, was 1.79 for LA 23S 
(Fig. 2D), which corresponds to ~38 % increase over that obtained with 
SA 23S. The results suggest that LA-qPCR can also be used to monitor the 
efficacy of wastewater disinfection over the range of observed correla
tion, and offer better sensitivity as compared to SA-qPCR. No previous 
studies correlating DNA damage using LA-qPCR with culture-based 
enumeration for E. coli could be found.

UV inactivation of E. coli: impact on functioning, growth, and repair

Cell Functioning: Long amplicon (~500 bp) targets for nine gene 
located at important intersections in the production pathways of twelve 
essential precursors from the core metabolism of E. coli (Fig. 1) were 
identified and their primers designed (Table S2). These genes, if 
damaged, would reduce or eliminate the production of one or more of 
the twelve essential metabolic precursors. The Cq response with 
increasing UV dose for two core metabolic gene targets and the corre
lation between DNA damage using qPCR with culture-based enumera
tion for E. coli are presented in Fig. 3. Correlations for the remaining 
seven are presented in the SI (Figure S11). The results obtained with all 

nine genes were very similar to those for LA 23S. The ΔCq value 
observed for UV dose increase from 0 to 20 mJ/cm2, corresponding to a 
5.5-log reduction in culturable E. coli, ranged from 1.75 to 1.96 for nine 
genes, and were not statistically different from that observed with LA 
23S. Good correlation (R2 between 0.83 to 0.94; p <<0.005) between 
ΔCq values for the gene targets and log reduction in culturable E. coli was 
also observed (Fig. 3& Figure S11). These results show that exposure to 
UV causes similar and widespread damage to important genes involved 
in the production pathways of twelve essential precursors essential for 
the core metabolism of E. coli. Correlation between DNA damage to all 
nine genes with reduction in culturable E. coli suggests that UV impact 
on the core metabolism may in part be responsible for the reductions 
observed.

Cell Growth: Net growth or reduction in bacterial cell numbers is the 
difference between actual growth by division and cell death or decay. 
Long amplicon (~500 bp) targets in E. coli for two important genes in 
bacterial cell division or growth pathways from the literature were 
identified and their primers designed (Table S2) but one (ftsZ) was 
dropped from further consideration due to lower than desired amplifi
cation efficiency. The Cq response with increasing UV dose for the 
remaining cell division gene target and the correlation between DNA 
damage using qPCR with culture-based enumeration for E. coli are 
presented in Fig. 4. The results obtained were similar to those for LA 23S. 
The ΔCq values observed for UV dose increase from 0 to 20 mJ/cm2 for 
ftsQ was 2.35 (Fig. 4), which was higher and statistically significant from 
that for LA 23S as well as other LA gene targets (metabolic and UV 
repair) in Table S2. Good correlation (R2 = 0.88; p <<0.005) between 

Fig. 2. qPCR-based responses (Cq) as a function of UV dose for short amplicon (SA) 23S (Fig. A) and long amplicon (LA) 23S (Fig. C) were used to calculate response 
changes (ΔCq) as a function of UV dose, as presented in Figure S32 (SI). Different letters (a – e) indicate statistically significant differences (p < 0.05). Log reductions 
of E. coli using culture-based method as a function of UV dose were obtained using Figure S9 (SI). Response changes (ΔCq) were correlated against E. coli log re
ductions for SA 23S (Fig. B) and LA 23S (Fig. D). Triangles, circles and squares represent replicates. Data up to a UV dose of 20 mJ/cm2 (marked with an X) were used 
for the linear regressions presented.
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Fig. 3. qPCR-based responses (Cq) as a function of UV dose for two core metabolic gene targets (Fig. A: tpiA; Fig. B: dfp) were used to calculate response changes 
(ΔCq) as a function of UV dose, as presented in Figure S32 (SI). Different letters (a – e) indicate statistically significant differences (p < 0.05). Log reductions of E. coli 
using culture-based method as a function of UV dose were obtained using Figure S9 (SI). Response changes (ΔCq) were correlated against E. coli log reductions for 
core metabolic gene tpiA (Fig. C) and dfp (Fig. D). Triangles, circles and squares represent replicates. Data up to UV dose of 20 mJ/cm2 (marked with an X) were used 
for the linear regressions presented.

Fig. 4. qPCR-based responses (Cq) as a function of UV dose for cell division gene target ftsQ (Fig. A) was used to calculate response changes (ΔCq) as a function of UV 
dose, as presented in Figure S32 (SI). Different letters (a – e) indicate statistically significant differences (p < 0.05). Log reductions of E. coli using culture-based 
method as a function of UV dose were obtained using Figure S9 (SI). Response changes (ΔCq) were correlated against E. coli log reductions for cell division gene 
ftsQ (Fig. B). Triangles, circles and squares represent replicates. Data up to UV dose of 20 mJ/cm2 (marked with an X) were used for the linear regressions presented.
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ΔCq values for the ftsQ gene target and log reduction in culturable E. coli 
was also observed (Fig. 4) and may have contributed to the reductions 
observed. These results show that UV exposure significantly impacts 
important genes involved in E. coli cell division or growth pathway, and 
the impact is greater than that on the other genes targets included in this 
study.

UV Damage Repair: Long amplicon (~500 bp) targets in E. coli for two 
important genes in bacterial UV repair pathways from literature were 
identified and their primers designed (Table S2). The Cq response with 
increasing UV dose for the two UV repair gene targets and the correla
tion between DNA damage using qPCR with culture-based enumeration 
for E. coli for four metabolic gene targets are presented in Fig. 5. The 
results obtained are very similar to those for LA 23S. The ΔCq values 
observed for UV dose increase from 0 to 20 mJ/cm2, corresponding to 
5.5-log reduction in culturable E. coli, were 1.82 for uvrB and 1.91 for 
umuC (Fig. 5), and not statistically different from that for LA 23S. Good 
correlation (R2 =0.86 and 0.77; p <<0.005) between ΔCq values for the 
two gene targets and log reduction in culturable E. coli was also observed 
(Fig. 5), suggesting that this damage may have contributed to the re
ductions observed. These results show that exposure to UV also impacts 
genes involved in the repair pathways, limiting the ability of E. coli to 
repair the damage caused by UV exposure.

Environmental significance

Results presented above have shown excellent correlation between 

ΔCq values obtained with DNA qPCR and log reduction in culturable 
E. coli, with LA-qPCR showing improvement in sensitivity over SA-qPCR. 

Fig. 5. qPCR-based responses (Cq) as a function of UV dose for two UV repair gene targets (Fig. A: urvB; Fig. C: umuC) were used to calculate response changes (ΔCq) 
as a function of UV dose, as presented in Figure S32 (SI). Different letters (a – e) indicate statistically significant differences (p < 0.05). Log reductions of E. coli using 
culture-based method as a function of UV dose were obtained using Figure S9 (SI). and their respective correlations between log reductions of E. coli using culture- 
based method and qPCR. qPCR-based dose-response curve for two UV repair gene targets, and correlation of response changes (ΔCq) were correlated against E. coli 
log reductions for UV repair gene urvB (Fig. B) and umuC (Fig. D). Triangles, circles and squares represent replicates. Data up to UV dose of 20 mJ/cm2 (marked with 
an X) were used for the linear regressions presented.

Table 1 
Summary average values for cell abundance (Cq for 105 cells/reaction), change 
in Cq (ΔCq) for change in UV dose from 0 to 20 mJ/cm2), slope (ΔCq /log cul
turable E. coli lost from correlation equation) and correlation (R2) from the data 
presented for long amplicons for all 16 gene targets studied (Figs. 2, 3, 4, 5 and 
SI).

Category Gene Cq (105 cells/ 
reaction)

ΔCq (0 – 
20 mJ/ 
cm2

Slope (ΔCq 

/log E. coli)
R2

Ribosomal 23S_LA 20.2 1.79 0.307 0.93
rrsA 20.0 1.89 0.305 0.90

Core 
Metabolism

gltA 22.8 1.78 0.275 0.83
ptsG 22.9 1.75 0.282 0.86
pgl 23.4 1.96 0.310 0.91
tktA 23.1 1.91 0.294 0.85
fbaA 23.3 1.95 0.294 0.83
tpiA 23.5 1.84 0.316 0.92
ppsA 23.9 1.94 0.298 0.85
pck 24.1 1.87 0.315 0.90
dfp 22.3 1.79 0.310 0.94

Cell Division ftsQ 22.9 2.35 0.362 0.88
UV Repair uvrB 22.3 1.82 0.296 0.86

umuC 22.8 1.91 0.280 0.77
Other genes gadA 22.3 1.82 0.280 0.86

uidAL 22.9 1.70 0.281 0.94
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From these correlations for the 16 LA gene targets studied, cell abun
dance (Cq for 105 cells/reaction), slope (ΔCq /log culturable E. coli lost 
from correlation equation) and correlation (R2) values are summarized 
in Table 1. While all the 16 gene targets correlated well with decline in 
culturable cells, some may offer additional benefits if chosen as a target 
for qPCR-based quantification of the efficacy of wastewater disinfection 
using E. coli. These include LA 23S (higher abundance and better cor
relation), and cell division gene ftsQ (higher sensitivity due to highest 
delta Cq and slope values). Alternatively, the dfp gene could be a good 
choice due to better correlation and being an important metabolic gene, 
since it encodes for a bi-functional catalyst necessary for the synthesis of 
coenzyme A. Damaging the dfp gene in E. coli would reduce or possibly 
eliminate the production of coenzyme A, a cofactor essential for energy 
production, synthesis of cell membrane and other catabolic and regu
latory processes (Leonardi and Jackowski, 2007). According to Gerdes 
et al. (2003), dfp is an essential gene for E. coli cell viability.

For a better understanding of or to reflect true cell damage respon
sible for cell death or loss of viability due to UV exposure, simultaneous 
monitoring of DNA damage to a panel of several important genes 
considered critical for cell functioning and survival, such as investigated 
for E. coli in the current study (Table S2), may be studied. Such a panel 
assay from a single sample could be facilitated through the development 
of nano-fluidic OpenArray qPCR chip (Shahraki et al., 2019b). Further 
testing of the approach with real wastewaters and treatment systems is 
still warranted to verify the general applicability of this approach. It 
should also be noted that the DNA qPCR cannot distinguish between 
viable and non-viable cells and therefore the developed assay should 
only be used over the range of correlation with culture-based method.

Conclusions

The potential of DNA damage, quantified by short amplicon (<200- 
bp) qPCR (SA-qPCR) and long amplicon (~500-bp) qPCR (LA-qPCR), to 
define the efficacy of wastewater disinfection by UV irradiation was 
examined in the current study using a pure E. coli culture. E. coli log- 
reduction using culture-based methods were compared against DNA 
damage quantified by short amplicon (<200-bp) qPCR (SA-qPCR) for 
the commonly used rRNA and uidA targets. DNA damage using long 
amplicon (~500-bp) qPCR (LA-qPCR) was also quantified using the 
same gene targets to test for improved correlation with culture-based 
enumeration. Further, gene targets which were considered critical for 
E. coli function and survival were identified based on the literature and a 
comprehensive evaluation of the ability of UV to damage these genes 
was quantified using LA-qPCR. The main findings from the study are as 
follows. 

- Over the range of UV dose of 0 - 20 mJ/cm2 commonly used for 
wastewater disinfection, DNA gene damage, quantified using 
culture-independent SA-qPCR and LA-qPCR, correlated well with 
E. coli decline using culture-based methods. Thus, both SA-qPCR and 
LA-qPCR can also be used to monitor the efficacy of wastewater 
disinfection based on correlations with culture-based methods.

- LA-qPCR was more sensitive than SA-qPCR for monitoring the effi
cacy of wastewater disinfection.

- With increasing UV dose, increasing damage to multiple genes 
considered important for E. coli metabolism, growth and UV repair 
was observed. The damage quantified using LA-qPCR correlated well 
with E. coli decline using culture-based methods.
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