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Abstract
Purpose of Review Major waterborne viruses comprise numerous variants rather than only a master sequence and form a
genetically diverse population. High genetic diversity is advantageous for adaptation to environmental changes because the
highly diverse population likely includes variants resistant to an adverse effect. Disinfection is a broadly employed tool to
inactivate pathogens, but due to virus evolvability, waterborne viruses may not be inactivated sufficiently in currently applied
disinfection conditions. Here, by focusing on virus population genetics, we explore possibility and factor of emergence of
disinfection sensitivity change.
Recent Findings To test whether virus population obtains disinfection resistance, the evolutionary experiment developed in the
field of population genetics has been applied, indicating the change in disinfection sensitivity. It has been also confirmed that the
sensitivity of environmental strains is lower than that of laboratory strains. In some of these studies, genetic diversity within a
population less sensitive to disinfection is higher. Researches in virus population genetics have shown the contribution of intra-
population genetic diversity to virus population phenotype, so disinfection sensitivity change may attribute to the genetic
diversity.
Summary The research elucidating a relationship between virus evolution and disinfection has only recently begun, but signif-
icant information about the relationship has been accumulated. To develop an effective disinfection strategy for the control of
waterborne virus spread, we need to clarify whether disinfection practice truly affects virus outbreaks by refining both laboratory
and field experiments related to virus evolution in the disinfection-exerted environment.
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Introduction

Disinfection is broadly employed to inactivate pathogens in
water and on environmental surfaces and foods. To ensure
human health in the use of water and the consumption of

foods, appropriate disinfection condition, which can be deter-
mined by mathematical approaches and bears the constant
inactivation efficiency [1–3], needs to be sustained.
Variability of environmental condition has been incorporated
into the framework in determination of disinfection condition
in previous studies [1–3]. However, the uncertainty related to
virus evolvability also needs to be taken into account for suf-
ficiently inactivating viruses since the rapidly evolved virus
population comprises numerous variant sequences distinct
from the master sequence (i.e., genetically diverse popula-
tion). High genetic diversity affects virus phenotype due to
the existence of variants (see “Effect of genetic diversity on
virus phenotype”) and may increase the probability of an ap-
pearance of new phenotypes that decrease disinfection sensi-
tivity. Therefore, it is difficult to conclude that the genetically
diverse virus population is always inactivated at constant rate
by disinfection. The studies related to recent viral outbreaks
have indicated that the originally infrequent genotypes
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become dominant and the genetic diversity within a genotype
increases compared to past cases (e.g., several point mutations
occur in the well-known genotype) [4–13]. If genetic and
population structure changes truly affect the efficiency of dis-
infection, unraveling the mechanism of disinfection resistance
of a virus population is significant to establish proper disin-
fection approaches, and the change in disinfection sensitivity
can be associated with current outbreaks.

Virus population genetics, especially for an RNA virus, has
been progressed rapidly. Many waterborne viruses (e.g.,
norovirus, rotavirus and enteroviruses) are also RNA viruses,
which typically lack proofreading activity and postreplicative
repair during genome replication. As a result, they exhibit
high mutation rates compared to DNA-based viruses and or-
ganisms. Thus, after replication, an RNA virus population
forms a mutant swarm including one (or a few) master se-
quence (s) and minor variant sequences even in a genotype
(such dynamic distribution of a mutant swarm is termed
“quasispecies”) [14]. Lab-scale experiments have indicated
that the genetic diversity within a population (termed “intra-
population genetic diversity”) greatly affects virus phenotypes
such as pathogenesis and growth ability (see “Virus
Population Genetics”). The genetically diverse population
has the potential to survive in hostile environment because

the probability that adaptive variants exist in the population
becomes high (natural selection) [15]. Also, owing to the het-
erotypic cooperation between variants within a highly diverse
population [16], the population can include many aggregates
which may keep the inner part of an aggregate intact when
disinfection is conducted. Developing the population genetics
of waterborne viruses must contribute to the establishment of
more effective disinfection strategy that sufficiently inacti-
vates genetically diverse populations. The problem is that
the effect of population structure change on disinfection effi-
ciency has not been encapsulated well at present.

Aim and Scope

This review will address possible strategies of disinfection for
waterborne viruses, in which the lability of virus population
structure and its effect on disinfection efficacy are considered
(Fig. 1). Before suggesting the strategy, firstly, general infor-
mation of virus disinfection and some cases of different dis-
infection sensitivity of closely-related virus samples are sum-
marized (see “Disinfection sensitivity of virus”). In addition,
the latest researches of virus population genetics (e.g., effect
of population diversity on viral phenotypes, social-like

Fig. 1 Concept of this review
demonstrating the effect of virus
evolvability on disinfection
efficiency and the suggested
disinfection strategy for the
rapidly evolving virus population
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behavior of virus population) are collected to find knowledge
plausible to explain variability of disinfection sensitivity (see
“Virus Population Genetics”). Finally, current researches
about virus evolution with disinfection are introduced in the
section “Evolution Versus Disinfection,” and here, the virus
evolvability links to the variability of disinfection sensitivity.
Implications shown in this review can encourage researchers
in water engineering to conduct disinfection experiments that
take the effect of heterogeneity of virus population into ac-
count. When a lot of dataset related to virus disinfection with
information of variety of the population structure is accumu-
lated, a novel framework more accurately predicting virus
inactivation efficiency can be constructed by previously sug-
gested methods [1–3] in the future. Also, it can be unfolded
whether the change in disinfection sensitivity is associated
with occurrence of waterborne virus outbreaks.

Disinfection Sensitivity of Virus

Water Intervention and Disinfection

Water intervention is an action to clean water environments
surrounding humans and keep human body parts, such as
hands, sanitary. Water treatment including membrane filtra-
tion and chemical and physical disinfectants is one of the
water interventions employed at water and wastewater treat-
ment plants. To make environments clean enough to reduce
health risks, the water, sanitation, and hygiene (WASH) pro-
gram has recommended preparing safe water, building a basic
toilet and disseminating the habit of hand washing with soap
[17]. A disinfectant is useful to inactivate pathogenic viruses
in water [18, 19] and is implemented at various sites, such as
environmental surfaces, food processing areas, and water and
wastewater treatment plants. However, it has remained un-
clear whether disinfection practice practically reduces the
number of people infected with waterborne viruses. The
WASH practice in Malawi only temporally reduced the mor-
tality rate relative to rotavirus infection [20]. In Zimbabwe, the
effect of the household-level WASH interventions on a de-
crease in diarrhea cases was estimated to be small [21].

Variability of Disinfection Sensitivity

The inactivation mechanisms are different among disinfec-
tants and virus species. Usually, disinfectants decrease virus
infectivity by damaging capsid proteins or nucleic acid. Free
chlorine denatures the spike protein of the rotavirus OSU
strain, which results in loss of binding ability to the receptor
[22]. Whereas adenovirus type 2 does not lose the binding
ability to the receptor and its genome is not damaged by free
chlorine, the expression of the protein governing a life cycle
process within a cell is inhibited [23]. Wigginton et al.

investigated the inactivation mechanisms and found that free
chlorine, singlet oxygen, and UV disinfection damaged the
viral genome, which induced loss of the replication ability of
MS2 phage [24]. Free chlorine degraded capsid proteins and
the protein assembly, which resulted in loss in binding or
injection abilities as well as chlorine dioxide (ClO2). In the
experiment with free chlorine disinfection using hepatitis A
virus (HAV), the most sensitive region to chlorine was esti-
mated to be the 5’ non-translated region of the genome [25]. A
microplasma UV, which has higher inactivation rate constant
than a conventional mercury-based UV lamp, damaged the
adenovirus capsid protein rather than the nucleic acid and
the fiber protein [26]. Torrey et al. developed a novel method
for testing whether the impairing genome functionality was
one of factors of virus inactivation by transfection of a viral
genome into a host cell [27]. As a result, free chlorine dam-
aged the protein of echovirus type 11, ozone reduced genome
functionality, and UV impaired both the genome and proteins.
The disinfection technology such as photocatalytic disinfec-
tion has been also developed, which generates some reactive
species and is expected to be disinfection byproduct-free with
the capacity of virus inactivation [28]. Tong et al. confirmed
that the disinfection using photocatalyzed TiO2 damaged viral
RNA rather than viral proteins [29]. The metal-free photocat-
alytic disinfection in a membrane reactor has been also devel-
oped and has inactivated adenovirus by reacting its capsid
protein [30].

Disinfection efficacy may be affected by the diversity of
the nucleotide and amino acid sequences. The reaction rate of
disinfectants differs according to the type of amino acids or
the specific sites on a capsid protein [24, 31]. If one amino
acid replacement occurs on the capsid protein-coding gene,
for example, the rotavirus outer capsid consists of 260 trimers
per a virion, so that 780 amino acids will be replaced by the
mutation. In this case, the structural or electrostatic potential
of a virion can be changed significantly by only one amino
acid mutation. In addition, if the mutation dominates in the
virus population, the reaction rate of disinfectants for the pro-
tein can be changed, which eventually alters the disinfection
efficacy as a population. Sigstam et al. confirmed differences
of disinfection sensitivity of the closely related phage strains
(MS2 and fr phages shared 87% identical capsid protein se-
quence) [32]. Additionally, the responses of laboratory and
environmental strains of coxsackievirus to disinfection dif-
fered despite the same serotype [33, 34•, 35••].

Viruses classified as the same type (genotype/serotype)
appear to have a spectrum of disinfection sensitivity.
Generally, a virus population includes not only a master se-
quence but also many variants because of higher mutation rate
and forms a genetically diverse population (i.e., quasispecies).
Immune response is different among individuals, which may
form the individual-specific structure of a virus population.
Feces, which contain individual-specific virus populations,
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are flown into a WWTP. The virus genetic diversity tempo-
rally increases at a WWTP by collecting and mixing such
individual-specific virus populations. The disinfection sensi-
tivity can fluctuate according to the level of genetic diversity
due to slight changes in viral capsid proteins. The finding that
environmental strains are less sensitive to disinfectants than
laboratory strains [33•, 34••, 35] can be explained by such
distinct population structures between them. To understand
the behavior of waterborne viruses under processes of disin-
fection and establish more appropriate intervention strategy,
we need to incorporate knowledge about virus population ge-
netics with water engineering.

Virus Population Genetics

Evolution of Viral Quasispecies

Intra-population genetic diversity increases when a mutation
occurs during the genome replication within a host cell.
However, mutated genes are not always fixed in a virus pop-
ulation since some variants generated by mutation are often
defective [36, 37], in which natural selection can work to
eliminate such defective variants [38]. In the theory of natural
selection, the frequency of strains resistant to the selection
increases [38]. On the other hand, bottleneck effect randomly
changes the population structure due to sudden decrease in the
size of population. The change in virus population structure
based on randomness is called genetic drift [15].

The hierarchy in a quasispecies (master vs minor se-
quences) is explained by “fitness,”which represents the ability
of an individual to reproduce and survive in current environ-
ment [39]. A subpopulation has a master sequence that is
likely to be selectively superior to other minor variants.
When environment changes rapidly, a portion of the minor
variants advantageous for the selection occurring in new

environment can increase their frequency and may become a
master sequence in a population.

Selection and bottleneck effect carry the quasispecies from
the present to a new sequence space (a theoretical space capa-
ble of accommodating all genome sequences [38]) and alter
the degree of occupation in the sequence space by the subpop-
ulation. The movement of a quasispecies across the sequence
space also changes the fitness distribution of a viral popula-
tion. The model representing the relationship between se-
quence space and fitness is called the “fitness landscape,” in
which the x-y plane is a sequence space and the z-axis is fitness
(Fig. 2) [39]. Each quasispecies has coordinates on the se-
quence space and fitness distributions. If a beneficial mutation
appears in a quasispecies, the variant begins to spread in the
fitness landscape. Afterward, several variants derived from or
strongly linked to the beneficial mutation (they may show
lower fitness than the initial strain) gather around the coordi-
nate of the beneficial subpopulation. The movement of such
variants can form new fitness hills (or distribution). The hill
initiated from a higher fitness subpopulation (or individual) is
tall and sharp, whereas that initiated from a lower one is short
and broad. The sharp hill may accept new mutations with
difficulty since the quasispecies is already suited to a given
environment [40]. Since the fitness levels are similar among
individuals but the distribution spreads equally (i.e., genetical-
ly diverse and selectively almost neutral population), the flat
quasispecies includes various sequences and possibly survives
from the change in environment [40–45]. Furthermore, the flat
quasispecies is capable of exploring the broader range of se-
quence space in the fitness landscape [40].

Effect of Genetic Diversity on Virus Phenotype

The effect of intra-population genetic diversity on virus phe-
notypes has been investigated by in vitro experiments. Combe
et al. analyzed viral single nucleotide polymorphisms (SNPs;

Fig. 2 A schematic overview of fitness landscape based on ref [36]. The
x-y plane and z-axis indicate the sequence space and fitness values,
respectively. A major subpopulation (red) has highest fitness at the
situation. Two subpopulations (blue and green) are genetically diverse

and capable of expressing new phenotypes when environment changes
(red allows imply the opportunity of getting new phenotype) although
fitness values are lower
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sequence variation having a certain frequency at a position of
sequence) within a single cell [46]. They expected the occur-
rence of bottleneck effect under the assumption that only a
small fraction of virus infectious units infected a cell.
However, as a result, multiple SNPs pre-existing in the inoc-
ulum and those newly generating were detected within a sin-
gle cell. This result implies that several sequence variants can
exist, even in the identical infectious unit, and single cell har-
bors numerous variants by the cell-specific spontaneous mu-
tation rate of virus. Combe et al. also gave suggestive result in
which viral phenotype was determined not by a single major
subpopulation but by a collective infectious unit including
multiple variants [46]. The virus behavior within a single cell
has also been investigated by both experiments and simula-
tions, which have indicated that just a few viral genomes se-
lected through the bottleneck contribute to infection within a
cell [47]. In addition, some progenies succeed in entering the
repeated infection cycle, whereas others are eliminated sto-
chastically, which results in heterogeneous accumulation of
variants among cells. As another example, when coinfection
of multiple variants in a single cell is found, the drug treatment
for a cure of cells that virus infected can promote the selection
of drug-resistant variants [48]. These studies imply that virus
transmits to a cell along with multifarious variants (collective
infectious unit), which contributes to having diverse virus
populations and modifies a phenotype of a virus population.
Understanding the effect of intra-population genetic diversity
on the pathogenesis and the survival ability is of importance to
establish the strategy for inhibiting virus spread because a
minor variant and/or the intra-population genetic diversity en-
hanced by such minorities greatly impact viral phenotypes.

Social-Like Behavior of Viruses

In a genetically diverse population, it can be imagined that an
adaptive variant has the superior ability to reproduce com-
pared to less adaptive and defective variants (i.e., competi-
tion). Additionally, some variants likely help inferior ones
replicate within a cell when coinfection occurs (i.e., coopera-
tion). Recently, remarkable interactions between variants have
been reported. Sociovirology aims to elucidate the virus evo-
lution mechanism with respect to virus social-like interactions
such as competition and cooperation [16, 49]. Important re-
search concerning virus cooperation has been done by
Vignuzzi et al. [50]. They first confirmed that the genetically
stable poliovirus population lost the ability to grow in unfa-
vorable conditions, neurotropism, and virulence for animals.
Then, by forcibly increasing the diversity using a chemical
mutagen, the pathogenesis and the virulence were restored
despite the same consensus sequence. In addition, the non-
neurotropic variant was successfully isolated from the host
brain after it was simultaneously inoculated with the neuro-
tropic one. The study by Vignuzzi et al. implies that positive

interaction between multiple variants enables a defective var-
iant to enter or replicate in the host cell.

Some waterborne viruses transmit as multiple rather than
single virions. Clusters of rotavirus, norovirus, and enterovi-
rus particles are enclosed in a vesicle provided by their host
cells and transmit among hosts with enhancing pathogenesis
[51•, 52, 53]. The transmission unit and form of a virus cluster,
including multiple particles, are termed a collective infectious
unit (e.g., plaque-forming unit constitutes multiple variants
rather than clonal ones) and a bloc transmission carrying mul-
tiple genomes into the host, respectively. Both styles of the
collective infectious unit and bloc transmission are advanta-
geous for maintaining a diverse mutant spectrum [54, 55].
Following the report by Combe et al. [46], the insight into
the effect of cellular-level quasispecies on viral phenotypes
has been refined by applying the cooperation concept [56••,
57, 58•]. Andreu-Moreno and Sanjuan illustrated whether and
how viral aggregates modify the population phenotype by
using monodisperse and aggregated vesicular stomatitis virus-
es [56••]. In this study, the aggregated virus made its replica-
tion initiation faster and enlarged the population size at the
early step of replication compared to the monodisperse popu-
lation because of an increase in the cellular multiplicity of
infection. Also, they suggested that virus aggregate has the
priority of virus replication and contributes to the mitigation
of the stochastic loss of the population size. Xue et al. exhib-
ited another example of cooperation, in which the mixed pop-
ulation of two influenza variants promoted the growth ability
under the higher multiplicity of infection (about 0.2) [57]. A
simulation study supported the benefit of bloc transmission by
which the fitness of even rare variants increased and the pop-
ulation diversity was maintained [58•]. If the aggregation of
virus frequently occurs in environment, multiple variants are
able to infect simultaneously and may bear new lineages by
recombination within a host. Thus, transmission of collective
infectious units, including both defective and beneficial vari-
ants, is thought to give a virus population the chance of
obtaining new phenotypes (e.g., escape from immune re-
sponse and resistance to drugs).

Collective infection also causes competition within a pop-
ulation. Turner and Chao showed that, at first, a virus popu-
lation grew rapidly under high multiplicity of infection (i.e.,
co-infection with various mutants) [59, 60]. However, they
then found that the fitness decreased due to the domination
of the selfishness variant (it is usually defective if intact indi-
viduals are absent in the population) monopolizing intracellu-
lar products. A defective variant, which cannot replicate alone
but frequently emerges in a population (called a cheater virus),
had higher fitness when coinfecting with intact individuals
[61]. When another type of cheater variant coinfected, either
variant was excluded from the population [61]. Relationships
between other types of variants such as a colonizer (it is more
efficient in killing cells when infecting alone) and a
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competitor (it suppresses the propagation of the colonizer
when collective infection occurs) have been also explored
[62]. As a result of the collective infection of colonizer and
competitor, the frequency of cell killing decreased in a
density-dependent manner. This study suggests that high vir-
ulence is beneficial for not only the host but also the virus.

Sociovirology is the recently developed research field, so
that many mysteries remain that should be solved to develop
an understanding of the nature of quasispecies and to help us
establish efficient intervention frameworks. In addition, the
associations among sociovirological knowledge, epidemiolo-
gy and clinical virology, and a response to disinfectant are still
unclear. Hence, true behavior of a genetically diverse virus
population by taking social interactions in an environment in
which disinfection is exerted into account needs to be
identified.

Evolution Versus Disinfection

Evolutional Experiments with Disinfection

Studies related to virus evolution in the water-
engineering field have been conducted recently. To val-
idate whether and how virus population adapts to disin-
fection, the serial passage experiment (virus population
is cultured repeatedly) developed by virus population
geneticist has been applied to the water-engineering
field. Zhong et al. established an experimental evolution
assay based on serial passages of MS2 phage
with/without ClO2 [63]. In the study, they confirmed
the appearance of ClO2 less sensitive populations de-
rived from some lineages (Table 1). Several fixed

mutations on the consensus sequence, which replaced
the amino acids with ClO2 less reactive ones and
changed the host binding ability, were identified, al-
though only some of the mutations were shared among
less sensitive populations [63]. The research group also
observed the appearance of echovirus populations less
sensitive to UV and ClO2, and most of these popula-
tions had higher genetic diversity than sensitive popula-
tions (Table 1) [64••, 65]. In other words, minor vari-
ants in the quasispecies might contribute to a decrease
in the disinfectant sensitivities. The ClO2 less sensitive
populations likewise had less sensitivity to free chlorine
(Table 1) [66]. Compared to UV less sensitive popula-
tions, the intra-population genetic diversity of ClO2 pop-
ulations is likely to be higher. Rachmadi et al. also
confirmed the generation of chlorine-resistant popula-
tions of murine norovirus through serial passage exper-
iments (Table 1), and one unique amino acid replace-
ment on the gene coding a capsid protein was shared
among less sensitive populations [67•]. Less sensitive
populations that experienced five passages with free
chlorine showed higher intra-population genetic diversi-
ty, but at ten serial passages, intra-genetic diversity de-
creased due to the dominance of several mutations.
Recently, an important study about virus resistance to
disinfection has been reported, in which the environ-
mental condition of global warming was taken into ac-
count [68]. In the experiment, the thermotolerant popu-
lation of echovirus appeared through serial passages un-
der higher temperatures and also exhibited less sensitiv-
ity to chlorine. This finding implies that the climate or
water temperature variation may result in the site-
specific population structure of waterborne virus.

Table 1 Changes in the disinfectant sensitivity (inactivation rate constant or log reduction value) in evolutionary experiments with disinfection

Disinfectant k/kwild-type
* Log reduction value Ref

Less-sensitive Wild-type

MS2 phage ClO2 0.43–0.85 3.0
(1.25 mg min/L)

5.7
(1.25 mg min/L)

[63]

Echovirus 11 Ultraviolet 0.85 5.1
(62.56 mJ/cm2)

5.9
(62.56 mJ/cm2)

[64••]

Echovirus 11 ClO2 0.33–0.59 - - [65]

Echovirus 11 ClO2 less-sensitive population ClO2 0.56 - - [66]

Free chlorine 0.81 - - [66]

Ultraviolet 1.03 - - [66]

Echovirus 11 ultra violet less-sensitive population ClO2 0.84 - - [66]

Free chlorine 0.92 - - [66]

Ultraviolet 0.82 - - [66]

Murine norovirus Free chlorine - 3.19, 1.03
(50 mg/L, 2 min)

3.91, 3.92
(50 mg/L, 2 min)

[67•]

* The ratio of inactivation rate constant of less-sensitive population k to that of wild-type population kwild-type
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Disinfection Strategy for the Disinfection-Resistant
Virus Strain

Even at the quasispecies level, disinfection sensitivity decreases
when specific variants that are less sensitive to disinfection
emerge or when intra-population genetic diversity is higher. In
the case that specific mutations are dominant in a less sensitive
population, disinfection possibly acts as a form of selection, and a
virus population evolves toward acquiring disinfection resis-
tance. However, the probability that such mutation generates
and then dominates in a population can be very low because
mutation occurs stochastically within a host cell and then the
mutated gene is exposed to various types of selection and bottle-
neck events. Unless the disinfection-resistant mutation is defec-
tive (e.g., low replicative ability) and lost by bottleneck effect
(e.g., dilution with river or seawater), the virus population retains
the mutation. Zhong et al. and Rachmadi et al. used common
ancestral populations for their serial passage experiments and
identified mutations that were likely to be associated with the
disinfection sensitivity [63, 67•]. Confirming whether the muta-
tions are observed in lineages derived from other ancestral pop-
ulations and in environmental samples is difficult. The universal-
ity of disinfection-resistant mutations needs to be investigated by
using other virus populations that have different passage histo-
ries. If disinfection works as a form of natural selection, we
suggest that water engineers consider introducing multiple disin-
fectants and drugs at eachWWTP to prevent waterborne viruses
from gaining disinfection resistance (cross-resistance also needs
to be investigated) (Fig. 1).

Disinfection Strategy for the Genetically Diverse Virus
Population

An increase of the intra-population genetic diversity in less sen-
sitive virus populations has also been observed in previous stud-
ies [64••, 65, 67•]. Why does the diversity increase in spite of the
exposure to disinfectants? According to the study using serial
passages of rotavirus populations, a bottleneck effect enables
minor variants to obtain sequence spaces that were originally
occupied by the major sequence and created by the bottleneck
[69•]. Then, minor variants increase their frequency in the
quasispecies, and consequently the intra-population genetic di-
versity becomes higher [69•]. If this previous research can be
applied to virus evolution with disinfection, disinfection has
worked as the bottleneck effect in previous evolutionary experi-
ments with disinfection, and the intra-population genetic diversi-
ty is stochastically enhanced. In this case, one of the possible
factors determining disinfection sensitivity is likely to be coop-
eration among variants in a genetically diverse population. Also,
waterborne viruses are given off from their host cells as a vesicle
cloaked-cluster [51•, 52, 53], which has more protection from a
disinfectant since not all virions or not all virion surfaces are
exposed to environment. Based on Fig. 2, the flat quasispecies

is likely to achieve the area related to disinfection resistance
according to the stochastic event (e.g., mutation and bottleneck
effect) because of higher intra-population genetic diversity. Note
that virus population does not adapt to disinfectants when a bot-
tleneck effect is a major driver of population structure changes
under disinfection. Therefore, all we have to do is to make the
disinfectant concentration stronger or set the longer contact time
because virus population does not always evolve toward gaining
disinfection resistance via the bottleneck effect. To determine the
appropriate disinfection intensity, the spectrum of disinfection
sensitivity of waterborne viruses should be further investigated
(Fig. 1).

Conclusions

The study of viruses in thewater-engineering field has just begun
to incorporate knowledge about virus population genetics and its
experimental techniques. Nevertheless, significant information
about virus evolution in disinfection-exerted environments has
been accumulated, and we have the opportunity to develop an
effective disinfection strategy for the control of waterborne virus
spread. In the field of “Virus disinfection and population genet-
ics,” the most important point that we need to clarify is whether
all waterborne viruses evolve toward the disinfection resistance
or just change its sensitivity temporally. The mechanism of virus
resistance to disinfection may be hard to elucidate because of
high mutation rate, but it should be deeply understood: Does a
dominant subpopulation or a swarm of minor variants within a
population determine the disinfection sensitivity? How do popu-
lation genetic factors contribute to disinfection resistance? In the
next step, to gain more accurate insight into virus evolution in
human society, the lability of disinfection efficiency, which has
been confirmed experimentally, even in virus samples isolated
from human excreta and environmental water including drinking
water and wastewater needs to be investigated. Also, how the
population structure of environmental samples differs from lab-
oratory strains and less sensitive strains generated by evolution-
ary experiments needs to be clarified. Virus aggregation can be
formed by physicochemical interaction between variants (e.g.,
electrostatic potential distinct from each variant) and reduce dis-
infection sensitivity by protecting an inner part of the aggregate
from exposure to a disinfectant, which maintains the infectivity
of virions within the aggregate or those partially damaged.
Therefore, future research focused on the disinfection of water-
borne viruses needs to take sociovirological knowledge into ac-
count. In addition, the range of disinfection sensitivity change
needs to be identified, which then enables us to establish the
predictive inactivation model taking virus evolvability into ac-
count in the future (Fig 1). According to the population-genetic
role of disinfection, which may vary among virus species, the
most effective strategy of disinfection has to be constructed.
Finally, to test one possibility that the disinfection resistance is
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truly related to virus outbreaks, a research framework that en-
ables us to collect more data about virus evolution under
disinfection-exerted environment should be elaborated.
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