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5ICUNITY CLASSIFICATION OF THIS PAGE(WRmi DMa Ene.rod);
described . A few experiments on ECHO virus are included .

Methods for direct observation and measurement of the size and
f req uency of aggrega tes b y el ec tron micr oscopy hav e been ap p l i ed
f irst with reovirus then new methods were devised for obtain ing the
same data for the smaller polio and ECHO viruses. Method s and
appara tus were devised for following disinfection rati~s at 1/2 second
intervals during the fast reactions of some of the hromin& spt I~~s
with water suspensions of single virus particles.

— -I
Methods have been devised for prepara~rt~n of thc viruses with

lit tle or no particle aggregation, for storage of such stock preparations
with minimal aggregation and for df~ ut ion of these stock viruses In
water without producing aggregation~ in the process. Thesc methods
have made possible the comparison of the reaction rates of OBr , Br 2,
HOBr , and the bromamines NBr.5 and NHBr2 on wa ter suspensi ons of sing le
pol iovirus particles. Data l~ave been gathered over a range of con-
cen trations of the active agents , temp~~ atures and pH values. They
cannot be abstracted in a sentence bu~~ jn general , Br~~ and OBr..
inactivate poliovirus 3 4.1O times fas~er than HOBr tn equinolar con-
centrations . ., Tribromamine reacts at about the same rate as the HOBr
and dibr omantine much slower.

Wi th minor exceptions , the semi—log plot of surviving infectivity
of pol iovirus in the presence of all of these forms of br omine is a
linear function of time but the reaction rate generally does not
increase linearly with increasing concentration of the disinfecting
agent. Careful investigation with HOBr has shown that its rate of
inactivation of poliovirus increases but very slowly when its concen-
tra tion is increased above 10 UM (1.6 mg/l) at a temperature of 2C.
It levels off much like an enzyme reaction as described by the
Michaelis—Menton hypothesis , but there are no enzymes involved here.

7’ Aggregation among the virions of both polio and reoviruses
increases their resistance to inactivation by bromine . Survival
may be increased over 100 fold by this means. Stock virus preparations
tend to aggrega te when diluted in water of low salt content (natural water)
or at pH below 7. Electron microscope data are presented to show this and
2 methods are described for detecting and measuring the extent and progre ss
of this aggregation at virus concentrations too low for electron microscopy
Da ta ob ta ined by these means show tha t poli ovirus , once aggregated , does
not disperse when carried to high dilution in water but addition of salts
tends to break up the aggregates. Aggregates of reovirus are more difficul
to disperse. Salts are effective in preventing the aggregation of
dispersed virus below pH 7 par ticularly the divalent Ca~~ and t4g~~ ions.

j..- Rcovirus infectivity is destroyed by HOBr about 15 times faster
than poliovirus but if the reovirus is aggregated it can survive HOBr
treatment that destroys dispersed poliovirus. .~~~

Reovirus , poliovirus and ECHO virus, when released by alternate
freezing and thawing of a few infected cells in distilled or natural
water , are not well dispersed in spite of great dilution. Ten to 50%
of the infectivity is in the form of aggregates This is in water
without particulate impurities. Clay particles (bentonite) attract
reovirus in weak phosphate buffer at pH 7 as shown by electron microscopy.
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Aggregated appears to be the conunon condition of these viruses
when present in water of zero or low salt content or at low pH. And
the resistance to disinfec t ion by bromine is greatly increased by
aggregation.
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INTRODUCTION

The most practical method in use today for inactivation of both
bacter ia and viruses in water is treatment with halogens. No
publication of any consequence has denied their effectiveness on
viruses hut few have been in good agreement regarding the rate of
Inactivation and most experiments have encountered a departure from
simple first—order kinetic behavior. Our work has not been directed
to discovery of the nature of the chemical reaction of halogen compounds
wi th viruses but rather to make a careful study of the kinetics of
their inactivation by the important individual chemical forms of
bromine with simultaneous observation of the aggregation of the
virus particles. Many authors in the past have cited aggregation as
a probable cause of departure from classical kinetic concepts
( 1) so we hav e made d irect measu remen ts of bo th the number of
virions (physical particles) and their state of aggregation by
electron microscopy . Special quan tita tive techn iques have been dev ised
and developed for this purpose. And these have been supp lemen ted by
analy t ical pro ced ures involving rate zonal cen tr if uga tion which are
effective at very low virion concentrations where electron microscopy
(EM) does not apply.

Inasmuch as bromine has been the particular agent under stud y
it has been necessary to depart from the conventional pr ocedure of
mixing virus and halogen in a beaker and taking samples for titration
at  suitable times. The reaction with single virions is so rapid ,
even at 1 ~.ti (0.16 mg Br2

/l) concentration of HOBr that it could not
be adequately followed in such a static experimental arrangement. A
dynamic experimen t has been designed for injecting stock virus
into a turbulent flowing stream of bromine water and removing
samples for test at appropriate int€ rvals down—stream that can be
made to correspond to treatment times as short as one half second .
A descr iption of apparatus for this as well as for the preparation of
virus for the EM analyses is a significant part of this report.

While data on the survival of aggregated virus has been sought
and ob tained here , it has been necessary to learn first how to
prepare and store purified virus stock suspensions that have
essen tially all single particles. These must have high enough
concentration for quantitative electron microscopy and they must
not aggrega te on dilution during the experimental procedures.
Wi thout such dispersed starting stocks of virus , no meaningf ul
comparisons can be made of reaction rates for different viruses or
f or d if f e r e n t bromine species on a given virus which sometimes
require different pH values. We believe we have satisfied these
conditions and that the reactiou rates given here are indeed those
for single virions.

1
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Halogen disinfecting agents have sometimes been used in
biological experiments in such a way that one cannot be sure of the
concentration or chemical form of the active component. We have
been careful to not only control and quantitate the state of viral
aggrega tion bu t also have careful ly controlled the concentration and
chemical form of the halogen used. In this way we have developed
our kinetics of disinfection with both known and reproducible
chemical and viral conditions.

2
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MATERIALS AND METHODS

THE VIRUSES , (THEIR PREPA RATION AND ASSAY )

Most of the experiments reported here were done with two viruses.
Reovir us, al though of ten considered of little significance as a d isease
produc er in water , was importan t to us because of its size. It is
2.5 times larger in diameter and so about 16 times as massive as polio
or any of the small enteric viruses. This virus could be counted and
its aggregation measured by exis ting quan titative me thods of elec tron
microscopy (2). Methods for doing this with polio and other such
small viruses had not yet been developed to the point of general
usefulness at the time we began this work. So reovirus has been a
valuable intermediate in the transition to the extended work with polio
and the final brief series of experiments with ECHO.

Reovirus type 3 (Dearing strain) was grown in and all plaque
titrations were made on monolayer cultures of L cells as previously
described (3), with the following exceptions : Cells were maintained
in 200 ml milk dilution bottles and passaged into 32 oz prescription
bottles for growth of virus. Virus was harvested at 16 to 18 h after
infection at 10—20 pfu/cell rather than 20 to 24 h as previously
noted (3). [n addition , the virus was extracted from the cells in 6 ml
of PBS without calcium and magnesium and 4 ml of Freon 113 for 2 mm
at one half speed in a Sorvall Omni—Mixer. The virus was placed on
20 -

~ 40% w/w sucrose gradients in 0.05 M phosphate buffer at pH 7.2,
and cen tr ifuged a t 25 ,000 RPM in the Beckman SW 27 rotor at 4C for
1 hour. The virus, collected from the lower of two bands seen with a
collimated beam of ligh t, was allowed to remain in the sucrose at
4—6C, and was not pelleted . The virus stored in this manner retained
its infec tivity for several weeks and the state of physical aggregation
is quite stable . There is no bacterial or fungal growth and the
sucrose does not produce any detectable bromine demand under the
conditions of our experiments.

Poliovirus , type I , Mahoney strain , was obtained from Dr. Gerald
Berg, Environmental Protection Agency , Cinc inna ti , Ohio, and was
serially passaged in Human Epidermoid Carcinoma ce~ ls, HEp—2. The
cells were grown in medium 199 containing 0.105% NaHCO.~ and 5% fe tal
calf serum (FCS). After the cells reached confluency they were
maintained on the same med ium with 2% FCS.

3
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Stocks of virus were produced in HEp—2 cells at 37C by infec tion
at a multip licity of 10—20 pfu/cell under a maintainence med ium of
199 + 0.105% NaHCO3 and 2% FCS. After 18—24 h when the CPE was 100%,
the cells were frozen and thawed 3 times and the cell debris removed
by low—speed centrifugation

1~
’~.800G) for 10 m m .  The supernatant

fluids had titers of 4 x 10 PFU/inl and were kept frozen at —70C.

Purified virus was produced in the same cells grown for 3 days
in 32—ounce prescription bottles inoculated with the above stock
virus in Dulbecco ’s PBS containing 12.5 mM MgCl 2 , at a mul tiplicity
of ~lO PFU/cell. The virus was allowed to absorb for 1 h at 37C,
then 40 ml of maintainence medium containing 12.5 mM MgCl

2
was added to each bottle and the cells were further incubated at 37C
for 11 h. The cells were chilled to 4C and the supernatant fluid was
decanted. The monolayers were washed 2 times with PBS and the
cells of each bottle were scraped into 10 ml of PBS and pelleted
at 250 C for 10 m m .  Cells remaining in the supernatant fluid were
pelleted similarly and pooled with the scraped cells and pelleted
again . The pellet of cells was resuspended in 6 ml of PBS not
containing Mg~~ or Ca~~ . Four ml of Freon 113 were added and the cells
were homogenized at one—half speed in a Sorvall Omni—Mixer for 2 minutes.
The phases were separated at 800G for 10 minutes and the upper aqueous
phase was removed and held in an ice bath.

The Freon phase was re—extracted with  a fur ther  6 ml of PBS and
the phases again separated . The aqueous phase was pooled with the
previous one , and the Freon phase again re—extracted with 6 ml of PBS.
All aqueous phases were combined and made to a volume of 20 ml. Ten
ml r,f th is ex tra ct was placed on each of two 10 -

~ 30% wfw sucrose
gradien ts made in 0.05 H phosphate buffer , pH 7.2. The gradients
were cen tr i fuged  at 25 ,000 RPM in the Beckman SW 27 rotor at 4C for 2
hours and 15 minu tes. Fractions of 2 ml each were collected from
the tubes and examined by the kinetic attachment (4) for the presence
of the virus. Twenty frac tions were obtained from each tube and the
highest count of virus was most frequently found in fraction 14. All
relevan t fractions were pooled and the virus was stored at refrigerator
temperature without any attempt to remove the sucrose.

ECHO was grown in HEp—2 cells , purified and stored exactly the
same as poliovirus.

4 
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PLAQUE ASSAY

Plaque titrations of reovirus were performed on 3 day old
monolayer cultures of L cells (5) in tigh tly stoppered I oz
prescription bottles under an overlay of 1% Difco agar containing
Medium 199, 5% Fetal Calf Serum , 0.245% NaHCO3, and 0.003% Neutral
red. Plaques were counted af ter 6 days at 37C.

Plaque assays of poliovirus were performed on 4—day—old
monolayers of HEP—2 cells in 1 ounce prescription bottles under an
overlay of 1% Dif co agar con taining medium 199 plus 5% FCS , 0.210%
NaHCO 3, 0.003% neu tral red , and 5 mM MgCl~~. The plaques were read
af ter 3 days incubation at 37C.

Plaquing of ECHO—I virus was done the same as that of poliovirus.

PHYSICAL ASSAY (Particle counting and Aggregation analysis)

Physical assay of virus particles in suspension by elec tron
microscopy can be done by the me thod of Sharp (2) if the virions are
large enough and reovirus is large enough (3). Briefly the method
consists of sedimenting the virions from lml of water—suspension upon
one cm square piece of 2% Difco nutrient agar 2 nun thick in
a Sorvall Type SU centrifuge rotor. When all the virions have made
contact with the agar the machine is stopped , the supernatant fluid
poured off and the agar block permitted to dry (15 minutes). After
dry ing, a 0.75% solution of collodion in amyl ace tate is flooded
over the surface of the agar block which is immediately drained
edgewise (with one edge resting on an absorbant paper). This removes
most of the solution leaving a very thin film which dries quickly .
This collodion film is then removed by floation on a clean water
surface and mounted , virus side up, on standard EM grids which
may be shadowcast with metal to enhance contrast and to reduce the
eyestrain of particle counting. Collodion films so prepared are
not true replicas but pseudoreplicas. The reovirus particles that
were on the agar surface adhere to the collodion and are removed with
it. The number of virions per unit area of the picture N is related
to the number per unit volume N

0 
as follows : c

in which k is a constant determined by the geometry of the centrifuge
rotor cell and the thickness of the agar and M is the magnification
in the EM. In our apparatus k 21 so when M — 2500 there are
3.36 virus particles on each 2” square picture per million in the ml

5
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of fluid examined . Inasmuch as about 100 per f ield are desirable
for  sta tistically sign ifica~ t resu l ts our prac tical lower lim it of
sensitivity is about 3 x 10 virions per ml which corresponds to about
7 x 10 plaque forming units (PFU) of fully active reovirus. Naturally
one makes these coun t p ic tures at as low a magnif ication as possible,
consistent with ability to see and focus the instrument , in ord er
that the maximum number of particles be seen.

Visual counting and aggregation analysis of poliovirus was
essential to this work so our first efforts were directed to
app lica tion of the agar pseudoreplica sed imen tation techn ique to these
28 nm particles . It failed . But another method was devised , based
on work done by Valentine and Allison in 1959 (6). Brownian
mo t ion of vir ions in a liquid in con tac t wi th a suitable surfac e
will deposit on that surface a predictable number of partic les
per unit time. Enteric virus particles like polio, coxsack ie ,
ECHO , etc., are small and so they d i f f use rapidly. Apparatus was
constructed for holding a drop of virus suspension , without evap-
oration , on an aluminum—coa ted collodion film supported b’: a
standard EM grid (Fig 1). After a suitable contact tiuie, usually less
than one hour , all the liquid is washed away. This washing is very
cr itical. Absolutely no unattached virus must remain to dry down on
the surface  because the deposi t by dry ing will not be random. After
dry ing , the prepara t ion may be metal shadowcast. This is not essential
but it helps greatly in seeing and focusing at very low magnifications
and in the ted ious business of coun t ing thousands of par ticles on the
negatives. At M — 5000 suitable count pictures of pol iovirus can be
made and the number of particles Nc that can be seen per unit area
from a suspension of No per ml . will be:

N = 1.13 N0”f~~ /M 2

in which D is the diffusion constant which is given by:

D = kT/6 ~r n r

—16
k = 1.38 x 10 (Soltzman s constant)
T Absolute temperature
n = Absolute viscosity of the

7
fiuid at temperature T.

r — Particle radius (14 x 10
7 
cm for poliovirus)

For poliovirus D = 1.53 x 10 at 20C.
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Fig. 1 KA appara tus for producing random kinetic attachment
of single virions and clumps to an aluminum—coated
colection film for assay by electron microscopy .
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When deposit t i m e  h as  been 30 m i n u t e s  at 20C and EM magn i f i ca t ion
5O~ O there  w i l l  he about  2 p a r t i c l e s  per 2” ~quare  p i c t u r e  for  each
10 per m l  in the virus suspension so x 10 per ml  are needed to
get  lO () per f rame compared w i t h  I x 10 for  reo by spin—down methods.
We have ce ll e d this the kinetic attac hment or KA method and the
sed imentation one , the spin—down or SD method in the rest of this
report. Both are satisfactory for reo but only the KA succeeds
w ith polio and ECHO viruses. Three more details are important to those
who would use the KA method . Salt concentration in the virus suspension
had best be above 0.1 M; sucrose up to 3% is tolerable but soluble
protein must be rigid ly excluded. The method will not work except
with purified virus from which proteins from host cells and culture
med ia have been removed .

HALOGEN SOLUTION, PREPARATION AND ANALYSIS OF INDIVIDUAL CHEMICAL
COMPOUNDS (The separate chemical species used in dynamic inactivation
exper imen ts)

Chlor ine demand free water was prepared from deionized , glass—
distilled water chlorinated to about 5 mg/i for 4 days and dechlor inated
the day before the experiments with an ultraviolet lamp . This water
re fer red  to as demand free wa ter was used in the prepara tion of all
solutions and reagents coming in contac t with halogen solutions .
It is stored protected from the atmosphere by 50% su l fu r ic acid
scrubbers .

Hypobromite stock solutions , of approximately 8 mM concentration ,
were prepared by the reaction between hypochlorite and bromide (7),
at pH 11.0, using equimolar amounts of NaOC1 and KBr. Because of
the slow decomposition (8,9,10,11), y ield ing bromate and brom ide ,
stock solutions were used for a maximum of one month. To monitor
de compos it ion , a differential titration procedure for hypobromite
and bromate was devised. Excess sodium arsenite was added to two
stock samples; one in acidic and the other in neutral media followed
by an amperometric back titration of each, with bromate and iodine ,
respectively. Since brotnate is determined only in the acid titration ,
while hypobromite is determined in both , broma te concen tra t ion is
calcula ted by d i f fe rence , indica ting the magnitude of stock decompo-
sition (12,13,14,15).

Hypobromous acid , HOBr , was produced by adding the stock solution
to pH 7 buffer (KH

2
PO
4
—K
2

HPOh, 0.01 H) just prior to the experiment.
As in all experiments, incluaing those involving acetate and borate
buf f e r s  for other bromine species, the buffer was chlorinated to
3—5 mg/I for 4 days and dechlor inated with an ultraviolet lamp the
day before the experiments.

8
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Hypobromite , OBr was also pr odu ced by adding stock solu t ion
to the carbovs immediately before the experiments. One set of
experiment.s was done at pH 10 (0.01 H Na

2
B
4
O7, NaOH), the other at

pH 11 (0.001 M NaOH). Equillibrium calculations show that at pH 11,
the solution at 4 C is 99Z OBr and 1% HOBr , while  at pH 10, it
contains 91% OBr and 9% HOBr (16).

Mo lecu lar br om ine , Br 2 , was produced by adding an OBr /Br
mixture (pH 11) to a buffered pH 5 solution (0.05 M CH

3
COONa —

CH S~COOH). in each experiment , the fina l bromide concentration was
5.~4 mM, suc h that the final solution at 4°C was composed of 89% Br
10% Br , and 1% HOBr (17). In addition , NaCI was added to the buffer
to a f~ na1 concentration of 0.3 H in order to prevent viral
aggregation .

Tribromamine , NBr 3, was prod uced by simultaneously adding equa l
volumes of OBr and NH

4
CI solutions to pH 7 buffer , (KM P0

4—K2
HPO 4 ,

0.01 H). The resulting solution had a [NH1]: IBr 2 J of ~ :3 , such
that the bromine existed entirely as tribr6mamine (18).

D ibromamine , NHBr 2, was also generated by simultaneous addition
of equa l volumes of OBr and NH Cl solutions to pH 7 phosphate buffer ,
0.01 H. However, the f ina l  ra t

t
lo [NH

3
]:[Br

2J was 3:1 (18). Both
the d i— and tribromamine experiments were conducted within several
minutes after preparing the solutions. All experiments were done
at 4 C.

BROMINE ANALYSIS

Br om ine concen tra t ions were de term ined by the iodom etr ic
method (19). Immediately bef ore and af ter each dynam ic inac tiva tion
exper iment , flow output samples were collected into 250 ml optical
red flasks , which already contained S ml. of 5% potassium iod ide.
Then 2 ml of glacial ace tic ac id wa s added , and the solut ion was
titrated with sodium thiosulfate to an amperometric endpoint , using
an applied poten tial of + 200 mV vs SCE.

in add ition to iodometry , ultraviolet absorption spectroscopy
was used in the ana lysis of di and tribromainine. Ultraviolet
absorption spectra of samples from each exper iment were taken on a
Cary model 14 spec trophotoineter in 10 cm cells. Simultaneous Beer’s
law equations involving the molar absorptivities of di— and
tribromam ine at their absorbance maxima of 232 and 258 nm (20) were
then solved , showing that each sample was essentially either all
dibromainine or all tribrotnamine , with only minute traces of the other.

9
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Dynamic Inactivation Experiment
(For exposing virus to bromine in turbulent flowing water)

Suspensions of single v i rions reac t rap id l y  wi th brom ine even a t
very low concentrations so apparatus was constructed in which a virus
stock suspension could be injected into a turbulent flowing stream
of bromine water at measured rate for a short time then sampled at
appropr iate distances down—stream. This minimized the quantity of
virus needed (virus production is time—consuming and expensive)
while providing samples of very short but precisely known exposure
times. The apparatus must provide a large enough volume of water
to insure stability of temperature , bromine concentration and flow
rate through the reaction siphon tube (Fig. 2) for a period of several
m inutes. The reaction tube is 3/8 inch inside diameter and the
bottle (20 liter) height is adjustable so that turbulent flow at
the desired rate can be achieved. Turbulence is essential, so the
Reynolds Number has been kept equal to or greater than 3000 in all
experimen ts. The reaction tube has 5 access ports covered by
disposable serum bottle stoppers. Five 5 ml syringes with needles
are inserted. The first of these (at the left) carries the virus
inoculutn (5 ml) which , when triggered , starts the weight—driven
pl unger , which delivers the inoculum steadily for 5 seconds, into the
turbulent stream of buffered bromine water. There is a 6 mm diameter
disk located on the axis of the tube just downstream of the inoculum
needle t ip, to aid in mixing.

The time of transit from injection point to sampling point will
be de term ined only by the f low ra te and the dis tances D1, D2 , etc.
It is not in any way dependent on when the sample is taken as long as
the sample is taken within the 5 second interval during which the
“polluted ” water passes the sampling port in question .

Each of the 4 sampling syringes contains 1 ml of 2 mM autoclaved ,
membrane filtered sodium thiosulphate solution , 1 ml of a ir and a small
Teflon—coated magnetic stirring bar . The syringe plungers are held
in metal blocks attached to helical springs , each under tension and
restrained by a release pin that can be pushed at the desired time.
When the spring is released the syringe draws exactly 1 ml from the
flowing stream. This is mixed with the thiosulphate solution to stop
the reaction of the bromine on the virus . For virus—bromine exposure
times of 1 second or less, additional precautions were taken to insure
instant mixing. This is done by means of the magnetic stirring bar
which is made to rotate at 1800 RPM by 2—pole AC motor windings
surrounding each sampling syringe . These are stator windings used
in small electric servo motors kindly provided for us by the Sperry
Rand Company of Durham, N. C.

10
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Twenty l iters of buffered demanu—frec water is prepared and
adjusted to the tempe ra tu re  r e qu i r ed  f o r  the exper iment .  Enough
bromine of the proper chemica l  fo rm is added 17 hours before the
experiment to bring the concentration in the bottle to approximately
the right value. Just before the experiment , more bromine is added
to adjust the concentration to exactly the required level. Previous
experiment has established the exac t level of liquid in the bottle
to produce the desired flow rate (range 20 to 40 mi/sec in different
experiments). This level is marked for easy reference and all
experiments start at this level. Beginn ing with the liquid at a
h igher level , the siphon is star ted and the f low con t inued for  a
few minutes to allow the tube to adjust to the temperature and
concentration in the bottle and when the liquid level reaches the
marked starting level the virus injection is started . The stirring
bars in all four  samp ling syringes are already runn ing in their 1 ml
volumes of thiosulphate solution and it only remains to trigger each
of the syringes as the virus passes and also catch a sample of the
virus—bromine mixture at the discharge end to determine its bromine
concentration for comparison with that in the bottle. Neutralized
bromine—virus mixtures from the sampling syringes and the virus from
the inoculation syringe are then assayed for virus by the plaque
met hod .

The dilution of virus, as it enters the flowing stream is just
the ratio of the rates of injection and stream flow. The injection
syringe is timed by direct observation and stopwatch. The stream
f low ra te is easily obtained by timing the outflow of some conveniently
measured volume such as 500 ml. Variation in flow rate with liquid
level in the bottle is negligible during the experiment time, which
has no t been over 20 seconds , because of the large (approx. 700 cm2)
surface area.

Tygon tubing is convenient for the flowing stream but we have
found tha t it absorbs substantial quantities of bromine. Glass is
• ifficult to manage without catastrophic accidents. However , “high
densi ty” polyethylene tubing has performed well. It is readily cut
to desired lengths and it exerts negligible bromine demand .
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MEASUREMENT OF FREQUENCY DISTRIBUTION OF AGGREGATES

Rate Zonal Centrifugation

Quantitative data on virus particle aggregation from electron
microscopy has a uni que direc tness tha t is app ealing but it can be
ob ta ined only from suspensions of high concentration . The
centrifuge will reveal the differences in sedimentation rate
charac teris tic of single par ticles and aggrega tes of single par ticles
no matter how low the concentration might be. It is particularly
powerful when employed to sed iment a band of virus particles into a
shallow preformed grad ient of density made of an inert non—ionic solute
such as sucrose. This is not an isopycnic equilibrium but a rate—zonal
process that can be carried out either in a large—volume “zonal”
rotor or a conventional swinging bucket rotor. We have employed them
both for different purposes in this work.

ZONAL ROTOR (Analytical technique)

The BXIV zonal centrifuge rotor (23) was brought up to 1,800
rev/m m  empty and held at this speed while gradient and virus samples
were in trod uced through tygon tubing of one—eighth inch (3.2 mm ,
internal diameter) via the running seals. Slightly convex gradients
were produced with reagent—grade sucrose , in 650 ml quantitites,
in 0.005 M phosphate buffer (pH 7.0). These were pumped into the
rotor , entering at the periphery, dil ute end f i r s t , un til the en t ire
volume was filled . Virus was introduced (15 ml volume containing
abou t 1010 virions) by means of a syringe and needle, placing it in
the inner—most position. In the experiments with 10 to 30% sucrose
gradien ts, the virus was suspended in 5% sucrose made up with phosphate—
buffered saline. In later experiments with 15% to 30% gradients , the
vi rus was suspended in 15% sucrose made up with 0.005 M phsophate
b u f f e r , pH 7.0. A 50 ml volume of buffer was injected afterward ,
d isplac ing a total 65 ml volume of the denser part of the gradient out
through the tubing through which it came in and advancing the virus
to occupy a band 1.6 mm thick at the 2.7 cm rotor radius. The running
seal with connecting tubing was then removed , and a vacuum—tight cap
was put over the opening in the rotor. The centrifuge was evacuated ,
and the rotor speed was increased smoothly to the desired maximum
and held constant until deceleration . Some of the experiments
were made with the Spinco model L centrifuge ; with it , the ro tor was
allowed to coas t, without brake, down to 1,800 rev/mm , when air was
admitted to the rotor chamber. In later work with the Sorvall
ultracentrifuge , in which there is no gear train to provide frictional
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drag, a small amoun t of reverse pressure had to be applied to its fluid
drive to decelerate the rotor to unloading speed in about 6 m m .
Running seal and feed lines were reattached , and the whole con ten ts
of the rotor were displaced through the innermost connecting tubing ,
by pump ing in a denser piston fluid through the peripheral
connection . Twenty—six bottles (25 ml each) were collected in
series in this unloading operation . Densities were determined by
1 ml pycnometer. Virion counts and aggregation analyses were made
on su ita b l y  d il uted samples by the agar pseudorep lica technique with
the use of the electron microscope. Most methods of preparing
suspended virions for electron microscopy will induce some aggregation ,
wh ich canno t be tolerated here. Sucrose concentrations of 3% (w/v) or
less do not interfere with the virion—counting technique , so a maximum
d ilution of 10 x was needed only at the 30% end of the gradient.
Low—count samples were sometimes dialyzed to avoid dilution before
counting. The number of single particles and the number of groups
in each size category were counted in each of the samples .

Suitable dilutions of the samples were made directly into growth
medium 199 and titrated for plaque formation upon monolayers of L cells.

Swinging Bucket Rotor

A Single Particle Approximation (SPA) test has been used to
determine the concentra tion of single particles in a virus suspension .
Figure 3 shows the geometry of the test. A cellulose nitrate tube which
fits the Beckman SW 50.1 rotor (1/2 by 2 inches, 1.27 x 5.08 cm) is
filled uniformly with the virus sample. Under the centrifugal force
developed by the spinning rotor , each aggregate size has a characteristic
velocity of sedimentation . Singles sed imen t slowest, wh ile pa irs sedimen t
approxima tel y 40% faster. Groups of three, four , and larger each sed imen t
somewhat faster. Tf the run is terminated at the proper time , those
single particles which were at the meniscus of the fluid will sediment
one—third of the distance down the tube. Pairs will sediment about
one—half the tube length , while larger aggrega tes will all en ter the
bottom half of the tube . Therefore, in tha t volume of f l uid be tween
one— third and one—half the length of the tube will reside single
par ticles only (the shaded area in Fig . 3), and removal and titration
of the top half of the contents of the tube (ca. 2.3 ml) will y ield a
measure of the singles population. The more aggregation present , the
fewer sing les remaining in this volume of fluid . For poliovirus ,
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Doubles Boundary

Ii1~~
1es B~ ndar I~\~~~~~~~~~~~~~~~

7.27cm~~ 
ROTOR :SW5O I
TUBE: I/2 ” x 2 ”

l.86cm -
~~~~

- (I.27 x 5.O8cm )

Fig .  3 Diagram fo r  l oca t ing  samp le in the c e n t r i f u g e  tube fo r  t i t r a t i o n  in
sing le p a r t i c l e  approximat ion  (SPA) t es t .

the conditions which place sing le par t i c les  at this level are : rotor
speed , 30 ,000 RPM; time , 20 

T~
n . ;  and temperature , 20C ; integrated time

at top speed w2t = 1.23 x 10 rad2/sec . Reovirus can be treated
in a similar manner with the only excegtion that the rotor speed is
reduced to 15,000 RPM (~~ t = 3.13 x 10’ rad 2/sec).

A useful technique (24) called the Red , White and Blue (RWB)
is an abbreviated rate—zonal experiment that gives an approximation
of the percentage of single virions in a preparation as well as a
measure of the frequency of small and large aggregates. A small
centrifuge tube (5 ml for Beckman SW 50 L rotor) is prepared
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by plac ing 1 ml of 507. sucrose solution containing neutral red in the
bottom. Two and a half ml of 20% sucrose containing trypan blue are
layered over this and 2 ml of the viral suspension to be tested is put
on the top. This is spun at a speed and time sufficient to sediment
about half of the single virions out of the top (white) section .
Prelim inary experiments with the best available monodisperse virus
sh~wed this to b~0

accomplished in 20 minu tes at 30 ,000 RPM and 20C
(w t 1.28 x 10 ) .  As the v i r ions move in to the 20% sucrose (bl ue)
sec t ion , they sediment slower so that single par ticles in original
2 m l vol ume wil l  be compressed in to a smaller volume (shaded , Fig . 4).

VIRION AGGREGATION TEST
(Red . White and Blue)

8EFORE SPIN c—A FTER SPIN

SU )SE ! ~ru ‘~~c

ALL SINGL ES AGGREGATION
CONTROL TEST

Fig. 4 Diagram of an abbreviated method for analyzing a suspension of
mixed aggregates by separating them into 3 a r b i t r a r y  par t s  in
a step density gradient fo r  PFU t i t r a t ion. A f t e r  c en t r i f uga t i on
there are mostly single par t ic les  remaining in the top (White)
section of the 5 ml swinging bucket tube . The middle (Blue )
section h~iq the rest of the singles and small clumps while all
the large clumps are in the bottom (Red) section .

— -~~~~~~~



Pairs , which sediment app roximately 40% faster than singles
should be 70% removed from the white section and negligible numbers of
larger aggregates should remain . So with a monodisperse poliovirus
suspension , one should find half of the PFU remaining in the white , the
other half in the blue and none in the red section . With polydisperse
prepara tions , we estimate , without experimental evidence at this time ,
that the largest compac t adhering group that could remain in the blue
sec t ion would be 8 particles. All larger groups would be in the bottom
red section . In actual practice better reproducibility in removal of
the top (white) section for PFU titration was obtained when a small
amoun t of the blue section was taken with it. In the experiments
reported below a total of 2 1/2 ml were taken with the top section
and the average of 8 repea t tes ts wi th a highly dispersed virus
preparation gave 66% (55 to 75%) of the original titer remaining in
the white fraction. In these same tests the bottom (red) averaged
3% with a range of 0 to 7%. This might have been a few aggregates
or it might have been a small amount of virus left by incomplete removal
of the overlay ing fractions.

17

S 

-

~~~~~~~ 

-
‘ 

S.



EXPERIMENTS AND RESULTS

STABILITY OF REOVIRUS SUSPENSIONS

Virus taken from the prominent band formed in the sucrose gradient
was pelleted twice to remove sucrose and suspended in 80 ml of 0.005 M
phosphate buffer at pH 7.0. Five electron microscope (EM) pictures
were taken at random on agar sedimentation preparations made
immediately. The number of par ticles per p ic ture was 173 , o = 25 ,
and the log

1~ 
of the total number of singles , doubles , triples , etc.,

is shown plotted against log 1~ group size in the lowest of the three
lines of Fig. 5. The straigfitness and slope of this plot was examined
again more critically after the suspension had stood 4 days at 4 to 6 C.
This time 25 random pictures were taken, and the average total count
per p ic tu re was 175 , a = 22. The log—log frequency distribution
of this series is shown in the top line of Fig. 5. The middle line
of the figure came from 10 EM pictures taken 21 days after the first
set. The total count was 178, a = 21. Less complete data of the same
kind show that the number and frequency distribution of aggregates is
equally stable in 0.05 M phosphate buffer at the same pH. Apparently
the degree of aggregation that existed when the virus was first resuspended
from the last pellet was not altered in 21 days , and no significant loss
of virus to the glass walls of the storage bottle was noted even though
no special precautions were taken to prevent it.

I Fig. 5 The state of
- - 

small—number aggre-
ga tes of io8 reovirons/

3.0 • - ml of 0.005M phosphate
buffer (pH7) is shown

~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

GROUP SI ZE (Log ,0)
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The e f f e c t  of d i l u t i o n  on the 9st at e  of aggrega t ion  was observed us ing
v i r u s  as a c o n c e n t r a t i o n  of 3 x 10 per m l .  This count  was v e r i f i e d  and
the  f r e q u e n c y  d i s t r i b u t i o n  of aggrega tes  was measured in EM p i c t u r e s
made b’. the kinetic attachment method . These virions became attached
to the collod ion film during Brownian motion in this suspension at hi gh
concentration. Then this suspension was diluted 50 x with 0.005 M
buffer , and another set of EM pictur es was made by the agar sed imentation
method .  Approx imate ly  the same numbe r of v ir i o n s  was present  on both
sets  of p ict u r e s , and the  log—log plots  of group f r e q u e n c i e s  were as near
alike in slope as those of Fig. 5. Thus, within the limits available
for direct observation 01 reovirus particle aggregation in 0.005 M
phosp hate buffer at pH 7, the state of dispersion is independent of
virion concentration.

YIELD AND PHYSICAL AI’~’Id\RAN ;t. OF THE R E OV I R U S . When Freon—extrac ted
v i r u s  f rom about  80 m i l l i o n  L cells  was ve loc i ty—banded  on the
sucrose g rad ien t , about  5 x loll virions were regularly recovered from
the prominent , r ap id ly  moving band . These are shown shadowcast and
nega t i ve l y s t a i n e d  in Fi g.  6a and 6b , respectively. In a f a i n t ,

S

Figs. 6a and bb Fresh reovirus (untreated) shadowcast (a) and
negat ively stained (b).
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slower sedimentin g band , as many ~is 1 .3  x lo l l  
parti cles have been

r&~ ’ vi rcd. These “ top  componen t ” ( 2 5 )  p a r t  Ic I t s  are shown In Fig 7.

~twv ot t h e m  5 i r t  I l i t t en ed  in the  shadoweast p i c t u r es  Fig 7a and
appear empt y iii the n e g a t i v e l y  s t a ined  p r e p a r a t i o n s  Fig 7b. These
p i t u r e~- ir e  shown here b r  co m p a r i s o n  w i t h  the  b r o m i n e — t r e a t e d  v i r u s
be 1 ow .

S

Fig. 7 Virus—like particles from the slower sedimenting “top
component ” shadowcast (a) and negatively stained (b) are
u s u a l l y ho l l ow  in the  cen te r  and t h e i r  shadows are usually
shor te r , i n d i c a t i n g  d e fe c t i v e  s t r u c t u r e .
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EFFECTS OF BROMINE (HOBr) ON THE REOVIRION . The survival ratio of PFU
is shown plotted as a logarithm against the time of treatment for
several concentrations of bromine as

8
HOBr (Fig.

8
8). The virion

concentration was in the range of 10 to S x 10 partic les/ml , and in
12 such experiments the degree of aggregation among the in—going
vir ions ranged from a slope of —1.78 to —3.12 on the log—log plot of
frequency versus group size for groups of size from 1 to 10. In spite
of th is substantial amount of aggregation , the reaction rates were too
fast for accurate measurement during the initial stages even at
HOBr concentrations as low as 3 tiM (0.48 mg Br~ /1). Below this
value it was difficult to maintain a constant tiromine concentration .
In the experiments reported here the bromine concentration from the
beg inn in g of the d isinfec t ion run never varied by more than 1 11
(0.16 mg Br2 /l). Nevertheless, all the lines were curved . Curvature
was usual ly detectable at the 10—2 survival level bu t always before
the icr4 level was reached , indica t ing tha t the resis tance of
surviving PFIJs was continuously increasing. This effect might have

2

3

:\

~~~~~~It
REACTIO d TINE ( Ninutsi )

Fig. 8 Loss of PFU t i t e r  of reovi ru s  in water  conta ining
bromine (HOBr).
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been due to dep letion of the free HOBr during the reaction , but
experimen t (Fig. 9) shows that, after the reaction had essentially
stopped , fresh virus added to the same mixture was destroyed at a
ra te no less than that of the ori ginal inoculum .

Virus recovered from the reaction mixture was diluted 1:1 in the
neutraliza tion by sodium thiosulfa te , but its concentration was still
hi gh enoug h for coun t and aggrega tion anal ysis by the agar sedimentation
process of preparation for electron microscopy . The virions were found
in the expected number , and very little additional aggregation was

I I I I

0 -  -

S

REACTION TINE (Minu ts* )

Fig. 9 Typical bromine inactivation experiment showing
that the rate of decline in reovirus titer is not
due to depletion of the active agent; fresh virus,
added after 4 mm , was inactivated at a high rate.
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induced (5 ithe r in the brominated mixture or by th e  sod jun t h io su i ph a t e .
The conspicuous observation , made on all the bromine experiments , was the
change in appearance of the virions (Fig. 10). They lost a large fraction
of their substance , including enough structural elements so tha t the
residue made a very flat image (Fig IOa), much more SC) than even the
imperfect particles in the normal “top componen t” of Fi g. 7 and many
of the virlons looked ragged and empty when nega t ively stained
(Fig. lOb). Still , the number of these residues was the same as the
number of virions put into the mixture. Apparentl y very few or none
disintegrated beyond recognition in the electron microscope .

Fig. IOa and b Reovirus , after treatment with bromine , has lost both
substance and s t r u c t u r a l  form as shown here shadowcast
(a) and negatively stained (b), but the number of
these’ heavily damaged particles remains the same. No
detectable fraction of the input particle count is lost.

- 
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DISPERSIVE TREATMENT OF BROMINE-TREATED VIRUS. When 20—kHz waves were
applied after neutralization of the bromine, the surviving plaque titer
increased 10—fold in two experiments and 43—fold in a third (Fig. 8).
No si gnificant change was observed in the number of aggregates in
the size range 2 to 10, but this was difficult to observe accurately
with the badly damaged particles. Still , the virions did not
disintegrate further , for their numbers did not decline. This led to
a search for a few PFIJ that were substantially larger than either
single virions or small clumps.

PHYSICAL NATURE OF SURVIVI~ J PFU Virus was treated with 5 tiM (0.80mg
Br2/1) HOBr fo r  4 m m .  The neutralized mixture (5 ml) was placed in a
single tube of a Beckman SW5O rotor and centrifuged at 40,000 rpm f or
30 mm at 5 C. The total integrated effect of this procedure was
equivalent to 33 mm at 40,000 rpm , and this would have been quite
suffic ient to sedimen t all single virions and clumps to the bottom
of the tube . Less than 1% of the surviving PFU were found in the
superna tant fluid after this centrifugation . Certainly there were no
significant numbers of plaques produced by ribonucleic acid released
from the virions by the HOBr.

At this point it seemed unlikely that aggrega tes suf f i c ien tly
large to provide protection for even one virion could have accumulated
soon enough after the virus was added to the HOBr solution . Therefore,
the next experiment sought to remove hypothetical aggregates, too few
to be not iced by elec tron microscopy bu t presumabl y presen t before
HOBr treatment. Inasmuch as at least 16 spheres are required to form
a pro tec tive coat one sphere thick around one of equal diame ter , and
such a clump must have a rad ius about three times tha t of one of the
spheres , we chose first to remove them by cen tr i fuga tion at a speed
of 11,300 rpm in an SW5O rotor for 18 m m .  A 5 ml amount of the
starting virus was subjec ted to this treatment , and 4 ml of the
superna tant fluid was carefully removed for HOBr treatment done in
parallel with uncentrifuged starting virus. EM counts showed that
the number of virions per milliliter of the supernatant fluid used
was not significantly less than that of the control. After treatment
of both with 3.3 ~M ~O.52 ntg Br2/l) bromine for 1 mm , the con trol
virus produced lO~~

2 plaques/ml , whereas the centrifuged virus
produced less than l&-~

3plaques/ml. Essentially the same result was
also achieved by treating the starting virus preparation with 20 kHz
waves prior to bromine treatment. Apparently the potential surviving
PFU are large clumps which exist before bromine treatment. They
are few enough to escape detection when only a few hundred virions are
observed on EM pictures used for routine counting .
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Isopvcnic banding of virus after 4 mm exposure to 5.4 ~t4
(0.84mg Br2/l) bromine was done by adding CsC1 crystals to the
reaction mixture after neutralization with sodium thiosulfate.
One tube of the SWSO (Beckman) rotor was filled with this homogenous
v irus suspension at a starting density of 1.22 g/ml and spun a t
35 ,000 rpm for 20 h at 5C. The virus was located by EM count in a
singl e peak at p = 1.25 g/ml (Fig. 11).
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Fig. 11 Bromine—trea ted reovirus forms this isopycnic
band at a CsCl density of 1.23. Fresh reovirus
bands at a density of 1.36 (9).

Velocity banding was tried by placing 10 ml of bromine—treated
reovirus over a 20 to 40% (wt/wt) sucrose gradient in an SW27 Beckman
centrifuge tube and spinning at such time and speed that single virions
might move appreciably into the sucrose before PFU were all sedimented
to the bottom. Even with the established isopycnic density of the
bromine— treated virus , we were not able to predict nor even measure
accurately the relative sedimentation velocities because of the

difficul ty of precisely locating the starting position of the
particles. Nevertheless, the experiment did clearly establish the
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fact that the virus particle peak located by electron microscopy
contained no PFU, and no particles (or clumps) could be found by
elec t ron microscopy in the region of the much more rapidly sedimen ting
PFU peak (Fig. 12). Although the two peaks are drawn (for convenience)
wi th approxima tely equal area , the number of virions per milliliter
and the number of PFU per milliliter in the respective peak regions
are ac tuall y in the ratio of about 1,000 ,000 to one.
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Fig. 12 Surviving reovirus PFU are aggregates, not
single particles.

Bromine—resistan t virus has not yet been found except in clumps.
Virus popula tions , grown from plaques isolated at the iO’~ ’ survival
level in bromine experiments, have shown the same sensitivity to bromine

as the original population .
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THE INITIAL FAST REACTION OF HOBr WITH REOVIRUS. One of the results
described above showed the need for critical examination of reaction
kinetics at contact times much shorter than one minute. For this
work the Dynamic Inactivation apparatus was used. Several experiments
were made at 10 C with samples taken at 4 sec intervals. These were
made wi th v i rus  pr epared as previousl y described (3), which Involved
pelle ting of the purified virus to remove sucrose . These were done
at 3, 5.8, and 5.9 mM (0.48 , 0.73 and 0.95 mg Br2

/l) HOBr concentrations
(Fig. 13), and they all show approximately the same level of persistent
resistance previously reported in exposures of longer duration . They

~\II~~
:
~~ 

-

~~~

4 8 1 2 16
EXPOSURE TIME (seconds)

Fig. 13 Persistent survival of large aggrega tes of reovir us
during bromine treatment.

show also that the initia l fast reaction is taking place during the
first 4 sec interval. Virus was titrated (upper dotted line) after
passing through the apparatus in exactly the same way, without any
bromine in the flowing stream. Virus dilution was equal to the ratio
of stream velocity (39.6 mi/sec) to injection velocity (1.11 mi/sec)
times 2 for the dilution with the sodium thiosulfate (2 x 39.6/1.11 71).
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Each titer was multiplied by this factor and then divided by the
titer of the starting virus , and the logs of these ra t ios are plo tted
as filled circles at the top of Fig . 13. They show, by their small
dev iation from the dotted horizontal line drawn through them , that
no changes in plaque titer occur as the control virus passes through
the apparatus , except those due to dilution .

At this po
At t h i s  poin t we added the magnetic mixing devices to the samp l ing

sy ringes and reduced t .c length of the flow tube to give samp les at
1 sec and later at 0.5 sec Intervals. The temperature was reduced
also , from 10 to 2C , to reduce the reaction rate and still perm it
the use of bromine concentrations high enough to hold constant
when confronted with expected bromine demand of the virus.

Three exper iments  were made at 2.8 to 3.0 pM (0.45 to 0.48 mg
Br
2
11) h’OBr concentration with virus prepared without pelleting.

Two were done with 1 sec time intervals and one with the intervals
reduced to 0.5 sec. The frequency of aggregates observed by
electron microscopy in this virus preparation is shown in Fig. 14.

Fig. 14 Frequency distri—

4 . . bution of aggregates observed
)- .. by elect ron microscopy

(circles). The dotted line
Li) indicates the same distribu-

~ 3 tion for a more concentrated
suspension con taining a
total of 10,000 particles.

.2 .4 .6 .8 1.0 1.2
LOG 10 GROUP SIZE
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Of the whole par t icle popula tion , 73% ar e singles, and the gr oups
appear to be distributed in such a way that the log f requency of each
group size is a linear function of the log of the number in that group.
We (26) and o thers (27)  have observed this same d i s t r i bu t ion w i t h
other viruses and also with polys tyrene and acry l par ticles of comparable
size . The inactivation of the virus by HOBr in these three
experiments is shown by the open circles, tr iangle s and sq uares in the
semilog plot of survival ratio versus time In Fig . 15. It is curved
all the way . A single line has been drawn by inspection through all
three se ts of points. Correlation of this result with the aggregation
distribution (Fig. 14) will be made later (see Discussion).

Fig. 15 Inactivation of
o reovirus dur ing  the

\

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ first 4 s of contact with 2.9
p M bromine in water  at pH 7
and 2 C. Three separate

- experiments  are shown w i t h
d ifferent symbols. The
frequency of aggregates of

~ -2 d if f e r e n t sizes is tha t shown
o in Fig. 14. Filled circles

show the fast inactivation
~ a ra te , where the suspension

-3 A contains essentially all
single p a r t i c l e s .  Dotted

a l ine shows surv ival calcu lated
A f rom the observed f r equen cy

________________ of aggregates and the Poisson
I 2 3 4 limit as described in Discussion.

BROMrNE TREATMENT ( seconds )
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Zonal Centrifuge Experiment ZRI. An effort was made to obtain a
prepa ra t ion  of v i rus  con t a in ing  onl y single particles. This is needed
to provide a frame of reference for comparison with the above results
w i t h  aggregated v i r u s .  A 15—mi amoun t of a p u r i f i e d  v i r u s  p repa ra t ion ,
aggregated as shown in Fig. 14, was layered over a 15 to 30% (wt/wt)
sucrose gradient with the BXIV zonal centrifuge rotor

1~
unn ing a t 20 ,000 rpm .

The total number of virions put into the rotor was 10 by e l ec t ron
m i cr o s c o p e  c o u n t .  A f t e r  opera t ing  at 25 ,000 rpm for  30 mm
(~ . t  = 10~~ ) at 20 C , the 64O—ml volume of the rotor was completel y
d i splaced b y 35% sucrose piston f l uid , and 25—mi fractions were collected
in 1—ounce bottles. The virus particle count on each was made by
electron microscopy after dilution with 0.85% fIltered sodium chloride
so lu t ion . A d i l u t i on  of at least 1/10 is required; otherwise the agar
block that receives the sedimented virions in the pseudoreplica
countin g pr ocess will f loa t to the surface because of res idual
sucrose . Particle counts are plotted against fraction numbers,
and a scale of radial distances is included on Fig. 15. Densities
in the sucrose gradient were measured by direc t pyknometer weighings.
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Fig. 16 Sedimentation velocity analysis of reovirus in a zonal centrifuge
rotor. Exp 1, heavy solid line , Exp 3 , dotted line. Sucrose
density is shown by the light solid line.
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Fractions 4 through 10 contained 69% of the recovered virus.
In the peak fraction (no. 9), there were 93% single particles. Six
percent of the remainder was in pairs , and the remaining 1% was in
triplets and groups of four (Fig. 17, bottom line). Thirty—one
percent of the total recovered virus made a broad secondary peak
with maximum count In frac t ion no. 13, in which 63% of the particles it

I I I

0.2 0.4 0.6 0.8 1.0
LOG10 GROUP SIZE

Fig. 17 Frequency of aggregates observed in the starting virus
preparation used for Exp 1, Fig. 16 (circles) and in
the peak region , fraction 9 (squares)

contained were in pairs. The total count of all the fractions
indicated 110% of the 1011 particles that were put in. Apparently
there was no detectable loss in the partition process, and calculations
from the electron microscope frequency distribution chart (Fig. 17
upper line) predict that 71% of the in—going population was single
particles, a f i gure in excellent agreement with that observed in
this actual sedimentation velocity spectrum from the zonal centrifuge.

I
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Zonal Centrifug~~Experiment (ZR2). Inasmuch as zonal selection prov ides
a method of obtaining a very high percentage of single reovlrus particle
suspensions , we prepared a fresh quantity of purified virus containing
abou t 50 t imes more virus than that of the above zonal fractionation.
This preparation yielded the velocity spectrum with sing le peaks
like tha t of Fig. 16 but fractions 12 throug h 19 , wh ich contained
aggregates of two to eight particles constituting 31% of the first
popu la tion exam ined , now contained aggregates in the same size
range but relatively few of them (less than 10% of the total).
Apparentl y ,  freshly prepared Freon—extracted viru s has very few
aggregated particles. In the peak fraction (no. 10) there were 87%
singles. It is possible that at this high concentration (2.5 x 1010

virions/mi) some spon taneous aggregation took place before preparations
could he made for electron microscopy. A part of this fraction was
frozen immediatel y to preserve both infectivity and physical
d ispersion for subsequent bromine Inactivation experiments.

Zonal Centrifuge Experiment (ZR3). One more zona l velocity spectrum
experiment was made with a crude freeze—thaw lysate of infected
L cells withou t even low—speed clarification. This crude preparation
contained the virus from the same number of infected cells as that
prov iding virus for the last experiment , descr ibed above. Again
a single particle peak was observed (FIg. 16), and again there
wa s very l itt le v irus in the reg ion in which aggregates of two to
eight were seen in substantial numbers in the first experiment.
This unexpected result drew attention to the fact that the total
quantity of virus recovered from the crude starting material was
only about 1/5 of that usually recovered by Freon extraction of
an eq ual number of infected cells. It would appear that an
excellent fraction of single particles can be obtained in this way
w it h no previous pur if ica tion and tha t there are very few small
aggregates in such a prepara t ion , but that the major par t of the
v ir us must have been in large aggrega tes or combined wi th large r
cell debris which sedimented beyond the sampling range and reached
the rim of the zonal rotor.

Bromine Inactivation of “Singles” Fraction from Velocity Spectrum. The
sing les peak fraction from zonal velocity spectrum (ZR2 above was
frozen at —40 C in 1—rn]. vials to preserve infectivity and state of
dispersion. Subsequently thawed samp les had no t los t infec tivi ty ,
and electron microscopy did not show any change in the relative
numbers of single particles and groups in the size range of two to
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eight. But bromine inactivation showed that changes had nevertheless
taken place. After a rapid start , the reaction became slower and
appeared to reach a resistant level at about 103 survival after
2 sec at 3 ~11 (0.48mg 8r2/l) HOBr and 2 C. If these few surviving
PFU are aggregates , they must have “grown” from single par ticles
during the short time interval before freezing or in the thawing
process.

Five milliliters of the same virus were treated with bromine
in the same way , except that they were centrifuged for 17 mm at
20 ,000 rpm at 20 C in a Beckman SW5O rotor. Only the top 4 ml
were used in the bromine experiment. All large aggregates should
have been removed from this preparation . The resulting rapid linear
decline in PFU (Fig. 15, solid points) provides excellent confirmation.

Partition of Crude Reovirus Between Singles and Large Aggregates by
Means of a Sucrose Gradient in the Swinging Bucket Centrifu&e Rotor.
Zonal sedimentation velocity spectra of crude reovirus (ZR3 above)
yields a prominent sharp band of single virions and relatively few
small aggrega tes , but most of the virus seems to have sedimented
much faster than either. An experiment was done in the large (37m1 )
bucket of the Beckman SW27 centrifuge rotor to determine , if poss ible ,
the quantity and physical state of virions and the plaque titer of
the two major components of this particle population , the sing les
band , and the pelleted material. To do this , a 20 to 40% sucrose
gradient was established and 10 ml of the freeze—thaw lysate (the same
as that used in experiment ZR3) was layered over it. After spinning
a t 25 ,000 rpm (mean centrifugal field , 81,000 x g) for 1 h , the
supernatant fluid above the visible singles band was discarded . A
lOm l amount , including the singles band , was collec ted , and then
the pelleted material was resuspended in the remainder of the
supernatant fluid by pumping with a pipette. These two fractions will
be called band 1 (Bl) and pellet 1 (P1).

An equal quantity of the crude virus preparation was extracted
with Freon and layered over a similar sucrose gradient , centrifuged ,
and harvested in the same manner , band 2 and pelle t 2.

One—half of the resuspended pellet 1 material was extracted with
Freon , made up to the same volume (10 ml), and banded and harvested like
the previous ones, band 3 and pellet 3.
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A par t of bo th f r act ions Bl and Fl were treated for  30 sec w i t h
20—kBz acoustic waves from the microtip of a Branson Sonofier model
LS—75. Sample volumes treated were 5 ml each , and they wer e immersed
In ice water during treatment. The maximum temperature attained was
15 C. There were eight samples in all pr epar ed for  v i r ion  coun t and
observation of aggregation in the electron microscope and for plaque
t itration . The results of physical assay are shown in Fig. 18.
Particle count of pelleted fractions from Freon—extracted preparations
contained a large amount of cellular debris , wh ich mad e the v ir i ons
difficult to count. Nevertheless , the total par ticle y ield (sum of
counts from pellet and band) was approximately the same (Fig. 18).
Freon extraction yielded 57% of the particles in the band , bu t wi th
the crude virus only 28% was in the band . Freon extraction of virus
from the pellet fraction of the crude virus experiment (P1) yielded
67Z of the particles in the band . Apparently the Freon extraction
process is quite efficient for extraction of reovirus in monodisperse
form from the infected cells.
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Plaque titration of banded and pel l e ted f r a c ti ons f r om several
identical partition experiments have shown 1/7 of the Freon—extracted
v i r u s  to  be in the p e l l e t  and 6/ 7  in the band . The partition of PFU
in crude preparations has been er r a t i c .  The pe l l e t  f r a c t i o n  a lways
has much more than the band , and once there were 50 t imes as many PFU
in the pellet as there were in the band . Treatment of banded and
pelle ted fractions with 20—kHz acoustic waves have not made any
substantial change in particle count , bu t in this case it reduced the
plaque titer of the pelleted fraction by a fac tor of 10. The same
treatment made no change in the titer of the well—dispersed virus in
the banded fraction .

BROMINE (HOBr) INACTIVATION OF SINGLE POLI OVIR(JS PARTICLES .

The dynamic experiment , having been successful with reovirus ,
was immediately applied to polio. When the virus in these experiments
is extracted from the infected HEp—2 cells with Freon and velocity
banded in a sucrose grad ien t , the par ticle content of several
successive frac tions from such a gradient is as shown in Fig 19.
The concentration of particles calculated from counts from such
pictures is plotted against radial position in Fig . 20. Many
par ticles smaller than vir us, probably ribosomes, can be seen in
fractions 11 and 12 just above the virus peak. These were not
counted . At no point below the main virus peak was there any secondary
peak in the region where pa irs , triplets , etc. would have been expected
had they been presen t in substantial numbers. It appears from this
that the Freon extraction process has yielded a virus preparation
wi th a very high propor tion of single particles .

The strip pictures of Fig 19 were taken at high particle concen-
tration , presenting enough particles so the reader may judge their
rela tive number and degree of purity. Other pictures made with more
dilu te preparations were used to determine the true degree of
aggrega tion , free of the effect of one particle falling upon another
by acciden t. Calculation of the number of such accidental pairs will
be made later (see Discussion). They indicate that the starting virus
for these experiments contains at least 95% single particles.
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Fig. 20 Graphical display of poliovirus particle count by
electron microscopy , taken from the fractions and
pictures shown in Fig. 19.

Pollovirus Inactivation by Bromine (HOEr) at 2 C and pH 7. Six
experiments were made at 2 C, three of which are shown graphical ly in
Fi g 21. All were charac terized by an initial linear phase and
constant decline in log plaque—forming unit survivor ratio per unit
t ime of exposure. None of these reactions showed any tendency toward
delay during the first time interval , which was 4 sec. The slopes
of all the reactions, ranging from 0.6 to 22 ~14 (0.01 to 3.5 mg Br2/l)
concentration , have been plotted in Fig 22 , where it can be seen that
increasing bromine concentration does not produce a proportionate
increase in reaction rate. The increase becomes progressively less
with increasing bromine concentration, indicating a progressive
decrease in efficiency.

37



o I I

0

-J
~~~

- I .  
0~~~5
A

U) -2
w
a
4

2
0
0
__j 4 I I I

4 8 2 6
REACTION TIME ( seconds)

Fig. 21 Inactivation of poliovirus at three different con-
centrations of bromine at pH 7 and 2 C: (0) 0.6 til;
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Fi g. 22 Inactivat ion rates (slopes in logs per second taken
for Fig. 21,23 , and 24) for poliovirus at pHi as
function of temperature and bromine concentration .
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In several inactivation experiments at HOBr concentration of
3.5 1~M (O.56mg Br

2
ll) or greater , there has been a slight increase

in the reaction rate after a substantial period of linearity (see
the 22 1M (3.5mg Br

2
ll) line in Fig 21). We have not been able to

observe this effect regularly. Slopes for Fig 22 were taken from
the linear part of each survival graph.

Poliovirus Inactivation by Bromine (HOBr ) at  10 C and pH 7. At 10 C
the inac t iva t ion rate was constant  at 1.9 tiM (0.30 mg Br 2ll) HOBr
concentration (Fig 23). There is no indication , in this experiment ,
tha t  there  is any time delay before  inact ivat ion begins. However ,
at higher bromine concentrations the linear part of the graph begins
onl y af ter the first 4 sec time interval (Fig. 23). It seems unlikely
tha t the initial rate at the higher concentrations could be less than
tha t of the straight line for 1.9 tiM (0.30mg Br

2
ll) HOBr , so the

lower curves have been drawn tangent to it at zero time. The reaction
rates , slopes of the linear parts of the three kinetic experiments,
are shown (Fig. 22) to be a linear function of bromine concentration ,
with an intercept indicating zero reaction for zero bromine.
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Poliovirus Inactivation by Bromine (HOBr) at 20 C and pH 7. At 20 C

the inac t ivation of the virus proceeds faster at all bromine concen-

tra tions than it did at 10 C (Fig. .~4). There is some indica tion in

the graph for the 9.5 *1 (1.5mg Br
2/ l~ HOBr experiment that 

—

aggregation is showing its effect at several levels below 10 ~.
Reaction rates were determined from the straight part of each line.

REACTION TIME ( S.cond,)

Fig. 24 Inactivation of poliovirus at three concentrations
of bromine at pH and 20C: (0) 1.9 14; (a) 5.5 i11;(
~

) 9.5
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AGGREGATION OF POLIOVIRUS AND REOVIRUS BY DILUTION IN WATER (29)

The influence of virion aggregation on the survival of
infectivity in water containing halogens and the ir compound s has long
been suspected (1). Direct observation of the virion aggregation in
disinfection experiments with bromine has been made recently with both
poliovirus and reovirus (3, 5, 28) , in whi ch it was found that
aggregated virus was substantially more resistant than suspensions
of single particles. This resistance was, in one case wi th reov irus
(3) , shown to be due to the presence of large aggregates exerting a
protec t ive effect on interior particles. Other effects of aggregation
such as complementation and/or multiplicity reactivation could also
conceivably occur with small aggregates after inactivation by bromine,
chlorine, or other compounds. Although this possibility has not yet
been r igidly documen ted , it has been sugges ted in an earlier paper (5) .

Ideally, any comparison of the relative resistance of two different
viruses to one disinfectant must be made first on suspensions of single
particles. However, the aggrega ted state is d i f f i cu l t to avoid in the
laboratory, and certain precautions must be taken to insure a monodispersed
suspension of virus. Animal viruses are usually gathered and maintained
in salt solutions chosen for best maintenance of infectivity. Optimum
ion kinds and concentrations , usually similar for d i f fe ren t viruses,
and ranges of pH stability have been established for different viruses.
On the other hand , drinking water , and the lake and river waters that
are the usual sources for drinking wa ter , do no t prov ide the op timum
ions that are used in the laboratory. Therefore , it is reasonable to
expect that viruses may not react with predictable behavior in raw or
f in ished wa ter , or in water passing through sewage or water treatment
plants. This paper establishes , by electron microscopy and sedimentation
velocity, some of the aggregation changes that two common laboratory
viruses undergo when placed in water and under other non—physiological
cond it ions,

Poliovirus. Electron Microscopy . The examination of virus aggregation
requires a stock virus preparation in a well—defined monodispersed
state. The poliovirus stocks used in this work were prepared by
Freon extraction followed by sucrose density gradient sedimentation in
0.05 N phosphate buffer , pH 7.2 (28). The virus band , collec ted from
the gradien t, was stored at 4C without removal of the sucrose, the
concentration of which was appro~fma tely 22Z12 

The particle count
of these preparations was 7 x 10 to 2 x 10 particles/ml in the
dispersed state. Dilution at 1:10 with PBS (0.14 M NaC1, 0.003 N KC1,
and 0.01 M KH~,PO

4 —— Na2HPO4, pH 7.2) permitted kinetic attachmentof single vir!ons and aggregates to aluminized films for electron
microscopy (4). Four pictures were taken of such a dilution and
were divided into 5 equal areas, and counts of single particles,
pa irs , triplets, etc., were made on all 20 areas. A part of one
pic ture is shown in Fig.25a, and the group frequency data are shown
in Table 1, where it can be seen that the mean singles count per
area was 124 with standard error a — 15, and a mean frequency of
pairs was observed to be 3.4%. Inasmuch as 124 particles would 

S

exclude 0.7% of the total area of the picture, we estimated an
average of 5 pairs per picture would have been produced by coincidence
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( 3 0 ) .  The expected  a c c i d e n t a l  f r e q u en c y  of t r i p l e t s  and groups
of four were not calculated since the numbe r of pa i r s  observed
in d i c at e d  that aggregation was quite low in t h i s  p r e p a r a t i o n .  That
t h i s  s to c k  of v i r u s  was q u i t e  s t a b l e  is indica t ed  b y the increase
of only 2% in p a i r s  over a period of 60 days .

I)ilution of Poliovirus into water. When a poliovirus stock of 7 x
l~~

11
~~~:rtLc1es per ml was diluted 10—fold into PBS or 0.14 M NaC1 ,

it was revealed to be dispersed , as shown in F ig .  25a , h u t  when the
same p r e p a r a t i o n  was d i l u t e d  10—fold  in to  d i s t i l l e d  wate r , the
p a r t i c l i - s formed aggregates  as shown in Fig 25b.  These aggregates
were made of up to seve ra l hundred  p a r t i c l e s , bu t  most o f t e n  consisted
of 10— 50 p a r t i c l e s .  The aggregates appeared to be t igh t l y bound
t o g e t h er  and did not  spread out f l a t , bu t  r a the r  rema ined p iled up
on the  a lumin i zed  f i l m .

—
Figs. 25a and b A p o l i o v i r u s  stock con c e nt r a t e  at 7 x ioll virions/Ini

was diluted 10—fold in (a) PBS; (b) distilled water

These aggregates were produced under the conditions of reduced
ionic strength as revealed by the fac t that there was a rather sharp
cut—off level in ionic strength above which aggregation did not occur ,
and below which it did. This point was approximately 10 mM for
phosphate buffer (ionic strength r/2 =0.02), and 60 mM for saline (I’/2 —

0.06). Thus the aggregation could occur with appreciable salts in
t he  w a t e r .  An increase In ionic s t r e n g t h , as by further dilution in
PBS y r  0.14 M sal ine , led to the dispersion of these aggregates , and
EM examination o f  these preparations revealed a picture similar to

Fig. 25a.
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The format ion of these aggregates was markedl y dependent on
p a r t i c l e  c o n c e n t r a t i o n . When a preparation of pol iovirus was diluted
1:10 into distilled water , aggregates formed as described above.
However , when the same preparation was diluted 1:100 or 1:1000 into
dist illed water , the pr epara tion remained d ispersed , as revea led by
a single particle approximation test as described above.

AGGREGATION OF POLIOVIRUS BY IONIC INVOLVEMENT

Three cations , Na
+
, Mg~~ , and Ca~~ , were chosen for examination

for their effec t on poliovirus aggregation because of their
ph ysiological importance and wide—spread presence in water.

Effect of NaCl. An increase in sodium chloride concentration of up
to 5.0 M had little effect on poliovirus , and led only to the forma-
tion of small numbers of pa irs , tripl ets and aggregates of 4, 5, and
6 virions.

E f f e ct of Mg CI ,. Dilution of poliovirus to 7 x 10
10 par tic les/mi in MgC12

of up to 0.25 M had effects similar to those of Na+, and resul ted
in very little aggregation.

E f f e c t of CaCl 7. I)ilution of poliovirus to 7 x 10
10 

par ticles/mi in
CaC12 of 0.001 M did not produce aggregation , but at 0.01 M aggregation
occ urred as shown in Fig 25c. (Higher concentrations of CaC12 cou ld
not be tested due to the formation of insoluble Ca3 (P04) 2 with the
residua l phosphate in the virus samp le).

7 x IO~-~ v ir ions/ml was d ilu ted
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Fig. 25c Poliovirus stock concentration at

10— fold in (c) 0.01 M CaCl2.

‘
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AG ;RECATION 1F POL IO V I R U S AT LOW pH

Quite impor tan t in t h e  d i s i n f e c t i o n  process  is the e f f e c t  of
p11, p a r t i c u l a r ly  low p it , since d r i n k i n g  w a t e r  process ing invo lves
l o w e r i n g  the  pH w i t h  a l u m , and the subsequen t  r a i s i n g  w i t h  l ine .
T h er e t o r e , we i n v e s t i gated  the e f f e c t s  of pH on aggregation in some
detail.

Figures 2~ d , e and f show electron micrographs of aggregation
of poliovirus as induced , respectively, at pH ( , pH 5, and pH 3.
The aggregation at pH 6 is marked , hut the aggregation at pH 5 and 3
was so massive that very few single particles could be seen in pictures
taken at these pH values. This aggregation was quite similar to that
shown for adenovirus—associated virus under low pH conditions by
John son and Bodily (31).

Figs. 25d ,e and f A poliovirus stock concentration at 7 x 1011 
virions/mi

was diluted 10—fold in (d) 0.05 M phosphate , pH 6.0; (e) 0.05 M
acetate , p11 5.0; and (f) 0.05 M glycine—HCI , pH. 3.0. All were

prepared for EM exami—
na tion by the kinetic
attac hmen t method . Mag—
nifications (a) 24,800 X ,
(b) — ( f )  29 ,000 X.

~% 
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The SPA test  was used in the invest i ga t ion  of aggregat ion by
low pH since it allowed a kinetic curve to be established for  exami--
n a t i o n  of the rate of aggregation of the v i rus , as well as provid ing
a measure of the total amount of aggregation that took place. The
tests were conducted as follows . A stock solution of virus was
dil uted to various particle concentrations in a final volume of 0.5
ml in the buffer at the pH under study,  in a 1/2 x 2 inch (1.27 x
5.08 cm) cellulose nitrate centrifuge tube . The tube was allowed
to remain at room temperature (24C) for 60 minutes. Similar dilutions
in other tubes were made and also incubated at room temperature for
40 , 20 , 10 , and 5 minu tes . The aggregat ion in each tube was hal ted
by the addi t ion  of 4 . 5  ml of the same b u f f e r  at 20C , and the contents
of each tube was thoroughly mixed . A sixth tube at pH 7 in 0.05 M
p hospha te b u f f e r  was included in each tes t to serve as a con trol
t iter of a non—aggregated preparation , since poliov irus d id no t
aggregate  in th i s  b u f f e r .  All 6 tubes were cen t r i fuged  in a
DuPont—Sorvall OTD—2 ultracentrifuge equipped with the “Reograd ”
control for termination of the run. It was found to be extremely
important to allow the rotor to come to a slow, coasting stop , to
prevent mixing within the tubes from destroying the separation of
aggregate sizes established during centrifugation. This is critical
because there is no density gradient present. The top 2.3 ml of
each tube was then removed as carefully as possible w ith a 5 ml pipe tte ,
thorough ly  m ixed , and titra ted on HEp—2 cells. The resul ts of each
titration were plotted as the logarithm (base 10) of the ratio of the
t iter in the low pH tubes to the pH 7 control.

Fi gures 26 , 27 and 28 show kinetic curves of poliovirus aggre-
ga tion at pH 6, 5 and 3 respec tively. Each curve could be divided
into two phases. The first phase was an initial rapid aggrega tion as
the virus was first subject to the low pH conditions; the second phase ,
usually after 20 minutes , was a more level, stable phase wherein very
little furthe r aggregation took place . Under the conditions where
aggregation took place , the appearance of large aggregates must have
been the result  of the clump ing of single particles. As the aggregates
formed , the remaining single par ticles were lef t fur ther apar t ,
making the fo rmation of aggrega tes less likely. This is revealed by
the fac t tha t curves produced by more dilute preparations of virus
show less rapid aggrega t ion during the f i r s t phase , and a level second
phase at a higher ratio value .

Additionally, these curves show that the amoun t of aggregation ,
revealed by the residual single particles in the top half of the
cen tr i fuge tube , becomes greater with decreasing pH. This is consis-
tent with electron microscope data at pH 6, 5, and 3 which have
revealed much more massive aggregation , and fewer single par t ic les
at the lower pH values (pH 5 and 3) than at the higher one (pH 6).
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TIME IN MINUTES

Fig. 26 Kinetics of aggregation of poliovirus at pH 6.0 in 0.05 H phosphate
b u f f e r  as de ter m in ed by th e SPA test. Initial single par ticle
concentrations: triangles, 1.4 x 1010; circles , 7 x io10.
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Fig. 27 Kinetics of aggregation of poliovi rus at pH 5.0 in 0.05 M acetate
bu f f e r .  Init ial  single ~artic 1e concentrat ions:  squares , 1.5 x
1010; triangles , 3 x 1010; ci rcles , 1.5 x io11.

____________________________________________________ 
______________

S -
~~~~~

- ..
~~~

-- -
~~ ~~~~~~~~~~~~ 

—— 
~~ . -



p

Al l aggregation experiments at low pH were performed in b u f f e r ,
each at a concentration of 0.05 M. This aggregation was found ,
however, to be sensitive to the ionic strength of the solution, and
could be red uced or preven ted by addi tion of appropria te concen trat ions
of NaCI or MgCl 2 . Table 2 shows th~ inhibition of poliovirus aggre-
gation at pH 6, 5, and 3. As the H i~n concen tration was incr eased ,
hig her concent ra t ions of monovalent Na ion were required to preve~’t
aggrega t ion , for example 2.5 M at pH 3 c~~ pared to 0.1 M at pH 6.
The concent rations of divalent cation Mg ~equi red to prevent aggre-
ga tion were generally lower than tha t of Na at any g iven pH , (except
for pH 5) but reached a plateau of 0.25 M at pH 5 and pH 3. Higher
concentrations produced no further change in the state of aggregation.

0 •

4 -2
I A

U) I2 1 A

0 3 .

A

-4 .
0

5 I I I I I

0 10 20 30 40 50 60
TIME IN MINUTES

Fig. 28 Kinetics of aggregation of poliovirus at pH 3.0 in 0.05 M g lycin e—~ Cl
b u f f e r .  Ini t ial  single particle concentrations : triangles , 7 x 10
ci r c les , 7 x l0~~ .

.
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Fi g. 29a Reovirus stock at 2 x 1010

vlrl ons/in l diluted (a) 200—fold in PBS.

U

The alka l ine range of pH had l i t t l e  e f f e c t  on the aggregat ion
of poliovirus . At pH values up to 11 , no sign ifican t aggregation
took place , alth ough poliovirus viability was found to be sensitive
to pH 11 , and lost plaque titer at approximately 1 log 

~ 
per hour.

This is in contrast to low pH where poliovirus viabildy was found
to be stable at pH 3 for periods of time up to 1 hour .

Aggregation at low pH was found to be a reversible phenomenon.
Thus , when aggregates at pH 5 were returned to pH 7 by the addition
of an equal quan tit y of pH 9 bora te b u f f e r , they broke up into
si ng le par t icles and small aggrega tes , and presented a picture similar
to Fig 25a.

AGGREGATION OF REOVIRU S

The physical s tate  regularly seen with  reovirus concentrates
prepared by F reon extract ion and sedimentation velocity banding
in suc rose is shown in Fig 29a. This picture was obtained whe n the
stock vi rus in 302 sucrose was d i lu ted into PBS in two steps: 10—fold ,
then immediately 20—fold ; it was then treated for EM count by sedimen—
tat ion on agar for pseudoreplication . The number of single particles,
pair s , e t c . ,  are plotted as circles on the frequency chart , Fig 1~ 0.
The single par t ic les  comprised about 79% of a total of 1.5 x 10
vi r ions per ml in this preparation , and was a consistent percentage
in each preparation . This type of preparation is similar to that
shown as the dotted line in Fig. 16 in which a crude , un pu r if ied
p reparation of virus was subject to sedimentation velocity centri—
f ugation in a zonal. rotor (B—XIV) . Both the purified and crude
preparation s had few aggregates of the smallest sizes , i.e. pairs ,
t r i p lets , and so fo r th .
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Fig. 29h Reovirus stock at 2 x 1010

virions/ml diluted (b) 10—
fo ld  in dis ti lled wa ter ,
allowed to remain at room
temperature for EM examination
by the spin—d own method.

A markedly d if f e r e n t p ic ture was obtained when the stock
solution was diluted first 10—fold into water or PBS and allowed
to stand at room temperature for 2—3 hours, then fur ther dilu ted
20—fold into PBS. These conditions produced the aggregation seen
in Fig. 29b, and it is apparent that , in contrast to poliovirus,
the aggrega tes did no t d isperse when dilu ted fur ther wi th PBS in the
f inal 20—fold dilution. Their frequency is plotted as squares in
Fig 30. The percentage of single particles has dropped to 29% of
th
10

total. Freshly prepared stock concentrates of reovirus contain ing
10 or more particles per ml regularly aggregated in water or PBS
as described above, but they gradually iost this property, and af ter
about 2 weeks of storage at 4—6°C they fa i led  to aggrega te under the
above conditions.

The physical state of the virus in the undiluted concentrate
cannot be examined by EM, but p ictures of virus deposited on an
aluminized collodion film from a 5—fold dilution in PBS were similar
to Fig. 29a, and the frequency distribution plot was the same as the
circles  in Fi g 30. Thus, a 5—fold or 200—fold dilution made no
significant difference in the state of aggregation.

AGG REGATION OF REOV I RUS B? IONIC INVOLVEMENT

Reovi rus behaved in a manner similar to poliovirus wi th  respect
to aggregation in NaCI , MgCI 2 and CaC 12 .

Ef f ec t of NaC 1: No s ignif icant  aggregation occurred in NaC 1
solut ions  up to 1.0 M.

E f f e c t  of MgC12: Solutions up to 0.25 M have not produced any
sig n i f i can t  aggregation over the control p reparation .

Ef f ect of CaC 12: Reovirus (at 2 x 10~~ pa r t icles /ml)  aggregated into
groups of up to 100 particles at a CaCl 2 concentration of 0.01 M ,
but no s ignif icant  aggregation occurred in CaC12 at 0.001 M .
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V AGGREGAT ION OF REOVIRUS pH: (SPA ‘losts)

A~ g rega t Ion due to l owered pH took p l o  o with reov irus in a
manner sim il ,lr to poliovlrus , with (lie exception that no significant
aggregation oI’(urred at pH 6. Figs 29c and d show electron micrographs
of aggregates of reov irus at phi S arid pH 1 as prepared by the KA

Figs. 29c and d Reov irus stock at 2 x 1010 vi r ions/ml  d ilut ed ( c )
Stock at 4.6 x 1011 virions/mi diluted in 0.05 N acetate at pH 5.0
(d) Same stoc k as (c) diluted in 0.05 M glycine—HC1 , pH 3.0.
Particles in (c) and (d) were collected by the kinetic attachment
method . Magnifications : 8,SOOX.

method . As with poliovirus, the aggregation was quite marked at these
low p11 values. SPA tests were performed with reoviru s as described
above to measure the kinetics of aggregation at low pH. Figs 31 and
32 show kinetics of aggregation of reovirus at pH 5 and 3. The
curves are similar to those of poliovirus , and likewise can be
divided into two phases , the first , a rapid decrease in sing le par t icle
t iter and the second , a leveling off after 10—20 minutes with little
or not furthe r increase in aggregation. At pH 5, the kinetic curves
(Fig. 31) show that at a higher particle count , aggrega tion was more
rapid than at lower concentrations , consistent with the results found
for poliovirus. However , at pH 3 (Fig 32) the aggregation kinetic 10
curves show that the most concentrated virus preparation (4.6 x 10
particles/mi) gave the least reduction in titer due to loss of
single partic1~ s in to groups , while the least concentrated prepara-
t ion (1.8 x 10 ) gave the greatest aggregat ion.  The reasons for
th is apparent reversal of behavior are unknown , bu t are at presen t
under investigation.
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Fi g. 30 Electron microscopic evidence of reovirus aggregation on di lution
wi th  d i s t i l l ed  water .

As wi th  poliovirus , agg regation of reovirus at low pH was
sensitive to the ionic environment. Table 2 shows the minimal
amount of NaC 1 and MgC 12 required to preven t ag~ regation at pH 5
and pH 3. Somewhat larger concentrations of Na are required to
prevent aggregation at pH 5 for  reovirus than for po liovirus , 0.6 M
as compared to 0.2 M , but Mg~~ inhibited aggregation at pH 5 at
0. 25 M for  both viruses. Aggregation at pM 3 required larger
concen t rat ion s of N~~ than at pH 5 for inhibition , but t he
concentra t ion of Mg required was the same as for  pH 5 inhibition :
0. 25 M. Hi gher concentrations of Mg~~ ion at pH 3 produced massive
aggregation ; these were the only conditions under which Mg~~ ions
caused agg regation of reovirus.
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TIME IN MINUTES

Fig. 31 Kinetics of aggregation of reovirus at pH 5.0. Init ia l single
par t ic le  concentrations: triangles , 4.6  x iou ; circles , 1 x i01°.

Aggregation at pH 9 , 10 and 11 was minimal with reovirus and
was not s ign i f ican t ly  greater than that  of the control of pH 7.
Viability was sensitive to pH 10 and 11, and the p laq ue t i ter s f e l l
at the rates of 0.52 1og 10/hour and 0.58 log 10/hour , respectively.
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TIME IN MINUTES

Fi g. 32 Kinetics of aggregation of reoviru~0
at pH 3.0. Initial single particle

concentrations : squares , 4.6 x l0~ ; t r iang les , 1.8 x lO~~ ; circles ,
1.8 x io~~.

POLIOVIRU S AGGREGATES AND THEIR SURV IVA L IN WATER (24)

Ra te Zonal Analysis of sedimenting Plague Forming Units  (PFU) in
Density Gradients of Sucrose Dissolved in Water. Infected cells were
ha rvested in distilled demand—free water and the polio virus
released by two freeze—thaw cycles. This crude lysate t i t ra ted 8.7
x 10 PFU/ml and 15 ml of a 2—fold dilution of it were layered over
a 15—30% w/w sucrose gradient in an Oak Ridge type BXIV Zonal 2rotor
(23) 10nd centr ifuged at 32 ,000 RPM and 20C for 112 minutes (w t = 7.95
x 10 ). The sucrose solutions were made with distil led water containing
no bu f f e r s or other salts. Fractions were cut from the gradient and
no buf fers or other salts. Fractions were cut  from the gradient and
the plaque t i ter of each is plotted (open circles) on Fig. 33 where
it can be seen that there is no sharp peak anywhere . A broad band

— :~



of infec tivity extends over fractions 14 to 21 but there is no sharp
maximum in the reg ion of fraction 9 where single virions would be
expected in this run . The total  of all PFU recovered f rom all the
fractions was 20% of that  put  in. Apparen t ly 80% of the PFU have
sedimented to the rotor rim. This experiment was repeated several
months later with virus prepared the same way with the same results.

Another  zonal c e n t r i f u g e  run was made with we l l—dispe r sed
p u r i f i e d  polio virus. This stock virus had been stored in 0.05 H
phosphate buffer at pH 7.2 containing 20% sucrose. It was diluted
with an equal volume of PBS and 15 ml was layered over the 15—30%
w/w sucrose gradient and centrifuged exactly as above.11The total
particle count in the 15 ml starting volume was 3 x 10 which
y i e l d s  approximately the same PFU input as that  employed in the crude
vi rus experiment above. Plaque titers of these fractions are plotted
(filled circles) also on Fig. 33 and now a small sharp peak appears
where none was before , in f ract ion 9. There is no peak in the deeper
region where mos t PFU appeared in the crude prepara tion bu t subs tan tial
numbers of PFU were found at all levels in the density gradient
indicating that aggregation was present to an extent much greater
than thla t present in the stock virus (Fig 19).

A thi rd zonal centr i fuge run was made , this time with  pu rif ied
virus in a 15—30% w/w sucrose gradient containing PBS (those above

ontained no sa l t ) .  The PFU were found in a very narrow band . One
frac tion contained 63% with 35% divided about equally between the 2
on either side. The combined titer of all the other fractions was
only 2%. This virus was certainly well dispersed .

AGGREGATED VIRUS AND ITS SURVIVAL IN TIl E PRESENCE OF BROMINE

One way to get all the virus (singles and aggregates) from a
c rude cell lysate and still render it sufficiently free of
halogen demand for  d is infect ion experiments is to pellet it repeatedly
in the cen t r i f u g e  discarding soluble material  in the superna tan t
f lu ids .  Un fo r tunate ly  this  process tends to compound the amb iguity
of interpretation by inducing aggregation among even those virions
t ha t  might  have been f ree  and promoting added complexity with
par ticles of foreign matter. We have layered crude cell lysate
(f reeze—thaw) over a 5% sucrose solution in a swinging bucke t
centrifuge tube (SW—27 rotor) and sedimented the virus into a
pellet  ( 25 ,000 RPM , 4 3/4 hours at 4C). This should leave all
the soluble material near the top of the supernatant fluid and it
did . F i f t y  fold d i lu t ions  of the resuspended pellet material had
no appreciable bromine demand . Still there was enough particulate
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Fig. 33 Zonal centrifuge velocity analysis showing poliovirus PFU due to
single virions and aggregates.

foreign matter present to make any quantitative estimate of virion
aggregation by electron microscopy impossible. Exposure of this
virus to 10 ill HOBr at pH 7 and lOC revealed the strong influence
of aggregation (Fig. 34, triangles). The initial slope of the
semi—log plot of the survival ratio is approximately the same as
tha t fo r single part icles showing that  many single virions must
have been present but a f t e r  exposure of 12 seconds to the bromine
the re were 110 time s more survivors In the pelleted virus than
the re were in the dispersed preparation (circles , Fig. 34 ) .
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Fig. 34 An adventitious mixture of singles and aggregates can give a straight
line disinfection plot.

In o rder to avoid whateve r virion aggregation migh t be induced
by pelleting and still minimize halogen demand we dialyzed about
100 ml of freeze—thaw cell lysate in the Ainicon Model 202 Ultrafiltra-
t ion Cell using an Amicon XM 300 filter disc and continuous agitation
while passing th rough 2 l i ters of demand—free water .  With a ni trogen
p ressure of 30 psi this took 24 hours at 4— 6C . On exposure to 10 iN
b romine the log 10 PFU t i t e r  of survivors was quite linear while it
declined by a fac to r of 1000 (Fi g 34 , squa res).  After  12 seconds of
exposure the survivor t i ter  in the dialyzed virus preparation was 288
t i mes greater than that  found in similarly treated dispersed virus .
This c lear ly  demonstrates that  a l inear semi—log decline in survival
t i t e r can be obtained wi th  aggregated virus but the slope , of course ,



is very much less than t ha t  fo r  singles. Independent evidence of
aggrega tion in this preparation was provided by electron microscopy ,
FI gs. 35 , 36 , and 37 showing a few single vi r ions , aggregates associated
with fore ign material and multi—layer virion aggregates comp le tel y
free of other material. We were not able to obtain a meaningful
frequency distribution chart of aggregate sizes in this preparation
but  i t  must  have been d i f f e r e n t  f rom tha t  in the pelleted v i rus .

RESPONSE OF POLIOVIRIJS AGGREGATES TO ACOUSTIC ENERGY

Attempts to disperse aggregated pol io virus wi th acoustic energy
(sonic waves a t 20,000 Hz) have not been very successful. The Branson
Sonifier Model LS—75 manufactured by Heat Systems Inc., of Plainv iew ,
N. Y. with the “Micro Tip ” was used and the rate of energy input to the
sample was determined by measuring the rate of increase in temperature
it produced in 5 ml of water in a well insulated test tube. This
proved to be quite reproducible and we used the dial setting #1 that
gave about 2.5 calories per second or 10.5 watts. This power level
heats small samples very quickly and inactivates the virus before
observable deaggregation takes place if the temperature rises much
above 40 C. Heating the virus to 50°C for  30 seconds in a wa ter
ba th  produced a comparable loss in t i t e r .  However , the same 10.5
watt power input produced no loss in titer when the sample was kept
in an ice bath so tha t  the tempera ture  did not rise above 3lC dur ing
the treatment. In spite of this high level of acous tic power
absorption in a 5 ml volume of virus suspension for 30 seconds , clumps
of 100 or more virions could still be found by electron microscopy.
In one case a 6 fold increase in t i t e r  was obse5ved when bromine
treated survivors were sonic treated at the 1O survivor level
but in several other instances no changes occurred. Sonic treatment
of aggregated poliovirus before treatment with bromine did not alter
its inactivation rate .

THE SPECTRUM OF AGGREGATE SIZES IN A MIXTURE , SEPARATED INTO 3 ARBITARY
PARTS.

The above experiments we~e made with virus prepara tions containing
at least l0~~ virions (ca 10° PFU) per ml. This was done in order
that sufficient virus would be present to permit direct observation
by electron microscopy . The physical state of poliovirus at low
concentrations in water is not observable directly by electron
m icroscopy and PFU titration of the many fractions from rate—zonal
centrifugation is a laborious process. Therefore we have devised an
abbreviated rate—zonal experiment that gives an approximation of the
percentage of single virions in the preparation as well as a measure
of the f requency of small and large aggregates.
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fig. 3~ Ivp i ;i I p o l i o v i r u s  agg reg . i te s  t~~und in  a d i a l yzed bu t
pun f l e d  I r~~ ze—thaw lysate of infi-c ted HEp2 ~ e I is.
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Fi g. 16 A loser  v i e w  of poi l o v i r u s  a g g reg a t e s  m o s t l y  a ss o c ia t e d
with f o r e i gn mater i a I p r ob ah i  y host  cel I d e b r i s .
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Fig. 17 Some poi iovirus agg reg a t  1~5, even In unpuri fled I \sat es c i
in I ~-c ted ccl Is , appear t o  have been r econst  i t u t ed  t ron
(Ii sI)& rsed single pil rt ic l o s .
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The bi c en t e ria l  exper iment  (devised in this  year of 1976) employes
3 d ifferent layers of fluid density 2 of which are distinguished by
blue and red dyes and the top one in the centrifuge tube is colorless
(white). The details are shown in Fig. 4 in the foregoing section on
Materials  and Methods.  There is nothing basically new about the
theory of its operation . Its practical value is its main asset.
Aggregates of spherical particles must sediment more rap idly than
single spheres. Pairs sediment about 40% faster so the thickness of
the top (white) layer is made just so that all the pairs suspended in
it will have passed down into the middle (blue) layer when the
centrifuge is stopped . The blue layer is more dense than the top
layer so small aggregates will be retarded in their passage on down
into the very dense red layer . Here the largest aggregates will gather.
Many of them will not reach the bottom of the centrifuge tube by the
time the run is done. Some will but even they will not form a very
compac t pellet because their density differs so little from that of
the sucrose. Thus the spectrum of aggregate sizes is separated into 3
arbitrary parts. The actual group sizes found in each of these layers
have not been measured bu t doubtless they could be calcula ted if su itable
assumptions were made regarding the geometry of the clumps. What is
probably more important at this point is the fact that six test tubes
con ta ining five unknowns and one control can be spun in this way to
give a quick estimate of their relative degree of aggregation.

Two points must be emphasized. The titers of the 3 sections (red,
whi te and blue) do no t simply give the numbers of singles, small
aggrega tes and large aggrega tes direc tly. In reading the tables of
da ta , each sample must be compared with the unaggregated control. And
the second point is that care must be taken with this test as well as
with the similar SPA test (Fig. 3) to be sure that no mixing occurs
duri ng s tar t ing and stopp ing of the swinging bucket rotor. Our centri-
fuge is a Dupont—Sorvall with hydraulic drive (Model OTD2). If another
machine is used , it mus t have suitable control of bo th star t and stop
to prevent mixing.

THE FATE OF POLIOVIRUS AGGREGATES WHEN DILUTED IN A LARG E VOLUME OF WATER.

The viru s from two ml of a freeze—thaw lysate of infected cells
was separated into 3 parts as descr ibed above . The two top f ractions
were discarded. The bottom red section provided a stable stock of
agg regated virus. Dispersed virus of comparable t i ter was prepared
by d i lu t ing a pur i f ied  concentrate with PBS . The exper iment consised
of addi ng one drop of either the dispersed or the aggregated virus to
2 00 ml of the water sample under test. With constant mixing this
approximately 7000 fold dilution was kep t at 20C and a sample was
removed a f t e r  one minute and another a f ter  60 minutes . Eac h of these
samp les was centr i fuged again and the red , white and blue parts
t i t rated separately.
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Water of several kinds was tested in this way for its effec t

on the virus. From the Chapel Hill water purification plant , the
incoming reservoir wa ter was tested before and af ter cen tnif uga t ion
s u f f i c i ent to remove par t ic les of poliovirus size. Finished water
f r om the pur i f i c a t ion p lant (dechlorinated by ul trav iole t lig h t ) and
seconda ry e f f l u e n t  f rom the sewage plant (chlar i f ied in the same way
as the reservior water  aad unc la r i f ied) were tes ted as well as
several con tr ols incl ud ing d istilled , deionized water and PBS.

The results are shown in Table 3. In all the tests the p laque
t i t er of the star t ing virus mix tures in the 200 ml reac tion vessel
was in the region of lO~ PFU per ml. The degree of aggregation of
the vi rions in each test can be judged from the fraction (percent)
of titer in the white , blue , and red parts of each centrifuge tube.

Aggregated virus remained aggregated in distilled , reservoir
and finished wa ter , leaving only 7—15% in the white supernatant region
and 43—74% in the aggregated red region . Dispersed virus remained
dispersed in all the samp les except the finished wa ter from the
filter plant. In this finished water only 6% of the PFU remained
in the white supernatant layer. About 50% were in the small
aggregate blue region and the rest were in the red bottom . This
resu lt was confirmed by 3 more similar tests. Either this virus
has become aggregated or it has formed complexes with insoluble
par ticula te ma tter in the finished wa ter and so increased in
sedimentation rate.

A surprising result was observed with PBS with  the e f f luen t
from the sewage plant. In both of these the aggregated virus became
d ispersed so that the PFIJ titer in centrifuged supernatants was
indistinguishab le from the controls.

Some small changes can be seen (Table 3) when one minute samples
are compared with 60 minute samples but it seems tha t mos t of the
action has occurred within the first minute after the 7000 fold
dilution whether it be aggregation or deaggregation. The one result ,
with aggregated input virus and unc larified sewage plant e f f luen t , may
be a significan t exception. Here the evidence for continuing dispersal
of aggregates appears as a 2 x titer increase from 1 to 60 minutes in
the white supernatant and a simultaneous decrease (2 fold) in the red .
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Two more controls were added In an attempt to learn the
reason f o r  the  appa rent  d ramat ic  aggregat ion of dispersed virus  by
t i nished water from the filter plant. Inasmuch as l ime and alum are
used in treatment of this water before filtration , we tested a

~a1cium c h l o r i d e  so lu t ion  c o n t a i n i n g  6 .2  mg/ I  Ca~~ ( the  concent ra t ion  of
(a~~ found in the finished water by atomic ad sorp t ion spe ct roscopy)
and another dosed with 20 mg/I CA(OH)2 and 32 mg/i of A12 ( S04) 3.l8 H20
(the dosage used at the Chapel Hill water treatment plant), adjusted
dropwise to pH 7 with 1M MCi , and centr ifuged to remove alum inum
hyd roxide h o c  at a speed sufficient to pellet particles of polio—
virus size. Both solutions were allowed to stand 6 hours at 25C
b e f or e  a d d i t ion  of the v i rus .  These data are included in the
summary Table 3 whe r e i t  can be seen that  calcium alone had no
effec t but when the alum was present about 80% of the virus
sedimented to the bottom.

The virions in the drop of concentrate may have aggregated
instantl y when they fell into the 200 ml of alum—treated water or
they may have reassembled after the 7000 fold dilution or the i r
h igh  sedimenta t ion  ra te  may not be due to aggregat ion but  r a the r  to
formation of dense comp lexes with par ticles a l r eady presen t in the
water. Instant aggregation would have to be critically dependent
on the virion concentration in the drop so a drop was put into 200 ml
of d i s t i l l e d  water  (about 7000 x d i l u t i o n ) .  Previous experiments
have shown that this diluted virus is dispersed . When 5 ml of this
were mixed with 15 ml of alum—treated water and analyzed 15 minu tes
later only 8% of the PFU were found in the combined white and blue
frac tions ; 92% sedimented to the bottom red fraction. This indicates
complex formation rather than virion aggregation.

PHYSICAL STATE OF POLIOVIRUS RELEASE1) FROM INFECTED CELLS DIRECTLY
iNTO NATURAL AND OTHER WATERS .

Experiments above have investigated aggregation induced by
d i l u t i ng dispersed virus preparations into essentially sa l t—free  or
fresh water , sea water and into weakly buffered waters at a series of
pH values. They were also concerned wi th  the f a t e  of aggregated virus
c lumps when dispersed in several kinds of water . In order to get one
step closer to field conditions we have put infected cells into a
series of waters and released the virus from them by two freeze—thaw
cycles .  The resul t ing virus concentration was contrived to be low
(ca lO~ PFU per ml), too low for  electron microscopy but hi gh enough
fo r  r ate—zonal  sedimentation analysis (RWB) . Table 4 shows that  only
in PBS and in sea water  was there essentially no vir ion aggregation
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In these suspensions. Distilled water showed very little aggregation
but  Chapel H i l l  reservoir water  (both cla r i f i ed  and raw) showed a
large aggregated component indicating that halogen treatment of such
water must be designed to inactivate resistant aggregates rather
than just the sensitive single virions.

POLIOV IRUS INACTIVATION BY BROMINE SPECIES OTHER THAN HOBr AND BY
HOC 1.

Tribromamine (NBr
3
). In figure 38 are shown the kinetics of inactivation

of sing ly dispersed pol iovirus by several concentrations of NBi . at 5C in
0.05 M phosphate buffer at pH 7. The dependence of reaction ra~e on
concentration is shown in Fig. 39.
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FIg.  38 Inact ivat ion of poliovirus by tribromamine (NBr 3) at 5°C , pHi
and a concentration of 3.2 l.L M (top l ine) ,  12 ~j M (—fr-fr-~-k~ ),

and 49 IJM ( ~— O—O--D.Q-) .

65

- ~~~~~. — — -- —~~~~~~~~~~~~ •-
~ -~%~-- —i-

~~~~~~~
;
~~~~~~ T . ~~~~~~~~~~~~~~ ~~~~~~~~~~~~

bv~~~~~7w - -



0z
0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _0

~~0.3

w
Q- 0.25
0

0.20 -

z 
-o O.I5

? o~io-
I-
0

0.05 -
L~o I I I I I
W 10 20 30 40 50

TRIBROMAMINE CONCENTRATION (pM)

Fig. 39 Inactivation rate of poliovirus as a function of the concentration of
NBr 3 at 5°C and pH 7.

Dibromamine (NHBr~ ). Poliovirus reacting at 4C with dibroinamine at
several concentrations is shown in Fig. (40) .  All experiments were at
pH 7 in 0.05 M phosphate buffer in which we have not observed any
tendency for dispersed virus preparations to aggregate. Still , the
curved limes obtained in this particular set of tests would seem to
ind icate that aggregation was indeed present. We cannot account for
thi s. Dibromarnine is much slower in action than tribromamine at the
same molar concentration. Note that  the time scale is seconds for
the former and minutes for the la t ter .
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Fig. 40 Inactivation of poliovirus by dibromamine (NHBr 2 ) at 4°C, pH7 and a
concentration of 2.9 ~M (.O~~G), 13.8 tM (-0.0*) and 39 i14 ( •-.-‘) .

Poliovirus is inactivated very rapidly at 4C by Br 2 ,  much
faste r even tha n by HOBr (compare Figs. 41 and 23) .  In order that the
Br 2 be the only signif icant  species active in the experiment it was
necessary to perform the reaction at pH 5. It would have been quite
impossible to avoid aggregation of the virus at this pH had we not
p rev iously lea rned , as desc r ibed above , tha t inclusion of 0 .3M
sodium chloride would prevent it. Poliovirus is entirely stable at
pH 5 sO it would not have declined in t i ter because of the acid
conditions of the 0.05 M acetate buf fe r  used. Inactivation rates
at several concentrations of Br 2 are shown on the resume , Fig . 42.
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Fig. 41 inactivation of poliovirus by Br
2 

a t 4° C and pH5 at 4.7 UN (...o-o-o),
12.9 UN (—O—Q-O.) and 21.6 UM (- --.— .- ) .

OBr . The rate of inactivation of poliovirus by the OBr ion in 0.01 M
glycine b u f f e r  at pH 10 and pH 11 is shown in Fig. 43. The initial rates
at both pH values are roughly proportional to OBr concentrations but
nei the r of them is constant and they are very much greater than those of
HOB r at the same molar concentrations. Appa rently the presence of a few
aggregates that produced l i t t l e  curvature in the log plot of T/To for
HOBr (28), tribroinamine (Fig. 38) or Br

2 
(Fig. 41) was more effective in

progressively reducing the reaction rate with OBr . A final experiment
was performed to examine this e f fe c t  fu r the r .  Star t ing virus was cent r i—
f uged to remove aggregates immediately before the disinfection
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Fig. 42 Inactivation rate of poliovirus as a function of the concentration
of Br2.

expe riment which was then repeated. The progress of the disinfec-
tion showed the same deg ree of curvature as before.  It appears that
this cu rvature is not due to virion aggregation and at present we
have no other exp lanation for i t .  The rate of inactivation of po lio—
virus by OBr is about 10 times faster than that of an equal molar
concentration of HOBr at 2C. No reduction in plaque titer has been
observed with p~ liovirus at pH 11 during the short t ime required for
these inactivation experiments.
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Fig. 43 Inac t ivation of poliovi rus by OBr . The rates are approxima tely
proportional to concentration at the two concentrations tested at
both pH values but they are significantly greater at pH 10 than at
pH 11.

HOd. Inasmuch as data on the rate of inactivation of polio and other
viruses has been obtained in the pa st without  di rect observational
control of virion aggregation , we f elt obliged to make some
experiments that would provide directly comparable data. But at
the time the chlorine experiments were made we were not aware of the
f act that di lution of stock virus wi th dil u te buf f e r at pH 6 caused
virion aggregation. Experiments with HOBr were made at pH 7 where
there was no aggregation but with HOC1 we worked at pH 6 and the
resul ts were highly irregular, some experiments gave straight lines
(log survival titer vs time), others curves. Although these results
indicate that chlorine inactivates poliovirus more slowly than equimolar
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concentrations of bromine , these da ta are no t ~ ~. comple te enough
for publication. Now ttm t we have learned how to prevent aggregation
(29) of the virus at acid pH these chlorine experiments are being
repea ted , with continuing support by the EPA, and comple te chl orine
data  should be available soon in repor ts  to that  agency .

ASSOCIATION OF VIRUS WITH CLAY PARTICLES .

No extensive work was done w i t h  clay but  we did see clear
evidence of associa tion of pur if ied reov irus par ticles wi th
particles of bentonite when they are examined by EM. The conditions
were these : Bentoni te  (Volclay , ACCOFLOC—350—American Colloid C o . ) ,
0 .2  grams were put  into 100 ml.  of 0.005 M phosphate b u f f e r , pH 7.
T h i r t y — f i v e  ml of th is  was cen t r i fuged  for  ten minutes  in one tube
of the Beckman SW—27 rotor at 5000 rpm (mean centrifugal acceleration
3900 G). The supernatan t fluid was diluted 5x with the same buffer
and mixed wi th  an equal volume of reo stock virus con tain ing about
2.4 x l010 virions per ml in the same b u f f e r .  This mixture  stood
3—1/2 hours at room temperature then it was di luted 84x wi th  the
same buffer and centrifuged over again for 30 minutes at 20,000 rpm
fo r  par t ic le  count.  Pictures  (Fi gs. 44 and 45) show both clay part icles
and vi rus particles clearly assoc iated with  p ract ical ly no vi r ions
s i t t ing alone . The higher  magnif ica t ion p ictu re (Fig . 45) shows
the p l a t e — l i k e  clay part ic les  in better detail.

ECHO— 1 VIRUS.

Difficulties were encountered with ECHO virus in getting
suf ficiently high concentrations of clean virus for EM work but late
in the program we did achieve this. ECHO— l virus was obtained from
Dr. Mark Sobsey of the Department of Environmental Sciences
and Eng ineering, IJNC , and passed 3 times in HEp—2 cells. After
pu r i f i ca t ion  as for polio , the par t ic le  count by the KA method was
4 x 1011 vi rions per ml. and the particles were well dispersed
(Fig. 46). No inactivation experiments were done with this virus but
a se ries was performe d , l ike that wi th  poliovi rus , to obse rve its
s ta te  of aggregation in several kinds of water.  Tabl e 5 shows tha t
in general dispersed ECHO virus aggregates less than polio and
agg regated ECHO virus tends to disperse better  than polio . A picture
of dia lyzed but unpuri f ied ECHO virus (Fig. 47) shows the virus
pa r t i c les  and their involvement wi th  tissue debris much the same as
was seen wi th  s imi lar ly  prepared po liovirus (Figs . 35 , 36 and 37) .
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~g. .. Rc~ v i r u s  mixed w i t h  a suspens ion of b e n t o n i t e  c lay  then d i lu ted  and
‘r p.i rt d for electron microscopy by the agar pseudorep l ica mcthod .

t i  ;i-so ciation of most of the v i r i o n s  w i t h  the c l a y  p a r t i c l e s .
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Fig. 46 ECHO— I virus purified , p rep ared by the kinetic attachment method
f r  disp lay of the hig h degree of dispersion which is very
s i n i l a r  to t ha t  ob ta ined  w i t h  p o l i o vi r us  Fi g 19. r Iag . = 36 , 000X.
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Fi g. 47 ECHO—I v i r u s .  Lysa te  of i n f ec t ed  c e l l s  d i a l y z e d  over Amicon
XM300 Membrane aga ins t  w a t e r .  M = 36 , 000X .
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DISCUSSION

Bromine is shown here to be a powerful agent for inactivating virus
in water. Data are presented showing the individual effectiveness of
HOEr , OBr , NBr 3, NHBr2 , and Br2 in order that some ra tional estimate
might be made of overall disinfective action in situations where more
than one of these are present. Two viruses have been examined in some
de tail , polio and reo, but most of the inactivation data has been
gathe red with polio in the hope that its behavior is most likely to be
representative of the large group of enteric viruses that may appear
in polluted water .

A complication anticipated in the gathering of the above data was
the state of aggregation of the virions when they encountered the
bromine. So examination of the degree of aggregation and the conditions
leading to aggregation of virus in water has been a major part  of this
work. In general , the loga rithm of the number of survivors in the
presence of a disinfecting agent is expected to decline linearly with
time of exposure if the concentration of the active agent does not
decrease in the process. However, this evidence of first—order
kinetics is often not achieved in the laboratory. The more common
experience is a curve indicating a decreasing reaction rate as
dis infect ion proceeds . This condition has of ten been a ttribu ted to
virion aggregation (1) but usually nothing has been done about it.
This is a report of some things that have been done about it.

Electron microscopy, as it is usually done , is directed to attain
maximum resolving power and the high magnification that goes with it.
But our purpose is not to examine the ultrastructure of the virus but
rather to see the virions in sufficient numbers to make an objective
statistical statement of their state of aggregation. For this, the
usual methods of preparing colloidal suspensior~ for EM study of their
pa rt icles are quite unsat isfactory because they involve drying to
deposit the particles on the surface to be micrographed . The forces of
surface tension are so unpredictable during the last bit of dry ing tha t
any pa rticle aggregation seen in such preparations is quite likely to
be an a r t i fac t of preparation. The basic problem is simply to produce
a two—di mensional display of the particles from a three—dimensional
liquid suspension without introducing any change in the size of the
clu mps or their frequency . Our two methods achieve a close approximation
to these requirements by at taching the virions to the receiving surface
before any dry ing takes place . In the SD method this is done by
centrifugation and in the KA method by kinetic bombardment. In both
cases every effort is made to remove all unattached virus before drying
of the specimen . But even if there is no lateral displacement of
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particles from their original contact points there remains a predictable
probability of one single particle or group falling upon another.
This, of course , can be minimized experinmntally by dilution and calcu-
lated for dilute preparations from basic mechanics (30). Having
produced an acceptable preparation of the virions for the EM one must
use the lowest practically attainable magnification in taking count
p ictures in order tha t the grea test possible number be seen in the
picture. This sets the maximum sensitivity and therefore the most
dilute suspension that will yield quantitative data and the minimum
number of pictures required to get it. We have found for routine
work with reovirus (70 nm dia.) that electron magnification of 2000
to 2500 is suitable and for the smaller polio and echo viruses 5000X
is necessary . These pictures can be conveniently analyzed by projecting
them (they are 2 inches square, 5 per glass 2” x 10” negative) on a
flat white surface 4 feet square divided into 25 squares . In this
way we have made direct observation of the physical state of stock
preparations of all three viruses and of changes that occur when
dilutions are made with changes in pH and/or in ionic strength.
Particle counts are very convenient also for locating an invisible
virus band in a density gradient when plaque titration would be
laborious and require much more time (Figs. 19 and 20).

In order to get the data described in the first paragraph of the
discussion it was necessary to establish exactly reproducible conditions
particularly with r egard to t he physical state of the starting virus.
Inasmuch as we know of no way to reprc duce or even maintain virus
preparations with any particular degree of aggregation we decided that
meaningful comparisons of viruses and their reactions with different
disinfecting agents can be made only with preparations containing no
clumps at all. Furthermore the act of dilution of such virus stock
suspensions into the water containing the disinfectant must not induce
aggregation . These things have been monitored by electron microscopy
with the result that essentially monodisperse stocks of virus have
been produced and unexpected aggregation caused by dilution in fresh
( low ionic strength) water detected .

Examination of the data will show that the reaction rates are very
fast with bromine. With HOEr , for instance , reovirus lost infectivity
at the rate of 3 log10 units per second (Fig. 15) at 2C and a concen-
tration of 2.9 RI. Even the more resistant polio virus was about 98%
inactivated in 16 seconds under the same conditions (Figs. 20 and 21).
So the dynamic , turbulent flowing stream type of experiment (Fig. 2)
was needed to produce samples of virus fo r titrat ion after an exposure
of as little as 0,5 seconds. This required design and construction
of apparatus to provide for turbulent flow of bromine water of known
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temperature and velocity through tubing and fixtures that have
negligible bromine demand . Virus must be injected at a known rate
for a known period of time and samp les withdrawn and quenched with
sodium thiosuiphate in times that are negligibly short compared wi th
the minimum transit time of 0.5 seconds. These stringent conditions
have apparently been met as can be seen in Fig. 15 where virus samples
taken at a series of 0.5 second intervals showed a log—linear decline
in titer with time. It must be emphasized that laminar flow must not
occur in any part of this experiment because virus particles near the
walls of the tubing will move more slowly than those in the center.
This is avoided if the Reynolds Number is kept above the critical value
to main turbulence.

At the beginning of this work we sought a mathematical relationship
(33 ,34) between the observed degree of aggregation of a virus particle
suspension and the curve of Log Survival Ratio of PFI.J plotted against
time. Data of the kind shown plotted in Fig. 15 can be employed for
this purpose (35).

If about one PFU in 10,000 of the starting titer were an aggregate
large enough to protect one potential plaque forming virion from
des truc tion by the bromine, this would be enough to account for the
persistent infectivity of reovirus seen in the experiments of Fig. 13.
If such an aggregate consisted only of virions (no extraneous material)
there would seeni to be no way that such small groups as 2, 3 or 4
could conspire to protect even one of their number from attack by
the large number of small bromine molecules or ions. Effective
protection would not seem possible with much less than a complete
monolayer of particles surrounding the protected one and this can
happen with spheres of equal size only if there are at least 17 in the
clump . Clumps of this size would be easy to see with the EN, but at
a frequency of l0~~ they might easily go unnoticed . The picture did
show that no groups larger than 7 virions were present at a frequency
greater than 1:1000 and such a cluster could not quite cover one half
of the surface of one. They could not afford it much protection. How,
then , can such a survival curve as that shown for the slightly aggregated
reo virus of Fig. 15 come about?

The upper curve of Fig. 15 has been repeated twice here for
demonstration of two different qualitative analyses. If all the virions
are alike in this mixture of singles and aggregates and the probability
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that  any single particle will make a plaque is E then the starting titer
when t = 0 (before bromine treatment begins) mus t be given by:

T = E (N
1 

+ C
2
N2 + C

3
N
3 

+ C
M
N
M
) Eq 1.

where N1, N , N3, etc. are the numbers of singles , pairs , triplets, etc.,
where 11 is ~he maximum clump size present in significant numbers and C2 ,
C3, C4 , etc. are factors, the values of which we will now seek.

If we were dealing with perfect virus (E l.00) then each single,
each pa ir , each triplet , etc., would make just one plaque and no more;
C
2
=C

3
=C
4 
etc. = 1. But the reovirus used here had about 40 times as

many particles like those of Fig. 6 than the plaques it produc..al.
This is saying that on the average only one virion in about 40 succeeds
in making a plaque . If random small groups, pairs, triplets, etc.,
are made f rom such singles there is only 1:40 chance of finding 2 of
the p laque—forming singles in one such pair so there will be little loss
through redundency and the probabili ty of plaque formation by a pair,
triple t , etc., would seem to be very nearly 2X , 3X, etc. greater than
that for single particles. Briefly, if the plaquing efficiency of the
virus is low (as this is) the probability of plaque forma tion by a small
clump of I particles would be approximately i times tha t for  any one
particle and equation 1 above can be approximated by:

T E (N
1 

+ 2N
2 + 3N

3 ÷ 
~~~~ 

Eq 2.

If this is the starting titer , its logari thm will be sub trac ted from
that of each survival titer so the E, whatever its value, does no t
appear in the difference that is the logarithm of the survival
ratio which is plotted on the disinfection graph. The numbers N1,
N2 , N.~, etc. are supplied by the electron microscope (Fig. 14) and the
logarithms of the corresponding set N1, 2N 2 , 3N3, etc., up to MN are
plotted as shown (Fig. 48) along the vertical zero time axis. set
used to plot the dotted line of Fig. 48 as it appeared in the
original publication (35) was simply N1, Nj,, N3, etc. The EM data do
not go much beyond 1 group per 1000 particles so this analysis probably
should not Include groups of greater than 7 particles (m=7) and the
approximation to the experimental curve should be accurate until
single particles have been reduced 99.9% by the bromine.

Having gotten the start ing points for each group size in the
mixtu re , one can draw immediately the best straight line through the
data points fo r inactivation of single partic les. This would indicate
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0

TREATMENT TIME IN SECONDS

Fig. 48 Theoretical approximation to the observed bromine dis-
in fect ion curve of Fig. 15 using the measured rate for
sin gle virions , the numbers of pairs , tr ip lets , e tc . ,
known from electron micrographs and assuming Poisson
mult iple—hit  kinetics. The curve is the sum of the
contributIons from each of the seven lines , one for
each group size from 1 to 7.
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a titer reduction from T0 to T~ after a mean dose m of bromine; T~=Toe
m.

If one assumes that the survival of a group of i particles is predicted
by the multi—hit target concept then the Ppisson limit gives

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

and the survival titer of the whole mixture will be

So now we can use the straight single ’s line to determine m in terms
of t, then calculate from equation 3 and draw , as on Fig. 48, the
predicted survival curve beginning at the proper point indicated above
for pairs, •l

~b7 ~
.

for triplets 7 , E(!+1fl +T~~~)e etc. making 7 lines in all.

Now, for any chosen time the predicted survival titer for the mixture
will be given by the sum of the antilogs of the seven intersections
with this vertical time line. The locus of the logarithms of these
sums forms the curve drawn for comparison with the observed data.
The fit of the predicted curve to the data is quite good .

Another , perhaps equally good fit to the experimen tal data can
be obtained by drawing straight lines (Fig. 49 ) from the same set of
starting points that were used in Fig. 48. The slopes of these lines
(all except the single’s line that has been determined by experiment)
can be found by trial until the sums of the contributions from all the
significant group sizes makes a total the log~~ of which falls on or
near the experimental curve for all times within the range tested .
By means of such graphical experimenting it is not difficult to achieve
a good fit as may be seen and each of the lines can be expressed as

where K
i 
is the reaction constant for

groups of i particles. Unlike the multi—hit Poisson concept of virus
disinfection which gives the exact curve for each group size, this
method shows only that if all the reactions are first order (straight
lines) a set of slopes can be found , consistent with the known numbers
of each aggregate size present , to account quite well for the observed
resul ts.

Both of these graphical analyses provide a tolerable fit to the
experimental disinfection curve down to the point where the survival
ratio of single particles is io~~ and that of the aggregated preparation
is 10—2 . Beyond this point the EM does not supply the needed accurate
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FIg. 49 Theoretical approximation to the observed bromine disinfection
curve of Fig. 15 using the same data as in Fig. 48 but assuming
each group size decays at its own constant rate. These rates,
slopes of the six lines representing group sizes from 2 to 7,
have been drawn from known starting points by trial so that the
sum of the survival titers they represent will make the best
f i t  to the act ual data points shown.
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data on the frequency of clumps containing 8 or more virions. One is
tempted to extrapolate the observed linear relationship between
Log Ni and log i to provide a rational basis for extending the predicted
disinfection curve but this must be done with care because of increasing
closeness of the lines (Fig. 49) or curves (FIg. 48) for each group
size. This can be seen on either graph and it suggests a limit to
useful extrapolation. While this might discourage those who seek
a simple method of pred icting the course of disinfection beyond
any given experimental limit, the above exercise has provided a
means of answering a significant question about the mechanism of
survival through aggregation.

The question is whether small clumps of virus, even pairs, are
more resistant to bromine action than single particles or whether ,
after exposure to bromine, the virions of a pair or small clump can
help each other in the act of plaque formation that would not occur
if they were acting separately. If we consider the point at which
the PFU titer of single particles has dropped by a factor of lO s,
some reason must be found for the observed survival titer of the
aggregated virus which is 10 times greater. There are not enough
large aggregates present to account for this and only in large aggre-
gates can one expect protection of one or a few of their number from
contact with the bromine. Even small aggregates are not frequent
enough (Fig. 14) unless they survive much better than single particles.
By either of the graphs it is clear that when the mean treatment (m 7)
has reduced singles to e 7 which is just about iO~~ of their or iginal
titer , pairs for example must be 8 to 10 times more resistant than
singles in order to contribute enough to the total observed titer .
This author thinks it unlikely that two virions can contrive to
protect each other to this extent , therefore their demonstrated
survival must be a synergistic effect resulting from complementation
in plaque formation. This is probably the dominant mechanism of
reovirus PFU survival down to lO~~ and perhaps farther but Fig. 13
showed that the large aggregates were dominant in survival at about
the ~~~~ level. So it seems that both m odes of survival are
operating with aggregated reovirus exposed to bromine .

It can be seen that nice orderly aggregation like that discussed
above can be t reated analytically with some success but the prognosis
for accuracy of any extrapolation fa r  enough to include the large
agg regates of virus that are probably present in naturally polluted
wate r is not good . It may be better at some future  time but for now
it seemed be t te r  to note it down and just  get on with finding out
what conditions lead to virion aggregation in water , how fas t  it
occu rs and how much might be expected In natural water.
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In general there are two ways to demonstrate virion aggregation
in very dilu te suspensions. Filters selective enough to separate
single particles from aggregates are available from several manufacturers
and they are easy to use but unfortunately their selec tiv ity is no t
determined by particle size only. They all involve the passage of
virus particles in close proximity to the filter structure to which
they tend to be attracted more or less (at different values of pH
and ionic strength) by electrical forces and influenced by the presence
of even trace amounts of soluble proteins and other colloidal
“stabilizers”. This greatly res tric ts their value in quan titative
work of this kind so we have turned to the ultracentrifuge in which
the sedimentation velocities of single virions are known to be much

~bout) 40% less than the smallest aggregates (pairs of spherical
par t i c les )  and they are very little affected by particle concentration ,
pH or ionic strength of the suspending fluid . Two pract ical  methods
for aggregation analysis by sedimentation velocity have been developed
here. The SPA method gives just a single particle approximation (% of
total plaque titer contributed by single particles). This provides a
single statistic characterizing an aggregation but it is a useful one
and one that can be compared directly with the theoretical prediction
of von Smoluchowski (36) for rapid coagulation of colloidal particles
in general. This will be discussed later.

More detailed information on the aggregated state of a virus
preparation has been obtained in a second variation of the sedimenta-
tion veloci ty experimen t tha t we have called the Red , Whi te and Blue
analysis. This involves the par tition of singles and aggrega tes
from a virus sample in a centrifuge tube containing a 3 step densi ty
gradient. Now, instead of titrating just the top fraction , as in
the SPA test , all three are titrated and the percentage of titer
in each gives a useful arbitrary separation of the size spectrum into
3 parts. Much of the comparative data on virus aggregation or
aggregate dispersion in various waters was gained in this way .

Having shown that clumps of virions ~re much more resis tan t to
bromine than single virions and tha t clumps of the sensitive reovlrus
may survive bromine doses that destroy single particles of the much
more resistant poliovirus, it becomes apparent that the sanitary
eng inee r must be more concerned with  aggregated virus than perfect l y
dispe rsed virus . But what kind of aggregates will he be dealing wi th
and how do they come about?

Ou r results show that  poliovirus , released by f reez ing and thawing
a few infected cells direct ly in lake water , remains largely aggre-
gated . Most of the infectivity resides in clumps of 10 or more
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vir ions . This is probably because poliovirus is generated in large
cytoplasmic clump s or c rys ta ls  tha t  are not dispersed in fresh water
(in sea water they break up completely). These we might call original
aggregates and it is probably these that will be the survivors of
insufficient water treatment.

But , at least in the laboratory, there are other kinds of
aggregates too. A ten fold dilution of buffered salt suspens ions of
single virions in water often causes cop ious aggrega t ion wh ich does
not break up with further water dilution. Addition of salt (further
dil ution with physiological saline , for instance) will disperse such
aggregates of poliovirus but not of reovirus. Thus it is possible
to dilute a stock poliovirus preparation in water where aggregates
occur then make a further dilution series for plaque t i t r a t ion  (using
PBS , of course , because this is standard procedure) and the dilution
t h a t  reaches the tissue culture cells will contain only single
particles. This is one thing we have found that may account for some
puzzling results of disinfection experiments with viruses.
Apparen tly all viruses are not alike in this respect. Water—induced
aggregates of reovirus persist on further dilution with PBS.

Both polio and reoviruses aggrega te at pH values below seven; the
lower the pH the faster they aggregate but these acid—induced aggregates
are qui te comple tely dispersed when they are returned to pH 7. Treat-
ment of virus with bromine in acid (p1-i 5) buffers , which was necessary
with Br2 for example , would always involve aggregation were it not
for the fac t that addition of neutral salts (NaCl or MgCl~ ) can preven t
I t .  Magnesium chloride is much more effective than the sodium salt.
This effect is qua l i t a t i ve ly  the same as it is on certain proteins
such as the g lobul ins .  I t  is not to be confused with the salting out
effects that occur at much higher concentrations of proteins.

We have observed the aggrega tion of pollovirus when stock
concen tra tes are dil uted 10 fold in water and also found that a 1000
fold one—step dilution of the same stock virus in water did not
aggregate. It is quite likely that the virions in both of these
dilu tions are unstable. Given sufficient t ime, the 1000 fold
d ilution would probably aggregate to the same degree that is reached
qu ickly at 10 fold dilution . Such apparent or quasi stable conditions
must be encountered frequently in experimentation with viruses In
water in which there is little or no salt , particularly under acid
cond itions. Modern textbooks such as those of Hartman (37) and
Kruyt (38) quote the original works of von Smolukowski (36) on
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a mathematical theory for the coagulation kinetics of colloidal
solutions. Tests of the theory were made at that time with gold
sols and such organic colloids as those of mastic and gamboge that
were used so extensively by Perrin (39) in his basic experiments on
Brownian motion . No tests of this long—standing theory have been
made , as far as we know, with viruses. There seems to be no apriori
reason why viruses some of which are in the size range employed by
Perrin , should not obey the same laws of coagulation. Furthermore
the uniformity of particle size of viruses is a highly desirable feature
and our quantitative methods of electron microscopy permit an
accurate appraisal of the nature and degree of the aggregation that
occurs. So we have calculated from the theoretical equation of von
Smolukouski the expected numbers of single virus particles remaining
in an originally dispersed suspension that have not yet aggregated
and plotted these as a function of time for several levels of concen-
tration (Top line of Fig. 50). This time scale of the graph is the
same as that used in our SPA experiments with both reo and polio
viruses. It can be seen by comparing the observed data (Figs. 28,32)
with these theoretical predictions for maximum possible reaction rates
(every collision sticks) that the shapes of the curves are similar
and at pH 3 the initial rates are comparable. At pH 3 it appears that
both reo and poliovirus do begin to aggregate as though only Brownian
motion is controlling. However, the observed data show a general
tendency to level off more quickly and continue to show more single
particles than predicted. This could be due to some residual error in
the experiment. If so, we do not know what it is. Both viruses
aggregating at pH 5 or in water proceed much slower than predicted by
Fig . 50 indicating that only a small fraction of the collisions
actually result in aggregates.

The theory of von Smolukowski predicts also the number of pairs,
triplets etc. that should be present as a function of time when a
suspension of single particles aggregates at maximum rate. We have
calculated from his equations and plotted on a log scale a Bet of such
curves (Fig. 50) extending over a time period equal to 3 times the
half life or coagulation time. It will be apparent if one takes a
set of values from the several curves at any chosen time and plots
them as ordinates against the logarithm of group size as has been done
(Fig. 51) for one half life, that the line is a curve with increasing
slope as group size increases from 1 to 6. Herein lies a readily
demonstrated difference between these predictions and observed results
with viruses. With reovirus we have seen (Fig. 14) in similar plots
made from electron microscope data that the line is straight. With
vaccinia virus it is straight (26,27) and unpublished results in this
laboratory show that with polystyrene latex partic les (0.24i.i from
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Fig. 50 Theoretical relat ive frequency of clumps containing one through nine
particles in a suspension subject to rapid coagulation . The half
life (time scale) is the time required for the total of singles plus
clumps to be reduced to half the original number which were all
singles at the start. These curves were calculated from the
equations of von Smolukowski (20).
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Fig. 51 Log—Log frequency vs clump size can be predicted from the theory
of rapid coagulation of von Smolukowski by drawing a vertical
line at a chosen time through the family of curves of Fig. 50.
These can be used to generate this curve which is quite different
from the straight lines (Fig. 5 and 14) obtained from the electron
microscope with reovirus and the fewer but similar data on poliovirus
in Table I.
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Dow Chemical Co.) as well as with acrylic resin particles (O.Sp from
Colab Laboratories, Inc.) the line is straight. Take, for example,
Fig. 51. The time chosen for this set of points was the coagulation
time or “half life”, the time when the total count of single particles
plus clumps has fallen to half the original value. At this time the
number of singles will have dropped to one fourth. The curve is
unmistakable , when compared with the straight line data obtained
from electron micrographs and the discrepancy is roughly 4 fold for
clumps of 6, a difference well beyond the limit of experimental error .
There are fewer aggregates seen than predicted and the difference
increases wi th  group size .

While we have labored here to show that there are significant
differences , both in the rate of disappearances of single virions
and in the frequency distribution of group sizes from those predicted
by the theory of rapid colloidal flocculation the fact remains that von
Smolukowski ’s theory is still a good guide, the best we have for virus
behavior. It does predict approximately, within the limitation
described above , the kinetics of virus aggregation as we have observed
i t .
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SUNNAR?

Bromine has been shown here to be a powerful agent for the
inactivation of virus in water. Of the various forms in which bromir.e
can exist in water , OBr reacts most rapidly with poliovirus reducing
its plaque—forming infectivity about 3 log10 units per second at aconcentration of 9.61-1 at 2C. This was at pH 11. At pH 5 with Br2
the rate of inactivation was 0.8 log10 units per second . With HOBr
and the bromamines (NBr3 and NHBr2) the corresponding rates were
0.12, 0.035 and 0.004 log10 units per second , all at pH 7. So the
three forms of greatest activity are OBr , Br2, and HOBr , in that
order. These reaction rates have been determined with preparations
of purified virus that were well dispersed .

Reovirus is much more sensitive to bromine (HOBr ) than poliovirus .
At a concentration of 2.9 ill it lost PFU titer at 2C at the rate of
3 log10 units per second when it was, like the poliovirus above , w ~1
dispersed . But when aggregation was present reovirus survived bromine
treatment that destroyed well dispersed poliovirus. Aggregated
preparations of both viruses reacted with HOBr in the same way, that
is, with a continuously decreasing reaction rate characteristic of a
mixture of infectious units with different degree of sensitivity.
Clearly the most resistant units are the larger aggregates but we
have not established the mechanism of survival. It might be either
a protection effect during exposure to the bromine or the result
of complementation resulting in more efficient plaque formation by
clumps of damaged virions which may be individually incapable of
infecting a cell.

Special apparatus was designed and built to make the measurements
of surviving virus Infectivity after bromine—exposure times as short
as 1/2 second. This apparatus has performed well in over 200 experi-
ments and we recommend it to others who will work in this field.

We have found the dependence of inactivating rate on concentration
of bromine at temperatures near freezing is generally not linear. This
is particularly noticable with NBr3 and HOBr. Increasing the concen-
tration increases the reaction rate but not proportionally . At 10°C
and at 20°C this effect is much less and rates are essentially
proportional to concentration.

Doubtless the most significant findings reported here are those
pertaining to aggregation of the virus particles and the effect of
this aggregation on the disinfection rate achieved by the bromine. All
of the results mentioned above were obtained with virus that was
carefully prepared and checked by electron microscopy to insure the

j
90

— -. _
__



absence of clumps of virions. We believe that meaningful comparisons
of disinfecting rates cannot be obtained in any other way. However,
we have shown that virus particles are generally aggregated in the
crude (unpurified) state and that there are several , perhaps many ,
conditions that promote reaggregation of dispersed virus. Such
aggregation always increases bromine resistance. We have demonstrated
this aggregation first by electron microscopy but we have also
developed two relatively simple experimental techniques for assay of
aggregation that are applicable at very low virus concentrations.
With these we have observed that dilution of purified stock virus
into water often causes copious virion aggregation which does not
disperse with continued water dilution. Furthermore the release of
virus from infected cells directly into water tends to leave much
of the virus in aggregates that persist. This is in water, not the
usually buffered isotonic salt solutions usually used in virus
laboratories.

Acid conditions promote progressive aggregation of both reo and
polio viruses in water and this would have made it impossible to
make Br2 experiments (pH5) with dispersed virus were it not for the
discovery that addition of salts to the water may prevent aggregation.
Some data are presented on the kind and quantity of salts that are
effective in this respect.

Data are presented showing the fate of aggregates of virus
particles when they are put into water of several kinds including sea
water. Dispersed virus was put into this same series of waters too,
in order to observe any tendency to produce aggregation. Aggregates
tend to persist in fresh water; sea water appears to be able to
disperse them. But the above pertains largely to pure aggregates,
just clumps of virions. Virus appears to clump in finished treated
drinking water after lime and alum treatment. This is probably
due to complex formation (virions attached to insoluble salt particles).
Attachment of reovirus particles to clay particles (Bentonite) is
shown here by electron microscopy.

We have found little or no aggregation of purified poliovirus at
pH values above 7 but under suitable acid conditions where aggregation
is rapid , the rate of clump formation has been followed by electron
microscopy as well as by measuring the fraction of single particles
that remain after a period of time. These data show that the kinetics
of the aggregation of these virus particles are second order, quite
similar to those predicted by the theory of rapid coagulation
of colloids. One exception to this general approximation that has been
observed is that the frequency of clumps of larger size is a little
greater than the theory predicts.

91

_ _ _ _ _ _ _ _ _ _ _  

. 4

~~
— -rw . 

-

_ ___________



ECHO— i virus , in a few experiments near the end of this work ,
appears to be slightly less subject to aggregation than the physically
similar polio virus.

It is quite clear that the bromine resistance of aggregates of
virus particles rather than the re8istance of single virions, is
the significant quantity that must guide sanitary engineers who would
disinfect water containing virus.
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RECOMIIENDAT IONS

At the end of this period of research investigation it is clear
that more needs doing :

1. We have examined the bromine sensitivity of polio virus in
some detail , and reovirus in somewhat less detail. They are very
different and no one can predict , from these two alone, how other
enteric viruses will behave. Other viruses must get equal or more
attention.

2. We have solved some of the aggregation problems peculiar to
these two viruses in order to get comparative bromine—resistance data
on single—particle suspensions. This means that our reaction rates
are not exactly comparable with chlorine, iodine or ozone data o~tained
by others who have used aggregation virus. So, similar experiment~
should be made with these and perhaps other active agents.

3. We have not examined the higher temperature range (25—30°C)
like midsumme r in Texas. This should be done too.

4. We have uncovered a few facts about simple virion—to—virion
aggregation that are vital to work in fresh water (low salt). These
phenomena will strongly influence both disinfection resistance and
the titration of surviving infection by viruses in water. More must
be learned about the aggregating behavior of these two viruses and
that of others as well.

5. We have struggled and wrought nothing much about the
possibility that damaged virions may subsequently aggregate and
thereby increase their infectivity through complementation (MR). We
are continuing the effort and others might do well to try.

6. Our data on aggregation of polio (and a little on ECHO) in
natura l waters came by way of a suggestion by Dr. Schaub (40). Our SPA
and RWB techniques, developed for this purpose, have revealed some
practical facts but they have merely scratched the surface of a
great body of ignorance that can only be dispelled by continued
diligence and further work in this area with several viruses.

7. Complex formation , adsoption of single virion or clumps of
virions to foreign matter , either organic or inorganic, must certainly
be examined in more detail than has been done by anyone up to now.
Methods such as we are using would be admirably suited to such work
and hopefully they would supply some definitive data on the influence
of such complexing on resistance to disinfection as well as on
effic iency of infection by the survivors of disinfecting agents.
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8. Accura te determinations of the isoelectric points of the
enteric viruses are very few in the literature. These are needed if
one is to build a rational concept of the mechanism of the virlon
aggregation that occurs at acid p11.

9. The observed failure of the disinfection rate of HOBr on
poliovirus to increase in proportion to concentration is a matter
of great practical importance. The consequences of this effect must
be noted and the mechanism sought.

10. There is still no clear concept of the mechanism by which
each of the species of bromine reacts with and destroys the infectivity
of animal viruses. There is much to be done.
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TABLE 1

Distribution of group sizes in a typical poliovirus preparation.

Group
Group Freq uency Standard Total Groups
Size per ar ea* Deviation Counted

1 124 15 2480
2 4.5 2.1 89
3 0.35 NC’°’ 7
4 0.05 NC 1

* Twen ty areas counted . This column gives the average per area.

xx Not calculated .
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TABLE 2

Ionic Inhibition of Poliovirus and
Reovirus Aggregation at Low pIL

p H 6  pU S  p H 3

+ -f-f + -1-4- + -H-
Na Mg Na Mg Na Mg

Pol iovirus O.IM 0.0111 0.2M 0.251! 2. SM 0.2511

Reovirus NA* NA 0.611 0. 25~1 - 1.0 11 O .2 5 M

*NA: Not applicable since reovirus did not aggregate at p116.

I

I
96



TABLE 3

EFFECT OF DIFFERENT WATERS ON THE PHYSICAL STATE OF POLIOVIRUS

3 Categories of Aggr ega t ion

White (W) Essentially all singles
Blue (B) Singles and small aggregates
Red (R) Large aggregates
Data are % of PFU found in each category

INPUT VIRUS CONDITION

WATER DISPERSED AGGREGATED

1 mm 1 hr. 1 mm 1 hr 
-~~~~

L ni vers ity Lake W B R W B R W B R W B R

Raw 57 31 12 58 33 9 8 22 70 16 30 54

Clar if ied 54 39 7 51 45 4 15 34 51 14 43 43
Filter plant—
Finished 6 51 43 6 50 44 10 19 71 7 19 74

Sewage Plan t
Secondary effluent

Raw 73 20 7 76 15 9 28 31 41 45 36 19
Clar if ied 63 33 4 60 34 6 61 32 7 69 29 2

Controls

PBS 60 37 3 55 44 1 54 42 4 60 37 3

Distilled 11
2
0 36 62 2 32 62 6 7 ~1 72 5 26 69

-H- 65 35 0 75 25 0Dis t . H, O+Ca
Dist.11

2
0+Ca 1-++AL*H- 17 6 77 10 7 83

One drop (Ca 0.03 m~) of stock virus was mixed into 200 ml of test water giving
a titer of about 10 PFU/ml. Samples were withdrawn one minute and one
hour later, separated into three parts in the centrifuge and titrated on
monolayer cell cultures. Well dispersed virus will be about evenly
divided between the White and Blue with 0 to 3% Red .

97

H 

_

_

_ _ _ _ _ _ _ _ _ _ _ _ _ _
_ -i -

~~~~~~~ 

- 
-

~~~~~~



TABLE 4

PHYSICAL STATE OF POLIOVIRUS RELEASED BY FREEZING AND THAWING
A FEW INFECTED CELLS IN DIFFERENT WATERS

(Final titer ca 10 PFU/ml)
Secondary sewage Controls

Filter  p lan t Sea water plant e f f l uen t  Distilled
FR.ACTION Raw Cla r i f i ed  Finished Straight  Clar i f ied  Raw Clarif ied water PBS

Singles (W) 25 33 9 51 63 30 36 56 56

Small
Aggregates(B) 20 35 16 41 31 35 33 34 38

Large
Aggregates(R) 55 32 75 8 6 35 31 10 6

Data are % of PFU found in each of the three categories of aggregation — see table 3.
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TABLE 5

EFFECT OF DIFFERENT WATERS ON THE PHYSICAL STATE OF ECHO VIRUS

3 Categories of Aggregation

White (W) Essent ia l ly  all  singles
Blue (B) Singles and small aggregates
Red (R) Large aggregates
Data are 7. of PFU found in each category

INPUT VIRUS CONDITION

WATER DISPERSED AGGREGATED

— 
1 mm 1 hr. 1 mm 1 hr

Univers i ty  Lake W B R W B R W B R W B R

Raw 71 27 2 60 39 1 48 40 12 74 24 2

Clarified 52 46 2 61 37 2 32 60 8 34 64 2
Fi l te r  p l a n t —
Finished 55 42 3 58 40 2 53 45 2 44 54 2

Sewage Plant
Secondary effluent

Raw 72 26 2 79 19 2 53 44 3 68 29 3
Clarified 58 38 4 67 28 5 90 9 1 91 8 i

Controls

PBS 59 40 1 53 46 1 71 26 3 74 24 2
Distilled 11

2
0 41 54 5 59 39 2 36 42 22 35 52 13

One drop (Ca 0.03 m~) of stock virus was mixed into 200 ml of test water giving
a titer of about 10 PFU/ml . Samples were withdrawn one minute and one
hour later, separated into three parts in the centrifuge and titrated on
monolayer cell cultures. Well dispersed virus will be about evenly
divided between the White and Blue with 0 to 3% Red .
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