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Abstract
Quantitative PCR (qPCR) is a convenient tool for monitoring virus concentrations in water and wastewater treatment trains, 
though it only informs about virus presence, but not infectivity. This limitation can be overcome if the relationship between 
infectivity loss and genome decay induced by a given disinfectant is known. Here, we performed inactivation experiments 
using two human enteroviruses, Coxsackievirus B5 and Echovirus 11, with three disinfection methods: low-pressure ultra-
violet light  (UV254), free chlorine (FC), and ozone. We compared the inactivation rates as measured by culturing to the 
decay rates of the whole genome, to evaluate the extent of qPCR-measurable genome damage as a function of inactivation. 
To determine genome damage, we used an approach that estimates damage across the full viral genome from the measured 
decay of multiple amplicons distributed across the viral genome. Correlations between inactivation and genome decay were 
observed for all viruses and all disinfection treatments, but results showed that even among closely related viruses, disin-
fection methods can damage the viral genome to different extents and that genome damage does not necessarily translate 
to inactivation. For both viruses,  UV254 treatment had the closest relationship between inactivation and genome decay and 
with ozone, the rate of genome decay exceeded the inactivation rate. Finally, for FC, the ratios between methods were vastly 
different between viruses. This work provides the basis to relate qPCR measurements to infectivity loss and enables the 
establishment of molecular monitoring tools for assessing enterovirus inactivation during disinfection treatments of water 
and wastewater.
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Introduction

Advanced treatment technologies for wastewater and pota-
ble reuse systems require the study of human virus removal 
and inactivation. Accurate assessment of viral inactiva-
tion in such systems is critical for preventing the spread of 
disease and reducing public health risks, but deficiencies 
in accuracy and efficiency remain due to methodological 
challenges. Measuring inactivation after disinfection can 
be complicated because drinking water treatment processes 
are designed to remove pathogens with high efficiency, such 
that viruses are often present at very low concentrations in 

finished water and large volumes must be concentrated for 
detection. Additionally, while cell culture methods are used 
to determine infectivity for many human viruses, these are 
often too time-consuming to measure virus concentrations 
in real-time, and too costly for large-scale implementation 
across industries. Developed cell culture systems are not yet 
available in the case of certain important viral pathogens, 
including human norovirus (Costantini et al. 2018; Ettayebi 
et al. 2016). Novel approaches are required to overcome 
these challenges, and investigating the use of quantitative 
PCR (qPCR) to assess viral infectivity may contribute to 
more rapid and accurate results.

qPCR has been widely accepted as a standard method to 
detect waterborne pathogens because of its ease of use and 
relative ease of the technique, although there are drawbacks. 
Most importantly, qPCR only measures the presence of a 
viral genome and does not provide information on the virus’ 
ability to cause infection. This is because qPCR typically 
targets a single amplicon, but does not cover the entirety 
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of the viral genome, such that any genome damage located 
outside the region targeted by the amplicon is missed. qPCR 
analysis thus overestimates the concentration of infective 
viruses (Pecson et al. 2009; Sobsey et al. 1998). However, 
qPCR can be used to estimate the residual virus infectiv-
ity after treatment (C/C0) if the reduction in the number of 
whole genome copies (N/N0), rather than a single amplicon, 
is considered. This can be achieved by either targeting a long 
genome segment (Simonet and Gantzer 2006) or multiple 
shorter amplicons by qPCR, followed by extrapolation of the 
measured damage to the entire genome, using the following 
equation (Eq. 1) (Pecson et al. 2011):

This approach has proven effective in the assessment of 
virus inactivation after treatment by  UV254, where inacti-
vation proceeds by a single-hit mechanism, and therefore, 
the inactivation rate is directly proportional to the genome 
decay rate (Pecson et al. 2011; Calgua et al. 2014; Rockey 
et al., submitted). Other disinfection methods, however, 
may induce multiple hits to the genome (e.g., free chlorine) 
(Zhong et al. 2017), or may act predominantly on viral pro-
teins, thus causing little or no genome damage (e.g., heat 
treatment) (Wigginton et al. 2012). For these treatment pro-
cesses, and in order for qPCR to provide a rapid assessment 
of genome damage as a proxy for infectivity, the relationship 
between infectivity and genome damage must be known.

In this study, we assessed the ratio between virus infec-
tivity loss and genome damage of enteroviruses after dif-
ferent disinfection treatments. Enteroviruses are common, 
sometimes fatal, enteric human viruses, and are often asso-
ciated with gastroenteritis, hand, foot, and mouth disease, 
myocarditis, and meningitis (Palacios and Oberste 2005). 
Enteroviruses have been detected in various stages of waste-
water treatment, in the natural environment, and in sources 
of drinking water (Khetsuriani et al. 2006; Montazeri et al. 
2015; Varughese et al. 2018). In the USA, enteroviruses are 
included in the priority list of contaminants to protect human 
health, the USEPA Contaminant Candidate List, and the 
Surface Water Treatment Rule stipulates a 4-log reduction 
in infective enteric viruses for the production of drinking 
water from surface water or groundwater under the direct 
influence of surface water (USEPA 1989). Wastewater treat-
ment plants are currently not obligated by law to monitor 
human viruses in wastewater treatment effluent, but standard 
methods for enteroviruses have been developed to assess 
log removal and detection for research purposes in develop-
ing disinfectant dosing requirements (EPA Method 1615). 
Guidelines and performance targets have been developed for 
human viruses in direct and indirect potable reuse, ranging 

(1)

Proportion(undamaged genomes)

= Proportion(undamaged over n amplicons)
genome length

total length of n amplicons

from 9-log to 12-log removal (WHO 2017). To ensure such 
stringent treatment requirements, a rapid monitoring tool to 
detect virus infectivity is instrumental.

In this work, we provide the basis for the development 
of a rapid, molecular monitoring tool to track enterovirus 
inactivation. Specifically, we assessed the change in genome 
integrity as a function of infectivity for two lab strains of 
human enteroviruses, the Echovirus 11 Gregory strain (E11) 
and Coxsackievirus B5 Faulkner strain (CVB5), in response 
to treatment by three common disinfection methods  (UV254, 
free chlorine (FC), ozonation). The multiple amplicon qPCR 
approach was used to estimate the extent of genome damage, 
and infectivity loss was measured by culture methods. We 
furthermore compared the ratio of genome damage: inacti-
vation between the two viruses, to determine whether simi-
lar relationships are observed for both serotypes, or if each 
serotype needs to be assessed individually. Based on these 
results, an approach to estimate infectivity using a single 
qPCR amplicon is enabled.

Materials and Methods

Virus Purification, Propagation, and Enumeration

Concentrated stocks of CVB5-Faulkner (ATCC VR-185) and 
E11-Gregory (ATCC VR-41) were propagated by infecting 
confluent buffalo green monkey kidney cells (BGMK; kindly 
provided by the Spiez Laboratory, Switzerland). Before 
infection, cells were grown to confluence in culture flasks 
(TPP Techno Plastic Products, Trasadingen, Switzerland) 
with Minimum Essential Media (MEM; Gibco, Waltham, 
NY), amended with 1% penicillin and streptomycin and 10% 
fetal bovine serum (both Gibco, Life Technologies Corpo-
ration, Grand Island, NY), and incubated at 37 °C in 5% 
 CO2 and 95% humidity in culture flasks (TPP Techno Plas-
tic Products, Trasadingen, Switzerland). Cells were infected 
with previous cultured virus and incubated under the same 
conditions (with the exception that a 2% FBS media was 
used) until cytopathic effect (CPE) was observed. Infected 
cells were freeze-thawed three times for virus isolation and 
cellular disruption, and viruses were then concentrated and 
purified by filtration, centrifugation, and either polyethyl-
ene glycol and chloroform treatment as described elsewhere 
[CVB5; (Pecson et al. 2009)], or ultrafiltration and rinsing 
as described previously [E11; (Torrey et al. 2019)]. Aliquots 
of concentrated virus were stored at − 20 °C and brought to 
room temperature before use in inactivation experiments.

Viruses in stock solutions and samples were enumerated 
for infectivity by the most probable number (MPN) method, 
using confluent BGMK cells in 96-well plates as described 
above for virus propagation. Tenfold dilutions of samples 
were added to five replicate wells of confluent BGMK 
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cells with 2% FBS MEM, in 96-well plates (CELLSTAR, 
HUBERLAB). Cells were checked daily for CPE, and data 
were recorded after 5 days, using MPN statistics to deter-
mine the results (Kott 1966).

Inactivation Experiments

All experiments were performed with at least three bio-
logical replicates. Sterile magnetic stir bars were used in 
all experiments to ensure homogenous exposure of virus 
particles to disinfectants during the experiments. All sam-
ples were processed the same day for enumeration of infec-
tive viruses by the MPN assay and nucleic acid extraction. 
Detailed procedures for inactivation experiments using 
 UV254, FC, and ozonation are described below.

UV254 disinfection experiments were performed using a 
custom-made light box equipped with a low-pressure 18 W 
UV-C lamp (253.7 nm, model TUV T8 Philips) in a quasi-
parallel beam setup, with a mechanical sliding cover to con-
trol timing of exposure to light. Sides of beakers were cov-
ered in aluminum foil to limit light exposure to directly from 
above. The irradiance from the collimated beam, determined 
by KI actinometry (Rahn et al. 2006), was 0.15 mW  cm−2. 
Briefly, beakers with 3 mL of phosphate-buffered solution 
(PBS; 5 mM  Na2HPO4 (99%, Acros), 10 mM NaCl (99.5%, 
Acros), pH 7.5), and 100 μL of concentrated virus  (107–108 
MPN/mL) were placed on a magnetic stir plate inside the 
light box and exposed to  UV254. Samples were collected at 
60-s time intervals in 100 µL volumes and placed in sterile 
PBS at 1:10 dilutions. 100 μL of the diluted sample was 
added to 900 μL of MEM for MPN assay processing, and 
200 μL was used for nucleic acid extraction.

FC experiments were performed in chlorine-free glass-
ware prepared as described previously (Torrey et al. 2019). 
A concentrated solution of FC was created by adding 6 μL 
of concentrated bleach (Javel 13–14% sodium hypochlo-
rite, Reactolab SA) to 50 mL of PBS. The concentrated FC 
stock was then diluted in PBS to experimental FC concen-
trations ranging from 1 to 3 mg/L as HOCl. The experi-
mental solutions were spiked with 100 μL of viral stock 
solutions  (107–108 MPN/ mL). 30-μL samples were taken at 
15- to 30-s intervals, were added to 270 μL of PBS amended 
with a sevenfold excess concentration of sodium thiosulfate 
(Sigma-Aldrich) to quench the residual chlorine, and were 
then processed for infectivity and nucleic acid extraction as 
described above. FC concentrations were measured at the 
start and end of each experiment by the Diethyl-p-phenylene 
diamine (DPD) method (APHA 1998), and were found to 
be stable. Indicator buffer solutions used for DPD colorim-
etry were a phosphate solution containing  Na2HPO4 (Acros 
Organics),  KH2PO4 (Sigma-Aldrich), and Ethylenediami-
netetraacetic acid (EDTA; Carl Roth GmbH + Co. KG), and 

a DPD solution containing DPD oxalate (Acros Organics), 
EDTA, and  H2SO4 (Merck KGaA).

Ozonation experiments were performed according to pre-
viously described methods (Wolf et al. 2018). Briefly, ozone 
was produced by an ozone generator (Model CMG 3–3 or 
CMG 3–5, Innovatec, Rheinbach, Germany) from pure oxy-
gen (Carbagaz) and bubbled into 1L of Barnstead Nanopure 
(Thermofisher)/Milli-Q (Millipore) water to make a stock 
solution of approximately 1 mM  O3. Then, the ozone stock 
solution was injected into sealed glass reactors containing 
45 mL of an experimental solution containing PBS with a 
lowered pH (6.5 instead of 7.5), viral inoculum added to a 
final concentration of  107 MPN/mL, 20 mM tert-butanol 
(Sigma-Aldrich) to quench hydroxyl radicals, and trans-cin-
namic acid (Sigma-Aldrich) at concentrations between 120 
and 180 μM to control ozone demand. Multiple solutions of 
varying  O3:cinnamic acid ratios were made to achieve esti-
mated ozone exposures of 3.4 × 10–4–4.4 × 10–3 mg min/L 
(Wolf et al. 2018). Reactors were placed on a stir plate for 
2 min to allow all ozone to be consumed. Then, a 100-μL 
sample was placed in 900 μL of PBS and was processed 
for MPN analysis and nucleic acid extraction as described 
above.

Inactivation kinetics were modeled as a first-order process 
with respect to disinfectant exposure (Eq. 2):

where C and  C0 are the infective virus concentrations (deter-
mined by culturing) after and prior to disinfection treatment, 
respectively, kinact  (mJ−1cm2 or  mg−1 L  min−1) is the inacti-
vation rate constant, and D(t) is the disinfectant concentra-
tion (or irradiance) at a given exposure time t.

qPCR Analyses

For CVB5, RNA extraction was performed using PureLink 
Viral RNA/DNA Mini Kits (Invitrogen). For E11, Ami-
con centrifugal filters (MWCO 100 kDa) were used to first 
concentrate the samples before extracting RNA using the 
QIAamp Viral RNA Mini kit (Qiagen). All dilution and con-
centration steps were accounted for in calculations. qPCR 
assays were performed using SYBR Green reagents in a 
One-step PrimeScript RT-PCR kit for real-time RT-PCR 
(Takara), with the primers listed in Table 1 (Microsynth). 
For all assays, a standard MasterMix was used following 
Takara guidelines for enzymes and reagents, for a total vol-
ume of 15 μL with 3 μL of template sample, using primers at 
0.2 μM concentrations. All samples from inactivation exper-
iments were run in duplicate on a MIC (Magnetic Induction 

(2)ln

(

C

C0

)

= −kinact ⋅

t

∫
0

D(t)dt
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Cycles) qPCR Machine (Biomolecular Systems). Standard 
curves were run along with samples and were based on ten-
fold dilutions of viral RNA from concentrated viral stocks 
previously extracted using the kits given above. All qPCR 
assays used the same thermal cycling conditions, with an 
initial hold of 20 min at 42 °C, followed by a hold of 15 s at 
95 °C, then 40 cycles of 15 s at 95 °C, 30 s at 55 °C, and 20 s 
at 72 °C. qPCR signals were converted to concentrations of 
gene copies using the Mic software (Version 1.4).

Assessment of Genome Damage

To estimate genome damage caused by the different disin-
fectants, multiple amplicons were targeted for each virus 
(Table 1). For CVB5 (accession AF114383.1), seven ampli-
cons representing approximately 49% of the full genome 
(7400 bases) were used. For E11 (accession X80059.1), 
the four amplicons used to encompass approximately 29% 
genome coverage (7438 bases). The proportion of intact 
(undamaged) genomes after disinfection treatment was 
estimated based on the measured intact amplicon fractions, 
according to Eq. 3:

(3)

ln

(

N

N0

)

=
Genome length

Total length of n amplicons
⋅ ln

(

n
∏

i=1

x
i

x0,i

)

where N and N0 are the concentrations of intact genomes 
after and prior to disinfectant treatment, n is the number of 
amplicons, and xi and x0,i are the concentrations of intact 
amplicon i after and prior to disinfectant treatment, respec-
tively, measured by qPCR (Pecson et al. 2011). Finally, 
the genome decay rate kgenome  (mJ−1cm2 or  mg−1 L  min−1) 
caused by each disinfectant was determined as a first-order 
process with respect to disinfectant exposure, according to 
Eq. 4:

Data Analysis

Correlation analysis was conducted in Excel to determine 
the degree of correlation between genome damage and 
infectivity loss for each combination of virus and disin-
fectant. ANCOVA was performed in Excel to compare 
the inactivation kinetics (determined by culturing) and 
genome decay kinetics (determined by qPCR) for each 
combination of virus and disinfectant, as well as the ratio 
of inactivation: genome damage across viruses and disin-
fectants. The threshold P-value for statistical significance 
was set to 0.05.

(4)ln

(

N

N0

)

= −kgenome ⋅

t

∫
0

D(t)dt

Table 1  Primers targeting 
multiple amplicons for two 
enteroviruses, Echovirus 11 
(E11) and Coxsackievirus 
B5 (CVB5), including target 
regions for each primer set

Virus Primer set (5′ → 3′) Genome region/peptide Length (bases)

E11 (7438 bases) 1F: ACT TTG GGT GTC CGT GTT TC
1R: TAC TCA GGC CAT CGA CCA TAC 

VP4/VP2 531

2F: TGG GAG GAT ACC ACA CAA CC
2R: AGT TCA CCG TGG ATG CAT TT

VP1 569

3F: GAC TCA AGC AGC TCC CTC TG
3R: GGG CCC TAC TAT CTG ACA CG

2C 567

4F: CAT GTC CAC CGG TAA GGT CT
4R: TAG ATC CCT GGT CCT CCT TG

3C/3D 511

Genome coverage 2176 (29%)

CVB5 (7400 bases) 1F:ATG GAA ATT GCG GAG TGT T
1R:AAT TCC GCA AAT AGG CAA GA

5′UTR/VP4 605

2F:CTA CTT GAG GGA CGA TGA A
2R:ATG TAC CGA TCA CAG TGA CA

VP2 613

3F:AGA TTG CGG AGG TGGAT 
3R:AGA TTT TGT GCT TTG TGT CA

VP3 512

4F:AGA TCC GCA TGT GTT TAC TACA 
4R:ATG ATG GAT GGG CTA GAT TTGA 

VP1 398

5F:ACT ACC GGA GTG TAT TTC TGT 
5R:ACT GGT TAT TGT GGT AAG AAA TCA 

2A 455

6F:AGA AAG GCA TCT TGT TCA CTT 
6R:TTG GTT CCT GAG GTC AAC T

2C/3A 513

7F:TTG AGG AGG CCA TAT TCT CAA 
7R:TTT GGA GTA AAA TAC CGG TGAT 

3D 511

Genome coverage 3607 (49%)
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Results

Inactivation curves were established for two human entero-
viruses, CVB5 and E11, using three disinfection methods: 
 UV254, FC, and ozonation (Fig. 1). Infectivity loss and 
amplicon decay were determined at different disinfectant 
exposures, and genome decay was estimated based on Eq. 3. 
As is evident from Fig. 1, the data on genome decay are 
associated with scatter. This scatter arises from the extrapo-
lation method used to estimate damage across the whole 
genome from the measured decay of amplicons (Eq. 3). 
Even a small error in the measured amplicon decay rapidly 
becomes magnified when extrapolated to the whole genome. 
However, assuming that the qPCR measurement errors are 
randomly distributed, the kinetic analysis applied to the 
entirety of data points for a given combination of virus and 
disinfectant (Eq. 4) should nevertheless yield a reasonable 
estimate of the genome decay rate.

Inactivation and genome decay rate constants are shown 
in Table  2. Inactivation proceeded at comparable rates 
(within a factor of 2) for both viruses for a given treatment 
considered. Genome decay kinetics were similar for both 
viruses for  UV254 and ozone, but divergent for FC, with E11 
exhibiting more rapid genome decay compared to CVB5. 
When comparing inactivation and genome decay kinetics 
for a single virus and disinfectant, similarity was observed 
within all disinfectant types for CVB5, with no significant 
differences between inactivation and genome decay rates. 
In contrast, statistically significant differences between 
inactivation and genome decay were observed for FC and 
ozone for E11 (ANCOVA; P < 0.05; indicated in italic font 
in Table 2).

For a given disinfectant dose, amplicon decay was 
relatively uniform across the entire genome for inacti-
vation by FC. In contrast, variation between amplicons 
was observed for inactivation by  UV254 (Fig. 2). This 

-10

-8

-6

-4

-2

0

0 10 20 30 40
-10

-8

-6

-4

-2

0

0 10 20 30 40

UV254 fluence (mJ/cm2)

C/
C gol( noitavitcanI

0)

FC exposure (mg min/L)

-35

-30

-25

-20

-15

-10

-5

0

0 1 2 3
-35

-30

-25

-20

-15

-10

-5

0

0 1 2 3

Ozone exposure (mg min/L x 10-3)

-60

-50

-40

-30

-20

-10

0

0 1 2 3 4 5
-60

-50

-40

-30

-20

-10

0

0 1 2 3 4 5

C/
C gol( noitavitcanI

0)
C/

C gol( noitavitcanI
0)

CVB5 E11

Fig. 1  Inactivation of Coxsackievirus B5 Faulkner (left column) 
showing loss as measured by MPN (filled circles) and genome dam-
age (open circles), and of Echovirus 11 Gregory (right column) show-
ing loss as measured by MPN (filled squares) and genome damage 
(open squares). Inactivation data are presented on a  log10 scale for 
readability. Note the difference in scale on the y-axis for each disin-
fectant

Table 2  Inactivation rate 
constants (kinact) and genome 
decay rate constants (kgenome) for 
each disinfectant and virus, ratio 
of genome damage to infectivity 
loss and corresponding 
correlation coefficient (R)

Values in italic indicate statistically significant differences between kinact and kgenome (ANCOVA; P < 0.05) 
for a given combination of virus and disinfectant. Asterisks indicate ratios of genome damage to infectivity 
loss that differ significantly between viruses (ANCOVA; P < 0.05). Errors indicate 95% confidence inter-
vals

Virus Disinfectant Kinetic constants Comparison genome 
decay vs. infectivity loss

kinact  (mJ−1cm2 or 
 mg−1 L  min−1)

kgenome  (mJ−1cm2 or 
 mg−1 L  min−1)

Ratio (ln(N/
N0):ln(C/C0))

R

CVB5 UV254 0.34 ± 0.05 0.46 ± 0.23 1.3 ± 0.7 0.81
FC 7.2 ± 2.7 6.1 ± 6.0 0.5 ± 0.8* 0.33
O3 2308 ± 942 13,877 ± 24,078 6.4 ± 8.8 0.48

E11 UV254 0.38 ± 0.06 0.35 ± 0.2 0.7 ± 0.5 0.46
FC 3.8 ± 1.1 26.6 ± 8.3 6.7 ± 1.2* 0.93
O3 1978 ± 600 19,662 ± 10,533 6.8 ± 4.1 0.49
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variability is consistent with previous studies, where 
differences in amplicon decay were found (Pecson et al. 
2011; Rockey et al., submitted), depending on amplicon 
length and position. No assessment could be made regard-
ing the uniformity of amplicon decay by ozone, because 
of the large scatter in the data (not shown).

We evaluated inactivation vs. genome damage for 
each virus and disinfectant (Fig. 3). Despite the scat-
ter in genome decay data discussed above, correlation 
coefficients could be derived for all viruses and treat-
ments. For CVB5, the correlation was strong for  UV254 
(R = 0.81; P < 0.05). Weaker correlations were found for 
FC (R = 0.33; P = 0.20) and ozone (R = 0.48; P = 0.13) 
and were only significant at the 80% and 87% confidence 
level, respectively. Inactivation and genome damage were 
also correlated for E11, with FC exhibiting the strong-
est correlation (R = 0.93; P < 0.05), followed by ozone 
(R = 0.49; P < 0.05) and  UV254 (R = 0.46; P < 0.05). The 
ratios between infectivity loss and genome decay (cor-
responding to the slopes of ln(C/C0) vs. ln(N/N0); Fig. 3 
and Table 2) were similar between viruses and not differ-
ent from 1 for inactivation by  UV254. For ozone, the ratio 
was higher but not significantly different between the 
two viruses. In contrast, the ratios differed significantly 
between CVB5 and E11 for inactivation by FC, with a 
ratio not different from 1 for CVB5, but >  > 1 for E11 
(ANCOVA; P < 0.05; indicated by an asterisk in Table 2).

Discussion

All of the disinfection treatments investigated herein resulted 
in progressive genome damage with increasing disinfect-
ant exposure. However, the extent of genome damage per 
unit inactivation differed between disinfectants. Ratios 
for genome damage:infectivity loss represent how closely 
genome damage—as measurable by qPCR—tracks inacti-
vation. A ratio of 1 would indicate equal extents of genome 
damage and infectivity loss, consistent with a model where 
each hit to the genome causes inactivation. In contrast, a 
ratio > 1 suggests that multiple hits to the genome are needed 
to cause an inactivation event.

Exposure to  UV254 resulted in genome degradation that 
matched the decrease in infectivity. This supports what is 
known about UV inactivation mechanisms, causing genomic 
lesions that result in inactivation (Beck et al. 2016; Simonet 
and Gantzer 2006; Calgua et al. 2014; Pecson et al. 2011). 
Furthermore, genome decay rates were similar for both 
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viruses, consistent with previous findings that different 
enterovirus serotypes are inactivated by  UV254 at compara-
ble rates (Meister et al. 2018).

Similar inactivation rates for CVB5 and E11 have also 
been reported for inactivation by ozone (Wolf et al. 2018). 
Consistent with this finding, the ratio between genome decay 
and inactivation was also similar for these two serotypes. For 
both viruses, genome decay outcompeted inactivation by a 
factor of > 6, though there was high scatter in the data. This 
high ratio indicates that reactions between ozone and viral 
RNA prevent the PCR enzymes from amplifying the viral 
RNA, but do not prevent the host cells from replicating the 
genome and producing viral progeny. The majority of ozone 
reactions with viral RNA thus do not constitute inactivat-
ing events, though they do lead to an accumulation of RNA 
damage that is detectable by qPCR.

In contrast to  UV254 and ozone, FC caused differing 
effects in the two viruses considered, with E11 exhibiting 
greater genome damage per unit of inactivation compared to 
CVB5. Previous work demonstrated that both viral genome 
and proteins in E11 are damaged by FC (Zhong et al. 2017), 
but that protein damage is more significant in terms of loss 
of functionality (Torrey et al. 2019). The extensive genome 
damage accumulated by E11, while detectable by qPCR, 
is thus likely a byproduct of FC treatment, rather than the 
primary cause of inactivation. Comparable data for CVB5 
regarding mechanisms of inactivation are not available in 
previous literature. However, CVB5 has been found to be 
more resistant to FC compared to other enterovirus serotypes 
(Payment et al. 1985; Meister et al. 2018). This resistance 
may in part arise from a more stable protein capsid, such that 
FC may be prevented from entering the capsid and causing 
genome degradation. This hypothesis, however, remains to 
be confirmed.

All treatments and viruses studied herein exhibited cor-
relations of inactivation measured by culturing and genome 
damage. This suggests that using a calculated ratio of 
genome decay to infectivity loss can be utilized and applied 
to monitor virus inactivation during water and wastewater 
disinfection. Specifically, we here provide ratios to translate 
reductions in entire genomes (log N/N0) to infectivity loss 
(log C/C0). Based on the data set of two serotypes provided 
herein, it appears feasible that ratios determined for UV and 
ozone may apply across different enteroviruses. In contrast, 
for FC, ratios need to be determined individually for each 
serotype of interest.

Given that measurement of the entire genome by qPCR 
is laborious, a simpler approach could be pursued using a 
single amplicon only. A single amplicon would degrade 
less readily than the full genome during disinfection treat-
ment, because its smaller size renders it less likely to be hit 
during disinfection treatment. In addition, as shown herein 
and in previous studies (Pecson et al. 2011; Rockey et al., 

submitted), the extent of decay in response to disinfectants 
varies across the genome, in particular for  UV254. For a sin-
gle amplicon approach to be successful, the design of the 
amplicon thus requires additional research to identify parts 
of the genome that are most likely to be damaged by the 
disinfectant of interest, and the decay rate of the amplicon 
selected would then have to be specifically calibrated against 
the corresponding inactivation. Finally, an ideal amplicon 
would cover a genome region that is conserved across 
strains, or even serotypes. Despite the design effort involved, 
the data presented herein indicates that the single amplicon 
approach may be feasible, in particular in the case of ozone 
treatment or FC treatment of E11. Because these treatments 
led to extensive genome damage per unit of inactivation, a 
single amplicon may accumulate sufficient damage to allow 
detection by qPCR, even at low levels of inactivation. The 
use of a single amplicon in conjunction with  UV254 treat-
ment would be more challenging, in particular at low levels 
of inactivation, because of the low likelihood of a single 
amplicon to incur genome damage.

A recent review (Gerba et al. 2018) included the rec-
ommendation to use ratios similar to this approach when 
attempting to reduce uncertainty in measuring viral reduc-
tion through water treatment, particularly in untreated waste-
water, and to obtain a better assessment of initial infectivity. 
The results presented here further support the notion that 
molecular methods are useful for assessing viral inactivation 
after water treatment, with the caveat that variability among 
viruses and treatment applications should be considered. 
Furthermore, the ratios reported herein remain to be con-
firmed for different water types. Future studies that expand 
on these results can contribute more effective monitoring 
tools and regulation of risks to human health and enforcing 
and maintaining rigorous standards for water treatment and 
reuse.
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