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MS2 coliphage (ATCC 15597-Bl) has been proposed by the U.S. Environmental Protection Agency as a
surrogate for enteric viruses to determine the engineering requirements of chemical disinfection systems on the
basis of previous experience with chlorine. The objective of this study was to determine whether MS2 coliphage
was a suitable indicator for the inactivation of enteric viruses when ozone disinfection systems were used.
Bench-scale experiments were conducted in 2-liter-batch shrinking reactors containing ozone demand-free 0.05
M phosphate buffer (pH 6.9) at 22°C. Ozone was added as a side stream from a concentrated stock solution.
It was found that an ozone residual of less than 40 ,ug/liter at the end of 20 s inactivated >99.99% of MS2
coliphage in the demand-free buffer. When MS2 was compared directly with poliovirus type 3 in paired
experiments, 1.6 log units more inactivation was observed with MS2 coliphage than with poliovirus type 3. It
was concluded that the use of MS2 coliphage as a surrogate organism for studies of enteric virus with ozone

disinfection systems overestimated the inactivation of enteric viruses. It is recommended that the regulatory
agencies evaluate their recommendations for using MS2 coliphage as an indicator of enteric viruses.

The 1986 amendments to the Safe Drinking Water Act
required the U.S. Environmental Protection Agency to
promulgate primary drinking water regulations. The regula-
tions required disinfection of all public water supplies,
specified water quality criteria under which filtration of
surface waters would be a requirement, and listed Giardia
lamblia and viruses among a list of 83 parameters which
would be regulated in drinking water (24). Specific treatment
objectives for the inactivation or removal of G. lamblia and
enteric viruses were 99.9 (3 log units) and 99.99% (4 log
units), respectively. The guidance manual for the surface
water treatment rule recommended the use ofMS2 coliphage
as a surrogate for enteric viruses (17). It was assumed that a

99.99% inactivation of coliphages would ensure that entero-
viruses would be absent from the finished water (24).
Many ozone disinfection studies with poliovirus as the test

organism have been performed (3, 5, 12, 14, 18, 19). Previous
reviews of the literature suggested that polioviruses were
more resistant to ozone than were other enteroviruses (13,
20). The f2 and MS2 phages have been reported to be more
resistant to chlorine than are other coliphages, leading to
their use as surrogates for enteric viruses in disinfection
studies (10, 15, 23).
There have been fewer studies of ozone inactivation of

coliphages than of inactivation of enteric viruses. An obser-
vation common to the studies to date is that coliphages 185,
f2, and MS2 were significantly more sensitive to ozone than
were enteric viruses, with 6- to 7-log-unit inactivation occur-
ring very quickly and in the presence of little or no ozone
residual (5, 10, 22, 25, 26). These observations cast doubt on
the reliability of coliphage as an indicator for the perfor-
mance of ozone disinfection of enteric viruses.
The purpose of this study was to perform paired experi-

ments with MS2.coliphage (ATCC 15597-Bl) and poliovirus
type 3 to determine whether the ozone inactivation results
were comparable.

* Corresporididg author.

MATERIALS AND METHODS

MS2 preparation. The stock suspension of coliphage MS2
ATCC 15597-Bl was prepared from a culture grown in the
host bacterium Escherichia coli ATCC 15597 by methods
described elsewhere (17). The titer of the MS2 stock was 8.1
x 1010 PFU/ml. Samples containing MS2 were assayed by
the agar overlay method by using 1.0-ml samples and 2 drops
of overnight E. coli host culture (1). Dilutions were made in
sterile 0.1% peptone.

Poliovirus type 3 preparation. Attenuated poliovirus type 3
(strain WM-3; ATCC VR-300) was obtained from the Viral
Immunopathogenesis Research Unit, Department of Medi-
cal Microbiology and Infectious Diseases, University of
Alberta, Edmonton, Canada. The virus was propagated in
HEp-2 cells by standard methods (9, 21). Stock virus was

produced by harvesting the virus from infected HEp-2 cells
when the maximum cytopathic effect was apparent, usually
at 24 to 48 h. The poliovirus was semipurified by centrifuging
the infected cell suspension for 30 min at 5,000 x g, washing
the pellet in cold phosphate-buffered saline (pH 7.2), recen-
trifuging, and then freeze-thawing the suspension three times
in ethanol-dry ice to release the virus. This step was fol-
lowed by another centrifugation for 20 min at 2,000 x g to
remove cell debris, and the supernatant was then centrifuged
for 45 min at 30,000 x g. The resulting pellet was suspended
in phosphate-buffered saline (pH 7.2) and stored at -70°C.

Poliovirus was enumerated by a standard agar overlay
plaque assay method (21). When plaques appeared, at 48 to
96 h postinfection, the agar overlay was removed and the
cells were fixed with 40% ethanol-10% acetic acid solution
for 24 h and then stained with crystal violet. For virus
dilutions producing 50 or fewer plaques per assay container,
the numbers of virus particles were counted.
Ozone apparatus. The protocol for preparing the stock

ozone solution and ozone demand-free phosphate buffer was
identical to that used in earlier work (6, 7). Ozone concen-
trations in the aqueous phase were determined by UV A260
with a molar absorption coefficient of 3,300 M-' cm-l,
which lies midway between the reported extremes of this
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value (8). The concentration factor is 14.55 cm mg/liter.
The stock ozone solution concentration was typically 18 to
20 mg/liter at 22°C.
The ozonation experiments were conducted at room tem-

perature (22°C) with 1.7-liter volumes of ozone demand-free
0.05 M phosphate buffer (pH 6.9) in 2-liter borosilicate glass
beakers fitted with stainless steel quadrant baffles. A floating
Teflon lid minimized the loss of ozone through stripping.
Mixing was accomplished by using a Teflon-coated magnetic
stir bar. The reactor was continuously sampled by using a
peristaltic pump with a flow rate of 8 ml/min. The sample
was carried through a short piece of small-diameter Teflon
tubing to a 35-pl flow cell with a light path of 1 cm situated
in a diode array spectrophotometer (Hewlett Packard model
8452A). Test solution A260 was continuously monitored with
this apparatus. A slight excess of 1.0 M sodium formate was
used to neutralize residual ozone, since sodium formate does
not interfere with UV A260 measurements. The reaction of
sodium formate and ozone is very fast.
Ozone disinfection procedure. Two types of experimental

designs were used. The first was simply the addition of one
type of virus tO a reactor followed by the addition of ozone
for a fixed contAtt time. For MS2, the contact time was fixed
at 20 s and various ozone doses were added to provide a
residual. This procedure proved unsuccessful for poliovirus
because a high concomitant ozone demand prevented any
meaningful comparisons between MS2 and poliovirus. The
second experimental design was a paired design with both
virus types in the same reactor. This design provides directly
comparable data, since the absolute ozone doses and resid-
uals are not important in determining the relative sensitivi-
ties of each organism to ozone.

Prior to the addition of ozone, each reactor vessel re-
ceived 1.5 ml of the stock coliphage titer, providing a final
MS2 concentration of approximately 107 PFU/ml. After the
contents of each vessel were mixed, a 10-ml sample was
removed to be assayed for the initial concentration of MS2
coliphage. The mean initial concentration (No) of MS2 was
106.9 PFU/ml in the trials in which MS2 was the only virus.
The poliovirus stock titer was sonicated for 1 min to

disrupt aggregates. Various initial concentrations (No) of
poliovirus were added to the test solutions in the paired virus
experiments (see Table 1). After the test solutions were
mixed, a 10-ml sample was removed and stored at 4°C until
it was assayed.
The prepared reactor vessel containing the test viruses

was placed on a magnetic stirrer, and the 35-pd flow cell
pump was attached to the reactor. The spectrophotometer
was zeroed by using the test water containing viruses. The
concentration of the stock ozone solution was determined
twice: immediately before and immediately after the addition
of the ozone to the test solution. If the two ozone concen-
tration measurements differed by more than 0.5 mg/liter, the
experiment was not continued. Ozone demand-free mass-
calibrated pipettes were used to transfer ozone from the
stock solution to the reactor vessel. For the single-contact-
time experiments, a laboratory timer was used to measure
the contact time. At the end of the appropriate contact time,
sufficient sodium formate was added to remove any ozone
residual.
Each vessel in the paired experiments had the same

ozonation conditions and was sampled at 60-s intervals for a
totAl elapsed time of 240 s. Time zero was arbitrarily defined
as the time of the first addition of ozone. The initial concen-
tration of poliovirus in trials 2 and 3 was lower than the initial
concentration in trial 1, to reduce the ozone demand asso-
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FIG. 1. Ozone inactivation of MS2 coliphage in ozone demand-

free phosphate buffer at pH 6.9 and 22°C.

ciated with the virus preparation. In trial 1, the ozone was
applied in three aliquots (applied ozone dose of 0.6 mg/liter)
for a low dose with a high poliovirus concentration. In trial
2, the stock ozone was added by using 13 10-ml aliquots
(applied ozone dose of 1.3 mg/liter). The stock ozone solu-
tion was added to the reactor vessel all at once in trial 3
(applied ozone dose of 1.8 mg/liter).
Samples from the reactor were transferred to sterile tubes

containing a slight excess of 1.0 M sodium formate solution
to neutralize any remaining ozone residual. MS2 samples of
10 ml each were transferred to a 90-ml milk dilution bottle.
Poliovirus samples of 1.0 ml each were transferred to a vial.
Sodium formate was also added to the controls. Plaque
assays were performed with the controls and the ozone-
treated samples.

RESULTS

A series of trials was performed with MS2 alone. Ozone
doses were kept very low, and a contact time of 20 s was
used for all trials. The data are presented in Fig. 1. Some
trials were also performed with poliovirus alone but a
significant amount of ozone demand was associated with the
preparation of the virus titer, which prevented proper com-
parisons with MS2 from being made. Subsequent trials used
MS2 and poliovirus in the same reactor vessel so that paired
comparisons could be made.
Three trials were performed with the paired protocol. The

test solution absorbance during the course of each trial is
shown in Fig. 2 to 4. Ozone concentrations can be calculated
from the absorbances by using the concentration factor. The
plaque assay results are summarized in Table 1. The inacti-
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FIG. 2. Test solution absorbance during inactivation of MS2
coliphage and poliovirus type 3 in trial 1 (ozone added at 26, 44, and
54 s).

vations of MS2 and poliovirus for trials 1 to 3 are summa-

rized in Fig. 5. In all trials, there was less inactivation of
poliovirus type 3 than of MS2 coliphage under the same
ozone conditions. Poliovirus inactivation in trial 2 was
greater than anticipated, and kill is shown as greater than 3.6
log units in Table 1. The sodium formate in the ozonated
samples did not affect the plaque assays as determined by
the controls.
A paired t test on the inactivations [log (N/NO)] ofMS2 and

poliovirus type 3 revealed an approximate (because of the
imprecision of the estimated inactivation during trial 2) mean
difference of 1.6 log units. There was significantly (P - 0.05)
greater inactivation of MS2 coliphage than of poliovirus type
3.

DISCUSSION
Behavior of ozone during disinfection. The method of

adding ozone, the ozone dose applied, and the initial con-
centration of viruses for each trial affected the reaction of
ozone in solution. In trial 1 (Fig. 2), the ozone residual was
short-lived, as shown by the rapid decrease in absorbance.
This was due to the significant ozone demand of the virus
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FIG. 3. Test solution absorbance during inactivation of MS2
coliphage and poliovirus type 3 in trial 2 (ozone added at 16, 32, 48,
60, 70, 80, 90, 100, 112, 130, 144, 160, and 170 s).
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FIG. 4. Test solution absorbance during inactivation of MS2
coliphage and poliovirus type 3 in trial 3 (ozone added at 20 s).

preparation. In trial 2 (Fig. 3), in which a higher ozone dose
was applied in a series of 13 10-ml aliquots, a gradual
increase in absorbance in the reaction vessel occurred, with
progressively slower decays of absorbance as the demand
was satisfied. The stock ozone solution was added all at once
to the reactor vessel in trial 3 (Fig. 4), resulting in a rapid rise
of absorbance followed by a rapid decay to near zero.
Each of these figures illustrates that ozone is rapidly

consumed by the poliovirus preparation, resulting in no
detectable ozone residual at the end of the 2-min contact
time. However, there was detectable ozone residual for
varying periods in all of the trials. Thus, if the competing
reaction rates were higher (but not much higher) than the
reactions with the virus, these short-lived residuals would be
sufficient for a detectable inactivation ofMS2 and poliovirus.
The inactivation curves for MS2 and poliovirus under these
conditions are provided in Fig. 5. These curves are not
directly comparable in terms of absolute inactivation of
poliovirus, since the ozone doses ranged from 0.6 to 1.76
mg/liter. However, it is of interest to note that the results of
trials 2 and 3 appear to be somewhat similar. This was likely
a result of the different methods of adding ozone to the

TABLE 1. Ozone inactivation in paired experiments with MS2
coliphage and poliovirus type 3

Inactivation
Concn of Contact [log (N/No)]b of:

Trial ozone applied time(s)
(mg/liter)' MS2 Poliovirus

1 0.60 0 0 0
60 2.96 1.63
120 2.72 1.64
240 2.66 1.98

2 1.29 0 0 0
60 5.68 >3.6
120 5.14 >3.6
240 4.81 >3.6

3 1.76 0 0 0
60 7.00 3.52
120 6.15 3.52
240 5.46 3.52

a Calculated mass of ozone added to the reactor divided by reactor volume.
b No, 106-9 PFU/ml for all MS2 trials and 105-3 103 9, and 104-0 PFU/ml for

poliovirus trials 1, 2, and 3, respectively.
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FIG. 5. Comparison of MS2 coliphage and poliovirus type 3
inactivation by using ozone in the same reactor vessel. Ozone doses
applied were 0.60 (trial 1), 1.29 (trial 2), and 1.76 (trial 3) mg/liter.

reactors. The effect of the method of addition of ozone could
be determined through further well-designed experiments.
This was beyond the scope of the present study.
MS2 coliphage in ozone demand-free buffer. The extraor-

dinary sensitivity of MS2 coliphage to ozone in demand-free
buffer is illustrated in Fig. 1. For 20-s contact time and <40
,ug of residual ozone per liter, there was a 4-log-unit inacti-
vation of MS2. Increasing the ozone residual to 80 ,g/liter
provided another log unit of inactivation, bringing the overall
inactivation to 5 log units. These data corroborate those
reported for other studies (5, 10, 25). Evison (5) had to add
ozone demand to her studies with coliphage so that her
ozone apparatus and methods of measuring residual could be
used to determine the inactivation of coliphage. The impor-
tance of this observation by Evison is that competing reac-
tions for ozone must be very fast to successfully compete
with the ozone required for inactivation of coliphage. Also,
if one is contemplating an engineering design criterion, the
ozone dose is somewhat meaningless, since the competing
reactions will vary from water to water. Therefore, consid-
ering ozone residual as a design criterion may provide a
means of comparing waters of different quality. Wolfe and
his coworkers (25) performed all of their work at pilot scale
using two types of surface waters from California with
similar ozone demands. The inactivation of MS2 was ob-
served to be independent of the contact times, which ranged
from 3 to 12 min, used in the pilot plant.
The data of Evison (5), Wolfe and coworkers (25), and this

study suggest that adequate coliphage inactivation can be

achieved when a small ozone residual is detectable and
within some short contact time. However, the question of
whether coliphage results are comparable to enteric virus
results remains.
Comparison of MS2 coliphage and poliovirus type 3. A

paired comparison of coliphage and poliovirus was desirable
to eliminate variations in water quality which could ad-
versely affect the ozone demand and the comparability of
independent trials. It was noted in these experiments that the
animal virus preparation had a significant amount of ozone
demand. This had been reported in an earlier study (5).
Examination of Fig. 5 reveals two interesting phenomena.

The first was the consistent "tailing" appearance of the
kinetic plot, which was very similar to that reported by
others who maintained a relatively constant ozone residual
during the course of the experiments (14). After an initial
sharp drop, no significant inactivation was observed after
about 60 s at any of the doses used. This has been observed
by other researchers using both bacteria and viruses (4, 6,
14, 18). The reason for this feature of ozone disinfection is
not clear. Finch et al. (6) explained the phenomenon in terms
of competing ozone reaction kinetics. It may also be an
artifact of the experimental protocol used. The practical
significance of this phenomenon is that inadequacies in
ozone residual concentration cannot be compensated for by
increasing the contact time. In full-scale ozone reactors,
prevention of hydraulic short-circuiting is very important to
ensure that all water containing microorganisms comes into
contact with the designed ozone residual concentration for
some minimum contact time.
The second phenomenon was an apparent rebound ofMS2

coliphage in trials 2 and 3 after an apparent initial inactiva-
tion in excess of 5 log units. The rebound in trial 2 was
approximately 0.9 log units from 60 to 240 s. The rebound in
trial 3 was higher, approximately 1.5 log units over the same
period. The cause of this phenomenon is not known but
perhaps could be attributed to unclumping and clumping of
the viruses due to the action of ozone, since the MS2
preparation did not include an ultrasonic treatment as did the
poliovirus type 3 preparation. Katzenelson and coworkers
(14) demonstrated the beneficial effects of ultrasonic treat-
ment with ozone-treated poliovirus.
The significant difference between the susceptibilities of

MS2 and poliovirus to ozone observed in this study has been
reported in other comparative studies (5, 10, 14). Whereas
the results here suggest a mean difference of approximately
1.6 log units, Harakeh and Butler (10) reported a 3.5-log-unit
difference between poliovirus type 1 and f2 coliphage at the
end of 15 min of contact with 0.26 mg of ozone residual per
liter. Katzenelson and coworkers (14) investigated poliovi-
rus type 1 and T2 coliphage using a protocol very similar to
the one in the present study. They reported a 2.3-log-unit
difference in kill between poliovirus and coliphage at an
approximate ozone residual of 0.3 mg/liter and 2 min of
contact. Evison (5) reported an approximately 3-log-unit
difference between poliovirus type 3 and the coliphages 185
and MS2 at the end of 10 min and a constant ozone residual
of approximately 0.08 mg/liter. She also reported a 2-log-unit
difference between the coliphages and poliovirus type 1
under the same conditions. Katzenelson et al. (14) observed
a similar difference between coliphage and poliovirus type 1
after 2 min and an ozone residual of approximately 0.3
mg/liter.
Although the previous studies yielded similar inactivation

spreads for poliovirus and coliphage, these occurred under
very different ozonation conditions. Only Evison's (5) and
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TABLE 2. Summary of selected poliovirus inactivations from various ozone inactivation studies

Poliovirus Water type Protocol Contact time Ozone dose Ozone residual Inactivation Reference
type (pH, temp [°C]) of residual (mg/liter) (mg/liter) [log (N/No)]

1 Wastewater (7.2, 15) Constant 15 min NRa 0.26 -0.5 10
1 Phosphate buffered (7.2, 20) Constant 0.1 s 0.17b 0.10 -4 12
1 Phosphate buffered (7.2, 20) Constant 2 min NR 0.21 -3 18
1 Distilled water (N/R, 20) Declining 4 min 0.6b NR -1 16
1 Phosphate buffered (7.0, 25) Constant 10 min NR 0.13 -2.5 5
2 Phosphate buffered (7.0, 25) Constant 10 min NR 0.13 -4.9 5
3 Phosphate buffered (7.0, 25) Constant 10 min NR 0.13 -2.7 5
1 Phosphate buffered (7.2, 5) Declining 2 min 0.3 >0.24 -3.6 14
1 Distilled Declining 4 min 4-5 0.23 -2.7 3

a NR, not reported.
b Recorded after instantaneous ozone demand was satisfied.

Katzenelson's (14) experiments are comparable to the one
reported here. Evison's data indicated much greater differ-
ences between poliovirus type 3 and coliphage than were
observed in the present study. In addition, her data suggest
that poliovirus type 3 is much more difficult to inactivate
with ozone than poliovirus type 1 is. Considering the fact
that many poliovirus inactivation studies have used poliovi-
rus type 1 as the test organism, this may be cause for
concern when the regulatory requirements for ozone inacti-
vation of animal viruses are being defined (17, 24).
The significant variations in the disinfection performances

for poliovirus reported in the literature are possibly the
result of the different ozone disinfection protocols used in
the various studies. Many ozone disinfection studies have
continuously added ozone to the reaction system with the
goal of achieving a steady-state ozone residual concentration
(11, 12, 19). This protocol removes competing ozone de-
mands, but the actual amount of applied ozone is not usually
reported. Since the virus inactivation reaction is fast, signif-
icant amounts of inactivation could occur during the initial,
ozone demand satisfaction stage, resulting in an overestima-
tion of the residual ozone required to achieve the desired
inactivation. Other studies have followed a protocol similar
to the one used in this study but have not compared enteric
viruses with MS2 coliphage (3, 14).

It is informative to summarize some of these studies
(Table 2). What is clear from Table 2 is that there is little
consistency in the reported inactivations of poliovirus when
ozone is used. Harakeh and Butler (11) reported only a
0.5-log-unit inactivation for the reported conditions of 0.26
mg of ozone residual per liter for 15 min in wastewater. This
can be contrasted with the report of Herbold and coworkers
(12), who calculated that 0.10 mg of ozone residual per liter
provided a 4-log-unit inactivation within 0.1 s. Coin and
coworkers (2, 3) provided some of the earliest data on ozone
inactivation of poliovirus. They found that a >4-log-unit
inactivation of poliovirus type 1 in filtered river water was
achieved when an ozone residual of 0.3 mg/liter was reached
at the end of 4 min (2, 3). Their work eventually led to the
standard disinfection condition at ozone treatment plants in
France, where 0.4 mg of ozone residual per liter at the end of
4 min is the design goal for sufficient inactivation of enteric
viruses.
The conclusions which can be drawn from the review of

the literature in comparison with the results of the present
study are that current understanding of ozone inactivation of
enteric viruses in water is poor and that well-defined ozone
experimental protocol in combination with improved virol-
ogy methods will be necessary before reliable comparable
data are obtained.

The present study examined ozone inactivation of MS2
coliphage and poliovirus type 3 in ozone demand-free phos-
phate buffer. It was observed that MS2 coliphage was very
sensitive to ozone and that poliovirus type 3 was apparently
more resistant to ozone than MS2 coliphage was. Conse-
quently, MS2 coliphage may not be a good surrogate for
enteric viruses in ozone disinfection studies. It was also
observed that contact time was not as important as ozone
concentration for the inactivation of enteric viruses, al-
though the response of viruses to ozone may be influenced
by the ozonation protocol which is used. After the literature
was reviewed, it was apparent that a well-defined experi-
mental protocol for ozone disinfection studies of animal
viruses is required before comparable data can be used to
define the engineering design criteria for ozone inactivation
of enteric viruses.

ACKNOWLEDGMENTS

Primary funding for this work was provided through a contract
with the American Water Works Association Research Foundation
(AWWARF). Additional support was provided by the University of
Alberta and the Natural Sciences and Engineering Research Council
of Canada through operating grant OGP41644.
We are grateful to Raymond Marusyk, Department of Medical

Microbiology and Infectious Diseases, University of Alberta, for
reviewing this paper and making helpful suggestions.

REFERENCES
1. Adams, M. H. 1959. Bacteriophages. Interscience Publishers,

Inc., New York.
2. Coin, L., C. Gomella, C. Hannoun, and J. Trimoreau. 1967.

Inactivation par l'ozone du virus de la poliomyelite present dans
les eaux. Presse Med. 75(38):1883-1884.

3. Coin, L., C. Hannoun, and C. Gomelia. 1964. Inactivation par
l'ozone du virus de la poliomyelite present dans les eaux. Presse
Med. 72(37):2153-2156.

4. Dahi, E. 1976. Physicochemical aspects of disinfection of water
by means of ultrasound and ozone. Water Res. 10:677-684.

5. Evison, L. M. 1978. Inactivation of enteroviruses and coliphages
with ozone in water and waste waters. Prog. Water Technol.
10:365-374.

6. Finch, G. R., D. W. Smith, and M. E. Stiles. 1988. Dose-
response of Escherichia coli in ozone demand free phosphate
buffer. Water Res. 22:1563-1570.

7. Finch, G. R., M. E. Stiles, and D. W. Smith. 1987. Recovery of
a marker strain of Escherichia coli from ozonated water by
membrane filtration. Appl. Environ. Microbiol. 53:2894-2896.

8. Gordon, G., G. E. Pacey, W. J. Cooper, and R. G. Rice. 1988.
Current state-of-the-art measurements of ozone in the gas phase
and in solution. Ozone Sci. Eng. 10:353-366.

9. Grandien, M., M. Forsgren, and A. Ehrnst. 1989. Enteroviruses
and reoviruses, p. 513-578. In N. J. Schmidt and R. W.
Emmons (ed.), Diagnostic procedures for viral, rickettsial, and

VOL. 57, 1991



3126 FINCH AND FAIRBAIRN

chlamydial infections. American Public Health Association,
Washington, D.C.

10. Harakeh, M., and M. Butler. 1984. Inactivation of human
rotavirus, SAl1, and other enteric viruses in effluent by disin-
fectants. J. Hyg. 93:157-163.

11. Harakeh, M. S., and M. Butler. 1985. Factors influencing the
ozone inactivation of enteric viruses in effluent. Ozone Sci. Eng.
6:235-243.

12. Herbold, K., B. Flehmig, and K. Botzenhart. 1989. Comparison
of ozone inactivation, in flowing water, of hepatitis A virus,
poliovirus 1, and indicator organisms. Appl. Environ. Micro-
biol. 55:2949-2953.

13. Hoff, J. C. 1986. Inactivation of microbial agents by chemical
disinfectants. EPA/600/2-86/067. U.S. Environmental Protec-
tion Agency, Cincinnati.

14. Katzenelson, E., B. Kletter, and H. I. Shuval. 1974. Inactivation
kinetics of viruses and bacteria by use of ozone. J. Am. Water
Works Assoc. 66:725-729.

15. Kott, Y., H. Ben-Ari, and L. Vinokur. 1978. Coliphage survival
as viral indicators in various wastewater quality effluents. Prog.
Water Technol. 10:337-346.

16. Majumdar, B., W. H. Ceckler, and 0. J. Sproul. 1973. Inacti-
vation of poliovirus in water by ozonation. J. Water Pollut.
Control Fed. 45:2433-2443.

17. Malcolm Pirnie, Inc., and HDR Engineering, Inc. 1991. Guid-
ance manual for compliance with the filtration and disinfection
requirements for public water systems using surface water
sources. American Water Works Association, Denver.

18. Roy, D., E. S. K. Chian, and R. S. Engelbrecht. 1981. Kinetics
of enteroviral inactivation by ozone. J. Environ. Eng. Div.

Proc. Am. Soc. Civ. Eng. 107:887-901.
19. Roy, D., R. S. Englebrecht, and E. S. K. Chian. 1982. Compar-

ative inactivation of six enteroviruses by ozone. J. Am. Water
Works Assoc. 74:660-664.

20. Safe Drinking Water Committee. 1980. Drinking water and
health. National Academy Press, Washington, D.C.

21. Schmidt, N. J. 1989. Cell culture procedures for diagnostic
virology, p. 51-100. In N. J. Schmidt and R. W. Emmons (ed.),
Diagnostic procedures for viral, rickettsial, and chlamydial
infections. American Public Health Association, Washington,
D.C.

22. Sproul, 0. J., C. E. Buck, M. A. Emerson, D. Boyce, D. Walsh,
and D. Howser. 1979. Effect of particulates on ozone disinfec-
tion of bacteria and viruses in water. EPA-600/2-79-089. U.S.
Environmental Protection Agency, Cincinnati, Ohio.

23. Tobin, R. J. 1987. Indicator systems for microbiological quality
and safety of water. J. Environ. Pathol. Toxicol. Oncol.
7(5/6):115-201.

24. U.S. Environmental Protection Agency. 1989. Drinking water;
national primary drinking water regulation; filtration, disinfec-
tion; turbidity, Giardia lamblia, viruses, Legionella, and het-
erotrophic bacteria; final rule. Fed. Regist. 54:27486-27541.

25. Wolfe, R. L., M. H. Stewart, S. Liang, and M. J. McGuire. 1989.
Disinfection of model indicator organisms in a drinking water
pilot plant by using PEROXONE. Appl. Environ. Microbiol.
55:2230-2241.

26. Wolfe, R. L., M. H. Stewart, K. N. Scott, and M. J. McGuire.
1989. Inactivation of Giardia muris and indicator organisms
seeded in surface water supplies by PEROXONE and ozone.
Environ. Sci. Technol. 23:744-745.

APPL. ENVIRON. MICROBIOL.


