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High genetic diversity in RNA viruses contributes to their rapid adaptation to environmental stresses, including disinfection. Insufficient disinfection can occur because of the emergence of viruses that are less susceptible to disinfection. However, understanding regarding the mechanisms underlying the alteration of viral susceptibility to disinfectants is limited. Here, we performed an experimental adaptation of murine norovirus (MNV) using chlorine to understand the genetic characteristics of virus populations adapted to chlorine disinfection. Several MNV populations exposed to an initial free chlorine concentration of 50 ppm exhibited reduced susceptibility, particularly after the fifth and tenth passages. A dominant mutation identified using whole-genome sequencing did not explain the reduced susceptibility of the MNV populations to chlorine. Conversely, MNV populations with less susceptibility to chlorine, which appeared under higher chlorine stress, were accompanied by significantly lower synonymous nucleotide diversity (πS) in the major capsid protein (VP1). The nonsynonymous nucleotide diversity (πN) in VP1 in the less-susceptible populations was higher than that in the susceptible populations, although the difference was not significant. Therefore, the ability of MNV populations to adapt to chlorine was associated with the change in nucleotide diversity in VP1, which may lead to viral aggregate formation and reduction in chlorine exposure. Moreover, the appearance of some nonsynonymous mutations can also contribute to the alteration in chlorine susceptibility by influencing the efficiency of viral replication. This study highlights the importance of understanding the genetic characteristics of virus populations under disinfection, which can contribute to the development of effective disinfection strategies and prevent the development of virus populations less susceptible to disinfectants.
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1 Introduction

Human noroviruses cause acute gastroenteritis and pose a significant public health risk (Duizer and Koopmans, 2006). Approximately 18% cases of acute gastroenteritis outbreaks in all age group were caused by norovirus infections worldwide (Ahmed et al., 2014; Lopman et al., 2016). Furthermore, >50% foodborne diseases are caused by viruses, resulting in approximately 200 million infections and over 200,000 deaths among children annually in the USA (Debbink et al., 2014). Noroviruses are single-stranded positive-sense RNA viruses of the Caliciviridae family, and their approximately 7.5 kilobase-long genome comprise mainly three open reading frames (ORFs); however, the murine norovirus (MNV), which harbors four ORFs, is an exception (Carstens, 2010; McFadden et al., 2011). Noroviruses can be classified into ten genogroups (GI–GX) based on the amino acid sequence diversity of the major capsid protein (Chhabra et al., 2019). GI and GII are the primary pathogenic genogroups in humans, with GII contributing to approximately 90% of the norovirus outbreaks (Weinberg, 2019).

Noroviruses can be transmitted via the fecal–oral route, either via contact with an infected person or via exposure to food, water, or environmental surfaces contaminated by infected vomit (Marks et al., 2000; Lysén et al., 2009; Verhoef et al., 2015). Furthermore, most fecal–oral-transmitted viruses, such as noroviruses, are shed in the fecal matter, are highly stable in aquatic environments, and are often found at high concentrations in wastewater (Hellmér et al., 2014). Viral exposure can occur from the extensive utilization of water bodies for human activities, such as irrigation and leisure activities (Dias et al., 2019). Therefore, appropriate strategies for virus removal from wastewater are crucial for minimizing the viral load in aquatic environments. Effective disinfection is essential during the final phase of wastewater treatment.

Chlorination is the most commonly used method for microbial inactivation owing to its cost-effectiveness (Collivignarelli et al., 2018). Chlorination inactivates viruses by damaging their nucleic acids and proteins, which interfere with viral genome replication (Qiao et al., 2022). The concentration of the disinfectant, exposure time, pH, temperature, and virus type are the essential factors determining the effectiveness of the disinfection (Rachmadi et al., 2018; Lin et al., 2020; Kadoya et al., 2022; Oishi et al., 2022). Numerous studies have highlighted the variability in disinfection sensitivity among different virus types and even within specific serotypes and genotypes. Previous studies have demonstrated varying susceptibilities of MNV to several disinfection methods (Rachmadi et al., 2018; Oishi et al., 2022). Rachmadi et al. revealed that compared to control populations, MNV populations repeatedly exposed to chlorine exhibited reduced sensitivity to the disinfectant owing to a unique amino acid replacement in the minor capsid protein (Rachmadi et al., 2018). Other inactivation studies on several viruses have revealed that the Faulkner strain of coxsackievirus B5 was more resistant to chlorine than adenovirus, enterovirus, or MNV under similar inactivation conditions (Black et al., 2009; Cromeans et al., 2010; Kahler et al., 2010). High genetic diversity because of high mutation rates and error-prone replication mechanisms contributes to the differences in sensitivity among RNA viruses (Sanjuán, 2008). Consequently, RNA viruses can evolve rapidly and adapt to various environmental conditions. Certain genetic variations within the viral genome can cause resistance or reduce the sensitivity to disinfectants (Kadoya et al., 2022; Oishi et al., 2022). However, the genetic characteristics that contribute to alterations in susceptibility to particular disinfectants are not understood.

This study aimed to understand the genetic characteristics of virus populations adapted to chlorine disinfection. We performed an experimental adaptation using MNV as surrogates for human norovirus. Subsequently, we examined the disinfectant susceptibility and genetic characteristics of the whole genome of all MNV populations using next-generation sequencing (NGS). Our observations will contribute to the development of effective disinfection strategies and prevent the development of virus populations less susceptible to disinfectants.



2 Materials and methods


2.1 MNV samples and cell lines

The MNV S7 propagations were produced in RAW 264.7 murine “macrophage-like” cells (ATCC TIB-71) in T75 flasks (Nunc™ EasYFlask™ Cell Culture Flasks, ThermoFisher Scientific) containing approximately 80% confluent cell monolayer according to standard protocols (Gonzalez-Hernandez et al., 2012). The RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 0.1% (w/v) NaHCO3, HEPES, 10 mM nonessential amino acids, 100 mg/mL penicillin, 100 U/mL streptomycin, 2 mM L-glutamine, and 10% fetal bovine serum (Gibco). Subsequently, the cells were incubated in a 5% CO2−humidified atmosphere at 37°C.



2.2 In vitro serial passages

Serial passages of MNV were performed as described previously (Rachmadi et al., 2018). Wild type MNV S7 was grown to a titer of 107 TCID50/mL in RAW 264.7 cell monolayers to prepare a virus stock. This virus was used for serial passage experiments under several conditions for the control and chlorine-treated populations. MNV populations obtained via dilution from the xth passage were treated using chlorine solution with initial free chlorine concentrations of 0, 25, and 50 ppm and were named px-0, px-25, and px-50 ppm virus, respectively (x = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10). The entire serial passage experiment of MNV was performed in duplicate (rounds 1 and 2) for each population to assess the reproducibility of the responses to chlorine (Figure 1). Furthermore, as the susceptibility of the RNA virus population to disinfectants may differ, the virus population in each passage was analyzed separately for the first and second rounds (Rachmadi et al., 2018; Kadoya et al., 2022; Oishi et al., 2022).
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FIGURE 1
 Schematic representation of the three conditions during serial passage experiments. In total, ten passages were performed under each condition with two replications (round 1 and round 2).


The chlorine solution was prepared by adding a hypochlorite solution to Dulbecco’s phosphate-buffered saline (PBS) and was analyzed using a DR900 colorimeter with N, N-diethyl-p-phenylenediamine reagent (TOA DKK, Tokyo, Japan). px-25 and px-50 ppm MNV suspensions (107 TCID50/mL in 0.5 mL) were exposed to 4.5 mL chlorine solution for 2 min at room temperature (around 22°C) to achieve approximately a 3-log10 inactivation, which is the minimum required level of inactivation after disinfection (USEPA, 2020). Fifty microliters of a 1% (v/v) sodium thiosulfate solution was added to neutralize chlorine. Simultaneously, 0.5 mL of px-0 ppm MNV suspension was diluted with PBS to prepare 103 TCID50/mL solution, and 50 μL of 1% (v/v) sodium thiosulfate solution was added. MNV was grown until the RAW 264.7 cells were 80% confluent. RAW 264.7 cells with approximately 10−5 multiplicity of infection were cultured and incubated in the presence of 5% CO2 at 37°C for approximately 72 h. The viral cell suspension was lysed via three freeze–thaw cycles to release the virus particles from the cells. The supernatant was then centrifuged at 10,000 × g for 30 min at 4°C and filtered using a 0.45 μm polyvinylidene difluoride membrane filter to remove the cell fractions. The propagated MNV samples were stored at −80°C until subsequent analysis.



2.3 Chlorine sensitivity assay

The chlorine sensitivity of the MNV populations was assessed based on the reduction in viral titers following exposure to an initial free chlorine concentration of 50 ppm. One hundred microliters of MNV suspension were mixed with 900 μL chlorine solution with 50 ppm free chlorine and incubated for 2 min. Twenty microliters of a 1% (v/v) sodium thiosulfate solution was used to neutralize the chlorine. The chlorine sensitivity assay was performed in triplicate for each sample.

MNV infectivity was reanalyzed using TCID50 (50% tissue culture infectious dose) assays. Three-fold serial dilutions of the virus sample were performed in a 0.5 mL tube containing medium. The diluted viral suspension was transferred to a 96-well plate, and the RAW 264.7 cell suspension was inoculated into each well in 1:1 ratio. Then, the plates were incubated in the presence of 5% CO2 at 37°C for 48 h. Next, the cytopathic effects were analyzed using light microscopy. The TCID50 values were calculated using the Spearman and Kärber method (Hierholzer and Killington, 1996) and used to calculate the log10 reduction value (LRV), which is the ratio of the virus titer after disinfection at time t to the initial virus titer before disinfection at time 0 (log10 ([image: image])).



2.4 Library preparation and whole-genome sequencing

After serial passaging, the resulting virus populations were characterized based on their complete genome sequence. Viral RNA was extracted from the MNV suspension using the QIAamp viral RNA mini kit (Qiagen, Hilden, Germany). rRNA was depleted using a NEBNext rRNA depletion kit (human/mouse/rat; New England, Ipswich, MA, USA). Subsequently, the NEBNext Ultra II RNA library prep kit for Illumina was used for library preparation according to the manufacturer’s protocol. A barcode sequence was added to each sample using NEBNext multiplex oligos from Illumina. Subsequently, the AMPure XP magnetic beads (Beckman Coulter, Pasadena, CA, USA) were used for library purification. Library concentration and size distribution were analyzed using an Agilent Bioanalyzer, HS DNA assay kit, and a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA). The purified library was quantified using the NEBNext Library Quant kit of Illumina. The libraries were sequenced with paired-end 150-bp reads on an Illumina NovaSeq 6,000 (Illumina, San Diego, CA, USA).



2.5 Sequence alignment

The CLC Genomics Workbench Software version 10.1.1 (CLC Bio, Aarhus, Denmark) was used to investigate FASTQ-formatted sequence data. The forward and reverse index primers were trimmed using the Trim Sequences function. The reference sequence for MNV S7 PP3 was obtained from the NCBI (GenBank accession number: AB435515.1). The Reference Mapping function of the CLC Genomics Workbench was used to assemble the trimmed reads into the reference sequence, which was then realigned using the Local Realignment function. Next, BAM files were exported from the CLC Genomics Workbench and examined using SAMtools 1.16.1 to determine the sequence coverage of each sample (Danecek et al., 2021). The alignments of all virus sequence data had sufficiently deep coverage; therefore, variant information was provided with high confidence (Supplementary Figure S1). The consensus sequence was extracted from the ancestor MNV populations in the experimental adaptation and was used as a reference sequence for detecting variants using the Extract Consensus Sequence function.



2.6 Detection of single nucleotide polymorphisms (SNPs)

The frequency of SNPs in the collected samples of the MNV populations was calculated using the Low Frequency Variant Detection function. The MNV S7 PP3 genome sequence (GenBank accession number: AB435515.1) was used as the reference sequence, and the error rate threshold value was set at 1%. SNPs with fewer than 10 coverage depths were separated using the CLC Genomics Workbench in the default setting. Whether the SNPs changed the amino acid sequence was also analyzed using the Amino Acid Changes function for three ORFs, encompassing ORF1 (nt 6–5,069), encoding a non-structural polyprotein, ORF2 (nt 5,056–6,681), encoding a major capsid protein (VP1), and ORF3 (nt 6,681–7,307), encoding a minor capsid protein (VP2) (Barron et al., 2011). AlphaFold was used to construct the three-dimensional structure of the protein sequences (ORF2 and ORF3) and UCSF ChimeraX version 1.7.1 was used for visualization (Goddard et al., 2018; Jumper et al., 2021; Pettersen et al., 2021; Meng et al., 2023).



2.7 Analysis of genetic diversity

The genetic diversity of the control and treated populations was analyzed using different parameters, such as the mean of pairwise nucleotide diversity (π) (Nelson and Hughes, 2015), Shannon entropy (Pan and Deem, 2011), and Tajima’s statistic (D) (Tajima, 1989). Site-specific nucleotide diversity was estimated using SNPGenie (Nelson et al., 2015). π is the average number of pairwise differences per site in a population of sequences that was calculated using the following formula:
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where p is the site of polymorphism, Ni is the nucleotide difference proportion at the ith site, L is the sequence length, ki is the coverage of the sequence at the ith site, and Ai, Ci, Gi, and Ti are the sums of the four bases at the ith site (Nei and Gojobori, 1986; Nelson et al., 2015; Kadoya et al., 2022). The nucleotide diversity in nonsynonymous and synonymous coding sites (πN and πS, respectively) was determined separately using the same formula as the nucleotide diversity. Only Ni was adjusted based on the pairs of synonymous or nonsynonymous substitutions (Nelson et al., 2015). Additionally, we measured the ratio of the rates of nonsynonymous and synonymous substitutions (πN/πS) to evaluate the action of natural selection. πN/πS values <1, 1, and > 1 indicate the purifying, neutral, and positive selections, respectively (Nelson et al., 2015). This approach assumes that synonymous substitutions are selectively neutral and provides a baseline for fixation (Raghwani et al., 2016).



2.8 Nucleotide substitution rate

The sequences were aligned using MUSCLE to estimate the nucleotide substitution rate. The BEAST2 software, based on the Bayesian Markov chain Monte Carlo method, was used to calculate the nucleotide substitution rate in each genome segment (Bouckaert et al., 2019). Nucleotide substitution rates were expressed as substitutions/site/passage in three different MNV genomic regions in the control and chlorine-treated populations (25 and 50 ppm of initial free chlorine exposure). The BEAST files were run according to a log-normal relaxed clock under coalescent models with the general time-reversible model as a substitution model. The output files were visualized and examined using the TRACER program (Rambaut et al., 2018).



2.9 Statistical analysis

Statistical analysis was performed using the Graph Pad Prism software (Version 9.5.0 (525), 2022). The Mann–Whitney U test was used to confirm the statistical significance of the differences between the two groups. Additionally, the Wilcoxon signed-rank test was utilized to assess whether there was a significant difference between paired observations based on the median difference. All statistical tests were two-tailed, with p < 0.05 considered to be statistically significant. The results were visualized using RStudio (Version 2022.02.3) and Python 3.11.




3 Results


3.1 Emergence of less-susceptible MNV populations at higher chlorine concentrations

The LRV of the MNV populations derived from the first, fifth, and tenth passages in both the control and treated virus populations is shown in Figure 2. The chlorine susceptibility of MNV populations adapted to an initial free chlorine concentration of 50 ppm was lower than other MNV populations. The Wilcoxon signed-rank test was utilized to identify the MNV population with lower susceptibility to chlorine exposure. We considered the following null hypothesis: the LRV of the treated MNV populations was equivalent to the median LRV of the control populations in each round. As results, five treated MNV populations had lower median values of LRV than the control populations. However, the difference was not statistically significant (p > 0.05). These five MNV populations were exposed to an initial free chlorine concentration of 50 ppm obtained in the fifth and tenth passages of the first round and the first, fifth, and tenth passages of the second round. These populations were considered less susceptible. The remaining virus populations were defined as susceptible. The treated MNV populations exposed to 50 ppm of initial free chlorine in round 2 showed reduced susceptibility to chlorine earlier than the treated MNV populations in round 1. One possibility is the existence of subpopulations within the initial viral populations of round 2 that inherently exhibited low susceptibility to chlorine. Upon exposure to 50 ppm of initial free chlorine, these subpopulations might be rapidly enriched, potentially leading to an earlier reduction in susceptibility as the less susceptible subpopulations became dominant.

[image: Figure 2]

FIGURE 2
 The log reduction values (LRV) of MNV populations were derived from the first, fifth, and tenth passages (p-1, p-5, p-10) in the first (A) and second (B) rounds. The blue dashed line represents the median LRV of control population (0 ppm) in the first passage of each round. The less-susceptible populations are indicated by star symbols above the bars. Each bar represents the mean LRV from three replicates with standard deviation.




3.2 Nucleotide diversity

We examined πS and πN in each ORF (Figures 3A,B). Overall, the mean πS in ORF2, encoding major capsid protein (VP1), of the less-susceptible populations was significantly lower (Mann–Whitney U test, p = 0.004) than that of the susceptible populations. Furthermore, the mean value of πN of VP1 in the less-susceptible populations was higher than that in the susceptible populations, although the difference was not significant. We also estimated the average value of the πN/πS ratio in all coding regions. The average values of πN/πS in ORF1 and ORF2 were < 1, and the difference between the less-susceptible and susceptible populations was not significant (p = 0.39 and p = 0.09, respectively, based on the Mann–Whitney U test). Several less-susceptible MNV populations, especially MNV populations from the later passages (fifth and tenth) of both rounds that were exposed to 50 ppm of initial free chlorine, showed significantly higher values of πN/πS in ORF2 than the susceptible populations (Mann–Whitney U test, p = 0.01; Figure 4). The average values of πN/πS of ORF3, encoding minor capsid protein (VP2), in the less-susceptible populations were < 1, which was significantly lower than that in susceptible populations (Mann–Whitney U test, p = 0.02; Figure 4).
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FIGURE 3
 Overall values of synonymous nucleotide diversity (πS) (A) and nonsynonymous nucleotide diversity (πN) (B) in each coding region of MNV populations. Statistical differences were calculated using the Mann–Whitney U test. An asterisk represents p < 0.05.
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FIGURE 4
 Value of πN/πS in each coding region of less-susceptible and susceptible MNV populations. Several less-susceptible populations were shown with labels from the first, fifth, and tenth passages (p-1, p-5, p-10) in ORF2 and ORF3. Statistical differences were calculated using the Mann–Whitney U test. An asterisk represents p < 0.05.


We determined the Spearman’s correlation coefficient (R) to investigate the statistical correlation between chlorine susceptibility in terms of LRV and synonymous and nonsynonymous nucleotide diversity in each coding region (Figure 5). A significant positive correlation was observed between the chlorine susceptibility and πS of ORF2 (R = 0.57, p = 0.01; Figure 5B). In contrast, a significant negative correlation was found between chlorine susceptibility and πN in ORF2 (R = −0.60, p = 0.01; Figure 5E). The other correlations differed between the coding regions but were not statistically significant. Furthermore, several residual plots for the data sets of πS, πN, and LRV showed that the residuals were randomly scattered around the horizontal line at zero, indicating that the variability of the residuals was consistent across different fitted values (Supplementary Figures S2, S3). However, the distribution and characteristics of the data may vary across different ranges of the fitted values. Some residual plots showed random scatter in the higher range of fitted values and only a few residuals in the lower range, which can be influenced by the limited observations.
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FIGURE 5
 Correlation between log10 reduction value (LRV) due to chlorine exposure with synonymous nucleotide diversity (πS) in ORF1 (A), ORF2 (B), and ORF3 (C), and nonsynonymous nucleotide diversity (πN) in ORF1 (D), ORF2 (E), and ORF3 (F) of the MNV genome based on Spearman’s correlation coefficient (R) and p-value.




3.3 Frequency of SNPs in MNV populations

The heat map in Figure 6 shows the distribution of SNPs in the different MNV populations. The nucleotide and amino acid changes in all MNV populations are summarized in Supplementary Table S1. More nonsynonymous mutations were identified in VP1 of the less-susceptible populations than in the susceptible populations at positions 5,125, 5,276, 6,289, 6,598, and 6,605, especially in MNV populations exposed to 50 ppm of initial free chlorine from the fifth and tenth passages. These mutations caused amino acid alterations from threonine to alanine, threonine to serine, leucine to valine, phenylalanine to leucine, and valine to alanine in the major capsid proteins (T24A, T74S, L412V, F515L, and V517A). The frequency of these nonsynonymous mutations ranged from 1 to 85%. The predicted three-dimensional structures of VP1 with nonsynonymous mutations identified in the susceptible and less-susceptible MNV populations is shown in Supplementary Figure S4.
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FIGURE 6
 Heat map demonstrating the frequency of the single nucleotide polymorphisms (SNPs) that contained at least 1% of MNV populations in control (0 ppm) treated with initial free chlorine concentrations of 25 and 50 ppm from the first, fifth, and tenth passages in the first (A) and second (B) rounds. The gradual change in color from dark blue to yellow indicates low to high frequency of mutations in the nucleotide location.


Furthermore, nonsynonymous mutations at nucleotide positions 561, 829, and 7,215 were found in the less-susceptible and susceptible populations in all rounds. These mutations exhibited >90% frequency in a particular passage. Mutations at positions 561 and 829 resulted in amino acid changes from proline to serine and from threonine to methionine (P186S and T275M), respectively, in non-structural proteins. Another mutation at position 7,215 in VP2 resulted in the replacement of tryptophan with arginine (W179R). In addition, all treated populations exposed to chlorine harbored a nonsynonymous mutation at position 7,279, resulting in a phenylalanine to serine substitution in VP2 (F200S) (Supplementary Figure S5). The frequency of this single dominant mutation increased with passage, exceeding 90% by the tenth passage.



3.4 Estimation of nucleotide substitution rates

The average nucleotide substitution rates for each ORF shown in Table 1 did not differ significantly among the control and treated populations (Mann–Whitney U test, p > 0.05). Overall, the nucleotide substitution rate was the lowest in ORF1 of all MNV populations, whereas ORF3 exhibited the highest rate. The nucleotide substitution rates were 10−5 substitution/site/passage, ranging from 4.61 (0.001–16.08) to 12.63 (0.13–38.85) in ORF1, 13.32 (0.002–46.88) to 41.60 (0.50–134.39) in ORF2, and 66.71 (0.09–207.09) to 116.50 (2.09–343.58) in ORF3. Furthermore, higher nucleotide substitution rates were observed in ORF3 of the chlorine-treated MNV populations than those in the control. Although the differences were not statistically significant, the results suggest that chlorine exposure might have applied selective pressure on ORF3 of the treated MNV populations. This could potentially result in genetic changes that are more prone to occur in this region.



TABLE 1 Nucleotide substitution rates in three different MNV genomic regions in control and MNV populations exposed to 25 and 50 ppm initial free chlorine.
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4 Discussion

This study investigated the adaptation of MNV populations exposed to chlorine in experimental adaptation to understand the mechanism of development of the less-susceptible virus populations. We also performed whole-genome sequencing to obtain insights regarding the genetic characteristics of the less-susceptible MNV populations. The chlorine sensitivity of the MNV populations varied with the initial free chlorine concentration. The five MNV populations exposed to 50 ppm free chlorine (injection rate) displayed lower median values of LRV than the control populations, suggesting reduced susceptibility to chlorine (Figure 2). Nucleotide diversity analysis revealed differences in πS and πN of the less-susceptible populations, particularly in VP1. The less-susceptible populations displayed significantly low πS, and three of the populations showed an increase in πN/πS at the fifth and tenth passage in VP1 (Figures 3, 4). Spearman’s correlation analysis showed a significant positive correlation between chlorine susceptibility and πS, whereas a significant negative correlation was observed between chlorine susceptibility and πN in VP1 (Figure 5). Over 90% of all chlorine-treated MNV populations harbored a dominant mutation in VP2 (Figure 6). Moreover, the chlorine-treated populations exhibited higher nucleotide substitution rate in VP2 than in the control populations (Table 1). These findings suggested a link between susceptibility to chlorine disinfection and nucleotide diversity in the MNV populations.

Several mechanisms via which virus populations adapt to disinfection have been reported. The responses of virus populations, including rotavirus, echovirus 11, coxsackievirus B5, MS2 coliphage, and MNV to exposure to various disinfectants, such as chlorine dioxide, ultraviolet radiation, calcium hydroxide, and ozone, have been investigated (Carratalà et al., 2017; Zhong et al., 2017a,b; Torii et al., 2021; Kadoya et al., 2022; Oishi et al., 2022). A study found that MNV populations exhibited lower susceptibility to calcium hydroxide due to a specific mutation in the VP1 protein, which causes the substitution of lysine at position 345 with arginine (Oishi et al., 2022). In the present study, a highly frequent nonsynonymous mutation was identified at position 7,279 of VP2 in >90% MNV populations exposed to initial free chlorine concentrations of 25 and 50 ppm. VP2 is involved in viral entry and modulation of the immune response (Campillay-Véliz et al., 2020; Liao et al., 2022), and is a versatile structural protein with the highest nucleotide substitution rate among other norovirus proteins (Mauroy et al., 2017; Campillay-Véliz et al., 2020). Rachmadi et al. also identified a change from phenylalanine to serine at site 200 on VP2 in the MNV populations exposed to chlorine (Rachmadi et al., 2018). However, they only sequenced the capsid proteins, VP1 and VP2, referring to different reference sequences in the bioinformatics analysis, leading to a discrepancy of one nucleotide base at the mutation location (Rachmadi et al., 2018). As this mutation was also detected in the susceptible MNV populations in this study, it may not be the only cause of the reduced susceptibility to chlorine. The results of whole-genome sequencing suggested that the identified single dominant mutation in VP2 does not alter chlorine susceptibility in MNV populations.

Based on synonymous and nonsynonymous nucleotide diversities, particularly in VP1, we concluded that the adaptation mechanism of the susceptible and less-susceptible populations of MNV were distinct. Notably, the susceptible populations had significantly higher πS in VP1 than other proteins (Figure 3A). These results suggest that the appearance of synonymous mutations could be caused by weak selective pressures (de Jong et al., 2024). Meanwhile, the less-susceptible populations had significantly lower πS in VP1 than the susceptible populations (Figure 3A). This can be explained by the diverse secondary structure of the genomic RNA, which alters the interactions between nucleotides (Qiao et al., 2022) and influences the charge distribution and overall conformation of the RNA molecules (Roundtree et al., 2017). Norovirus capsids harbor negative surface charge in neutral or basic pH (Kang and Cannon, 2015). A reduction in the negative charge or change in its distribution because of modifications in the genomic RNA reduces the electrostatic repulsive forces between viral particles, facilitating viral aggregation (Mertens and Velev, 2015). Computational methods using the Poisson-Boltzmann equation can be used to calculate the electrostatic potential and identify charge distribution in particular proteins (Zhang et al., 2022). However, further research is required to clarify the relationships between synonymous mutations in the genomic RNA, changes in virion surface charges, and the formation of aggregates.

Several less-susceptible populations from the later passages (fifth and tenth) of both rounds showed significantly higher value of πN/πS in ORF2 than other populations (Figure 4). Furthermore, significant negative correlation was observed between chlorine susceptibility and πN in ORF2 (Figure 5E), indicating relaxation of purifying selection during extended chlorine exposure. Therefore, increased genetic diversity at nonsynonymous sites in VP1 is associated with viral adaptation to chlorine. This finding is consistent with that of Kadoya et al., in which populations of rotaviruses less susceptible to chlorine had higher nonsynonymous diversity in the capsid-coding region, and the formation of aggregates among virions with diverse microstructures and surface charges was proposed as a plausible explanation (Kadoya et al., 2022). Major and minor virus mutants may aggregate into clusters, creating a collective shield that results in the viruses within these clusters being less exposed to chlorine (Kadoya et al., 2022). The study further showed that virus clusters may contribute to increasing genetic diversity within a population and stabilize population size, leading to a reduction in the effectiveness of disinfection, as performed by computational evolutionary simulations (Kadoya et al., 2022). Furthermore, several studies have identified specific mutations related to viral aggregation. A study showed that a mutation in the hemagglutinin-neuraminidase gene of the mumps virus can change the electrostatic surface potential, which influences aggregation (Santos-López et al., 2009). Another study also observed that a mutation in the capsid protein of the Sindbis virus can affect aggregation (Ferreira et al., 2003). Detailed study of viral aggregates, for instance, using electron microscopy, nanoparticle tracking analysis, flow virometry, or tunable resistive pulse sensing, can be beneficial for characterizing viral aggregation in terms of size distribution, morphology, surface charge, composition, structure, and stability (Heider and Metzner, 2014; Zamora and Aguilar, 2018; Carvalho et al., 2022).

Besides nucleotide diversity, the emergence of certain nonsynonymous mutations can also affect chlorine susceptibility by influencing the efficiency of viral replication. Amino acid substitutions in VP1 can potentially impact critical functions of viral capsids, including protecting the viral genome and facilitating interactions between the virus and host cells (Campillay-Véliz et al., 2020). ORF2 encoding VP1 consists of a well-conserved shell (S) domain, the interior surface of the virus capsid surrounding the RNA, and a protruding (P) domain (Nelson et al., 2018). The P domain is divided into the proximal and distal subdomains, P1 and P2, respectively (Supplementary Figure S6; Zhu et al., 2016; Nelson et al., 2018). The P1 subdomain consists of a single α helix and eight β strands, while the P2 subdomain appears as an insertion in P1 that forms a six-stranded antiparallel β-barrel (Katpally et al., 2010). We detected amino acid substitutions, F515L and V517A, within the β strand of the P1 subdomain, and L412V within the P2 subdomain, by mapping the nucleotide changes in the P domain of MNV VP1 in complex with its cellular receptor, CD300lf and visualizing using the UCSF ChimeraX version 1.7.1 (Supplementary Figure S7; Goddard et al., 2018; Nelson et al., 2018; Pettersen et al., 2021; Meng et al., 2023). Based on the protein model, we have identified the location of mutations in the P1 and P2 subdomains. However, these mutations are not precisely situated within the receptor binding site (Kilic et al., 2018). Another explanation is that the mutations may impact inter-capsid interactions, regulating the size and stability of the viral capsid by establishing intermolecular contacts between dimeric VP1 subunits (Bertolotti-Ciarlet et al., 2002). Recent studies have also revealed that a single mutation in the P domain of norovirus VP1 significantly improved cellular attachment of the virus during infection (Mills et al., 2023). Further investigation into the functional consequences of these mutations on receptor binding and inter-capsid interactions is necessary to better comprehend their role in determining the susceptibility of virus populations to chlorine.

The use of MNV as a surrogate for human norovirus is one of the limitations of this study. Viral surrogates are used for studying human norovirus owing to the challenges in culturing human norovirus in cell culture systems (Duizer et al., 2004). Although viral surrogates have dissimilar viral receptor characteristics, the genome of MNV is similar and to that of the human norovirus, with which it shares taxonomic proximity (Wobus et al., 2006; Bae and Schwab, 2008; Belliot et al., 2008). Moreover, their properties, including capsid structure and routes of fecal–oral transmission, are similar (Karst et al., 2014; Graziano et al., 2019; Kilic et al., 2019). Therefore, the results of this study using MNV can be extended to human noroviruses (Dimitrov, 2004; Le Pendu et al., 2016; Graziano et al., 2020).

Overall, analysis of the genetic structure of viral populations provided valuable insights regarding the mechanism underlying adaptation to disinfection. Notably, genetic alterations in VP1 occurred due to exposure to a particular concentration of chlorine, which affected the susceptibility of the virus. Our findings provide new insights regarding the application of adequate chlorine for disinfection, which can exert different selection pressures on virus populations, leading to the emergence of less-susceptible populations. One solution to this problem involves the use of multiple types of disinfectants during wastewater treatment (Kadoya et al., 2021). Furthermore, the results suggested that genetic diversity can act as an index or indicator of chlorine susceptibility in MNV populations. Further research on the adaptation of virus populations with different levels of genetic diversity to disinfectants will be useful for understanding the importance of genetic diversity in identifying adaptation mechanisms. In addition, implementation of reverse genetic approaches may be beneficial; the coding regions of wild type MNV can be replaced by the corresponding VP1 sequences of the less-susceptible populations for confirming the coding region responsible for influencing viral sensitivity to chlorine.
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