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Inactivation of Bacteriophage f2 with Chlorine
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ABSTRACT

Chlorine was used for inactivation of bacteriophage {2 at pH 5.5, 7.5, and 10.0 at 10°C. The
inactivation rate phage with chlorine varied depending on the pH wvalue and reaction time.
Hypochlorous acid appeared to be the major species of free chlorine for the inactivation. Survival
of the phage treated with chlorine and infectivity of the RNA extracted from the chlorinated
phage were examined. The RNA extracted from untreated phage was chlorinated and its infectiv-
ity was assayed. All three samples showed similar rates of inactivatior at pH 5.5 and 7.5, but the
naked RNA was more susceptible to chlorine at pH 10.0. The rate of inactivation was compared
with specific and non-specific attachment of the phage f2. The specific attachment of the phage
lagged behind the inactivation with chlorine, but non-specific attachment of the phage increased
after the phage had been inactivated by extended chlorination. Chlorine may penetrate to the
bacteriophage f2 by altering the strutural integrity of the protein coat, but the main target of
free chlorine for inactivation of the phage appeared to be the phage RNA.

INTRODUCTION

Expanding ‘urbanization and industrial
development, together with increasing use
and reuse of water for domestic and recr-
eational purposes have caused the quality
of environmental water for the public to
deteriorate, Chlorine has been used almost
exclusively to disinfect public water supp-
lies and wastewater effluents. Standard
water and wastewater treatment employing
post-chlorination as well as coagulation and
filtration has been adequate against bact-
erial pathogens. The reaction of chlorine
with bacteria can be explained by sulfhy-
dryl hypothesis (Allison 1962; Knox et al.
1948) or by inactivaon of nucleic acids(Prat

et al. 1948).

Enteric viruses have been demonstrated
to be much more resistant to chlorine than
bacteria (Dahling et al. 1972; Shah and
McCamish 1972) and extremely high dos-
ages of chlorine must be applied to achieve
adequate inactivation of the viruses in the
processes of water and wastewater treat-
ment (Lothop and Sproul 1969).
materials (Farrah et al. 1977: Moore et
al. 1975) and minerals (Hloba et al. 1972)
have been reported to protect enteric vir-

Organic

uses in water from various disinfectants
and to react with free chlorine and lower
its capacity of disinfection. Therefore, the
absence of bacteria from the treated effl-
uent is not infallible proof of disinfection
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and conceivable hazard by viruses still
exisists in the environmental water that
is to be reused (Hoehn 1976; Lefler and
Kott 1975; Ludovici et al. 1975; White
1975).

The bacteriophage f2 containing RNA
is chemically and physically similar to the
enteric viruses and can be readily prepared,
purified, and assayed by a simpler system
to obtain fundamental information concer-
ning inactivation. Since the first use of the
phage 2 by Hsu as a model for inacvation
studies of enteric viruses (Hsu ez a/. 1966),
the phage has been used by many investi-
gators (Cramer er al. 1976; Dahling ez
al 1972; Olivieri et al. 1975; Shah and
McCamish 1972).

The phage f2 was reported to respond to
chlorine in a manner similar to enteric
viruses (Hsu ez al. 1966). The phage has
been reported to be more sensitive to free
chlorine (Dahling ez al. 1972), but more
resistant to combined chlorine than polio-
virus type 1 (Shah and McCamish 1972;
Sproul 1976). Cramer et al. (1976) repo-
rted that the phage was equally or more
resistant to chlorine and iodine than polio-
virus type 3. Carlson et al. (1976) repo-
rted that the ability of free chlornie to
inactivate viruses was better indicated by
the oxidation-reduction potential of the
chlorine than by its concentration. The
free chlorine was reported not only to
inactivate viral RNA, but also to bleach
viral coat protein (Olivieri etal. 1975).
Sufficient evidence has not been available
on the fundamental mechanism and react-
ion of chloine responsible for inactivation
of viruses.

This study concentrates on the effect of
free chlorine, the principal virucidal agent
(Olivieri ez al. 1975; Scarpino et al. 1975;
Sproul 1976}, on the components of bact-
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eriophage f2 and presents a possible me-
chanism of chlorine inactivation of the
phage.
MATERIALS and METHODS

1. Bcteriophage and Bacteria

Bacteriophage 2 (ATCC #15766-B) and
its host Escherichia coli K-13 (ATCC
#15766) were obtained from the American
Type Culture Collection. The phage f2 was
grown and prepared according to the me-
thod of Loeb and Zinder (1961) with some
modifications. The phage was assayed by
the agar overlay techniqued described by
Adams (1959). E. coli K-13 was grown
in tryptone broth (Loeb and Zinder 1961)
and used as the host for preparation and
specific attachment of the phage f2. E.
coli K-15 T~ and E. coli C-3000-38 were
obtained from Dr. Olivieri at The Johns
Hopkins University. E. coli K-15 T~ is not
a host for the phage and was grown in
tryptone broth and wused for non-specific
attachment experiments. E. coli C-3000-38
required uridine, thymine, and the amino
acids, arginine, lysine, and histidine for
growth and was cultivated in the chemically
defined TPG medium (Oeschger and Na-
thans 1966). This mutant strain was used
as the host for incorporation of sulfur-35
radionuclieotde into the phage f2.
2. Preparation and Assay of Infectious Phage

RNA

Infectious RNA was prepared from bact-
eriophage f2 by the method of Hofschneider
and Delius (1968). The infectious RNA to
be treated with chlorine was extracted five
times with ether to remove traces of phe-
nol. After the final extraction, the residual
ether was removed by bubbling nitrogen
gas through the mixture. The RNA con-
centration of the preparation was (. 23mg/{
as detemined at a wave length of 260 nm
by the method of Engelhardt and Zinder
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{1964). A 100-fold dilution of the RNA
was used in the chlorination experiments.
The infectivity assay of the RNA was
performed with spheroplasts of E. coli
K-13 by the method described by Hofsch-
neider and Delius (1968).

3. Incorporation of Sulfur-35 into Phage f2

Sulfur-35 was incorporated into phage
f2 by the method of Qeschger and Nathans
(1966) with some modifications. 200ml of
“TPG medium containing a limited amount
-of sulfur (0.009g/l) was inoculated with
10m! of an overnight culture of E. col:
C-8000-38 grown in the low-sulfur TPG
medium. When the culture reached an
absorbance of 0.15 at a wave length of
525nm, 4mCi of [*°S] -sulfuric acid was
added. At an absorbance of 0.4, phage {2
‘was added at 0.1 multiplicity of infection
(MOI) and growth was allowed to continue
until lysis was observed. The sulfur-35
labeled phage f2 was purified according
to the polyethylene glycol(PEG) procedure
described by Yamamoto et al. (1970).

4. Attachment of Phage f2 to Bacteria

Attachment and filtration of the sulfur-
35 labeled phage f2 were performed by the
method of Brinton and Beer (1967) with
a slight modification. The specific attach-
ment of the phage to the host E. coli K-
13 was evaluated by non-specific attach-
ment studies with a female strain E. coli
K-15 T-. 1. Om/ of the appropriate bacterial
suspension in tryptone broth containing
0.4g/l calcium choride was dispensed in
test tubes. At zero time, 1.0m! of chlorine-
treated and untreatedf 2 samples were
added to the bacterial suspension medium
and allowed to incubate. The entire content
of each tube was filtered through 0.45um
type HA Millipore filters. Each filter was
precoated with 1. 0m/ of 3% bovine serum
albumin to limit attachment of free f2 to
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the filters. The filters were washed four
times with 2. 0m/ of tryptone broth conta-
ining 0.2g/l calcium chloride, dried for
15min at 85°C, and counted on a Packard
model 3375 liquid scintillation spectropho-
tometer in Biofluor cocktail (New England
Nuclear).

5. Preparation of Chlorine Stock Solution
and Determination of Chlorine Concentra-
tion
Chlorine stock solutions were prepared

by bubbling pure chlorine gas though a
system of serially connected three gas
washing bottle containing organic-free
distilled water. The chlorine collected in
the second bottle was used for the stock
solution. The resulting chlorine solution
was 2 to 4g// and was stored in a brown
glass bottle at 4°C.

The amperometric titration procedure of
Standard Methods (1976) was used to
compare standard curves for the spectro-
phometric method used for determination
of chlorine. Direct measurement of hypo-
chlorous acid in solution at pH 5.5 was
performed at a wave length of 238 nm
with a Beckman spectrophotometer accor-
ding to the method of Granstrom et al.
(1964). Chlorine concentration was directly
calculated from absorbance value at 238 nm
using a molar adsortion coefficient 102
[/cm mole.

6. Experimental Methods
The reaction system was provided accor-

ding to Benarde et al. (1965).

tion experiments of the phage were per-

Inactiva-

formed in organic-free distilled water con-
taining phosphate(0. 25g// K,HPO, and
0.27 g/l KH,PO,) at 10°C and at pH 5. 55,
7.5, and 10.0 to obtain

the mode of action for different species of

information on

free chlorine. A 250m/ aliquot of the pho-

sphate buffer was placed in the system
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and f2 phage or phage RNA was added
to the desired titer and allowed to mix.
Immediately prior to each trial, the chlo-
rine stock solution was checked and adju-
sted to the proper reaction pH. After Sm!
of control sample was removed for phage
assay at the zero time, the chlorine stock
solution was rapidly added to make 2.0
to 3. Omg// chlorine dosage in the reaction
system and mixed. At specified intervals,
samples were removed into sterile tubes
containing nutrient broth to stop the action
of chlorine and examined for phage surv-
ival and chlorine concentration.

RESULTS

1. Inactivation of f2 with Chlorine

The preliminary tests showed that the
buffer diluent and f2 preparation had low
levels of chlorine demand. The reaction
system in the absence of the phage was
also evaluated for chlorine demand. The
«chlorine residual of the solution decreased
by about 13 to 29% of the initial concen-
tration in 300 sec of reaction. Less chlor-
ine was lost at pH 10.0 in the system,
since the mere stable hypochlorite ion was
the predominant species of chlorine at that
PH.
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Fig.1. Inactivation of bacteriophage 2 with 2.0
to 3.0mg// chlorine at pH 5.5, 7.5, and
10,0 at 10°C
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The inactivation of the phage f2 with
chloine at different pH and reaction time
can be seen in Fig., 1. Each point repre-
sents an average of three replicate trials.
The phage was inactivated at different
rates, depending on the pH value and
reaction time. At pH 7.5, three to four
At pH
10. 0 about two logs of inactivation requ-
ired 300 sec.

logs were inactivated in 60 sec.

2. Effect of Chlorine on f2 RNA

Two types of RNA preparation were
examined to evaluate the effect of chlorine
on f2 phage RNA, After the phage f2 was
treated with chlorine, phage survival was
assayed and RNA was extracted from the
same sample. The RNA was designated
“RNA” and assayed for infectivity to the
spheroplasts. This experiment provided
information on the effect of chlorine on
phage RNA in the chlorine-treated phage.
Another experiment was performed with
naked f2 phage RNA which was designa-
ted “n-RNA”. The naked RNA was pre-
pared from the f2 phage, then treated with
chlorine, and' assayed for infectivity.

The effects of chlorine on the intact

phage {2, the RNA extracted from the
chlorinated phage, and the naked RNA
are compared in Fig, 2. The logs of the
survival fraction (N/Ng) of the three
different samples during the first 60 sec
of reaction were plotted against reaction
time at three different pH values. At pH
5.5, the rates of chlorine inactivation of
the intact phage, its RNA, and the naked
RNA were similar. All three were rapidly
inactivated within 5 sec. At pH 7.5, the
three samples showed the same rate of
the naked RNA
was more rapidly inactivated than either
the intact phage or its RNA at pH 10. 0.

inactivation. However,
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Fig. 2. Inactivation of 2.0 to 2.0 to 3.0mg// chlorine at 10°C on phage 12, RNA extracted
from chlorinated phage (RNA), and phage RNA (n-RNA) at pH 5.5, 7.5, 10.0.
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Fig. 3. The relationship between the inactivation of phage f2 with 2.0 to 5. 0mg/Z*chlorine and
specific attachment of the phage to bacteria pH 5.5, 7.5, and 10.0 at 10.0 at 10°C,

3. Effect of Chlorine on f2 Attachment
The sulfur-35 labeled phage f2 was
treated with chlorine for 300 or 600.sec
at different pH values of 5.5, 7.5, and
10.0 at 10°C. Residual chlorine and sur-
vival of the phage in the samples were
The
chlorine-treated phage samples and untre-

examined during the reaction time.

ated controls were assayed for their abi-
lities to attach to the host and non-host
bacteria. The results are shown in Table
1. The radioactivity of the untreated

phage associated with the host bacteria was
6638 to 8337 and with non-host bacteria
63 to 83. Significant difference was obse-
rved between the specific and non-specific
attachments of the control phage. At pH
5.5, about seven logs of the chlorinated
phage were inactivated and specific atta-
chment decreased by 60 sec. At pH 7.5,
five logs of inactivation and decreasing
attachment were observed by 180 sec.
Survival and specific attachment of the

rhage decreased gradually at pH 10.0.
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Table 1. Inactivation and attachment of sulfur-35 labeled bac teriophage f2

Radioactivity (CPM)

Reaction Free Phage — :
A s ghme g G R
(host) (non-host)

Control 5.9x10° 7,232 63
10 2.31 1.7X104 1, 303 53
5.5 30 2. 24 6. 4102 368 40
60 2.13 2.3%15% 179 56
180 2.07 2. 1102 364 128
300 1. 97 1.8 102 968 424
Control 4,2x10° 6, 638 83
10 2.46 1.3 108 4, 836 61
7.5 30 2.33 2.4X108 2,559 52
60 2.29 3.3X104 934 48
180 2.21 1. 8:< 104 480 146
300 2.11 1.53<103 986 492
Control 7.3 10° 8, 337 71
10 2.72 4.2X10° 8, 163 63
10.0 30 2.48 2.8x10° 7, 885 37
60 2,39 8. 1108 7,215 19
180 3. 24 4.8>108 5, 531 89
300 2. 16 3.5>104 3,978 188
600 2.02 2.3>104 1, 575 836

However, non-specific adsorption of the
phage to non-host bacteria remarkably
increased after the phage had been inac-
tivated with extended chlorination at each
PH value,

Attachment data of the chlorinated
phage were corrected for specificity by
subtracting by non-specific adsorption and
plotted as log N/N, for each sample to
compare them with the survival fractions
of the phage.
inactivation rate and the specific attach-

The comparison of the

ment of the phage during the first 60 sec
can be seen in Fig. 3. At each PH value,
the specific attachment of the phage lagged
noticeably behind the inactivation.

DISCUSSION

The chlorinie demand in a reaction
system is particularly important in the
study of disinfection. The demand produced
by the high reactivity of chlorine with
organic materials reduces the levels of
active chlorine species (Scarpino et al.
1974). However, the evaluation of low
levels of chlorine demand(up to C. Img/l)
In a reaction system is extremely difficult.
The volatile nature of the chloine and the
opportunity for loss resulting from the
necessary handling of low level chlorine
solutions can offer reasonable explanations
of the observed difference in this study.

The effect of pH on the species of
chlorine present in an aqueous system is
well understood. The inactivation of bac-
teriophage f2 at 10°C was directly related
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to the presence of hypochlorous acid. The
phage were rapidly inactivated at pH 5.5,
where greater than 99% of the chlorine
exists as hypochlorous acid. The inactiv-
ation proceeded at a slow rate at pH 10. 0,
where about 0. 1% hypochlorous acid exi-
sts, At the intermediate pH of 7.5 (54.8
9% hypochlorous acid), an intermediate
rate of phage inactivation was observed.
These results were consistent with the
findings of decreased bactericidal and
virucidal effect of chlorine with increased
pH (Kelly and Sanderson 1958; Longley
et al. 1974; Olivieri et al. 1975; Sproul
1976).

The inactivation rate of the
phage with chlorine was similar to the
rate of the RNA extracted from the
chlorinated phage at each pH value. The
inactivation rate of the naked RNA by
hypochlorous acid at pH 5.5and 7.5 was
almost the same as that of the intact
phage and its RNA. These results are
well supported by those of Olivieri et al.
(1975). On the other hand, the naked
RNA was more susceptible to hypochlorite
ion (the ionized form of hypochlorous acid
at pH 10.0) than either the intact phage
or its RNA, This indicates that hypochl-

intact
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orous acid was the major disinfecting
species of chlorine to the intact phage 2
and that hypochlorite ion appeared to
react less with viral RNA in the phage or
to bleach the viral coat protein less, as
suggested by others (Olivieri ez al. 1974).

Bacteriophage f2 attaches to the side
of F pili appended onto the surface of the
male bacteria (Loeb and Zinder 1961).
From the data of inactivation and attach-
ment, the specific attachment of the
chlorinated phage lagged behind the ina-
ctivation. This suggest that the inactiv-
ation of the phage with chlorine is not
directly related to the A-protein playing
a role of attachment and that the phage
can still attach to the host after inactiva-
tion occurs. These results are supported
by the postulation provided by Olivieri ez
al. (1975). However, the increase in non-
specific attachment of the phage upon
extended chlorine may alter the structural
integrity of the protein coat by reacting
with the coat proteins of the phage. As
a result, the free chlorine appeared to
penetrate to the bacteriophage f2 through
the protein coat and to inactivate the
phage RNA as the main target.

®

10. 0ol 4 K4 EERSHSSH B

MeEds 224 SHEE RNAS A
HFe mEste o TEEAS ¥4

At -&al pH 5.5 7.5¢ A = AlvbAl Bt HED WS 240t pH 10,061 A & SR RE
T RNA- el %t of »b2 NEEESSE vebylvh BgHE B S-352 MAET phage {29

Aol Bt RIE BESS R

2 A phage {27}

WEE S
o fed R ST EIE R BRE BERS 23
%o fhol & JASRM Wdol BiEe Hinargeh. wehA Mol (k@ bacteriophage

B KT %‘ﬁ“ﬁiﬂ%—% HE S A& BIR
EA gl ot EEFEEE BT

f29] FEMEAH. = phaged] WX HWAEL #kAA WL BEE PR+ M £2 2 phage '

2] RNAE FiElh A2 ezq

ol FeolAl & Aoz FES Y



June, 1978]

REFERENCES

[

Adams, M.H. 1059. Bacteriophages. Inters-

cience Publishers, N.Y.

2. Allison, A.C. 1962. Observation of the ina-
ctivation of viruses by sulfhydryl reagent.
Virology. 17, 176~183.

3. Benarde, M. A., B. M. Israel, and V. P.
Olivieri. 1965. Efficiency of chlorine dioxide
as a bactericide. Appl. Microbiol. 13, 776~
780.

4. Brinton, C. C., and H. Beer. 1967. The
interaction of male-specific bacteriophages
with F pili, p. 251~289. In ]. C. Coulter and
W. Paranchych (ed.), The molecular biology
of viruses. Academic Press, N.Y.

5. Carlson, S., U. Hasselbarth, and F. W, Sohn
1976. Studies on virus inactivation by chlor-
ine during water disinfection., Zbl. Bakt.
Hyg. 162, 320~329.

6. Cramer, W. N., K. Kawata, and C. W,

Kruse. 1976. Chlorination and iodination of

poliovirus and 2. J. Amer. Water Works
Assn. 68, 61~76.

7. Dahling, D. R., P. V. Scarpino,
G. Berg, and S.L. Chang. 1972.
of viruses and bacteria in water by chlorine.
Presented at the Annual Meeting of the
Amer. Soc. for Microbiol., Philadelphia, PA.,

8. Engelhardt, D. L., and N, D. Zinder. 1964.
Host-dependent mutants of the bacteriophage

M. Lucas,

Lestruction

f2. [. Infective RNA. Virology. 28, 582~587.

9. Farrah, S. R., S. M. Goyal, C. P. Gerba,
R. H. Cooklin, and E. M. Smith. 1977. Com-
parison between adsorption of poliovirus and
rotavirus by aluminum hydroxide and activa-
ted sludge flocs. Appl. Environ. Microbiol.
35, 360~363.

10. Granstrom, M. L., B, M. Israel, W, B,
Snow, and M. E. Lynch. 1964. Reaction of
chlorine dioxide and other oxychloro-compou-
nds with organic compounds. Annual Report
U.S. Army Edgewood Arsenal Chemical Res-
earch and Development Laboratory, Edge-
wood, MD,

11. Hloba, L. 1., L. M. Lastovets, and M. M.,

Kim and Min: Inactivation of bacteriophage with chlorine 69

Rotmistrov, 1972. Adsorption of virnses from

water by some minerals, Mikrobiol. Zh. 34,
64 ~65.

12. Hofschneider, P. H., and H. Delius. 1968.
Assay of M12 phage RNA infectivity in
spheroplasts, p.880~886. In L. Grossman and
K. Moldave(ed.), Methods in Enzymology,.
vol. XII, part B. Academic Press, N.Y.

13. Hoehn, R. C. 1976. Comparative disinfection
methods. J. Amer. Water Works Assn. 68,
302~¢08.

14. Hsu, Y. C,, S. Nomura, and C. W. Kruse.
1966. Some bactericidal and virucidal prope-
rties of iodine not affecting infectious RNA
and DNA. Amer. J. Epidemiol. 82, 317~328.

15, Kelly, S. M., and W. W. Sanderson. 1958.
The effect of chlorine in water on enteric
viruses, Amer, J. Pub, Health. 48, 1323~
1334.

16. Knox, W. E., P. K. Stumpf, D. E. Green,
and V. H. Auerbach. 1948. The inhibtion of’
sulfhydryl enzymes as the basis of the bact-
ericidal action of chlorine. J. Bacteriol. 55,
451~458.

17. Lefler, E,, and Y. Kott. 1975. Virus survival.
in water and wastewater. Israel J. Med. Sci
11, 511~518.

18. Loeb, T., and N. D. Zinder. 1961. A bac-
teriophage containing RNA. Proc. Nat., Acad,
Sci U, S. 47, 282~289.

19. Longley, K. E., V. P, Olivieri, C. W. Kr-
use, and K. Kawata. 1974. Enhancement of

terminal disinfection of a wastewater treat-

In J. F. Malina,
Jr. and B. P. Sagik (ed.), Virus survival in
water and wastewter system. Center for
Research in Water Resources, The University
of Texas, Austin, TX.

20. Lothrop, T. L., and O. J. Sproul. 1969.
High-level inactivation of viruses in waste-
water by chlorination. J. Water Pollut. Contr,
Fed. 41, 567~575,

21. Ludovici, P. P., R. A, Phillips, and W..
S. Jeter. 1975.

ment system, p. 166~179.

Comparative inactivation of
bacteria and viruses in tertiary-treated waste-
water by chlorination, p.359~390. In J. D.



70 KOR. JOUR.

Johnson (ed.), Disinfection-water and waste-
water. Ann Arbor Science, Ann Arbor. ML,

22. Moore, B. E., B. P. Sagik, and J. F. Mal-
ina, Jr. 1975. Viral inactivation with suspen-
ded solids. Water. Res. 9, 197~203.

23. Olivieri, V. P., C. W. Kruse, Y. C. Hsu,
A, C, Griffiths, and K. Kawata. 1975. The
comparative mode of action of chlorine, bro-
mine, and iodine of f2 bacterial virus. p. 145
~162. In J. D. Johnson (ed.), Disinfection-
water and wastewater. Ann Arbor Sciece,
Ann Arbor, MI,

24. Oeschger, M. P,, and D. Nathans. 19686.
Differential synthesis of bacteri ophage e peific
proteins in MS2 infected Escherichia coli
treated with actinomycin. J, Mol. Biol.
22, 235~247.

25. Prat, R., C. Nofre, and Cier. 1968. Effets
de 1’ hypochlorite de sodi um de 1’o0zone et
des radiations ionisantes sur les constituants
phyrimidiq ues d’ Escherichia coli. Ann Inst.
Past. 114, 595~607.

26. Scarpino, V. P., M. Lucas, D. R. Dahling,
G. Berg, and S. L. Chang. 1974. Effectiveness
of hypochlorous acid and hypochlorite ion in
destruction of viruses and bacteria, P. 359~
368. In A. J. Rubin (ed.), Chemistry of water

MICROBIOL. [Vol. 16, No. 2

supply, treatment, and distribution. Ann Ar-
bor Science, Ann Arbor, MI

27. Shah, P., and J. McCamish. 1972. Relative
resistance of poliovirus 1 and coliphage £2
and T2 in water. Appl. Microbiol. 24, 652~
659.

28. Sproul, 0. J. 1876. Removal of viruses by
treatment processes, p, 167~179. In G. Berg,
H. L. Bodily, E. H. Lennette, J. L. Melnick,
and T. G. Metcalf (ed.), Viruses in water.
Amer, Pub. Health Assn,, Washington,, D.C.

29. Standard Methods for the Examination of
Water and Wastewater. 1976, APHA-AWWA
-WPCF, Washington, D.C.

30. Yamamoto, K. R., B. M. Alberts, R. Ben-
zinder, L. Lawhorne, and G. Treiber, 1970.
Rapid bacteriophage sedimentation in the
presence of polyethylene glvcol and its appli-
cation to large-scale virus purification. Viro-
logy. 40, 734~744,

31. Young, D. C', and D. G. Sharp. 1976.
Poliovirus aggregates and their survival in
water. Appl, Environ. Microbiol. 33, 168~
177.

32. White, G.C. 1975. Disinfection: The last
line of defense for potable water. J, Amer.
Water. Works Assn. 67, 410~413.



