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concentrations of eight environmentally relevant enterovirus serotypes 
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A B S T R A C T   

Enterovirus (EV) infectivity is typically measured as a bulk parameter, yet EV serotypes vary in their suscepti-
bility to natural and engineered stressors. Here we developed an integrated cell culture reverse transcriptase 
quantitative PCR (ICC-RTqPCR) method to simultaneously and specifically quantify the infectious concentrations 
of eight EV serotypes commonly encountered in sewage (coxsackieviruses A9, B1, B2, B3, B4 and B5, and 
echoviruses 25 and 30). The method uses two cell lines for virus replication and serotype-specific qPCR primers 
for quantification. Primers were designed to target multiple environmental strains of a given serotype and dis-
played high specificity. The ICC-RTqPCR method exhibited a linear calibration range between 50 and 1000 
(echoviruses) or 5000 (coxsackieviruses) infectious units per mL. Over this range, measurements were not 
influenced by the presence of non-target serotypes, and calibration slopes were reproducible for different virus 
batches and cell ages. The ICC-RTqPCR method was able to accurately quantify the infectious concentration of a 
virus after inactivation by heat, and the concentration of a virus within a wastewater matrix. This method will be 
valuable to assess the differing fates of EV serotypes in natural or engineered systems, and to portray the 
associated changes in EV population composition.   

1. Introduction 

Enteroviruses (EVs) are a group of common and globally circulating 
viruses. Of the ten known enterovirus species (Enterovirus A-J), four 
(Enterovirus A-D) are relevant to human health. They cause a diverse 
array of clinical outcomes, ranging from asymptomatic infections to 
mild rashes, encephalitis, meningitis or paralysis (Yin-Murphy and 
Almond, 1996; Pons-Salort et al., 2019). EVs are frequently encountered 
in sewage, where several serotypes are typically present in a single 
sample (Benschop et al., 2017; Brinkman et al., 2017; Delogu et al., 
2018; Tao et al., 2020). Once discharged into the environment, EVs can 
retain infectivity for up to four weeks in groundwater, wetland, and 
seawater (Sobsey and Meschke, 2003). Infectious EVs have also been 
detected in lake water (Lee and Jeong, 2004), seawater (Moce et al., 
2005), and river water (Tani et al., 1992). 

Knowledge of infectious EV concentrations in environmental sam-
ples is critical for monitoring water and wastewater treatment perfor-
mance, or for assessing health risks arising from exposure to 

contaminated waters. Because different EV serotypes are affected by 
natural and engineered stressors to a varying extent (Meister et al., 
2018; Payment and Trudel, 1985), each serotypes should ideally be 
monitored individually. Traditional cell culture-based assays used to 
assess infectious virus concentration, however, cannot differentiate be-
tween different serotypes present in a single sample (e.g. wastewater). 
Integrated cell culture – reverse transcriptase quantitative PCR 
(ICC-RTqPCR) overcomes this shortcoming by combining cell culture 
with viral genome detection by qPCR. The virus is briefly propagated on 
cells, and its amplification is measured by qPCR with primers specific to 
the virus of interest. The amplification measured is proportional to the 
initial concentration of infectious virus, and the measurement can be 
serotype-specific, even in a mixed sample. ICC-RTqPCR can thus deter-
mine infectious virus concentrations in a timely and specific manner. 
Furthermore, because cells are exposed to virus-containing samples for 
shorter duration compared to traditional cell culture assays, the risk of 
cell death arising from cytotoxic matrix components (e.g. wastewater 
constituents) is reduced. 

* Corresponding author. 
E-mail address: tamar.kohn@epfl.ch (T. Kohn).  

Contents lists available at ScienceDirect 

Journal of Virological Methods 

journal homepage: www.elsevier.com/locate/jviromet 

https://doi.org/10.1016/j.jviromet.2021.114225 
Received 28 May 2021; Received in revised form 28 June 2021; Accepted 28 June 2021   

mailto:tamar.kohn@epfl.ch
www.sciencedirect.com/science/journal/01660934
https://www.elsevier.com/locate/jviromet
https://doi.org/10.1016/j.jviromet.2021.114225
https://doi.org/10.1016/j.jviromet.2021.114225
https://doi.org/10.1016/j.jviromet.2021.114225
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jviromet.2021.114225&domain=pdf


Journal of Virological Methods 296 (2021) 114225

2

ICC-PCR was originally described by Reynolds et al. (1996) to detect 
infectious enterovirus in environmental samples. Since its introduction, 
several studies have used ICC-PCR for its more rapid and sensitive 
detection of different waterborne viruses compared to cell culture (Lee 
et al., 2005; Lee and Jeong, 2004; Lee and Kim, 2002; Blackmer et al., 
2000; Chapron et al., 2000; Grimm et al., 2004; Jiang et al., 2004). A 
quantitative assay using specific primers was developed by Mayer et al. 
(2010) to simultaneously measure the infectious concentration of three 
EV serotypes (echovirus 12, coxsackievirus B6 and poliovirus type I) in 
disinfection studies. Ryu et al. (2018) then expanded on this work to 
include four serotypes representing the four EV species relevant to 
human health. While only including a small number of serotypes, these 
two studies demonstrated that ICC-RTqPCR is a promising technique to 
quantify EV infectivity in a sample containing multiple species and 
serotypes. 

The objective of this study was to develop an analytical method that 
specifically targets the EV serotypes most frequently encountered in 
environmental samples in Europe. We first identified the serotypes of 
interest, and then developed and calibrated an ICC-RTqPCR assay to 
measure their infectious concentrations. Finally, we confirmed the 
ability of the assay to quantify residual infectious concentrations after 
inactivation, and in challenging environmental matrices (wastewater). 
Ultimately, this assay will enable a serotype-specific monitoring of EV 
fate during water and wastewater treatment or in the environment. 

2. Materials and methods 

2.1. Serotype selection 

A literature review was conducted to identify the EV serotypes 
commonly found in sewage. As part of the effort to eradicate poliovirus, 
EVs in sewage are monitored worldwide. Our focus was on surveillance 
papers reporting the serotypes found in European sewage (Benschop 
et al., 2016; Benschop et al., 2017; Delogu et al., 2018; Hovi et al., 
1996). Serotypes detected were assigned a rank from 1 to 13 based on 
their prevalence in each study (percentage of total EVs detected), a low 
rank corresponding to high prevalence. Only EVs detected at a per-
centage superior to 0.5 % and in more than one study were considered. If 
a serotype was not detected in a study, it was assigned the maximal rank 
of 14 for that study. The mean rank of each serotype over all studies was 
calculated. Prevalence data for each study and the final ranking of each 
serotype are given in Table S1. 

2.2. Viral stock preparation 

For each selected serotype, we obtained one environmental isolate. 
Coxsackieviruses B4 (CVB4) and B5 (CVB5) were isolated from Lau-
sanne sewage as described elsewhere (Meister et al., 2018). Sewage 
isolates of the remaining serotypes were kindly provided by Soile 
Blomqvist and Carita Savolainen-Kopra (Finnish National Institute for 
Health and Welfare) and included coxsackieviruses B1, B2, B3, A9 
(CVB1, CVB2, CVB3, CVA9) and echoviruses 3, 6, 7, 11, 13, 25 and 30 
(E3, E6, E7, E11, E13, E25, E30). 

Stocks of all the EV serotypes were produced by propagating them 
once in their corresponding cell line, except for CVA9, which was 
propagated on Buffalo Green Monkey Kidney (BGMK) cells. Based on 
literature (Bell and Cosgrove, 1980; Betancourt and Shulman, 2017; 
Chonmaitree et al., 1988; Johnston and Siegel, 1990; Pérez-Ruiz et al., 
2003; Prim et al., 2013; Rodríguez et al., 2008; Schmidt et al., 1975) 
BGMK were selected for their ability to propagate coxsackievirus B. 
Rhabdomyosarcoma (RD) cells were selected because they are efficient 
at propagating echovirus and are the most efficient cell line to propagate 
coxsackievirus A. BGMK cells (provided by Spiez Laboratory, 
Switzerland) and RD cells (ATCC CCL-136) were grown at 37 ◦C in 5% 
CO2, on Minimum Essential Medium (MEM, Life Technologies) and 
Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies) 

respectively, supplemented with 10 % fetal bovine serum (FBS, Life 
Technologies) and 1% penicillin/streptomycin (Life Technologies). The 
maintenance media was prepared by supplementing 2% FBS instead of 
10 %. 

Confluent flasks of BGMK or RD cells were infected with the virus in 
maintenance media and incubated at 37 ◦C until full cytopathic effect 
(CPE) was observed. After three cycles of freeze-thawing, the cell lysate 
was centrifuged for 10 min at 300xg and the supernatant was filtered 
through a 0.22 μm polyethersulfone (PES) membrane (Durapore, Millex) 
or a 0.2 μm PES membrane (Sarstedt). The viral stock was then aliquoted 
and stored at − 20 ◦C. Viral stocks were enumerated on their respective 
cells by endpoint dilution in 96 well plates, and their infectious con-
centration was assessed by the most probable number (MPN) method 
(Pepper et al., 2015) with 5 replicates per dilution. Two different virus 
generations were used for this study: the first was propagated once from 
the original isolates, while the second was propagated once from the 
first generation stock. 

2.3. RNA extractions 

All RNA extractions were performed using the Maxwell® 16 Viral 
Total Nucleic Acid Purification kit (Promega) according to the manu-
facturer’s instructions with the Maxwell® 16 Instrument. The RNA ex-
tracts obtained from the ICC-RTqPCR of virus spiked in a wastewater 
matrix were additionally treated using the OneStep™ PCR Inhibitor 
Removal Kit (Zymo). RNA extracts were stored at − 20 ◦C for a maximum 
of 7 days prior to RTqPCR. 

2.4. Primer design 

For each serotype, a consensus sequence of the VP1 region was 
created with approximately twenty sequences from the NIAID Virus 
Pathogen Database and Analysis Resource (ViPR) (Pickett et al., 2012). 
The VP1 region is the variable region of Enterovirus which allows typing 
(Oberste et al., 1999). The following criteria were used for the selection: 
(i) originated from a European country (excluding Russia for potential 
geographic distance); and (ii) as recent as possible (most were after 
2000). The accession numbers of the sequences are listed in Table S2. 
Based on the consensus sequence, primers were designed in VP1 regions 
that were relatively conserved within a serotype using the Geneious 
software version 9.1.8 (Kearse et al., 2012) (Table S3). Since the main 
design criterion was serotype specificity, the region was the main 
criteria used for design, disregarding other common design guidelines 
(GC content, high melting temperature, secondary structure). The 
primers were tested with their target serotype and discarded if they did 
not amplify it. 

In addition to the specific primers, we also employed general EV 
primers described elsewhere (De Leon et al., 1990) that capture all se-
rotypes simultaneously. 

2.5. Reverse transcription (RT) qPCR analysis 

RTqPCR was performed on a Mic qPCR Cycler (Bio Molecular Sys-
tems) using the One Step SYBR® PrimeScript™ RT-PCR Kit (Takara). 
Each reaction (20 μL) contained 3 μL of template, 10 μL of 2x One Step 
SYBR RT-PCR Buffer III, 0.4 μL of TaKaRa Ex Taq HS (5 U/ul), 0.4 μL of 
PrimeScript RT enzyme mix II, 250 nM of each primer and 5.2 μL of 
water. The following thermocycling conditions were used for all specific 
primes: RT at 42 ◦C for 5 min, 10 s at 95 ◦C (RT inactivation/initial 
denaturation), followed by 40 cycles of 95 ◦C for 5 s, 52 ◦C for 20 s and 
60 ◦C for 30 s. The same thermocycling conditions were also used for the 
general EV RTqPCR assay, except for an annealing temperature of 57 ◦C 
instead of 52 ◦C. Each sample was run once, and the Cq values were 
determined using the micPCR software (v2.10.0; Bio Molecular 
Systems). 

DNA standards for each serotype were purchased (gblock, Integrated 
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DNA Technologies) and were serially diluted to produce standards 
ranging from 3.3×100 to 3.3×106 genome copies per μL. An overall 
calibration curve was created for each serotype by pooling individual 
curves from multiple qPCR runs. The limits of quantification (LOQ) of 
each assay were determined in R using a curve-fitting method developed 
by Klymus et al. (2020) with a coefficient of variation (CV) threshold of 
35 %. For samples with a genome copy (gc) concentration below the 
LOQ, the concentration was set to the LOQ and labeled accordingly. 
QPCR data were excluded if they exhibited interfering peaks in the melt 
analysis. 

No-template controls containing deionized water were included in 
all qPCR runs and did not result in an amplicon peak. Selected samples 
were analyzed at 1:10 and 1:100 dilutions to check for PCR inhibition. 
Inhibition was only detected in samples containing wastewater, and 
therefore these samples were subjected to an inhibitor removal step (see 
“RNA extractions”). 

2.6. Microfluidic quantitative PCR to determine primer specificity 

In order to verify that the primers were serotype-specific, each 
primer was evaluated against all serotypes included in the study using a 
Microfluidic quantitative PCR (MFqPCR) platform (Biomark HD, Flu-
idigm). MFqPCR allows the simultaneous run of multiple singleplex 
qPCR reactions that take place in nanoliter chambers (9.1 nL) situated at 
high density on a single chip. 

RNA extracted from each serotype stock was quantified using the 
general EV RTqPCR assay and was adjusted to equal concentrations. The 
RNA was reverse transcribed using the SuperScript™ IV VILO™ Master 
Mix (Thermo Fisher Scientific) and was subsequently diluted 5-fold to 
avoid inhibition in the following steps. Since the MFqPCR uses very 
small reaction chambers, the cDNA was pre-amplified to ensure that at 
least one DNA molecule is found in each chamber. This pre- 
amplification was performed using 1 μL of Preamp Master Mix (Fluid-
igm), 0.5 μL of a mix of all primers at a concentration of 500 nM each, 
2.25 μL of DNase-free water, and 1.25 μL of cDNA. The following ther-
mocycling program was used: 2 min at 95 ◦C, followed by 14 cycles of 15 
s at 95 ◦C and 4 min at 60 ◦C. Finally, 5 μL of preamplified DNA was 
incubated with 2 μL of an exonuclease I solution (1.4 μL of DNase-free 
water, 0.2 μL of Exonuclease I reaction Buffer (New England BioLabs), 
0.4 Exonuclease I 20 U/μL) for 30 min at 37 ◦C, followed by 15 min at 80 
◦C. 

Two MFqPCR runs were undertaken with different cDNA concen-
trations. After pre-amplification, samples were diluted 5-fold for the first 
run and 20-fold for the second run before the MFqPCR run. MFqPCR was 
performed using a 48 × 48 Dynamic Array™ integrated fluidic circuit. 
The sample mix contained 2.5 μL 2xSsoFast EvaGreen Supermix with 
low ROX (BioRad), 0.25 μL 20x DNA Binding Dye (Fluidigm), and 2.25 
μL of the pre-amplified sample (cleaned with exonuclease and diluted). 
Each primer pair mix contained 2.5 μL 2xAssay Loading Reagent (Flu-
idigm), 2 μL 1x DNA Tris 0.1 mM EDTA, 0.25 μL of forward primer at 
100 μM, and 0.25 μL of reverse primer at 100 μM. The sample and primer 
mixtures were loaded onto the chip and were mixed using an IFC 
controller MX (Fluidigm) following the manufacturer’s instructions. The 
qPCR was run with the following thermocycling conditions: 1 min at 95 
◦C, followed by 30 cycles of 5 s at 96 ◦C, 20 s at 52 ◦C, and 20 s at 60 ◦C. 
Data analysis was performed using the Fluidigm Real-Time PCR Analysis 
software. 

Several control samples were included in the analysis. Serial di-
lutions of the E7 stock solution were used to confirm that the RT and pre- 
amplification did not affect the relative quantification. Negative controls 
(water) of the RT, the pre-amplification, and the MFqPCR analysis were 
also included. Extracts from cell scraping also underwent the whole 
process starting at the RT step, to check whether the primers amplified 
the cell extracts. 

2.7. PCR efficiency 

The PCR efficiency of each primer pair was determined based on 
serial dilutions of DNA standards, according to Green and Sambrook 
(2012). Preliminary experiments revealed that similar efficiencies were 
obtained when using viral RNA instead of DNA standards (Table S4). 
Due to design constraints, we aimed for an amplification efficiency of at 
least 0.8 for the specific primers. For primers with an amplification ef-
ficiency of 1, a 10-fold dilution of samples results in a 3.3 Cq difference. 
With a 0.8 efficiency, a 10-fold dilution factor results in a 3.9 Cq 
difference. 

2.8. ICC-RTqPCR protocol 

A detailed protocol of the ICC-RTqPCR can be found in Figure S1. 
Briefly, 6 well plates of BGMK or RD cells were prepared. When cells 
reached full confluency, the growth media was discarded, and replicate 
wells were inoculated with 1 mL of the sample. The first replicate well 
was scraped immediately and the entire content, sample and scraped 
cells, was collected and frozen at − 20 ◦C until processing (t0 sample). 
The plate with the second replicate was placed in the incubator at 37 ◦C 
for 24 h before the well was scraped and the content collected and frozen 
(t24 sample). The samples were then thawed and centrifuged for 10 min 
at 1000xg to remove cell debris and the supernatant was transferred to a 
new tube. RNA was extracted from 200 μL of the sample as described 
above, and the viral genome copy concentrations in each sample were 
determined by RTqPCR. Finally, the increase in genome copies over 24 h 
(Δgc (24 h)) was determined as the difference in genome concentration 
between the t0 and t24 samples. 

To calibrate the ICC-RTqPCR assay, Δgc(24 h) was measured for 
standards with known concentrations of infectious virus. A stock solu-
tion containing all serotypes at equal infectious concentration was made 
and was serially diluted to produce standards ranging from 50 to 5000 
MPN/mL for each virus. The dilutions were made in 2% MEM or DMEM 
for infection on BGMK or RD, respectively. Calibration standards were 
subjected to the ICC-RTqCPR protocol described above, in duplicates for 
each dilution and on both cell lines. Preliminary data showed that Δgc 
(24 h) reached a plateau for standard concentrations of 1×104 MPN/mL 
or higher, therefore 5000 MPN/mL was the maximum concentration 
considered. Three repeats of the calibration curve were made with 
different cell batches. The first two repeats of the ICC-RTqPCR calibra-
tion curves were done with the first generation viral stocks, while the 
third repeat was done using the second generation. 

2.9. Competition among serotypes during cell culture 

To evaluate if the presence of other serotypes in solution inhibits the 
replication of any given virus during cell culture, Δgc(24 h) was 
compared between solutions containing multiple serotypes and single 
serotypes. To this end, we compared the two highest standards of the 
first ICC-RTqPCR calibration curve (which used mixed samples) to 
samples containing only one serotype at the same concentration. 

The single serotype experiments were performed on the same day 
and using the same individual viral stock solutions and cell batches as 
the first ICC-RTqPCR calibration curve. 

2.10. Inactivation experiment 

Aliquots (100 μL) of CVB5 at a concentration of 7×106 MPN/mL 
were exposed to 55 ◦C in the thermocycler for 0, 2, 5, or 10 s. Each 
exposure time was tested in duplicate and the duplicate samples were 
combined and diluted 70- to 7000-fold in 2% MEM, to fall within the 
linear range of ICC-RTqPCR. The diluted samples were then enumerated 
by endpoint dilution once and by ICC-RTqPCR in triplicate. 
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2.11. Measurement of virus in wastewater matrix 

A 24 -h composite influent sample was collected from the Vidy 
wastewater (WW) treatment plant (Lausanne, Switzerland). It was 
filtered through a 2.7 μm glass filter (Whatman®) and a 0.22 μm PVDF 
filter (Durapore, Millex). Part of the filtered WW was sterilized by 
autoclaving (SWW). The CVB4 stock was diluted in filtered WW and in 
SWW to obtain a concentration of 200 MPN/mL. Virus in WW and in 
SWW were then measured in duplicate by ICC-RTqPCR. The WW and 
SWW without added CVB4 were also measured by ICC-RTqPCR, to check 
for the possible interference by indigenous CVB4. All ICC-RTqPCR 
inocula were 500 μL instead of 1 mL, to decrease cell toxicity. The in-
fectious concentration of the spiked virus was measured once by 
endpoint dilution and the Δgc(24 h) was measured in duplicates for each 
sample. 

2.12. Data analysis 

Statistical analyses were performed in R using the packages stats (R 
Core Team, 2020), car (Fox and Weisberg, 2019), and the EPA MPN 
calculator (https://mostprobablenumbercalculator.epa.gov/mpnForm). 
The two-tailed Student t-test for equal variances was done in R using the 
t.test function, and the bartlett.test function to test for the equivalence of 
variance. ANCOVA analysis was done using the Anova function with 
Type III sum of squares. All statistical tests were performed with a sta-
tistical significance threshold of α = 0.05. The prediction intervals for 
the inactivation experiment and the wastewater spiking experiment 
were calculated using Eq. (1), where x0 is the infectious concentration 
corresponding to the Δgc(24 h) y0, xi is the infectious concentration of 
calibration standard i, x is the average infectious concentration of the 
calibration standards, y is the average Δgc(24 h) of the calibration 
standards, m is the number of replicates used to determine y0, n is the 
number of standards used for the calibration curve, tn-2 is the student 
t-value for α = 0.05 and n-2 degrees of freedom, sy/x is an estimation of 
the random error in the y-direction, and b is the slope of the calibration 
curve (Miller and Miller, 2005). 

predictioninterval = x0 ± tn− 2 ∗
sy/x

b
∗

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
m
+

1
n
+

(y0 − y)2

b2∑

i
(xi − x)2

√
√
√
√
√ (1)  

2.13. Data availability 

Raw data for Figs. 2–5 are available at https://doi.org/10. 
5281/zenodo.5069278. 

3. Results 

3.1. Selection of EV 

3.1.1. Identification of predominant EV serotypes 
Based on the occurrence found in the literature, the following list of 

serotypes in order of prevalence was produced: CVB5, CVB4, E11, E6, 
CVB3, E3, E7, CVB2, CVB1, E25, E30, CVA9, E13 (Table S1). The five 
most common serotypes were present in all environmental studies 
considered, and are also reported in clinical studies (Antona et al., 2007; 
Roth et al., 2007). A mixture of these 13 serotypes at equal concentra-
tion constituted our stock solution for the ICC-RTqPCR calibration 
curve, representing the diversity that may be found in a sewage sample. 

3.1.2. Primer specificity, efficiency and LOQ 
The ability of a primer pair to amplify its target serotype (specific 

amplification) was compared to its ability to amplify the other serotypes 
(non-specific amplification). A difference in Cq (ΔCq) between specific 
and non-specific amplification of 3.9 was considered acceptable, a ΔCq 
of 7.9 good and a ΔCq of 11.8 very good, representing at least 10-, 100- 

and 1000-fold greater amplification of the specific target compared to 
the non-specific one, respectively, for primers of efficiency ≥ 0.8. Fig. 1 
presents the ΔCq values for each combination of primer pair-serotype, 
for the primers used in this study. Most primers exhibited good or 
very good specificity, but three primer pairs were rated not acceptable: 
E13 did not amplify its own serotype, and E6 amplified E11. E6 and E13 
were therefore removed from further consideration. In addition, CVB2 
amplified E6. In this case, however, the lack of specificity was not pro-
hibitive, because E6 does not amplify on BGMK cells, which are used for 
the ICC-RTqPCR analysis of CVB2. The full specificity results for both 
repeats of Fluidigm runs with qPCR replicates are presented in 
Figure S2. For the remaining primers, standard curves were produced 
and PCR efficiency was determined (Table 1). Most primers achieved 
efficiencies > 0.8, except E7, which was removed from further consid-
eration. However, primers for E3 and E11 exhibited interfering melt 
peaks (data not shown), and were therefore also discarded. 

The final eight serotypes maintained for ICC-RTqPCR analysis were 
thus CVB5, CVB4, CVB3, CVB2, CVB1, E25, E30, and CVA9. For these 
serotypes, LOQs and calibration curve parameters were determined and 
are shown in Table 1. 

3.2. Competition between serotypes in mixed samples 

Typical environmental samples contain several serotypes, which 
may compete with one another during amplification on cells, and may 
hence influence ICC-RTqPCR results. We therefore compared the ICC- 
RTqPCR signal of samples containing all serotypes included in this 
study to samples containing only a single serotype at a time (Fig. 2). For 
the CVB serotypes, the Δgc(24 h) values for single and mixed samples 
matched well. For the two echoviruses and CVA9, in contrast, there was 
a statistically significant divergence between single and mixed sample 
(two-sided t-test for CVA9 (5000 MPN/mL): p = 0.016; E30 (1000 MPN/ 
mL): p = 0.043; E30 (5000 MPN/mL): p = 0.032). 

The confidence intervals for the difference in means between the two 
groups are presented in Table S5. We consider a five-fold difference in 
Δgc(24 h) (0.7 log10) as not biologically relevant since the error is 
comparable to the variability observed for replicate samples. Thus, the 
competition in samples CVA9 (5000 MPN/mL) and E30 (1000 MPN/mL) 
can be ignored, while E30 (5000 MPN/mL) and perhaps E25 (5000 
MPN/mL) are affected by competition by other serotypes. Consequently, 
only samples up to 1000 MPN/mL were included in the further analysis 
of E25 and E30 in mixed samples. 

3.3. ICC-RTqPCR standard curves 

Three replicates of the ICC-RTqPCR calibration curves were obtained 
to assess the influence of the difference between cell batches on the 
relation between MPN and Δgc(24 h). As shown in Fig. 3, variation was 
observed between the three repeats of the ICC-RTqPCR calibration 
curves. A log-log linear regression was fitted to explain the relation 
between log10(MPN) and log10(Δgc(24 h)) for each calibration curve 
repeat, as the most parsimonious model allowing to make predictions 
about their dependency (plots of the regression residuals and their 
linearity are available in Figure S3). An ANCOVA analysis of the three 
repeats shows that the slopes between the three calibration curves were 
not significantly different for any of the serotypes, while there was a 
significant difference in the intercepts of the three calibration curves for 
all the serotypes (see statistical parameters in Table S6). The pooled 
standard curves are plotted in Fig. 3 and their slopes and intercepts are 
given in Table S6. 

3.4. Measuring inactivation curves by ICC-RTqPCR 

The ICC-RTqPCR method relies on an increase in genome copies 
caused by viral replication on cells. In samples with a high background 
of viral RNA from inactivated, non-replicating viruses, a small increase 
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in genome copies caused by few infectious viruses may be difficult to 
detect. In order to test that the method allows the accurate estimation of 
infectious virus among inactivated ones, a sample of CVB5 was inacti-
vated by heat (Fig. 4A), and the infectious concentration of the samples 
measured by both endpoint dilution and by ICC-RTqPCR were compared 
(Fig. 4B). ICC-RTqPCR-measured concentrations corresponded well to 
the concentrations determined by endpoint dilution. All samples tested 
fell close to the 1:1 line representing perfect correspondence between 
the two methods (Fig. 4B). Thus the infectious concentration of a sample 
containing inactivated virus can be determined by ICC-RTqPCR with 
reasonable accuracy. The accuracy was lowest for the sample inacti-
vated during 10 s, possibly due to the lowest ratio of infectious to total 
virus present in this sample. 

3.5. ICC-RTqPCR in wastewater 

To test the ability of the method to correctly measure the infectious 
concentration of a virus in a complex matrix, we spiked CVB4 into 
filtered WW and SWW and compared the infectious concentration 
measured by endpoint dilution to that determined by ICC-RTqPCR 
(Fig. 5). The ICC-RTqPCR measured concentrations in both SWW and 
WW were not significantly different from the concentration measured by 
endpoint dilution of log10(MPN) = 2.3 (single sample t-test; SWW: p =
0.69, 95 %CI=[0.9,3.8] and WW: p = 0.10, 95 %CI [1.3; 2.6]). In 
addition, there was also no statistically significant difference between 
the CVB4 concentrations measured in SWW and WW (two-sample t-test, 
p = 0.08, 95 %CI=[-0.1;0.9]). CVB4 can thus be measured accurately by 
ICC-RTqPCR in wastewater matrices. 

4. Discussion 

The ICC-RTqPCR method developed in this work was designed to 
target eight of the most commonly encountered EVs in environmental 
samples and to capture a broad range of circulating strains of a given 
serotype. The method performed comparably in simple laboratory so-
lutions and wastewater, and was thus not influenced by cytotoxic so-
lution components or competing viruses present in the wastewater. Its 
sensitivity is similar to that of endpoint dilution (Ismail et al., 2020). 
Calibration curves produced in this work ranged from infectious con-
centrations of 50 MPN/mL to 1000 or 5000 MPN/mL, depending on the 
serotype considered. Over this concentration range, the calibration was 
mostly independent of the presence of other serotypes. The upper range 
can be expanded by diluting the sample prior to analysis, as was done in 
the inactivation experiment. The method is thus well-suited for studies 
that cover a wide range of infectious virus concentrations. 

We successfully applied the ICC-RTqPCR to measure the decay curve 
of CVB5 during heat treatment, reaching an inactivation of 2.4 log10. A 

Fig. 1. ΔCq (amplification of specific serotype – amplification of non-specific serotype) for each combination of primer pair and serotype. The diagonal corresponds 
to specific amplification, and the > sign to the absence of non-specific amplification. ΔCq under 3.9 are in red, indicating non-specificity of the primers. 

Table 1 
PCR efficiencies for all specific primer pairs and LOQ and calibration curve 
parameters for the final primer sets maintained for ICC-RTqPCR development. 
All values are determined based on multiple pooled qPCR runs.  

Primers Efficiency LOQ 
(gc/ 
run) 

Slope of 
standard 
curve 

Intercept of 
standard 
curve 

R2 of the 
standard 
curve 

CVA9 0.96 10 − 3.41 29.86 1.00 
CVB1 1.09 1041 − 3.11 36.29 0.95 
CVB2 1.04 10 − 3.23 28.33 0.93 
CVB3 0.88 10 − 3.63 32.68 0.99 
CVB4 0.91 16 − 3.56 33.65 0.93 
CVB5 0.97 10 − 3.39 30.21 0.94 
E3 0.99     
E7 0.54     
E11 0.85     
E25 0.96 16 − 3.43 32.28 1.00 
E30 0.86 26 − 3.71 33.90 0.98  
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comparable extent of inactivation could be measured by the ICC- 
RTqPCR method developed by Ryu et al. (2018) for the UV inactiva-
tion of echovirus. However, the range of inactivation measurable by 
ICC-RTqPCR is narrower than that of traditional endpoint dilution as-
says (Meister et al., 2018). In disinfection studies, the extent of inacti-
vation measurable by ICC-RTqPCR is dependent on the maximal 
increase in genome copy numbers during cell culturing. Specifically, if 
inactivation is extensive (greater than the increase in genome copy 
numbers during culturing), the ICC-qPCR signal produced by the re-
sidual infectious viruses may not surpass that of the inactivated viruses 
present in the t0 sample. As a result, Δgc(24 h) is no longer quantifiable, 
and the sample is not measurable by ICC-RTqPCR. Furthermore, the 
measurable inactivation range is serotype-specific. For example, CVA9 
was found to replicate more extensively than CVB3 over 24 h (see Δgc 
(24 h) values in Fig. 3). It is therefore expected that ICC-RTqPCR can 
quantify lower residual concentrations of CVA9 compared to CVB3. 

A critical aspect of any ICC-RTqPCR method targeting more than one 
virus, or single viruses in mixed samples, is the specificity of the PCR 
primers. Here we aimed at simultaneously measuring many closely 
related serotypes, and this complicates the design of primers that are 
both efficient and specific. We identified eight primer pairs that were 
acceptable with respect to both efficiency and specificity, whereby 
specificity was aided by the use of two different cell lines. Most of the 
primers included in the final method displayed good specificity, exhib-
iting at least >100-fold more efficient amplification of the target sero-
types compared to the other serotypes considered. Nevertheless, a low 
level of non-specific amplification was found for many of the primer 

pairs used, and several serotypes included in our initial list of relevant 
strains had to be excluded from the final ICC-RTqPCR method for lack of 
suitable primers. Very high primer specificity was achieved by Hu et al. 
(2012), who designed primers targeting 9 different EV serotypes. Their 
method included a GeXP multiplex amplification by two sets of primers: 
universal and gene-specific chimeric primers. They tested each set of 
primers against a mixture of 28 EV serotypes and checked the size of the 
sequence produced by each combination, finding that all their primers 
were specific to their target. Several other studies designed specific 
primers for two to four serotypes, which they evaluated against a 
number of other serotypes using methods such as multiplex qPCR or PCR 
(Bendig et al., 2001; Thao et al., 2010; Ryu et al., 2018; Xiao et al., 
2009). None of these studies reported non-specific amplification. 
Compared to these studies, however, our approach faced additional 
challenges: first, our primers were designed based on a consensus 
sequence of multiple strains to ultimately allow for the detection of 
circulating environmental viruses. Such breadth was not a criterion in 
the work of Hu et al. (2012), and notably their primers for CVB3 were 
unable to amplify the environmental CVB3 strain used herein (data not 
shown). Second, we designed primers with a low annealing temperature 
to enable a single thermocycling protocol for all serotypes. For future 
assay design, allowing for different thermocycling conditions would 
allow for higher annealing temperature and higher specificity. The 
imperfect specificity of some of the primer sets designed herein requires 
that we be prudent with the interpretation of future ICC-RTqPCR results. 
In environmental samples, a non-target serotype may be present at a 
higher concentration than the target serotype, which may result in the 

Fig. 2. Comparison of the Δgc(24 h) produced by each serotype in a mixed sample versus alone (single). The value on the x-axis denotes the concentration of each 
individual virus in solution measured by endpoint dilution. The error bars represent the standard deviation for the two replicates and the stars indicate a statistically 
significant difference (t-test). For sample E25 5000 MPN/mL only one replicate of the single sample yielded results. 
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production of a significant but non-specific ICC-RTqPCR signal. Never-
theless, to study the composition and dynamics of a known population of 
EVs with comparable concentrations, the method is well-suited. 

ICC-RTqPCR measurements are associated with considerable 

variability between experiments. Specifically, we found that the relation 
between infectious concentration and increase in genome copies after 24 
h replication on cells was not constant from one experiment and cell 
batch to the other. This is consistent with the finding from Ryu et al. 

Fig. 3. ICC-RTqPCR calibration curves: three repeats for each serotype. The dotted grey line corresponds to the pooled calibration curve regression equation. Note 
that for sample t0 of the lowest standards of CVB1 (3rd calibration curve, replicate 2) and CVB5 (calibration curve 3, replicates 1 and 2), the IIC-RTqPCR singal fell 
below the LOQ and was therefore replaced by the LOQ. 

Fig. 4. A) Inactivation curve of CVB5 upon 
exposure to heat, expressed as the residual 
fraction of infectious virus (MPN/MPN0) 
measured by endpoint dilution. B) Infectious 
concentration of the samples shown in panel A) 
as measured by ICC-RTqPCR method (mean of 
triplicates) vs measured by endpoint dilution. 
The third replicate ICC-RTqPCR calibration 
curve (Figure S4b) was used to determine 
log10(MPN) in the ICC-RTqPCR measurement. 
The dotted red line corresponds to a 1:1 rela-
tion. The y error bars correspond to 95 % pre-
diction intervals on the log10(MPN) (Eq. 1) and 
encompass the error associated with the mea-
surement of Δgc(24 h), as well as to the 
regression estimation. The x error bars corre-
spond to the 95 % confidence interval of the 
MPN calculation with the Cornish & Fisher 
method determined by the EPA MPN calculator.   
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(2018), who found a different linear regression equation for poliovirus 1 
than Mayer et al. (2010), despite using the same experimental setup. 
This variability may stem from the cell culturing step of the assay. Both 
the age of the cells, as well as differences in the cell densities between 
experiments may alter the virus replication efficacy. Alternatively, 
replication may also be influenced by the adaptation of the viruses to the 
cell line: in this work, viruses that had undergone two passages on cell 
culture (used in the third standard curve) exhibited a greater increase in 
genome copies during cell culturing compared to viruses that had only 
been passaged once. Overall, we conclude that for maximum accuracy, a 
calibration curve should be obtained for each experiment, in particular 
when absolute quantification is required. However, despite the differ-
ences in absolute genome copies produced in each experiment, the 
slopes of the different calibration curves were not found to be signifi-
cantly different for any of the serotypes. A pooled standard curve with a 
global slope for each serotype can thus be used when reporting relative, 
rather than absolute changes in infectious virus concentrations, such as 
in disinfection studies. Finally, because the slopes of the ICC-RTqPCR 
calibration curves do not differ much between serotypes, a global 
curve could even be used to study the inactivation of an unknown EV, in 
the absence of a specific calibration curve. 

Despite some shortcomings, the ICC-RTqPCR method developed 
herein promises to be a unique and useful tool to study EV population 
dynamics. Other studies have demonstrated that different EV serotypes 
differ in their susceptibility to various disinfectants and environmental 
stressors (Meister et al., 2018; Payment and Trudel, 1985). These find-
ings were established using endpoint dilution methods and samples 
containing individual serotypes. In contrast, this ICC-RTqPCR can cap-
ture several serotypes in a single sample, thereby removing experi-
mental variations. It also greatly reduces the amount number of cell 
culture needed as well as the time from experiment to result. We expect 
that this method will allow us to move beyond studying EV as a bulk 
parameter, and instead focus on the fate of eight of the most relevant 
individual serotypes. In future work, this method should be tested on 
real environmental samples. 

5. Conclusion 

We have designed a method that can simultaneously determine the 
infectious concentration of eight EV serotypes commonly found in 
sewage, based on the increase in qPCR signal after amplification on cells. 
This ICC-RTqPCR method is able to specifically quantify the infectious 
concentrations of eight EV serotypes among 13 other serotypes. It 
furthermore was able to accurately measure residual infectious con-
centration in a background of inactivated virus, and could determine 
with good accuracy the concentration of a virus within a wastewater 
matrix. This method will be valuable to study changes in the composi-
tion of an enterovirus population over time in the environment or during 
water and wastewater treatment processes. It will also allow to readily 
assess discrepancies in the fate of different EV serotypes when exposed 
to specific natural or engineered control processes, such as disinfection 
or grazing by microorganisms. 
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