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A pilot-scale study was initiated to examine the behavior of viruses pulse injected into a distribution system.
The influence of a free-chlorine residual and that of virus preadsorption to clay particles was evaluated by
tracing the viruses both in the water flow and after elution from the biofilm. These experiments demonstrated,
first, that virus preadsorption on 40 mg of Na-montmorillonite per liter increased the residence time of the
viruses within the pilot plant by roughly three times and, second, that preadsorption to clay did not prevent
viruses from being inactivated by chlorine. Moreover, with no clay added, a greater amount of viruses was
recovered from the biofilm than from the water flow (by a factor of 2 or 10 in the absence or presence of
chlorine, respectively), indicating a tendency for virus accumulation within biofilms.

Biofilm development within water distribution systems is an
important source of concern, for it is known to impair drinking
water quality. So far, most of the studies related to biofilms
have focused on their bacteriological aspects (5, 19, 24, 25, 29,
32, 41, 42, 44), and those works involving virus detection in
drinking water did not report virus elution from biofilms (14,
18, 33). The only study concerning the detection of enteric
viruses in biofilms, as far as we know, was that of vanden
Bossche and Krietemeyer (39), who reported the detection of
various strains of type B coxsackieviruses within the biofilm
colonizing the outlet mains of a drinking water treatment plant.
This observation may shed new light on epidemiological

data which reveal that viruses are an etiological agent respon-
sible for more than one-third of the waterborne-diseases out-
breaks reported in North America (9, 16, 26) or in Europe (1,
10). Also, the contribution of the water distribution network to
the morbidity related to the consumption of distributed water
is well established (28).
Thus, if viruses can indeed accumulate within biofilms, it

should be possible to trace them after their injection, both in
the water flow and after elution from the biofilm. A pilot-plant
study was initiated, because it was the only safe way to trace
detectable amounts of viruses some distance away from the
inoculation point. This study aimed in particular at demon-
strating the role of viral inactivation and that of viral adsorp-
tion to the biofilm. Since viruses in cases of contamination
probably enter the distribution network in association with
particulate matter (23, 27, 31, 35, 38), the influence of virus
adsorption onto clay particles was investigated in the presence
and absence of a chlorine residual.
During preliminary studies and for analytical purposes, the

network pilot plant was hydrodynamically characterized by us-
ing a saline tracer. A series of six experiments was then con-
ducted. These involved pulse inoculations of known amounts
of viruses into the pilot plant and recovery of the viruses after
various intervals both in the water flow and after desorption
from biofilm patches. Viral responses obtained under various
conditions (i.e., in the presence or absence of a chlorine resid-

ual, with or without preadsorption onto clay particles) were
then analyzed by using a data-fitting model and the concept of
residence time distribution (34) applied to virus particles.

MATERIALS AND METHODS

Virus preparation and quantitation. A suspension of purified poliovirus 1
(Sabin LSc 2ab) obtained as described previously (30) was used throughout the
experiments. Each sample (or a dilution thereof) was assessed for the presence
of viruses by microscopic examination of cytopathic effects. For this purpose,
BGM kidney cells seeded in 96-well microtiter plates were used, as detailed in
reference 30. The virus titer was expressed as the most probable number of
cytopathic units (MPNCU) per milliliter, using three dilution levels of 40 wells
each, as explained previously (21). Each determination was performed in dupli-
cate, including the whole procedure from sampling to titration. The confidence
interval associated with each virus titer benefited from a substantial reduction
(48 to 32% from mean titer) when the determinations did not differ from one
another at the 5% level, according to the test of maximum likelihood (22).
Clay preparations and use. SW1-type Na-montmorillonite originating from

Crook County, Wyo., was further purified to remove impurities and to render it
homoionic to sodium (11). Preadsorption of viruses to clay was performed in the
following manner. A sterile clay suspension was inoculated with a virus suspen-
sion and magnetically stirred for 30 min at 48C. Then a CaCl2 solution (final
concentration, 1022 M) was added and the whole suspension was stirred for an
additional 30 min at 48C.
Water. The viral suspensions inoculated into the pilot plant were prepared

with milli-Q (Millipore) water. The pilot plant was continuously fed throughout
the experiments with drinking water treated with the following steps. After
microsieving, Seine River water was first coagulated and flocculated with AlCl3,
sand filtered, and bank percolated. Then the filtered water was further nitrified,
ozonized, GAC filtered, and postchlorinated before being stored and distributed.
The drinking water obtained had an average turbidity of 0.1 nephelometric
turbidity unit, a conductivity of 0.6 mS/cm, and a total organic carbon content
close to 1 mg/liter. After incubation for 7 days at 228C, heterotrophic plate counts
on R2A agar medium averaged 57 CFU/ml (n 5 23).
Pilot plant. An open system was fabricated with a 90-m-long high-density

polyethylene loop having a 26.5-mm internal diameter and a 50-liter capacity. A
pump allowed for a 500-liter/h flow rate within the loop. The pilot plant also
benefited from a double feeding system which allowed a thiosulfate feeding (0.03
liter/h) and an inlet water flow (5 liters/h) which was also used for the virus pulse
injections (with a three-way valve). Flow rates were checked a few hours before
each injection experiment. At the entry point of this double feeding system, the
pilot plant was equipped with a static in-line mixer to provide rapid and thorough
mixing. Sample withdrawal from the water phase occurred at the pilot plant
outlet. Biofilm samples were collected from 1-cm2 polyvinyl chloride (PVC)
patches which had previously been thoroughly washed, sterilized, and fitted on
the inside wall of the pipe 1 month before each experiment (Fig. 1).
Bacterial elution and quantitation. In order to estimate the number of bac-

teria colonizing the surfaces of PVC patches installed on the pipe for about 1
month, the following procedure was adopted. The patches were fitted onto
specific sterile adapters, and 15 ml of filter-sterilized saline was added. After
cooling on a salty melting-ice cushion, the film material was subjected to an
intermittent (0.5 s on, 0.5 s off) sonication for 2 min with a 2.9-mm-diameter
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sonication probe placed 1 cm from the surface of the patch. The power indicator
of the sonicator (Labsonic U2000; B. Braun Scientific) displayed a value of 40.
Temperature increase in the adapter did not exceed 58C under these conditions.
After sonication, the resulting bacterial suspension was serially diluted and a
DAPI (49,6-diamino-phenyl-2-indole) solution was added to each bacterial dilu-
tion at the final concentration of 2.5 mg/liter. After 15 min, the stained suspen-
sions were filtered under a vacuum through sterile 0.22-mm-pore-size polycar-
bonate membranes. The membranes were then examined with a UV light
microscope, and the fluorescing DAPI-stained cells were counted on 10 fields of
the membrane surface for each determination.
Chlorine level control and chlorine residual measurements. Continuous so-

dium thiosulfate feeding of the pilot plant was set up a few hours before the
beginning of each experiment. Thiosulfate concentrations were calculated to
partially or totally inactivate the free-chlorine residual within the pilot plant
system. The free-chlorine residual was measured at the beginning of each ex-
periment by the colorimetric N,N-diethyl-p-phenylenediamine–ferrous ammo-
nium sulfate (DPD-FAS) technique, as described previously (12). The detection
limit of the technique appeared to be below 0.04 mg/liter.
Pulse injections. For each experiment a freshly prepared 0.5-liter viral sus-

pension was injected into the pilot plant system for 6 min. The first four exper-
iments (a to d) were conducted with virus only, whereas the last two (e and f)
involved a clay-virus-salt suspension (the initial virus load ranged from 3.5 3 103

to 9.0 3 103 MPNCU/ml). Experiments a to d were conducted with continuously
injected Na2S2O3 solutions calculated to reach average concentrations in the
pilot plant system of 0, 1.1, 12.5, and 200 mg/liter, respectively. Experiment e
required 200 mg of thiosulfate/liter as well, leading to an undetectable level of
free chlorine, and none was added for experiment f.
Virus elution procedure. At given intervals after the pulse injection, PVC

patches (biofilm samples) were withdrawn from the pilot plant and their colo-
nized surfaces were immediately placed into contact with 1 ml of a 0.1 M Tris
buffer (pH 8) and chilled on ice. After being shipped to the laboratory in a frozen
state, the biofilm-colonized patches were fitted on specific sterile adapters and
subjected first to a 5-min vortex (Heidolph Instruments; position 4 of 9) and then
to a 30-min thorough mixing (on a shaking table at ca. 250 rpm) in the presence
of sterile glass beads (diameter, 2 mm) and a glycine buffer (pH 9). As suggested
by vanden Bossche and Krietemeyer (39), Tween 80 at a final concentration of
0.04% was added to the buffer because of a dissolved organic carbon content in
the drinking water of 1 mg/liter. Elution samples were then withdrawn and
subjected to a decontamination step using the following mixture at a 10% final
concentration: 10 g of streptomycin/liter, 15 g of neomycin/liter, 108 IU of
penicillin G/liter, and 50 mg of amphotericin B/liter.
Percentage of virus recovery and virus mean retention time. Based on the

analysis of the residence time distribution of molecules introduced into the pilot
plant (34), the percentage of virus recovery from the water compartment (%Rec)
could be estimated as follows:

%Rec 5 100 z E
0

`

Q z C~t!
n0

dt 5 100 z
1
t

z E
0

`

C~t!
C0
dt

where Q, C(t), and n0 represent flow rate, concentration at time t, and initial

amount of tracer, respectively. Similarly an estimation of the mean retention
time ( t ) was obtained by numerical integration as follows:

t 5 E
0

`

tC~t!dt/E
0

`
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RESULTS
Virus responses in the bulk water. The six pulse injection

experiments were carried out on a pilot plant system fed with
very slightly chlorinated water: 0.04 mg of Cl2/liter was mea-
sured at the pilot plant inlet, and a lower content could hardly
be detected at the pilot plant outlet. Density of the biofilm
grown in 1 month on the patches that were fitted on the pipe
at the pilot plant averaged 106 cells/cm2.
Viral responses in the water phase at the pilot plant outlet

during the first 5 h after injection are reported in Fig. 2. For
each determination the mean value of the duplicates (from
sampling to titration) was considered. Gamma functions (i.e.,
in the form f(t) 5 a z tb z e2c z t, where t stands for the time
variable and a, b, and c are numerical parameters) successfully
fitted all the responses (r2 ranged between 0.92 and 0.98). For
Fig. 3 the mean virus titers were normalized by the correspond-
ing virus load introduced into the pilot plant, thus allowing
comparison between the recorded answers, and only the mod-
eling curves were considered for clarity.
Estimations of %Rec and of t were obtained by numerical

integration according to the modeling plots. These calculations
are reported in Table 1.
Percent recovery of viruses introduced into the pilot plant

ranged from 0.6% in the presence of 0.02 to 0.04 mg of free
chlorine/liter to 27.8% in the absence of chlorine (experiment
d). Similarly, viruses remained in the water compartment four

FIG. 1. Scheme of the pilot plant network at CIRSEE (not to scale). L,
length of loop; V, capacity of loop; S, surface area; Q, water inflow rate; QR,
recirculation flow rate; Qth, thiosulfate inflow rate.

FIG. 2. Viral responses (mean titers of duplicates) in the water compartment
at the pilot plant outlet. Poliovirus 1 initial concentrations in the pilot plant water
were 9.0 3 103, 3.9 3 103, 9.0 3 103, 4.1 3 103, 3.5 3 103, and 3.5 3 103

MPNCU/ml for experiments a through e, respectively. Chlorine was present in
experiments a through c and f. Clay was present in experiments e and f.
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times longer in the absence of chlorine than in the presence of
a chlorine residual (120 versus 30 min) (Table 1).
When viruses were adsorbed on clay particles before intro-

duction into the pilot plant, the overall percentages of recov-
ered viruses were equally low both in the presence (experiment
f) and absence (experiment e) of a chlorine residual (0.2 and
0.6%, respectively). In the same manner, in the presence of
clay, viruses displayed estimated mean retention times in the
water compartment of 105 and 91 min in the presence (exper-
iment f) and absence (experiment e) of chlorine, respectively.
Conversely, comparison between experiment d (no chlorine,
no clay) and experiment e (no chlorine, 40 mg of montmoril-
lonite/liter) revealed that in the absence of chlorine, adsorp-
tion of viruses onto clay particles dramatically changed the
virus’ behavior in the pilot plant system. For instance, after
adsorption on clay (experiment e), 100 times fewer viruses
were detected at the pilot plant outlet 30 min after injection
than in the case of experiment d for equivalent virus loads
(4.1 3 103 and 3.5 3 103 MPNCU/ml for experiments d and e,
respectively). Nevertheless, in the presence of clay (experiment
e) the overall virus retention time within the pilot plant was not
very much shorter than that observed in the absence of clay
(experiment d (91 versus 120 min) (Table 1). Comparison
between experiments a and f, both conducted with a free-
chlorine residual but in the absence or presence of clay, re-
spectively, did not reveal any difference in the percentages of
retrieved viruses, which in both cases was very low (0.6%) due
to the high decay rate. Conversely, in the presence of clay
(experiment f), virus mean retention time in the water com-
partment averaged four times that observed in its absence
(experiment a). Moreover, 24 h after injection virus detection
was still positive (1 MPNCU/ml) for experiment f, whereas no
virus could be detected after about 2 h in the absence of clay
(experiment a).

Virus responses in the biofilm. In all six experiments some
viruses were actually recovered from the biofilm. Viral re-
sponses after elution from the biofilm-covered PVC patches
are shown in Fig. 4. Although available patches for each ex-
periment were limited in quantity, we successfully fitted the
experimental data with the sum of two gamma functions (r2

ranged between 0.91 and 0.99). The first one described a peak
of biofilm contamination which coincided with the one ob-
served for the water flow. This peak was followed by the other
part of the viral response, unfortunately more weakly charac-
terized but still able to be described by a second gamma function.
Interestingly, viruses could be retrieved from the biofilm

about 1 day after injection, in both the presence (experiment a)
and absence (experiment d) of a chlorine residual, but none
was detected 4 h after injection in the presence of both clay and
chlorine (experiment f) (Table 2).
In the case of experiment d (no chlorine, no clay), the per-

centage of retrieved viruses in the water compartment was
estimated to be ca. 30%. Under the hypothesis that there was
no virus inactivation, roughly 70% of the introduced viruses
should have thus been recovered from the biofilm. Based on
this hypothesis, the elution efficiency of the procedure used to
recover viruses from the biofilm patches was estimated to be
18%, and %Rec for the other experiments was accordingly
calculated (Table 2).

FIG. 3. Compact display of modeled viral responses (gamma function) of
Fig. 2. The right-hand diagram is a magnification of the left-hand diagram.
Letters indicate individual experiments.

FIG. 4. Viral responses (mean titers of duplicates) in the biofilm compart-
ment after elution and modeling with gamma functions. Data from experiments
a and d through f are shown.

TABLE 1. Percentages of recovered viruses and residence mean
times of viruses in the water compartmenta

Expt Clayb Concn of
chlorinec r 2 %Rec t̄ (min)

a 2 111 0.95 0.6 30
b 2 11 0.98 0.9 46
c 2 1 0.98 5.2 69
d 2 2 0.92 27.8 120
e 1 2 0.94 0.2 91
f 1 111 0.96 0.6 105

a Estimated after fitting of a gamma function to the experimental data.
b 1, present; 2, absent.
c Free-chlorine concentration ranged between 0 (2) and 0.04 (111) mg/liter.

TABLE 2. Influence of clay and chlorine on virus recovery
from biofilma

Expt Clayb Chlorineb
Time
(h) after
injection

Virus concn
(MPNCU/
cm2) (CI)c

%Rec

From
water

From
biofilmd Total

a 2 1 16 24 (18–32) 0.6 8.9 9.5
d 2 2 24 24 (18–32) 27.8 72.2 100.0
e 1 2 28 52 (39–68) 0.2 81.1 81.3
f 1 1 4 0 0.6 2.2 2.8

a Demonstrated by the duration of positive detection in the biofilm and by the
percentage of virus recovery from the biofilm.
b 1, present; 2, absent.
c CI, confidence interval.
d Calculation based on the hypothesis of a maximum virus recovery for exper-

iment d (%Rec [total] 5 100%).
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DISCUSSION

Viral responses in water: influence of chlorine. It is remark-
able that such a slight free-chlorine concentration, i.e., at the
detection threshold of the DPD-FAS technique, was enough to
inactivate more than 1 log unit of poliovirus 1 in 30 min, even
though the virus was a laboratory strain (20, 36). Some authors
(7, 17) have shown that inactivation of enteric viruses by chlo-
rine is not a linear function of the disinfectant dose. For in-
stance, vanden Bossche et al. (40) observed a relationship
between the poliovirus 1 inactivation rate and the residual
ozone dose which followed a logistic model. This kind of re-
lationship would explain how such a small change in chlorine
concentration could lead to an important increase in the ability
to inactivate viruses.
Additionally, a possibility of synergy between chlorine and

other factors exists, as first demonstrated by Berg et al. (3, 4),
who observed a 10-fold-faster poliovirus 1 inactivation by chlo-
rine in drinking water than in milli-Q water.
As a matter of fact, when the equation C/C0 5 f(t) (Fig. 3)

is used for both the saline tracer experiment and Experiment d
(no chlorine), the maximum of these responses, i.e., where t is
approximately 40 min, almost reaches the value of 1. This
means that for experiment d, the inactivation rate, k, can be
considered null (C/C0 amplitude is not lowered). Nonetheless,
in comparison to the NaCl experiment, t for viruses in exper-
iment d was about 4.2 times lower (tNaCl 5 589 min). Thus, if
the effect of virucidal substances other than chlorine cannot be
detected within short periods (#40 min), the divergence be-
tween NaCl response and experiment d response which occurs
for longer periods after injection could be due in part to other
virucidal agents contained in the pilot plant feeding water.
Indeed, an additional experiment carried out in closed bottles
filled with the pilot plant feeding water supplemented with
various amounts of thiosulfate indicated that 80% of the ob-
served poliovirus 1 inactivation was attributable not to chlorine
but to other dissolved (,0.22 mm in diameter) substances. The
pilot plant feeding water actually displayed a great virus inac-
tivation ability, as the T90 (time for a one-log-unit inactivation)
for poliovirus 1 has been estimated to be 2.7 days (confidence
interval, 2.4 to 3.0), considering a decreasing exponential
model. Additionally, samples of the pilot plant feeding water
were collected in closed sterile bottles and stored in the dark
for 5 h at 258C. From 0 to 200 mg of thiosulfate/liter was then
added to the different bottles. As shown in Fig. 5, maximal viral
inactivation (100%) after 5 h at 258C was determined by com-

parison of the virus titers obtained in the absence of thiosulfate
with and without storage. We observed that the chlorine re-
sidual in the pilot plant feeding water was responsible for only
one-fifth of the overall viral inactivation. Similarly, the T90
value obtained in the unfiltered feeding water was 10 times
smaller than that formerly observed at 258C in sterile deionized
water (11). Other studies have reported similar observations,
and some demonstrated a virus-inactivating capacity of biolog-
ical origin (6, 8). Actually, inactivation is not the only phenom-
enon that could lead to the divergence over time between the
experiment d and NaCl responses. The observed difference
could also correspond to a virus transfer from the water com-
partment to the biofilm compartment. This hypothesis is in-
deed worthy of consideration, as we were able to retrieve
viruses from the biofilm.
Viral responses in water: influence of clay. Comparison of

the number of viruses recovered from the water flow in the
presence and absence of clay leads us to speculate that virus
preadsorption to clay induces an important virus transfer from
the moving phase to the stationary phase. This finding is con-
sistent with a recent report (43) indicating a higher bacterial
biofilm accumulation rate in the presence of clay particles. It
also appears that the presence of 40 mg of montmorillonite/
liter allows an increase in the period during which viruses can
be detected in the water compartment, regardless of the pres-
ence of a chlorine residual. In particular, a protective effect of
clay against chlorine for viruses is not observed, as the overall
amount of retrieved virus is similar in the presence (experi-
ment f) and absence (experiment a) of clay. Thus, comparison
of the mean retention times and of the duration of positive
detection periods (Table 1) leads us to the conclusion that the
impact of chlorine on viruses would simply be delayed in the
presence of clay, as other authors previously observed for po-
liovirus 1 and coliphage MS-2 (13, 37). Other nonclay particles
such as organic matter may provide associated viruses with an
effective protection against disinfection (2, 13, 15). In compar-
ison to clay material, organic matter could thus bring about an
increased virus survival in the water flow if viruses are com-
pletely embedded within the organic matrix. Conversely, since
organic matter should be much more easily biodegraded than
clay, at the biofilm level the virus residence time, as well as the
impact of a system contamination, could be shortened.
Viral responses in biofilm. Here again, the percentages of

virus retrieval from the biofilm reveal the virus sensitivity to the
chlorine residual. According to the experiments conducted in
the absence of chlorine (experiments d and e), the hypothesis
of a virus transfer to the biofilm seems to be acceptable be-
cause of the high rates of virus recovery from the biofilm
whether viruses were adsorbed to clay particles or not. Actu-
ally, virus preadsorption could favor this transfer, as viruses in
experiment e appeared to be mainly distributed within the
biofilm.
The low rates of virus recovery from both compartments

observed for experiment f seem to indicate that for the con-
centration tested, clay particles do not provide viruses with any
protective effect against chlorine. However, since the propor-
tion of viruses that effectively reached the biofilm and that
were not already inactivated can be questioned, the possibility
of virus protection by the biofilm still cannot be excluded.
The results of this study indicate that when viruses intro-

duced into the pilot plant system were not inactivated, they
were distributed in both the bulk-phase water and the biofilm
but were concentrated in the biofilm 2- to 10-fold more than in
the bulk phase. Our results also demonstrate that virus adsorp-
tion to clay favors a virus transfer to the biofilm, inducing an
increase of the virus retention time within a given length of the

FIG. 5. Poliovirus 1 inactivation in the pilot plant feeding water after storage
in the dark for 5 h at 258C in the presence (F) and absence (■) of thiosulfate.
Viral titers are expressed as 104 MPNCU/ml.
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system. Moreover, the presence in a distribution system of fine
(1 or 2 mm in diameter) particulate matter does not seem to
provide adsorbed viruses with protection against chlorine.
Use of a pilot plant system is the only simple alternative for

tracing viruses both in the water flow and in the biofilm after
their massive introduction into the system. Characterization of
the pilot plant is a prerequisite for analysis of the residence
time distribution of viruses within the pilot plant system. This
analysis tool allowed us to observe the following: virus adsorp-
tion onto 40 mg of montmorillonite/liter increased roughly
threefold the virus residence time within the system but did not
protect viruses from chlorine inactivation, and in every case, a
greater number of viruses was recovered from the biofilm than
from the water flow. With no clay added, 2 and 10 times more
viruses were recovered from the biofilm in the absence and
presence of chlorine, respectively.
Along with viral inactivation, viral adsorption to biofilm is

thus a leading determinant of the fate of viruses introduced
into a distribution system and, in particular, would allow their
accumulation within the biofilm, as first reported in 1995 (39).
Further experiments are needed to investigate the control of
these phenomena that allow for a viral accumulation within
biofilms.
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