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Abstract

Water, a frequent vehicle for the transmission of viruses, may
permit their survival, but many environmental factors will
have an adverse effect on the viral population. Risk evalua-
tion requires identification of these factors and assessment
of the inactivation rate of infectious viruses. A higher tem-
perature means a faster reduction of the viral population, as
do increased sunlight, higher antimicrobial concentration,
or higher oxygen levels. Another documented impact is
linked to the presence of indigenous microbial populations:
virus survival is higher in sterile water. Environmental factors
inactivate viruses through direct or indirect action on one
part of the viral structure: genome, capsid, or envelope if
present. Viral populations also have resistance mechanisms,
generally involving physical shielding from adverse effects;
such protective behaviors include aggregation, adhesion, or
internalization inside living structures. Because of these phe-
nomena, inactivation kinetics may deviate from traditional
log-linear shapes. It is therefore important to account for all
factors that may impact on survival, to carefully design ex-
periments to ensure sufficient data, and to select the right
modelling approach. Comparison between studies is diffi-
cult. Itis suggested that laboratory studies include standard

conditions of water, and analyze the impact of different fac-
tors as precisely as possible. Larger studies in natural envi-
ronments, though more difficult, are also much needed.

© 2018 S. Karger AG, Basel

Introduction

The transmission of pathogens occurs through various
means, which are not limited to direct person-to-person
contagion. Pathogens, including viruses, are able to
spread and be transmitted by environmental routes. Ve-
hicles include air, inert surfaces, or liquid media. Most
viruses concerned by liquid transmission will pass
through water, including enteric viruses (the fecal-oral
route frequently includes water as one of the vehicles),
viruses affecting aquatic animals or waterfowls, and plant
viruses, etc. This underlines the importance of studying
the fate of viruses in water.

Virtually all forms of water are concerned by viral con-
tamination: surface freshwater such as lakes and rivers,
groundwater, estuary and marine waters, or even ice [1].
In the USA, 72% of groundwater sites have been found to
be positive for the presence of enteric viruses [2]. Con-
tamination occurs through various means, a significant
part of which is linked to human activities, including the
disposal of untreated sewage, reuse of incompletely treat-
ed effluent, use of animal waste as manure, etc. Exposition
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to contaminated water may subsequently occur through
numerous ways, linked to one of innumerable uses of wa-
ter, such as drinking, irrigation, aquaculture, recreational
activities, etc.

Viruses are obligatory intracellular parasites: when vi-
ral particles are suspended by themselves in water, they
may only survive or die, which means that the viral count
will stay the same or decrease over time. Considering the
high numbers of viral particles shed by infected individu-
als (for example, 1 g of feces from an infected individual
may contain as high as 10'° rotaviruses [3]) and the low
infectious dose of some viral diseases (estimated at 1-10
particles for some viruses [4]), gaining knowledge on the
ability of viruses to survive in water is particularly impor-
tant.

Noroviruses and related viruses are considered to be
the major cause of waterborne diseases worldwide [4].
Together with other enteric viruses, they are one of the
main causes of diarrhea, which has been ranked as the
world’s leading cause of mortality in children under 5
years of age. Other frequently reported human pathogens
associated with water transmission include adenovirus,
rotavirus (responsible for 527,000 deaths of children un-
der 5 years of age in 2004 [5]), and hepatitis A virus, along
with a number of other enteric viruses, such as coxsack-
ievirus, echovirus, reovirus, astrovirus, etc. Influenza vi-
ruses or other viruses linked to aquatic animals or plants
are also transmitted through water.

While numerous authors have studied the survival of
viruses in water, their objectives in performing these
studies are variable. Likewise, many different experimen-
tal approaches have been chosen. In the following sec-
tions, we initially describe the various goals and methods
of viral persistence and inactivation studies. This is fol-
lowed by an examination of the impacts of factors affect-
ing virus survival. Then, subsequent sections deal with
the mechanisms responsible for viral inactivation, as well
as focusing on the strategies of viruses for resistance to
adverse environmental effects. Finally, some concluding
remarks and possible ideas for further studies are put for-
ward.

Experimental Studies: Goals, Methods

The main reason for studying virus survival in water is
an issue of risk evaluation. Many authors have tried to as-
sess the ability of pathogenic viruses to survive in a given
environment to which human, animal, or vegetal life is
exposed. Since water contamination is known to occur,
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whether or not viruses are able to survive long enough
and in sufficient amounts to reach and infect a susceptible
host represents a crucial issue of public health.

A related goal in viral survival studies lies in the evalu-
ation of the efficiency of control measures. Water disin-
fection is routinely used to provide potable water, and
reinforced measures may be used temporarily in relation
to a specific threat (either increased pollution due to ex-
treme natural causes or suspicion of intentional release of
biowarfare agents). In such cases, the efficiency of water
treatments needs to be evaluated against viral agents [6].

Water quality is frequently assessed by the detection of
bacterial indicators, which are supposed to represent the
overall degree of water contamination by pathogenic bac-
teria. However, viruses are different, and their behavior
may not be adequately represented by that of bacteria.
Therefore, some authors have proposed the use of indica-
tor viruses, which would be representative of the viral be-
havior in water. Useful indicators should be amongst the
most resistant ones, to ensure that control measures are
efficient on a large range of viruses: if no indicator is de-
tected, one should be able to assume with a high degree
of certainty that no viral pathogen is present either. It is
thus important to characterize the survival abilities of
candidate viral indicators, and to compare them to those
of pathogenic viruses.

Bacteriophages are viruses that target bacteria. As
such, they may be used as biological weapons against cer-
tain types of pathogenic bacteria. One example is the use
of bacteriophages against such bacteria as Aeromonas sal-
monicida or Vibrio parahaemolyticus, which are respon-
sible for fish diseases in aquaculture [7]. In this context,
it is important to assess the survival of bacteriophages in
water, since it will have an impact on their efficiency.

While a majority of authors use infectious titers to
quantify virus survival, some have instead used genome
quantification by quantitative (qQ)PCR [8]. In spite of the
high performance of qPCR in terms of sensitivity, speci-
ficity, or reproducibility, it is not adapted to survival
studies. Indeed, genome fragments targeted by PCR may
remain relatively unharmed by adverse factors render-
ing the virus noninfectious [9]. Virus survival is system-
atically overestimated by qPCR methods, as demonstrat-
ed by many studies [10, 11]. While qPCR may have use-
ful applications in assessing that the virus has been
present in the environment, it may not be used to evalu-
ate the impact of environmental factors on virus surviv-
al or the risk for water users. A potential problem with
such approaches may be that chemical products would
appear inefficient for virus destruction, and thus higher
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doses would be used, thereby creating environmental
hazards.

There is a rather large spectrum of studied viruses. Ob-
viously, the goal of the study will determine which virus
needs studying. For example, several authors tried to find
a way of assessing the resistance of the nonculturable hu-
man norovirus by using culturable surrogates, such as
murine norovirus or feline calicivirus [12, 13]. Risk eval-
uation targets viruses that represent pressing issues linked
to waterborne contaminations: enteric viruses such as ad-
enovirus are a good example [14, 15]. There appears to be
an evolution in the perceived or real risk that some vi-
ruses pose. As an example, the survival of poliovirus in
water was historically extensively studied [16-19] before
the number of studies declined in recent years in parallel
with the eradication of the disease worldwide. On the oth-
er hand, there has been an increase in respiratory diseas-
es linked to viruses carried by waterfowl, such as influ-
enza [1, 20, 21], and studies on these viruses have been
increasingly numerous. Likewise, following the terrorist
threats of the early 2000s, more studies have been dedi-
cated to potential biowarfare agents [6, 22].

Similar viruses have been studied in various types of
water. Viruses such as poliovirus or bacteriophage MS2
have been studied in groundwater [3, 14], in seawater [23,
24], or in tap water [25, 26]. Researchers generally use ar-
tificially contaminated water, which is not necessarily
representative of actual threats in the studied environ-
ment. However, it is important to compare behaviors of
viruses in diverse waters, since their characteristics are
highly variable, and may indeed produce different results.

Factors Affecting Virus Survival

In the absence of host cells, viral populations in the
environment may only decrease or remain stable. There-
fore, when considering the evolution of a viral population
with time, varying an environmental factor will eventu-
ally produce a reduction in viral counts. The evaluation
and analysis of the shape and intensity of this reduction
represent major objectives of viral inactivation studies.

Temperature has been the most studied factor, and is
indeed often recognized as the most influential one [3, 23,
27]. Tt has been universally demonstrated that higher
temperatures mean faster viral inactivation. At low tem-
peratures above freezing, viruses may survive for extend-
ed periods of time, often longer than the duration of the
study [18], and sometimes for several years [21]. At high-
er temperatures, the viral population will be reduced by

216 Intervirology 2018;61:214-222

DOI: 10.1159/000484899

several orders of magnitude in a few days [28]. Obviously,
heating will kill viruses within minutes [20, 29]. Freezing
temperatures allow viruses to remain stable for several
months at least, although an initial decrease may be ob-
served in the first days [1].

Studies of the impact of temperature often focus on 2
or 3 levels, generally including a low temperature (4 or
10°C), ambient temperature (20-25°C), and body tem-
perature (37°C). It is then possible to infer the influence of
temperature on viral stability. For example, it has been
shown that poliovirus, echovirus, and coxsackievirus pop-
ulations in seawater were reduced by 5 log units in less
than a week at 37°C, while it took 1 year at 4°C in labora-
tory conditions. In free-flowing ocean water, a 5-log re-
duction of poliovirus and echovirus occurred in 1 month
in summer (water temperature 21-26°C), and in a little
more than 2 months in winter (4-16°C) [23]. In mineral
water, poliovirus lost 1 log unit in 330 days at 4°C, while it
took 60 days at 23°C; hepatitis A virus proved more resis-
tant than poliovirus in similar conditions [18]. Astrovirus
in tap water was reduced by 2 log units in 60 days at 4°C
and 30 days at 20°C [30]. Adenovirus in groundwater lost
1 log unit in 132 days at 4°C, and in 36 days at 20°C [14].
A similar 4-log reduction of H5N1 in river, lake, or seawa-
ter was observed in 5 weeks at 6°C, and in 3 weeks at 22 or
35°C [31]. The viral decrease is not always log-linear, how-
ever, as an initial stability may be observed in less aggres-
sive conditions [30]. Likewise, small variations of temper-
ature may produce no significant differences in inactiva-
tion kinetics [32].

Solar light is another important factor producing viral
inactivation, through the action of UV radiation. Viruses
survive better in the dark than when exposed to sunlight.
Bacteriophage GA in seawater lost 1 log unit in 4 h when
exposed to light simulating winter conditions at 10°C,
and in 15 min when exposed to light simulating summer
conditions at 17°C [9]. Infectious hematopoietic necrosis
virus in seawater lost 2-3 log units in 3 h in deep water,
and 3-4 log units in 1.5 h in surface water, corresponding
to higher exposure to sunlight [32]. The effect of light is
enhanced for longer exposition times or lower turbidity,
corresponding to a higher dose of UV exposure [16].

The impact of water salinity has not always been found
to be very significant on enteric viruses [23], whereas
higher salinity corresponded to significantly faster inac-
tivation of influenza A HINT1 [21].

The presence of an indigenous microbial population
has a negative impact on virus survival [33]. Viral inacti-
vation is consistently accelerated when occurring in raw
water when compared to sterilized water. In seawater
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Fig. 1. Decimal reduction times (DI) versus temperature, based on
the data from Table 1.

sterilized by autoclaving, boiling, or filtration, an antiviral
activity against poliovirus was suppressed; the addition of
antibiotics to water had the same effect [17]. Duck plague
virus lost 1 log unit in 2 months in filtered lake water,
whereas it lost 4 log units in 40 days in unfiltered water
[34]. Infectious hematopoietic necrosis virus remained
stable for at least 5 days in sterile seawater at 8-12°C, but
lost 5 log units in the same time in raw water [32]. In non-
sterile tap water, the inactivation of avian reoviruses was
approximately 4 times faster than in sterile tap water [35].

The presence of organic matter in water has a positive
impact on virus survival. In mineral water, inactivation of
poliovirus or hepatitis A virus was increased when the
protein concentration was lower [18]. HIV inactivation
in dechlorinated tap water was temporarily slowed by the
addition of human serum [25]. The persistence of viral
hemorrhagic septicemia virus in seawater was related to
the concentration of ovarian fluid (released by herring
spawning) in the water: a higher concentration corre-
sponded to a longer stability of the virus [36].

Other factors responsible for increased viral inactiva-
tion include the presence of disinfectants such as chlorine
(6, 12, 22, 37], extreme pH [20, 37], copper [37], or aera-
tion [32]. The impacts of some factors, such as water
hardness, are less firmly proven [3].

Inactivation curves are often used to calculate decay
rates or inactivation times, i.e., the time required to obtain
a given log-reduction in the viral count. However, what
may be considered as the next step in data analysis is lack-
ing: modelling the evolution of inactivation times with
temperature would allow for the simulation of values at
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untested temperatures by interpolation (which should in-
clude prediction confidence intervals). This “secondary
modelling” is common in predictive microbiology models
of bacterial inactivation, but seems much less frequent in
viral inactivation studies [38]. It is therefore tempting to
use this approach over several studies to obtain a synthesis
of results and a general evaluation of the impact of tem-
perature on a given virus. Such an analysis was performed
on the impact of temperature on MS2 bacteriophage,
which is one of the most studied viruses. From inactiva-
tion kinetics available in articles, an inactivation model
was applied. The shape was a monophasic log-linear mod-
el or, when required, a biphasic model (see Mechanisms
of Virus Resistance, below). Decimal reduction times D
were calculated for each case: D is defined as the time
needed to obtain a 1-log reduction in viral count. In the
case of biphasic models, 2 values of D were evaluated, cor-
responding to the successive slopes of the inactivation ki-
netics. In this case, the time point at which the first slope
ended and the second one begun was evaluated as ¢2. This
model is basically equivalent to the one used by other au-
thors [11, 39]. These values are presented in Table 1. Tem-
perature is not the only influential factor in the reported
data: water type, sterility, or calcium hardness are impor-
tant parameters. A graphical summary of data in Table 1
is presented in Figure 1, including only the first D for bi-
phasic curves (D1 values). As evidenced by groundwater
or river data, a linear relationship exists between tempera-
ture and decimal reduction time. This does not appear,
however, for tap water data: unknown parameters are like-
ly to have an influence on the decimal reduction time.
Such an approach may therefore be useful in having a
greater understanding of the viral behavior over a full
range of variation of a given factor, but it requires a precise
description of all conditions that may influence the virus.

Mechanisms of Virus Inactivation

The basic structure of viruses includes a genome (sin-
gle- or double-stranded RNA or DNA), a protein capsid,
and sometimes an envelope. This means that viral inacti-
vation is linked to alteration of one of these elements by
an environmental stress. The proteins and lipids of the
envelope may be disrupted more easily than the other
parts of the virus. Thus, naked viruses are generally more
resistant than enveloped viruses to similar adverse condi-
tions [22]. Mortality rates of phages infecting Escherichia
coli were found to be influenced mostly by the density of
genomes and the capsid thickness [40].
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Table 1. Inactivation kinetics of MS2 as influenced by temperature

Reference ~ Water Sterility =~ Aeration Light Ca,mg/L Clppm T,°C DI, days ¢2,days D2, days
3 Groundwater Raw Aerobic Unk 208 0 4 50.0
Groundwater Raw Aerobic Unk 208 0 12 10.8
Groundwater Raw Aerobic Unk 208 0 23 4.10
Groundwater Raw Aerobic Unk 600 0 4 15.6
Groundwater Raw Aerobic Unk 600 0 12 6.17
Groundwater Raw Aerobic Unk 600 0 23 1.73
Groundwater Raw Aerobic Unk 138 0 4 71.4
Groundwater Raw Aerobic Unk 138 0 12 33.3
Groundwater Raw Aerobic Unk 138 0 23 5.35
Groundwater Raw Aerobic Unk 100 0 4 83.3
Groundwater Raw Aerobic Unk 100 0 12 10.5
Groundwater Raw Aerobic Unk 100 0 23 3.82
Groundwater Raw Aerobic Unk 92 0 4 40.0
Groundwater Raw Aerobic Unk 92 0 12 25.0
Groundwater Raw Aerobic Unk 92 0 23 3.08
Groundwater Raw Aerobic Unk 44 0 12 29.4
Groundwater Raw Aerobic Unk 138 0 12 27.0
Groundwater Raw Aerobic Unk 224 0 13 13.0
Groundwater Raw Aerobic Unk 354 0 13 8.77
Groundwater Raw Aerobic Unk 216 0 18 12.2
Groundwater Raw Aerobic Unk 216 0 17 13.3
8 Groundwater Raw Aerobic Unk Unk 0 28 0.541
Groundwater Raw Aerobic Unk Unk 0 15 1.10
Groundwater Raw Anoxic Unk Unk 0 28 3.41
26 Tap water Sterile Aerobic Unk Unk 0 4 3.32 1.58 14.4
Tap water Sterile Aerobic Unk Unk 0 25 4.98 1.23 18.0
Tap water Sterile Aerobic Unk Unk 0 37 1.52
12 Tap water Sterile Aerobic Unk Unk 0.1 4 7.39
Tap water Sterile Aerobic Unk Unk 0.1 25 6.72
Tap water Sterile Aerobic Unk Unk 0.1 37 6.30
22 Distilled-deionized Sterile Aerobic Unk Unk 0 30 11.7 6.74 46.7
water
Tap water Sterile Aerobic Unk Unk 4.5 21 3.18 8.05 35.0
14 Groundwater Raw Aerobic Dark 80 0 4 21.9 94.1 6x10°
Groundwater Raw Aerobic Dark 80 0 15 1.07 6.50 27.8
28 River water Raw Aerobic Unk Unk 0 4 20.6
River water Raw Aerobic Unk Unk 0 15 5.25
River water Raw Aerobic Unk Unk 0 25 1.87

Increased temperature is the main factor affecting vi-
rus survival in the environment, through protein dena-
turation, damage to nucleic acid, or capsid dissociation
[29]. Virus inactivation also seems to be correlated to dis-
solved oxygen, and increased capsid oxidation has been
proposed as an explanation [8]. Studies on influenza virus
H5N1 indicated that acidic pH affects hemagglutinin
(HA surface protein), which is involved in fusion of the
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viral membrane with the host membrane [20, 41]. In this
case, different subtypes carrying different HA would then
have different stabilities in relation to the pH. Such dif-
ferences in HA stability could be explained by their ter-
tiary structures [41]. Surface charges of viruses vary ac-
cording to the pH: most viruses have a negative charge
above a certain threshold pH value (5 for enteric viruses),
and a positive one below [2]. Further studies have shown
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that the lipidic envelope of influenza virus can be disrupt-
ed by detergents or OH" radicals, thus influencing viral
inactivation [20].

Sunlight activity against viruses such as norovirus and
bacteriophage GA has been attributed to damage to nucle-
ic acids through the formation of pyrimidine dimers or
other products, although other mechanisms may be in-
volved, such as the excitation of active substances present
in the capsid or in the environment [9]. In some cases, viral
RNA of influenza virus HIN1 was more stable than the vi-
ral infectivity, which indicates that the RNA may be pro-
tected from environmental stresses: ribonucleoproteins
may protect the molecule [21]. Thus, the loss of infectivity
would be linked to external structures instead of RNA. This
was confirmed by studies on potato spindle tuber viroid,
the extended survival of which compared to potato and
tomato viruses was attributed to the absence of the protein-
based capsid, which degrades faster than RNA [42]. How-
ever, other studies have shown that hepatitis A virus anti-
gen could be detected for longer than the infectious titer of
the virus in mineral water [18], which could be interpreted
as an indication that the loss of infectivity was mostly due
to damage to the viral RNA, rather than capsid damage.
However, another reason for this observation could be that
the damaged protein retained antigenicity.

Studies have pointed at evidence of an antiviral activ-
ity in water that seemed to have a biological origin. In-
deed, it was shown that this activity against poliovirus in
seawater was suppressed after heating [27]. The absence
of microorganisms has been proposed as a possible expla-
nation for slower inactivation of hepatitis A virus and po-
liovirus in filtered mineral water, as compared to other
waters [18]. Bacterial production of proteolytic enzymes
has been suggested as a mechanism for the antiviral activ-
ity of bacteria [43]; since an increased oxygen level in wa-
ter or higher temperatures would increase the metabolic
activity of bacteria and bacterial enzymes, these factors
are linked to viral inactivation [8, 28].

Mechanisms of Virus Resistance

A major phenomenon in viral resistance to adverse en-
vironmental conditions is aggregation. Several works have
shown that viral particles form aggregates in liquid suspen-
sion. Galasso and Sharp [44] studied the inactivation of
vaccinia virus by UV light, and found that only 21% of vi-
ruses were present as isolated particles, the rest forming
groups from 2 to 80 particles. The frequency of a group was
inversely proportional to its size. Their results showed that
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isolated particles were much easier to destroy than groups:
in a population with severe aggregation, the inactivation
rate was much slower than in a population with no aggre-
gation. In an experiment involving drinking water, 80% of
poliovirus units exiting their host cells were inside aggre-
gates, pointing to the fact that the majority of viruses in
water may exist in an aggregated state [45]. In water, ag-
gregates may form spontaneously from Brownian move-
ment, or from nucleation on aquatic particles. Aggregation
may be mistaken for inactivation; furthermore, in labora-
tory studies, viruses may adhere to the surface of the con-
tainer [19]. These authors found that in groundwater held
at 20°C inside a polypropylene container, a significant
amount (1.5 log unit) of poliovirus was transferred to the
hydrophobic walls in the first 20 days. Within the same
time, viral inactivation was estimated to be between 0.38
and 0.64 log unit, while viral aggregation accounted for 1.5
log unit in the decrease of viral titer. Adhesion and aggre-
gation are influenced by environmental factors: a low pH
(below the isoelectric point) will promote adhesion, as will
the presence of divalent ions in the medium; conversely,
organic matter in the medium may compete with viruses
for adsorption on surfaces [19]. Since such phenomena are
reversible, viruses may be released later and thus need to
be accounted for to evaluate the infectious risk.

A related phenomenon is the adhesion of viruses to
organic particles present in the medium. These particles
shield the virus from antiviral agents by offering physical
protection: the virucidal activity of disinfectants depends
on their ability to reach the virus. Other possible mecha-
nisms include a demand for disinfectants from organic
substances, thus diminishing the fraction of active sub-
stance that is available to kill the virus [2, 37]. Likewise,
sediments play a role as reservoirs for viruses [2].

Viruses may be protected from environmental adverse
effects when they are inside structures such as fungal
spores or seeds [46]. Likewise, amoebas have been shown
to carry viruses such as adenovirus, mimivirus [47], mu-
rine norovirus, and others [48]. Although the viral popula-
tion will decrease by a small amount once internalized,
viruses are able to survive inside amoebas, even as cysts,
for several days [48]. Amoebas will thus shield viruses
from external harm; amoebas themselves are furthermore
able to be protected, for example inside biofilms or as cysts.

Influenza viruses, which have a lipid envelope, have
been shown to survive well when exposed to freezing and
thawing cycles: the envelope of some viruses solidifies
from an oily substance to a hardened gel when the tem-
perature decreases [1]. If viruses are able to survive freez-
ing temperatures, ice may offer them protection from the
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environment, such as a reduced penetration of UV. The
nature of the envelope, which comes from the cellular
host of the virus, also plays a role in their survival: influ-
enza viruses released from mammalian cells were shown
to have significantly higher survival in water at 35°C than
viruses released from avian cells [49].

Inactivation kinetics of viruses are often summarized
using a log-linear relationship, assuming that the log of
the viral population decreases linearly with time. This re-
lationship is then described using the following equation:

N=N, x e*,

where N is the viral population at time ¢, Nj is the initial
viral population, and k is the inactivation rate. This equa-
tion is often used to evaluate a value summarizing the
inactivation curve, such as the time required to obtain a
given log-reduction (generally 1 or 3 log units, corre-
sponding to a 90 or 99.9% reduction, respectively). While
this value should be extremely useful in comparing stud-
ies, it requires that the shape of the inactivation curve is
indeed log-linear. This is however not always the case.
Other shapes exist: inactivation curves may for example
exhibit an initial shoulder, or a tailing effect. A shoulder
corresponds to a viral population that is initially stable,
before the actual reduction in the viral population begins.
A tailing effect is a decrease in the slope of the inactivation
curve, indicating that the last survivors of the viral popu-
lation appear more resistant than the general population
at the start of the inactivation; this may be described using
a second-order equation, with 2 successive inactivation
rates [11]. These shapes have long been known and de-
scribed, as discussed by Hiatt [39]. However, many au-
thors choose the more simple approach of a log-linear
first order curve. Using this simplifying assumption while
its validity is not proven (or even patently invalid) may
produce estimates that are highly biased.

Conclusions and Perspectives

Studies on virus survival in water use a great diversity
of methods. Water types, viruses, and factors of influence
are also highly variable across reports. As a result, quan-
titative comparison between studies and meta-analyses
are difficult, or even impossible. It is therefore generally
more interesting to focus on the isolated impact of one or
several factors within one study, with all other sources of
influence being fixed at a given value.

However, it is possible to observe general trends. Qual-
itatively, virus survival is challenged by increasing tem-
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perature, stronger sunlight, higher bacterial concentra-
tion, or the presence of disinfecting substances. Con-
versely, when viruses are able to form aggregates, to
adhere to particles or surfaces, or to be internalized in
living organisms, they will resist adverse environmental
conditions.

Virological studies are obviously complicated and
costly. Since one laboratory will not be able to test all in-
teresting conditions, it is desirable to compare studies ob-
tained from various researchers. To increase this possibil-
ity, it may be useful to consider the following suggestions.
When obtaining inactivation kinetics, experimenters
should account for the real shape of the curve, including
an initial shoulder if present, the rate of decrease or deci-
mal reduction time, and a second rate of decrease if a bi-
phasic curve is observed [39]. The limit of quantification,
and possibly the limit of detection, should be reported to
analyze inactivation curves. In the case of the evaluation
of a factor’s impact, it may be useful, for interstudy com-
parison purposes, to include a standardized, controlled
medium as a reference; for example, distilled, demineral-
ized, sterile water could be included in parallel with the
medium of interest [21, 22, 49]. Precise knowledge of fac-
tors influencing virus survival should be available by re-
porting not only the varying factors of the experimental
design, but also the surrounding conditions, such as illu-
mination, aeration, and microbial concentration, etc. In
order to produce exploitable kinetics, a sufficient number
of data points are required across the duration of the ex-
periment. Itis therefore necessary to take into account the
time scale given the probable impact of the factor level.

The loss and possible recovery of infectivity caused by
different factors may then be evaluated in the laboratory,
with the inclusion of reference conditions and complete
inactivation curves (possibly including modelling) allow-
ing for comparison between experimental results across
laboratories.

Aside from these laboratory tests, larger scale studies
are needed [33]. Few authors have addressed the detec-
tion of real viruses in real environments over long periods
[50]. Such results would be helpful in assessing the per-
sistence of virus infectivity in the environment [51, 52].
Interactions of viruses with other microorganisms (infec-
tion targets, protective hosts, etc.) also represent an inter-
esting prospect.
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