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Abstract 

Background:  Although conventional polymerase chain reaction (PCR) methods are widely used in diagnosis, the 
titer of the pathogenic virus is difficult to determine based on the PCR. In our prior report, a long-range reverse-
transcription quantitative PCR (LR-RT-qPCR) assay was developed to assess the titer of UV-irradiated influenza A virus 
(IAV) rapidly. In this research, we focused on whether the LR-RT-qPCR assay could evaluate the titer of IAV inactivated 
by other methods.

Methods:  IAV was inactivated by: heating at 100 °C for periods ranging from 1 to 15 min, treating with 0.12% sodium 
hypochlorite for periods ranging from 3 to 30 min, or treating with 70% ethanol for periods ranging from 10 to 30 min. 
Fifty percent tissue culture infectious dose (TCID50) assay was performed to confirm the efficacy of the inactivation 
methods, followed by LR-RT-qPCR to investigate the correlation between infectivity and copy number.

Results:  One minute heating, 3 min sodium hypochlorite treatment, or 10 min ethanol treatment was sufficient to 
deactivate IAV. Changes before and after the inactivations in the copy numbers on LR-RT-qPCR were significantly dif-
ferent among the inactivation methods. Heat-inactivation drastically decreased the copy number to below the cutoff 
value around 5 copies/μL after 5 min treatment. The inactivation time of heating estimated using LR-RT-qPCR was 
marginally higher than that determined using TCID50. However, the treatments with sodium hypochlorite or etha-
nol moderately and minimally affected the copy numbers obtained using LR-RT-qPCR (~ 1 digit or no copy number 
decrease), respectively.

Conclusions:  In addition to good applicability in UV-irradiation previously reported, the LR-RT-qPCR method is 
suitable for evaluating the effect of heat-inactivation on IAV infectivity. However, minor modifications may be made 
and investigated in the future to reduce the time intervals with TCID50. Although this method is not applicable for 
the ethanol inactivation, rapid evaluation of the effects of chlorination on IAV can be determined by comparing copy 
numbers before and after treatment using the LR-RT-qPCR method.

†Masato Yasuura and Yuki Nakaya contributed equally to this work.

*Correspondence:  yasuura-masato@aist.go.jp

1 Sensing System Research Center, National Institute of Advanced 
Industrial Science and Technology (AIST), Central 5, 1‑1‑1 Higashi, Tsukuba, 
Ibaraki 305‑8565, Japan
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-022-02723-7&domain=pdf


Page 2 of 10Yasuura et al. BMC Microbiology          (2022) 22:300 

Keywords:  Infectivity, Inactivation, Heat-inactivation, Sodium hypochlorite, Ethanol

Background
Infection prophylaxis techniques are necessary to pre-
vent the spread of emerging infectious diseases [1]. 
Monitoring the risks of viral infection in areas where 
cluster infections often occur, could be one of the 
methods for preventing the spread of infection. Saniti-
zation of hands and equipment is considered as one of 
the important infectious disease control measures [1]. 
As current rapid virus measurement methods detect 
both viable and inactivated viruses, it is difficult to 
monitor the risk of viral infection directly. Based on 
these principles, the effect of sanitization needs to be 
evaluated. To monitor the infection risk, both reliability 
and rapidity are required. Various methods have been 
developed for virus detection [2–11]. Virus infectivity 
has been measured using cell culture-based infection 
tests such as plaque or focus assays because of their 
reliability [2–6]. However, these assays take several 
days to complete [6]. Polymerase chain reaction (PCR) 
is commonly used to detect viral genomes because of 
its rapidity and specificity [2, 4, 11]. However, conven-
tional PCR is not capable of discriminating between 
infectious and non-infectious viruses as PCR detects 
the viral genome regardless of their infectivity. Long-
range quantitative PCR (LR-qPCR) and long-range 
reverse-transcription quantitative PCR (LR-RT-qPCR) 
have been developed as methods to evaluate infectiv-
ity of both DNA and RNA viruses without cell culture 
[12–17]. In LR-RT-qPCR targeting RNA viruses, LR-RT 
is performed to prepare complementary DNA prior to 
qPCR [12, 14]. Subsequently qPCR occurs at a locus 
that is separate from the RT-priming site to reduce the 
effects of fragmented RNA. Fragmented viral RNAs are 
not included in the amplification. Therefore, the LR-
RT-qPCR is more influenced by the damage of viral 
RNA than the conventional RT-qPCR. In a previous 
study [18], we developed an LR-RT-qPCR, which can 
determine the effects of UV-irradiation on influenza 
A virus (IAV) infectivity. The IAV genome consists 
of eight negative-sense, single-stranded RNA seg-
ments whose lengths are between 2.3 kb and 0.8 kb (A/
Panama/2007/1999[H3N2], NCBI GenBank). All the 
RNA segments have highly conserved, short sequences 
at both the 5′- and 3′- termini, which are designed as 
universal primer pairs for the amplification of the 
IAV genome. In our LR-RT-qPCR for IAV, we used 
the 3′-terminus sequences as the priming site for the 
LR-RT reaction. The qPCR reaction was performed 
using specific primer pairs for each segment at the end 

of the 5′- terminus. The LR-RT-qPCR correlated highly 
with the infectivity of UV-irradiated IAV especially 
when targeting segment 3 of the IAV genome, which 
codes for polymerase acidic protein (PA). However, it 
was not determined if the LR-RT-qPCR for PA could 
predict the effects of other sanitization methods.

Enveloped viruses can be inactivated by several saniti-
zation methods including heating, ethanol, and sodium 
hypochlorite treatments [19–23]. Heating sterilization 
is often performed by boiling a liquid. Sanitization using 
ethanol or sodium hypochlorite is often performed by 
sinking a tool in an aqueous solution or perfusing an 
aqueous solution into a tool. This study investigated 
whether the LR-RT-qPCR method [18] can confirm the 
effects of the above sanitization methods on the inac-
tivation of IAV and to monitor viral infection risks of 
IAV, without cell culture-based infectivity assays. This 
study evaluated IAV as a representative of enveloped 
RNA viruses.

Methods
Cell culture and virus preparation
Madin–Darby canine kidney (MDCK) cells (acces-
sion no. CCL-34, ATCC, Manassas, VA) were main-
tained in Dulbecco’s Modified Eagle’s Medium (Fujifilm 
Wako Pure Chemical Corporation, Osaka, Japan) sup-
plemented with 10% fetal bovine serum (Fujifilm Wako 
Pure Chemical Corporation), 100 U/mL penicillin, and 
100 μg/mL streptomycin (Fujifilm Wako Pure Chemi-
cal Corporation) at 37 °C in a 5% CO2 atmosphere. IAVs 
(A/Panama/2007/1999 [H3N2] [Panama] and A/Puerto 
Rico/8/1934 [H1N1] [PR8]) were propagated in MDCK 
cells and the aliquots were stored as IAV stocks at ˗80 °C. 
The titer of the IAV stocks was determined using the 
50% tissue culture infectious dose (TCID50) assay as 
described below.

Disinfection of IAV
Heat-inactivation was performed by heating the 140 μL 
IAV stocks at 100 °C for 1, 3, 5, 7.5, 10, and 15 min or 1, 3, 
and 5 min for Panama or PR8 strains, respectively, using 
a dry block incubator (MyBL-100, As One Corporation, 
Osaka, Japan) [19]. After the heating, the heated IAV 
stocks were immediately put into an icebox to stop heat-
ing. The treated samples were used for the TCID50 assays 
or viral RNA isolation. The non-treated (0 min heated) 
samples (140 μL) were used for the TCID50 assays or viral 
RNA isolation without any special processing.
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Sodium hypochlorite treatment was performed by 
incubating the mixtures of the 137.7 μL IAV stocks and 
6% sodium hypochlorite (2.3 μL) for 10, 20, and 30 min or 
3, 5, and 10 min for Panama or PR8 strains, respectively, 
according to published guidelines [20], then subsequently 
10-fold diluted in phosphate-buffered saline (PBS) (−) 
(Fujifilm Wako Pure Chemical Corporation) to stop 
the treatment. The non-treated (0 min treated) samples 
(137.7 μL IAV stocks) were mixed with 2.3 μL PBS (−) 
and the mixtures were 10-fold diluted in PBS (−). The 
diluted samples were used for the TCID50 assays and viral 
RNA isolation.

For the ethanol treatment, the 42 μL IAV stocks were 
mixed with 100% ethanol (98 μL) and incubated for 10, 
20, and 30 min [21], then 10-fold diluted in PBS (−) as 
performed in the sodium hypochlorite treatment. The 
non-treated (0 min treated) samples (42 μL IAV stocks) 
were mixed with 98 μL PBS (−) and the mixtures were 
10-fold diluted in PBS (−). The diluted samples were 
used for the TCID50 assays and viral RNA isolation. The 
sodium hypochlorite treatment and ethanol treatment 
were performed at room temperature (approximately 
20 °C) on a table. Regardless of the inactivation methods, 
three individual IAV suspensions per each time condition 
of inactivation were separately treated.

TCID50 assay
IAV infectious titer was analyzed by TCID50 assay accord-
ing to the published studies with minor modifications 
[2, 5]. Briefly, MDCK cells were split into 96-well culture 
plates at a concentration of 2 × 104 cells/well. Regard-
less of the inactivation methods, a sample (non-treated or 
treated) was serially diluted 10-fold in the Eagle’s minimal 
essential medium (E-MEM) (Nissui Pharmaceutical Co., 
Ltd., Tokyo, Japan) supplemented with 1 μg/mL trypsin 
(Sigma-Aldrich Japan, Tokyo, Japan). MDCK cells were 
inoculated with 100 μL of each IAV dilution and incubated 
at 37 °C for 1 h. The inoculum was removed, and the cells 
were washed once with PBS to eliminate the unbound 
virus particles. The cells were overlaid with the E-MEM 
and incubated at 37 °C for a week. The ratio of wells where 
cytopathic effect (CPE) was observed and calculated by 
multiplying the relevant dilution factors to calculate the 
infectious titer. Infectious titers were calculated using 
the Behrens–Karber method [24] and defined as the log 
of TCID50 units [log (TCID50/0.1 mL)]. The data repre-
sents the mean ± standard error of the three independent 
experiments. The limit of detection (LoD) of the TCID50 
assays was 0.75 log (TCID50/0.1 mL). For convenience, 
the values of stock where no CPE [lower than 0.50 log 
(TCID50/0.1 mL)] was observed were considered as zero 
[log (TCID50/0.1 mL)] and were included as data points in 
the figures.

Long‑range RT‑qPCR
PA was analyzed using LR-RT-qPCR to evaluate the 
effects of inactivation treatments in this study [18]. 
Regardless of the inactivation methods, viral RNA 
was isolated from 140 μL sample (non-treated or 
treated) using the QIAamp Viral RNA Mini Kit (Qia-
gen K.K., Tokyo, Japan) according to the manufac-
turer’s instructions. Each RNA sample was eluted in 
60 μL of elution buffer. The isolated RNA was sub-
jected to reverse-transcription using SuperScript 
III (Thermo Fisher Scientific K.K., Tokyo, Japan) 
and an RT primer (5′-AGC​GAA​AGC​AGG​-3′) that 
binds specifically at the 3′ terminus of IAV PA [25]. 
The isolated RNA was then digested using RNase H 
included in SuperScript III. qPCR was then performed 
using Power SYBR Green PCR Master Mix (Thermo 
Fisher Scientific K.K.) according to the manufacturer’s 
instructions. Thermal cycling was performed on the 
LightCycler 96 (Roche Diagnostics K.K., Tokyo, Japan) 
under the following cycling conditions: activation at 
95 °C for 10 min, and 40 cycles of PCR at 95 °C for 15 s 
and 60 °C for 1 min. The primer pair for the qPCR was 
Fw: 5′-GGA​TTT​TCA​GCG​GAG​TCA​AG-3′ and Rev.: 
5′-GGA​GTT​GAA​CCA​AGA​CGC​AT-3′ as used in the 
previous study [18]. DNA standard samples, meas-
ured the concentration by a spectrophotometer Nan-
odrop (Thermo Fisher Scientific K.K., Tokyo, Japan), 
were 10-fold serially diluted and subjected to the RT-
qPCR analyses at the same time with the IAV samples 
to make standard curves. The IAV standard curve 
was created by measuring the Ct values of a serially 
diluted plasmid DNA containing the PCR amplicon 
[18]. Values below that of the most diluted standard 
were defined as “not detected” and included in the 
datasets as zero. Therefore, the LoD (cut-off copy 
number) of the LR-RT-qPCR assay for the PA seg-
ment was 5.53 copies/μL. Copy number quantification 
was performed using the IAV standard curves. Each 
copy number was divided by the copy number of non-
treated IAV to calculate the copy number ratio. Data 
represent the three independent experiments and the 
mean ± standard error of them.

Statistics
The significance of all the datasets in the TCID50 and 
LR-RT-qPCR assay was verified using the Kruskal–
Wallis test. The Dunn–Bonferroni post hoc method 
was conducted to assess the significance between each 
pair of datasets of averaged technical replicates in the 
TCID50 and LR-RT-qPCR assay. Values considered to 
be significant had P-values < 0.05.
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Results
Effect of heat treatment on IAV infectivity and LR‑RT‑qPCR 
assay
We performed the heat-inactivation to the IAV stocks 
(Panama strain) to determine the correlation between 
the LR-RT-qPCR and the TCID50 assay. The heat-inacti-
vation conditions were determined based on a previous 
study that showed heating at 100 °C for several min-
utes sterilizes most of the pathogenic viruses [19]. The 
TCID50 assay was conducted to establish the required 
time for complete inactivation of the IAV stock. As 
shown in Fig.  1, 1 min heating was sufficient to inac-
tivate the IAV stock (Bonferroni-adjusted P = 0.014) 
whose original average titer, in this assay, was 5.25 log 
(TCID50/0.1 mL). LR-RT-qPCR was then performed 
to determine how the heat-inactivation affected the 
IAV genome (Fig.  1). The copy number ratio showed 
a 3-digits reduction on 3 min heating (Bonferroni-
adjusted P = 0.111) and plateaued after 5 min heating 
(Bonferroni-adjusted P < 0.001), with approximately 
25% of IAV genome being detectable on 1 min heat-
ing despite the IAV stock having lost infectivity. At the 
various time intervals, 5 to 15 min, PCR was negative in 
most of the wells (20/36, 56%) but still positive with a 
small copy number (< 5.53 copies/μL) in the other wells 
(16/36, 44%).

Effect of sodium hypochlorite treatment on IAV infectivity 
and LR‑RT‑qPCR assay
According to the guideline for disinfection and sterili-
zation, issued by the Centers for Disease Control and 
Prevention (CDC) [20], over 0.1% hypochlorite steri-
lizes various bacteria and viruses. We therefore decided 
to use 0.12% sodium hypochlorite, as a concentration 
higher than 0.1%, to inactivate IAV in the experiment 
for sodium hypochlorite treatment. The margin of the 
concentration is a countermeasure for decreasing in 
concentration caused by the spontaneous decomposi-
tion of sodium hypochlorite. The infectivity of the IAV 
stock (Panama strain), original average titer of 6.25 [log 
(TCID50/0.1 mL)] in this assay, was reduced after 10 min 
sodium hypochlorite treatment (Bonferroni-adjusted 
P = 0.045) (Fig.  2). Although there was approximately 
90% reduction in the copy number observed at 10 min 
(Bonferroni-adjusted P = 0.007), approximately 10% IAV 
genome was still detected at all the time intervals in the 
LR-RT-qPCR assay (Fig. 2).

Effect of ethanol treatment on IAV infectivity 
and LR‑RT‑qPCR assay
Conditions of ethanol treatment to the IAV stocks (Pan-
ama strain) were determined by the CDC’s guideline [20] 
and a previous study [21]. According to the references, 
70% ethanol inactivates enveloped viruses. Similar to 

Fig. 1  Effect of 100 °C heating on IAV (Panama strain) infectivity and copy numbers. IAV suspensions were heated with a block incubator for 
increasing periods of time between 1 and 15 min. IAV infectivity was measured by TCID50 assay using MDCK cells. The copy numbers were measured 
using LR-RT-qPCR targeting the PA segment. The titers are plotted on the graph and shown as log (TCID50/0.1 mL) (◆). Assays were performed 
independently three times with quadruplicate wells per dilution and values represent the mean ± standard error. No CPE was observed after 
1 min of heating, and these were defined as 0 (means ‘not detected’) for convenience. The ratio of copy numbers obtained using LR-RT-qPCR 
is also plotted on the graph (●). Assays were carried out independently three times with triplicate wells per sample and plots represent the 
mean ± standard error and individual values. A broken line indicated the LoD of LR-RT-qPCR. The data indicated in Additional Table 1 (See ‘Additional 
Tables’)
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that observed for the sodium hypochlorite treatment, the 
infectivity of the original titer of 6 [log (TCID50/0.1 mL)] 
disappeared within 10 min (Bonferroni-adjusted 
P = 0.045) (Fig.  3). However, ethanol treatment had no 
effect on the copy number (P = 0.587) until after 30 min 
using the LR-RT-qPCR assay (Fig. 3).

Additional experiments using PR8 strain
To confirm that these results were replicable in the other 
subtypes of IAV, PR8 strain was investigated in the heat-
inactivation and sodium hypochlorite treatment. Three 
different lots of PR8 stocks were used for the analyses. 
The heated samples (heated for 0, 1, 3, and 5 min) and 
sodium hypochlorite-treated samples (treated for 0, 3, 
5, and 10 min) were measured by the LR-RT-qPCR, con-
ventional RT-qPCR, and TCID50 assay. The incubation 
times of heating and sodium hypochlorite treating were 
determined as the reduction of the copy number ratio of 
Panama strain plateaued after 5 min heating or 10 min 
sodium hypochlorite treatment.

Conditions of the conventional RT-qPCR, such as the 
probe and primer sequences and thermal cycling, were 
derived from the IAV detection protocols released by the 
World Health Organization (WHO) [26] and our previ-
ous report [18]. The same isolated RNA solution was 
used for the conventional RT-qPCR and LR-RT-qPCR. 
The isolated RNA was subjected to RT-qPCR with the 

TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher 
Scientific K.K., Tokyo, Japan), a TaqMan probe (5′-FAM-
ATY​TCG​GCT​TTG​AGG​GGG​CCTG-MGB-3′), and a 
primer pair (Forward: 5′-CCMAGG​TCG​AAA​CGT​AYG​
TTC​TCT​CTA​TC-3′, Reverse: 5′-TGA​CAG​RAT​YGG​
TCT​TGT​CTT​TAG​CCA​YTC​CA-3′). Thermal cycling 
was performed on the LightCycler 96 (Roche Diagnos-
tics K.K., Tokyo, Japan) for reverse transcription at 50 °C 
for 5 min, denaturation of the RT polymerase at 95 °C 
for 20 s, and 45 cycles of PCR at 95 °C for 3 s and 60 °C 
for 30 s. Copy number quantification was carried out 
with the simultaneous measurement of the 10-fold seri-
ally diluted standard DNA. An assay was performed in a 
duplicate experiment. The LoD of the conventional RT-
qPCR assay was 0.203 copies/μL.

In the heat-inactivation, the infectivity of the PR8 
stocks, whose original average titer was 3.42 [log 
(TCID50/0.1 mL)] in this assay, was lost after 1 min heat-
ing at 100 °C (Fig. 4). The copy number ratio of the PR8 
stocks on the LR-RT-qPCR showed a nearly 2-digits 
reduction in 3 min heating and the copy number reached 
below the LoD (4.97 copies/μL) after 5 min heating, which 
is consistent with Panama strain. On the other hand, the 
copy number ratio of the PR8 stocks on the conventional 
RT-qPCR showed an approximately 1-digit reduction in 
5 min heating. In the sodium hypochlorite treatment, the 
infectivity of the PR8 stocks, whose original average titer 

Fig. 2  Effect of 0.12% sodium hypochlorite on IAV (Panama strain) titers and copy numbers. IAV suspensions were treated with 0.12% sodium 
hypochlorite for increasing periods between 10 and 30 min. The titer and copy numbers of treated IAV were determined by TCID50 assay using 
MDCK cells and by LR-RT-qPCR targeting the PA segment, respectively. The titers are plotted on the graph and shown as log (TCID50/0.1 mL) (◆). 
Assays were carried out independently three times with quadruplicate wells per dilution and values represent the mean ± standard error. After over 
10 min treatment, there was no CPE in all conditions. They were defined as 0 (means ‘Not detected’) for convenience. The ratio of copy numbers 
obtained using LR-RT-qPCR is also plotted on the graph (●). Assays were performed with triplicate wells per sample and plots represent the 
mean ± standard error and individual values. A broken line indicated the LoD of LR-RT-qPCR. The data indicated in Additional Table 2 (See ‘Additional 
Tables’)
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Fig. 3  Effect of 70% ethanol on IAV (Panama strain) infectivity and copy numbers. IAV suspensions were treated with 70% ethanol for increasing 
periods between 10 and 30 min. The titers of treated IAV were measured by TCID50 assay using MDCK cells. The titers are plotted on the graph and 
shown as log (TCID50/0.1 mL) (◆). Assays were performed independently three times with quadruplicate wells per dilution and values represent 
the mean ± standard error. After over 10 min treatment, there was no CPE in all conditions. These titers were defined as 0 (means ‘Not detected’) for 
the convenience of plotting. The copy numbers were measured using LR-RT-qPCR targeting the PA segment. The ratio of copy numbers obtained 
using LR-RT-qPCR is also plotted on the graph (●). Assays were carried out independently three times with triplicate wells per sample and plots 
represent the mean ± standard error and individual values. A broken line indicated the LoD of LR-RT-qPCR. The data indicated in Additional Table 3 
(See ‘Additional Tables’)

Fig. 4  Effect of 100 °C heating on IAV (PR8 strain) infectivity and copy numbers. IAV suspensions were heated with a block incubator for increasing 
periods of time between 1 and 5 min. IAV infectivity was measured by TCID50 assay using MDCK cells. The copy numbers were measured using 
LR-RT-qPCR targeting the PA segment. The titers are plotted on the graph and shown as log (TCID50/0.1 mL) (◆). Assays were performed 
independently three times with quadruplicate wells per dilution and values represent the mean ± standard error. No CPE was observed after 
1 min of heating, and these were defined as 0 (means ‘not detected’) for convenience. The ratios of copy numbers obtained using LR-RT-qPCR 
and conventional RT-qPCR are also plotted on the graph (● and ▲), respectively. Assays were carried out independently three times with three 
different lots of the PR8 stocks and plots represent the mean ± standard error and individual values. A broken line indicated the LoD of LR-RT-qPCR. 
The data indicated in Additional Table 4 (See ‘Additional Tables’)
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was 4.0 [log (TCID50/0.1 mL)] in this assay, was lost after 
3 min treatment by sodium hypochlorite (Fig.  5). The 
copy number ratio of the PR8 stocks on LR-RT-qPCR 
reduced 80–90% in 3–5 min treatment and more than 
1-digit reduction in 10 min treatment. On the other hand, 
the copy number ratio of the PR8 stocks on the conven-
tional RT-qPCR showed a 35–40% reduction in 3–10 min 
treatment.

Discussion
It is desirable to evaluate infectious viruses by absolute 
values for a rapid virus measurement in infectious risk 
monitoring, i.e., to detect only active viruses. On the 
other hand, an assessment method confirming the effect 
of sanitization does not have to be based on the absolute 
values but is allowed to be just based on the relative val-
ues before and after the sanitization to evaluate changes 
in the infectious risks. Moreover, it is ideal in practical 
applications that these methods are not influenced by the 
causes of viral inactivation. Our previous study indicated 
that infectivity of UV-irradiated IAV can be evaluated 
using LR-RT-qPCR targeting the PA segment [18]. Thus 
in this paper, we examined whether our LR-RT-qPCR 
method can evaluate the effect of heat and chemicals on 
the infectivity of IAV.

Table  1 shows the ability of IAV-infectivity evaluation 
with LR-RT-PCR targeting the PA segment. The copy 
numbers of IAV (at least Panama and PR8 strains) on the 
LR-RT-qPCR can evaluate the infectivity of IAV heated at 
100 °C by using the cutoff value (= LoD), similar to that 
of the UV-irradiated IAV [18]. Supplementally, compared 
with the copy numbers on the LR-RT-qPCR, the copy 
numbers on the conventional RT-qPCR measurements 
were not or weakly influenced by the heat-inactivation 
(See Fig. 4 and ‘Supplementary’). This indicates that LR-
RT-qPCR can be applied to infectious risk monitoring 
at the site where there may be remnants of heat-inacti-
vated IAVs, although a slight modification to shrink the 
time-gap with TCID50 is desired for practical applica-
tions. Approximately 3–4 digit decrease in the copy num-
ber of IAV (Figs.  1 and 4), including zero-copy in some 
wells, was probably caused by thermal denaturation of 
RNA, such as thermal scission of phosphodiester bonds 
and thermal denaturation of ribonucleoprotein [21, 27]. 
However, the loss of IAV infectivity by 1 min of heat-
ing (Figs. 1 and 4) might be caused by not only the RNA 
denaturation but also the denaturation of other proteins, 
for example, hemagglutinin and neuraminidase [21]. In 
fact, the 140 μL IAV stocks (8 HA/50 μL before heating) 
with heating 1 min or over 3 min showed hemagglutina-
tion negative (< 2 HA/50 μL) in the hemagglutination 

Fig. 5  Effect of 0.12% sodium hypochlorite on IAV (PR8 strain) titers and copy numbers. IAV suspensions were treated with 0.12% sodium 
hypochlorite for increasing periods between 3 and 10 min. The titers of treated IAVs were determined by TCID50 assay using MDCK cells. The 
copy numbers of treated IAV were measured by LR-RT-qPCR targeting the PA segment and by conventional RT-qPCR targeting the M segment, 
respectively. The titers are plotted on the graph and shown as log (TCID50/0.1 mL) (◆). Assays were carried out independently three times with 
quadruplicate wells per dilution and values represent the mean ± standard error. After over 3 min treatment, there was no CPE in all conditions. 
They were defined as 0 (means ‘Not detected’) for convenience. The ratios of copy numbers obtained using LR-RT-qPCR and conventional RT-qPCR 
are also plotted on the graph (● and ▲), respectively. Assays were performed with three different lots of the PR8 stocks and plots represent the 
mean ± standard error and individual values. A broken line indicated the LoD of LR-RT-qPCR. The data indicated in Additional Table 5 (See ‘Additional 
Tables’)
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assay. Therefore, the infectivity of IAV heated for 1 min 
or 3 min was lost even though LR-RT-qPCR detected the 
IAV genomes of not negligible copy numbers.

In the case of the treatment with 0.12% sodium 
hypochlorite, the effect of the sanitization was evalu-
ated by comparing copy numbers before and after the 
treatments (Table  1). This indicates that LR-RT-qPCR 
can be applied to confirm the effect of sanitization using 
sodium hypochlorite. The 90% decrease in the copy num-
ber of IAV on the LR-RT-qPCR (Figs. 2 and 5) was prob-
ably caused by RNA degradation by the strong oxidizing 
power of sodium hypochlorite [28, 29]. However, the loss 
of IAV infectivity after 10 min of treatment (Fig. 2) might 
be caused by not only the RNA degradation but also the 
denaturation of viral proteins [20]. In fact, the infectiv-
ity of IAV (PR8 strain) treated for 3 min was lost despite 
the copy number ratio of PR8 stocks on the LR-RT-qPCR 
and conventional RT-qPCR showed approximately 15 
and 65% (Fig. 5), respectively.

In contrast, the infectivity of 70% ethanol-treated IAV 
cannot be evaluated using the LR-RT-qPCR (Table 1). No 
decrease in copy number of IAV was observed (Fig.  3), 
which is expected considering ethanol is often employed 
for RNA extractions [30]. The loss of IAV infectivity after 
10 min of ethanol treatment (Fig. 3) could be caused by 
the destruction of the viral envelope and the denaturation 
of viral proteins [20, 21]. Therefore, the LR-RT-qPCR for 
the risk assessment of the infectivity of ethanol-treated 
viruses requires some additional improvement in future 
work.

Although our LR-RT-qPCR method currently has some 
limitations as a general-purpose infection risk monitor-
ing method, the results in UV-irradiation [18] and heat 
inactivation indicate a potential application for risk 
monitoring. Furthermore, LR-RT-qPCR is effective for 
UV irradiation, heat inactivation, and sodium hypochlo-
rite treatment as a method for confirming the effect of 

sanitization. At the present stage, the estimation of viral 
infectivity using both conventional methods, such as the 
HA assay, and the LR-RT-qPCR could be beneficial to 
improve the accuracy of the assessments. At least, a con-
ventional method has to be introduced to evaluate the 
effects of ethanol sanitization. We would like to plan the 
improvement of the applicable sanitization methods and 
the verification of the applicability to clinical samples in 
further study.

Conclusions
In summary, our study indicated that IAV infectivity can 
be evaluated by our LR-RT-qPCR method to determine 
the effect of heat-inactivation and sodium-hypochlorite-
treatment. However, the LR-RT-qPCR cannot evaluate 
the IAV infectivity with ethanol as a treatment. Although 
the method suggested in this paper has limitations, it 
offers a new technique that is effective as a rapid evalua-
tion of viral infectious risks.
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Table 1  The prediction ability of IAV-infectivity using LR-RT-PCR targeting the PA segment

The table indicates the ability of LR-RT-qPCR in assessing the infectivity of IAV and needed information for the evaluation. The evaluation ability is conveniently 
indicated by symbols

◎: The LR-RT-qPCR can detect infectious IAV to distinguish it from IAV inactivated by the treatment

△: The LR-RT-qPCR can be applied to confirm the effect of the sanitization

✕: The LR-RT-qPCR cannot evaluate infectivity of IAV inactivated by the treatment

Treatment Evaluation ability Needed information

UV irradiation [18] ◎ Copy number after treatment only

Heating ◎ Copy number after treatment only
*Over 5 min treatment and use of the cutoff 
value (= LoD) are required

Sodium hypochlorite △ Copy numbers both before and after treatment
*Copy number decrease: ~ 1 digit

Ethanol ✕ Cannot predict
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70% ethanol on IAV (Panama strain) infectivity and copy numbers. (Data 
of Fig. 3). Additional Table 4. Effect of 100 °C heating on IAV (PR8 strain) 
infectivity and copy numbers. (Data of Fig. 4). Additional Table 5. Effect 
of 0.12% sodium hypochlorite on IAV (PR8 strain) titers and copy numbers. 
(Data of Fig. 5). Additional Table 6. Effect of 100 °C heating on IAV 
(Panama strain) copy numbers. (Data of Supplementary Fig. 1). Additional 
Tables. Supplementary information describes the data of all figures.
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