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ABSTRACT

Indigenous viruses from sewage specimens were freed of

bacterial contamination by filtration through 25 mm, 0.45 bi Gelman

membranes after the specimens had been concentrated by the Al(OH) 3

technique. This method gave the highest yields of virus isolates in

HAM monolayers and yet was the simplest, most economical, and time

saving of the methods tested. In addition inocula prepared this way

showed no toxicity to tissue culture systems and were always free of

microbial contaminants. While an average of 1642 infectious virus

particles were isolated from five raw sewage specimens treated this

way, only 1423 infective virus particles were isolated when the con-

centrated material was centrifuged at 27, 000 x G before filtration.

Only 222 were isolated when the sewage concentrates were treated with

centrifugation and high concentrations of antibiotics.

The monolayer agar-overlay technique proved to be better than

the cell suspension agar method for the plaguing of prototype strains

of enteric viruses. Cell types, containers, and other conditions were

varied in an effort to find the best conditions for the formation of

plaques by these viruses. Monolayers of Wi38 cells gave plaques with

laboratory strains of both polio and echo viruses and for this reason

were chosen for testing the original virus concentrates for plaguing

vi



vii

to determine if this would be a more sensitive method than CPE for

the detection of natural viruses. No plagues were formed by inocula

from raw sewage and far fewer Were formed by treated sewage than

had been expected from the results obtained by CPE. Therefore CPE

seems a more reliable method than plaguing for the detection of

stressed indigenous viruses from wastewater.



CHAPTER 1

INTRODUCTION

The public has only recently become aware of the threat of

pollution to the environment. However, virologists have been working

for over three decades developing techniques for concentrating,

detecting, and enumerating viruses in water. A simple, economical

method is sought which will permit testing water for virological safety

as is now done in the routine coliform monitoring of water for bac-

teriological safety.

The presence of the bacteria in water greatly complicates the

task of testing for viruses. It is necessary to remove or inactivate

microorganisms other than viruses because such organisms destroy

tissue culture systems before viral infections become apparent. The

approaches that have been used include chemicals such as ether, sedi-

mentation of bacteria by centrifugation, high concentrations of anti-

biotics, sonic vibrations, and filtration through membranes with pore

sizes small enough to retain bacteria but large enough to allow viruses

to pass. Procedures used to separate bacteria from viruses affect the

concentration and subsequent enumeration of viruses in water.

1
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Poliovirus was first concentrated and isolated from sewage by

Paul, Trask, and Culatta in 1939 (1). They concentrated viruses by

gravity sedimentation and inactivated bacteria by overnight treatment

of the sediment with approximately 12% ether. Gard in 1940 (2) used

ether to reduce bacterial numbers before he concentrated the viruses

by precipitation with ammonium sulfate. Trask and Paul in 1942 (3)

treated sewage with ether to reduce bacteria and then found that

ammonium sulfate precipitation was better than gravity sedimentation

to concentrate viruses. In these early studies, poliovirus was demon-

strated by abdominal injection of the concentrates into live monkeys

with the subsequent development of the disease. None of these early

investigators achieved completely bacterial-free inocula with their

12% ether treatment since numerous animals were lost to early bac-

terial infections. Furthermore, no attempt was made to determine

whether ether treatment actually influenced the concentration of polio-

virus in such sewage samples.

Melnick in 1943 (4) was the first to devise the technique of

differential centrifugation to reduce bacteria as well as concentrate

viruses in stool specimens. He then applied the technique to sewage.

In order to reduce bacterial numbers in the specimens, he first cen-

trifuged at 23,000 x G for 20 minutes at 4-10 C and discarded the sedi-

ment containing bacteria and fungi while retaining the supernatant fluid

containing the viruses. This fraction was subjected to centrifugation
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at 107, 000 x G for 60 minutes to pellet the virus and the supernatant

fluid was discarded. The gelatinous pellets were resuspended in

phosphate buffer. Aggregated particles were removed from this sus-

pension by a final centrifugation at 23,000 x G for 20 minutes. The

supernatant fluid was pipetted off and inoculated intracerebrally into a

monkey. Either between the first and second, or between the second

and third centrifugations, the preparations were treated with about one-

half their volume of ether and kept in the cold for about 16 hours to

further eliminate bacteria. The final inocula usually, but not always,

failed to produce any growth on blood agar plates. Thus, Melnick (4)

used a centrifugation before and after virus concentration as well as

ether treatment to reduce bacteria.

In 1947 Melnick (5) showed that the viral concentration tech-

nique of pervaporation plus ultracentrifugation was superior to ammo-

nium sulfate precipitation. In these studies all preparations were

treated with ether after concentration of the viruses.

Kelly (6) in 1953, studied Coxsackie virus in sewage. She con-

centrated the virus on Dowex 1 resin, and then treated the eluate with

500 units per ml of penicillin and two and one-half mg per ml of strep-

tomycin before inoculating the concentrate into one and two day old

mice. This was the first use of relatively high concentrations of anti-

biotics to reduce bacterial numbers and control bacterial contamina-

tion.



4

All the previous studies were carried out with grab samples of

from 60 to 400 nil because it was not possible to concentrate larger

samples with the techniques available at that time. But, because of

the small samples, there was an unpredictability in detecting virus in

sewage. For this reason the introduction of the gauze pad method for

sampling sewage, which gave a higher percentage of positive virus

samples, was eagerly accepted by investigators.

Moore (7) had sampled sewage for the detection of paratyphoid

bacteria by suspending a gauze pad for a period of several days in a

stream of sewage. The pad was retrieved and the fluid expressed and

tested for bacterial pathogens. The technique was adapted to the

detection of poliovirus by MacCallam, Cockburn, Smehard, and Wright

(8) in 1952. This method proved to be a better sampling technique

because it permitted the adsorption and recovery of bacteria or viruses

from the large volume of water flowing past the pad for a three to

seven day period. Melnick in 1954 (9) demonstrated the superiority of

the gauze pad method over the grab sample to detect Coxsackie virus

in sewage. He developed an elaborate system for the concentration of

virus and removal of bacteria that incorporated ether treatment,

ammonium sulfate precipitation and differential centrifugation. The

presence of Coxsackie virus was demonstrated by the production of

disease in infant mice.
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In 1957 Kelly, Winsser, and Winkelstein (10) used gauze pads

when they tested sewage for enteric viruses. In this study, they used

tissue culture as well as mice for the demonstration of virus. They

found that while antibiotics controlled bacterial infections in mice,

etherization and centrifugation were necessary to reduce bacterial

numbers and eliminate toxicity in tissue cultures. They noted that the

host system, used to detect viruses, affects the numbers and kinds of

agents found. Mice yielded both Coxsackie A and B viruses while

Coxsackie B and polioviruses were isolated in HeLa and monkey kidney

cells. Coxsackie A was not detected in tissue culture nor poliovirus

in mice.

Mack, Mailman, and Bloom in 1958 (11) confirmed Melnick's

findings that concentrates from gauze pads were two times more fre-

quently positive for virus than concentrates from grab samples. They

controlled microbial contamination by a combination of antibiotics and

centrifugation. The viruses were concentrated by ultra centrifugation.

The suspended sediments were treated with 3000 units per ml of peni-

cillin and 12 mg per ml of streptomycin for 24 hours and then centri-

fuged at 9,000 rpm for 20 minutes to remove antibiotic resistant

organisms. The preparations were tested for sterility before being

inoculated into mice and tissue cultures of monkey kidney epithelium.

Bloom, Mack, Kruger, and Mailman (12) did a similar study using an



even higher concentration of penicillin (3, 500 units per ml) in the

inoculum to control bacterial contamination.

While studying various enterovirus concentration methods,

Gravelle and Chin in 1961 (13) treated their concentrates with 200 units

per ml of penicillin and 200 pg per ml of streptomycin, and one pg per

ml of amphotericin B followed by centrifugation at 15, 000 rpm for 30

minutes. Wiley, Chin, Gravelle, and Robinson (14) as well as Lamb,

Chin, and Scarce (15) used this method to reduce the numbers of bac-

teria and fungi in virus concentrates.

When Kelly and Sanderson (16) demonstrated that gauze Pad con-

centrates gave two to four times more virus positive samples than grab

specimens, the samples were concentrated on Dowex 1 resin and the

eluate treated with antibiotics and diethyl ether to control bacteria.

Fourteen different types of viruses were isolated by plaguing in mon-

key kidney epithelium. This is one of the first attempts to enumerate

viruses and the results were expressed as plaque forming units (PFU)

per 100 ml of gauze pad fluid concentrate. However, since there was

no way to estimate how much water had passed through the gauze pad,

the procedure cannot be considered a quantitative method.

Duff (17) is the most recent investigator to use the gauze pad

method for sampling sewage and he has offered a completely new

approach to the concentration of viruses from sewage. He centrifuged

sewage samples at 7,000 to 8,000 rpm and then discarded the
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supernatant fluid which is the fraction usually tested for viruses. He

suspended the sediment, which is usually discarded, in a very small

volume of fluid and added two volumes of chilled fluorocarbon to

eliminate bacterial and fungal contamination and then inoculated the

material into tissue culture. His findings suggest that part of the virus

in sewage is free and part is attached to bacteria and particles of

organic debris, and the proportions of bound and free virus varies with

each specimen.

The introduction of membrane filters to the virological analysis

of water was considered an important advancement from two viewpoints.

It was an efficient method for removing microbial contaminants from

large samples of water and it was also useful in concentration proce-

dures. Previous studies using grab samples were unpredictable because

they permitted only small samples of 50 to 400 ml to be studied. Fur-

thermore, as mentioned previously, while the gauze pad system had

increased the numbers of positive samples, it did not permit quantita-

tion in terms of viruses per unit volume of water. However, the use

of membrane filters for the removal of bacteria and fungi allowed the

volume of grab samples to be increased to one gallon, or even 10 gal-

lons, which made the sensitivity of grab samples equal or better than

gauze pads and still the results were quantitative.

Membrane filtration was introduced to the field of virology by

Metcalf (18). In 1961 he expected to recover viruses from fluids with
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very fine membranes in the same way that coarser membranes were

used to remove bacteria from water in standard bacteriological analy-

sis. However, when he filtered throat washings containing influenza

virus, PR8 strain, to remove the bacteria, much of the virus was

adsorbed to the membrane even though the pore size was many times

larger than the viruses. This was the same phenomenon that Elford

(19) had noticed in 1931 when using nitrocellulose membranes to deter-

mine the sizes of viruses. Elford found that a sieving action was not

the sole factor involved, but that specific adsorption of virus increased

as the capillary channels became narrow.

Cliver in 1965 (20) applied Metcalf's findings to study factors

in the membrane filtration of seeded enteroviruses and discovered

that while the major loss of virus was due to adsorption to the mem-

brane, the diluent affects this adsorption. He put this phenomenon to

use by adsorbing laboratory grown enteroviruses to the matrices of

Millipore filter membranes in the course of' filtration of experimentally

contaminated low protein fluids, such as water, saline or urine. The

viruses were then eluted with phosphate buffered saline containing 30%

serum. Microbial contaminants were eliminated by immersing the

membrane in chloroform and rinsing thoroughly prior to elution.

The membrane filtration of viruses was also studied by Wallis

and Melnick (21) in 1967 and they determined that virus can be made

to adsorb or pass through membrane filters by manipulating the
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concentration of salts, which facilitate adsorption, and membrane

coating compounds (MCC) such as serum, which interfere with virus

adsorption. They (22) presented an elaborate method for the concen-

tration of viruses from sewage by selective adsorption on Millipore

membranes. Bacteria were first removed by filtration through a

O. 22g. Millipore membrane. The presence of natural MCC in the

sewage, as well as the hypotonicity of wastewater, according to Wallis

and Melnick, prevented adsorption of virus during the first membrane

filtration step. The virus was then adsorbed on a 0.45g Millipore

membrane during the final filtration step after the MCC had been

removed by filtration through Dowex anion exchange 1X8 and the salt

concentration adjusted with MgC1 2 . This was the first use of membrane

filters to remove bacteria and fungi from viruses in sewage.

In 1965 Wallis and Melnick (23) advanced a method for the de-

tection of small quantities of virus in large volumes of diluent by con-

centrating the viruses on A1P04 
and Al(OH) 3 

precipitates. Sabin in

1931 (24) had adsorbed poliovirus to Al(OH) 3 
and Wallis and Melnick

in 1967 (25) adapted this phenomenon to concentrate viruses occurring

naturally in sewage. The bacteria were removed before concentration

by filtration through a 0.22g Millipore membrane, the Al(OH) 3 was

added and stirred for a 1 to 2 hr period to permit adsorption to occur

and then the Al(OH) 3
-virus complex was collected on a 0.45g Millipore

membrane.
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Wallis and Melnick (25) indicated that naturally occurring MCC

prevented loss of virus during the first filtration through the 0.22p

membrane when bacteria and fungi were removed. However, other

investigators have not been able to completely confirm this finding.

When working with Tucson, Arizona wastewater, Moore, Ludovici, and

Jeter (26) noted a considerable loss of seeded viruses in filtration

through untreated Millipore membranes. Serum treatment of Millipore

membranes reduced but did not eliminate all loss of viruses by adsorp-

tion. However, untreated Gelman membranes did not adsorb added

viruses and these membranes were used to remove bacteria and fungi

from wastewater samples during the first filtration by these authors.

In addition, these investigators found that the Al(OH) 3 
procedure was

much more efficient for concentrating viruses than the membrane

adsorption procedure both for detecting seeded poliovirus at low input

levels and for detecting the presence of low levels of indigenous viruses

in wastewater.

Although investigators have been concerned with techniques for

the concentration of viruses in wastewater, there have been no reports

as to how the treatment of water or concentrates to remove contaminating

organisms affects the numbers of natural virus isolates. Yet each

method of controlling bacterial contamination has the potential of inhib-

iting the expression of virus. Chemical treatment limits the viruses

isolated to those that are ether resistant. Centrifugation at speeds that
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sediment bacteria, as shown by Duff (17) loses all viruses bound to

bacteria or debris and may also sediment large virus aggregates, nor

does it necessarily yield a product free of contaminants. As indicated

earlier (26) when contaminants are removed by membrane filtration

before concentration, viruses can be lost by adhering to membranes

with pore sizes much larger than the viruses even when prescribed

precautions are taken. Antibiotics probably do not affect viruses but

they are toxic to tissue culture systems in high concentrations and

unfortunately do not always prevent contamination.

The present study was designed to compare the effects of a

number of methods to remove contaminating microorganisms including

centrifugation, antibiotics, and membrane filtration, on the numbers

of indigenous viruses isolated from concentrates of two types of waste-

water. The Al(OH)
3 

method was used for virus concentration since

this laboratory had previously found it to be a highly effective proce-

dure (26). The different methods of removing bacteria were carried

out after virus concentration.

Another aspect of the study was to investigate different plaque

assay systems with known prototype enteroviruses in an effort to

develop a plaque assay which could be used to replace the method of

detecting indigenous viruses in wastewater by their cytopathic effect

(CPE) in tissue culture monolayers.



CHAPTER 2

MATERIALS AND METHODS

Media and Reagents 

Antibiotics were used at the following concentrations per ml:

penicillin (P) 100 units, streptomycin (S) 100 pg. tetracycline (T) 10

pg. neomycin (N) 50 pg, and fungizone (F) 5 pg.

Dulbecco's phosphate buffered saline (PBS) and calcium-

magnesium-free phosphate buffered saline (CMF-PBS) were prepared

according to standard methods (27., 28) except that 40 ml per liter of

0.5% phenol red solution was added before bringing to volume. A 0.5%

trypsin (1:300) solution was prepared in CMF-PBS.

All media were obtained in powder form from Grand Island

Biologicals and prepared according to the manufacturers directions.

They included Melnick A(Mel-A), Melnick B(Mel-B), minimum essen-

tial medium Eagle's (MEM), and Eagle's basal medium (EBM).

For plaque assays, Difco-Bacto agar was prepared at 2% or 3%

and Noble agar was prepared at 3% concentration. Calf serum (CS) and

fetal calf serum (FCS) were obtained from Hyland Laboratories. The

plaque assay cultures were stained with tetrazolium salts (27).

12
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Cell Cultures 

Primary human amnion cultures (HAM) were grown in Wallis-

Melnick disposable glass tubes from placentas collected at a local

hospital and processed in this laboratory. The fresh placentas were

placed in one liter of sterile CMF-PBS containing P and S (2 1I2X) for

transport to the laboratory. The amniotic membranes were stripped

and processed according to standard procedures (28) except that the

whole membrane was left intact. Monolayers were obtained by inocu-

lating tubes with 2x10 5 
cells in 0.5 ml of Mel-A with 10% CS and

PSTNF. After two days the tubes were drained and one ml of fresh

media was added. Monolayers formed in seven to ten days. The tubes

were then washed twice with CMF-PBS and one ml of Mel-B with 2%

FCS and antibiotics PSTNF was added. This latter media was changed

at weekly intervals for four weeks. Monolayer tube cultures not used

within one month were discarded.

The established cell lines used for plaguing include HEp-2,

HeLa, BSC-1 and HCAAT (HeLa line adapted to suspension culture)

which were all carried in serial culture in this laboratory. These cell

lines were known to carry latent bacterial contamination and new stocks

of HeLa, HEp-2 and W 1 38 were obtained from Microbiological Asso-

ciates.
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Wastewater Samples 

One gallon samples of clarified raw sewage and activated sludge

effluent were collected in plastic jugs from the sewage plant of the

city of Tucson, Arizona. The samples were brought to the laboratory

immediately for processing.

Aluminum Hydroxide-virus Adsorption

Concentration Procedure 

The wastewater specimens were allowed to sit for 10 to 15

minutes to settle large debris and then the upper portion decanted and

measured. One liter of raw sewage and one gallon of activated sludge

effluent were processed in one gallon stainless steel pressure vessels

without prior filtration to remove bacteria. Ten ml of freshly washed

A1(OH)
3 

suspension, prepared according to the method of Wallis and

Melnick (25) was added per liter of sample and the mixture was stirred

magnetically for one hour. The Al(OH)
3 

and all particulate matter

remaining in the wastewater were collected by pressure filtration on a

142 mm Gelman membrane. The pore size found most convenient was

1.2 pi because this was fine enough to retain the Al(OH)
3 

but coarse

enough to allow rapid filtration. The sediment was scraped from the

membrane with a spatula and collected in a sterile mortar. Four ml of

FCS were added and the mixture ground with a pestle to elute the

adsorbed virus. This serum suspension was frozen in one ml amounts

at -65 C until it was convenient to process.
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Methods of Removal of Bacteria
from Virus Concentrates

The frozen virus suspension was thawed rapidly and diluted

with MEM, containing 2% FCS and PS, to a concentration suitable for

testing. The raw sewage was diluted 1:10 and the activated sludge 1:5.

Four methods were used to treat the virus concentrates to remove con-

taminating microorganisms.

For method A (centrifugation) the diluted sample was centri-

fuged at 27, 000 x G for 45 minutes at 4 C in a Sorvall centrifuge, model

RC2B. The supernatant fluid was carefully removed and inoculated

into HAM tubes. After two hours adsorption at 37C the media was

drained and the cells washed two times with PBS with 2X PSTNF fol-

lowed by the addition of fresh Mel-B containing 2% FCS and 2X PSTNF.

This step was necessary to eliminate the toxic effect of the inoculum

on the tissue culture cells.

For method B (centrifugation and membrane filtration) the

diluted suspension was centrifuged at 27, 000 x G for 45 minutes at

4 C in a Sorvall centrifuge, model RC2B. The supernatant fluid was

then filtered through a sterile 25 mm Gelman 0.45 pt membrane and

inoculated directly into HAM tubes. No washing or media change was

necessary in this case since the tissue culture cells showed no toxic

effects from the inocula.
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For method C (membrane filtration) the diluted material was

refrigerated ten minute to allow the Al(OH) 3 to settle slightly, the

supernatant fluid was decanted and then filtered through a sterile 25

mm Gelman 0.45 p membrane before the HAM tubes were inoculated.

For method D (no treatment) the concentrate was simply diluted

and inoculated directly onto the cells. After a two hour adsorption

period, the tubes were washed two times with PBS containing 2X

PSTNF followed by the addition of fresh Mel-B containing 2% FCS and

2X PSTNF. This step was necessary to eliminate the toxic effect of

the inoculum on the tissue culture cells.

Detection and Enumeration of Virus 

One ml of each of the virus concentrates, properly diluted,

and processed by the above procedures, was inoculated into 10 HAM

tubes (0.1 ml per tube) from a single amnion so that all were exposed

to cells of the same degree of susceptibility. The tubes were examined

microscopically every other day for two weeks. Representative tubes

showing CPE, from each test, were frozen and later passed to fresh

HAM or Wi38 tubes to confirm that virus was present. Cultures that

failed to pass or remained negative for two weeks were scored virus-

free.

The number of infectious virus particles was estimated as

follows: The number of positive tube cultures was translated into
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percentage value and the probable number of infectious particles per

inoculum was estimated from standard statistical tables (29). Values

were expressed on the basis of a one gallon sample of wastewater.

Development of a Plaque Assay Technique 
using Prototype Viruses 

The Cell Suspension-agar Method

Eleven experiments were done using the suspended agar tech-

nique of Cooper (27). The conditions of individual experiments, as

listed in Table IV, were varied but all had the following procedures in

common.

A nutrient agar medium was prepared by mixing equal volumes

of warm double strength EBM,	 FCS and PSTNF, with 3% agar cooled

to 45C. Agar base layers were formed by allowing two to three ml of

the nutrient agar medium to harden in the culture containers. The

remainder of the agar medium was kept in the molten state for making

the cell-virus overlay later.

Trypsinized cells were counted and suspended at a concentration

of 6x10
6 , per ml of EBM. One ml of the cell suspension was dispensed

into tubes and 0.1 ml of virus added containing 100, 20, and 5 PFT.J.

The cells and virus were mixed rapidly and immediately two ml of the

melted nutrient agar medium was added. This was mixed and quickly

poured over the prepared base layer and allowed to harden.
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Containers were incubated in an inverted position at 37 C with

petri dishes in 5% CO 2 . After three days the cultures were stained

and the plaques were counted.

Control cultures were handled exactly the same as the test cul-

tures except that no virus was added.

The Monolayer Agar Overlay Method

Eleven experiments were done using the monolayer technique

as described by Cooper (27). The conditions of individual experiments

are listed in Table V but all had the following procedures in common.

Cells in sufficient numbers to form monolayers in two days

were added to the culture containers and incubated at 37C. Petri dishes

were incubated in an atmosphere of 5% CO 2 .

When confluent monolayers had formed, the growth medium was

removed and the cells washed two times in the medium used for the

virus dilution in order to neutralize the effects of CS. Virus dilutions

containing 100, 20, and 5 PFU per 0.1 ml were added gently to the cell

layer. The cultures were kept for an absorption period of 1 hour at

37C. The containers were rocked gently once during this time to

respread the inoculum.

Meanwhile a nutrient agar medium was prepared by mixing equal

volumes of warm double sti ength EBM,	 FCS, PSTNF, and melted

agar which had cooled to 45C. Three to five ml of this medium were
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added carefully so as not to damage the cell layer, and allowed to

harden on a level surface. The cultures were incubated in an inverted

position at 37C. The cells were stained when virus lesions were seen

with the inverted microscope, usually in three days. If negative, all

cultures were stained at seven days.

Control cultures were handled exactly the same as the test cul-

tures except that no virus was added.

Plaque Assays of Unknown Virus 
with Wi38 Cell Line 

The plaguing assay of the wastewater concentrates closely

followed the monolayer assay method using prototype viruses as given

above. Wi38 cells were used because they had given the best results

in the preliminary assays with known viruses. They were grown in 30

ml Falcon plastic flasks (seeded with 10
6 

cells) and used when they

reached confluency at two or three days. The growth medium was re-

moved and there was no washing since these cells were grown in MEM

with 10% FCS. The inoculum was prepared by method C (membrane

filtration) because it had given the highest yield of virus as measured

by CPE in HAM cultures. Two-tenths ml of the filtered sample was

added to two flasks at each dilution of 1:10, 1:30, and 1:90. The

adsorption and addition of overlay media was exactly as described for

the prototype viruses. Fluid MEM with 2% FCS and 1X PS was added

to a third inoculated flask. This served as a control to show the
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presence of virus that might not be capable of forming plaques under

agar. The agar overlays were allowed to gel in a level position and

then inverted for incubation at 37 C. The flasks were inspected

through an inverted microscope for signs of virus. When the first

virus lesions appeared in the fluid culture (three days in the one posi-

tive sample) one flask with agar overlay was stained with 2.5 ml of

tetrazolium stain. The second flask was stained when CPE was

advariced in the positive control flask (four days). When the fluid cul-

tures remained negative, the flasks were held for two weeks and then

stained. The best staining of plaques occurred when the flask caps

were slightly loose.



CHAPTER 3

RESULTS

The Detection and Enumeration of Infectious 
Virus Particles by CPE in HAM Tubes 

Table 1 gives a comparison of the estimated numbers of infec-

tive virus particles isolated from one gallon samples of clarified raw

sewage after three methods of treatment to remove contaminating

organisms. It is clear that filtration alone yielded the most virus

particles with an average of 1642 per gallon, and all of the samples

were positive for virus. Centrifugation before filtration gave fewer

virus particles with an average of 1423 per gallon and one of the speci-

mens was negative. Centrifugation combined with high concentrations

of antibiotics gave the poorest results with markedly fewer infectious

virus particles detected (average of only 222 per gallon), and three of

the samples were negative.

Table 2 lists the comparative number of virus particles detected

in activated sludge effluent after treatment by the three methods for

eliminating microbial contamination. Again filtration of virus concen-

trates prior to inoculation gave the highest yield of virus particles as

well as the highest number Jf virus positive samples (two out of five).

21
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TABLE 1. Comparison of estimated numbers of infectious virus par-
ticles per gallon of raw sewage using three methods to
remove bacteria from virus concentrates as based upon

*
cytopathic effect on primary human amnion.

Sample
number

Method of Treatment

Centrifugation
Centrifugation**
and filtration*** Filtration

1 0 775 1049

2 775 3496 3496

3 0 546 1049

4 334 0 167

5 0 1398 2447

Mean 222 1423 1642

One liter samples processed by Al(OH) 2 -virus adsorption procedure

and the concentrate diluted 1:10 with Mel-B, 2% FCS and PSTNF

before treatment.

**Centrifuged at 27,000 x G for 45 minutes at 4C in a Sorvall RC2B

centrifuge.

***Filtered through a 0.45 'I Gelman membrane (25 mm diameter).
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TABLE 2. Comparison of estimated numbers of infectious virus par-

ticles per gallon of activated sludge effluent using three

methods to remove bacteria from virus concentrates as

based upon cytopathic effect on primary human amnion.'

Sample
number

Method of Treatment

**
Centrifugation

Centrifugation
and filtration

1 0 0 0

2 0 560 560

3 22 0 22

4 0 0 0

5 0 0 0

Mean 4 112 116

*One gallon samples processed by Al(OH) -virus adsorption procedure

and the concentrate diluted 1:5 with Mel-	 FCS and PSTNF,

before treatment.

**Centrifuged at 27,000 x G for 45 minutes at 4C in a Sorvall RC2B

centrifuge.

, 1-4-Filtered through a 0.45 Gelman membrane (25 mm diameter).
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The combination of centrifugation and filtration gave one positive

sample as did centrifugation with antibiotics.

The total numbers of infectious virus particles detected in five

samples each of raw sewage and activated sludge effluent are compared

in Table 3. These results indicate that secondary treatment decreases

the numbers of infective virus particles in sewage by 93%. Further-

more only two out of five activated sludge effluent samples were virus

positive even though one gallon of water was processed and only a 1:5

dilution of the concentrate was tested.

Plaque Assays using Prototype Viruses and the
Cell Suspension-agar Method 

Results on plaque assays of two prototype enteroviruses using

various mammalian cell types by the suspended cell-agar technique

are shown in Table 4.. No plaques were formed by either primary

HAM or chorion cells though both cell types were susceptible to the

viruses tested in a fluid CPE procedure. Conditions, such as the type

of containers used, were varied in an effort to find a system in which

these primary cells would form plaques. HAM cells were held in sus-

pension for seven days to allow time for virus receptor sites to develop.

Secondary cultures of' HAM were tested but gave no plaques either.

The established cell lines with latent bacterial contamination formed

no plaques in the presence of the high concentrations of antibiotics

required to inhibit the bacterial infection. However, a new strain of
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TABLE 3. Effectiveness of secondary treatment in removing

enteroviruses from sewage. *

Raw sewage
**

Activated sludge effluent

1049 0

3496 560

1049 22

167 0

2447 0

Mean 1642 116

Virus
reduction 93%

*One liter samples processed by Al(OH) 2 -virus adsorption procedure

and the concentrate diluted 1:10 before Tiltr ati on through a 0.45 bt

Gelman membrane (25 mm diameter) to remove contaminating

organisms. (Values adjusted for one gallon. )

**One gallon samples processed by the A1(OH) 3 -virus adsorption

method and the concentrates diluted 1:5 before filtration as above.
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TABLE 4. Plaque assays using prototype viruses and various
mammalian cell types by the suspended cell-agar
technique. *

Cells	 Virus	 Special Conditions	 Results

Primary
HAM	 Polio I	 none	 no plaques

Primary	 60 mm plastic petri
HAM	 Polio I	 dishes in 5% CO 2 	no plaques

Primary	 HAM held in suspension	 all

HAM	 Polio I	 7 days before use	 contaminated

Primary	 60 mm plastic petri

HAM	 Echo 13	 dishes in 5% CO
2	

no plaques

Primary
chorion	 Polio I	 none	 no plaques

Secondary
HAM	 Polio I	 none	 no plaques

anti-PPLO antibiotic,

HE p- 2**	 Polio I	 Noble agar	 no plaques

2X PSNF and 4X T

HCAAT**	 Polio I	 antibiotics	 no plaques

many plaques,

HEp- 2***	 Polio I	 none	 varied in size

HEp-2***	 Echo 13	 none	 no plaques

Many plaques,
varied in size

*Unless otherwise specified 2X EBM with 5% FCS and PSTNF was

used with an equal volume of 3% Difco agar for the underlay and

suspending medium in 1 oz. bottles. Cultures were stained before

reading with tetrazolium stain.

**Latent bacterial contamination.

***New lines free of latent bacterial contamination.

ElEp -2*** Polio I	 none
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HEp-2 gave many plaques with poliovirus 1 though of such variable

size that they were difficult to count. No plaques were formed by

echovirus 13 in HEp-2, as was expected because of the work of

Marchetti and Gelfand (30) who had determined that HEp-2 cells are

resistant to echoviruses.

Plaque Assays using Prototype Viruses 
and the IVionolayer A ,D- ar Overlay Method

Similar plaque assay studies of laboratory strains of three

enteroviruses, using the monolayer-agar overlay technique, are pre-

sented in Table 5. Neither poliovirus I nor echovirus 13 formed

plaques in HAM monolayers, under the conditions tested though these

monolayers were sensitive to the viruses by the CPE technique. Mono-

layers of the established cell line BSC-1 disintegrated before four days

and were negative for plaques. Polio I virus gave small plaques in

HEp-2 cells that were regular in size. Because of the previous re-

sults (Table 4) confirming the work of Marchetti and Gelfand (30),

echovirus was not tested with HEp-2 cell monolayers. However,

Coxsackie B 2 
virus was negative for plaques. Wi38 cells established

by Hayflick and Moorhead (31) are known to be very susceptible to

virus and yielded small regular shaped plaques with poliovirus and

large, somewhat irregular shaped, plaques with echovirus 13. Wi38

cells were found to be resistant to Coxsackie B 2 
virus, both by plaqu-

ing and the CPE technique.
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TABLE 5. Plaque assays using prototype viruses and various
mammalian cell types by the monolayer- agar overlay
technique. *

Cells

HAM

HAM

HAM

HAM

HE p- 2

HEp-2

BSC-1

Wi38

Wi38

Wi38

Virus	 Special Conditions

Polio I
	

none

Echo 13
	

none

Polio I
	

Difco agar

Echo 13
	

Difco agar

Polio I
	

none

plastic flasks
Coxsackie
	

Difco agar

B 2
Polio I
	

overlay with 2X lact-
Echo 13
	

albumin hydrolysate

Difco agar
Polio I
	

plastic flasks

Difco agar

Echo 13
	

plastic flasks

Difco agar
Coxsackie plastic flasks

Results

no plaques

no plaques

no plaques

no plaques

plaques

no plaques

no plaques

small plaques

large plaques

no plaques

B
2

*Unless otherwise specified 2X EBM with 5% FCS and PSTNF was

used with an equal volume of 3% Difco agar for the overlay medium

in 1 oz. bottles. Cultures were stained before reading with tet-

razolium stain.
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The Wi38 cell line had given the most promising results by

yielding plaques with both poliovirus and echovirus and it was decided

to use this cell line to detect the presence of natural viruses in the

wastewater concentrates. Since Wi38 is a diploid cell line and does

not grow rapidly, it was necessary to use the naonolayer-agar .overlay

plaguing technique because it requires fewer cells than does the sus-

pended cell-agar method. Another advantage of this system was that

plaques of the two virus types had shown distinct morphology.

Table 6 compares two parameters for detecting infective virus

particles in raw sewage using Wi38 cultures. It shows that the method

of CPE in fluid culture detected virus in all but one case whereas the

plaque method was negative for virus in all samples. The one case

which failed to produce CPE in Wi38 contained an estimate of only 0.6

infectious virus particles as measured by CPE in HAM.

Similar data are presented in Table 7 for activated sludge

effluent samples. It can be seen that the average of two plaques per

flask were formed by the concentrate from only one effluent sample.

This is approximately half the number expected from the estimated

number of virus particles as measured by CPE in HAM. One other

sample was positive by CPE in HAM but with an estimate of only 0.6

infectious virus particles per 0.2 ml inoculum it was negative for CPE

in the Wi38. The other samples, which had been negative in HAM,

were also negative in Wi38.
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TABLE 6. Cytopathic effect versus agar overlay plaguing for the
detection of virus in concentrates from raw sewage. *

Virus particles' :"I' CPE in
Wi33

Number of
plaques in Wi38

1.4 yes 0

4.5 yes 0

1.4 yes 0

0.2 no 0

3.2 yes 0

*Positive controls using known poliovirus under the same conditions

was used and gave plagues.

**Estimated number of virus particles in the inoculum (0.2 ml) as

measured by CPE in HAM.
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TABLE 7. Cytopathic effect versus agar overlay plaguing for the
detection of virus in concentrates from activated sludge
effluent.

Virus particles* CPE in
Wi38

Number of
plagues in Wi38

4.5 yes 2'

0.6 no 0

0 no 0

0 no 0

0 no 0

*Estimated number of virus particles in the inoculum (0.2 ml) as
measured by CPE in HAM.

**Mean of two flasks.



CHAPTER 4

DISCUSSION

Membrane filtration of virus concentrates was the best of the

three methods tested for the removal of contaminating organisms

from wastewater concentrates (Table 1). More infectious virus par-

ticles were recovered after treatment by this method and more sam-

ples were positive for infective virus than for the other methods. This

was a welcome result since this was a very simple, time saving, pro-

cedure. It does not require a refrigerated, high speed centrifuge, and

it requires only inexpensive 25 mm Gelman O. 45g membranes. Cells

inoculated with material prepared by this method showed no toxicity or

non-specific degeneration and did not require laborious washing with

antibiotics or changes of medium. The inoculum was always free of

microbial contaminants.

Numbers of infectious virus particles recovered when the con-

centrated material was centrifuged before membrane filtration were

not quite as high and there were fewer samples positive for virus than

when membrane filtration alone was used to eliminate contamination

(Table 1). The decrease in isolated viruses may be due to the centri-

fugation actually sedimenting larger virus aggregates and thus, some

32
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virus was discarded. These preparations were not toxic to tissue

culture cells and required no further treatment after inoculation.

Centrifugation combined with high concentrations of antibiotics

gave the poorest results both in numbers of infective virus particles

isolated and samples positive for virus (Table 1). This may have been

due partially to the sedimentation of large virus aggregates. However,

since centrifuged material that was subsequently membrane filtered

gave considerably higher yields of virus as well as many more positive

cultures, it must be assumed that virus aggregates in the supernatant

fluid were evenly dispersed by filtration through a 0. 45 !I membrane so

that individual particles were counted. It is also possible that particles

may not have absorbed to the HAM cells during the two hour period be-

fore the media was drained and the cells were washed with high concen-

trations of antibiotics. However, this step was necessary because

cultures showed toxicity and non-specific degeneration when it was not

done. Such degeneration may have interfered with the expression of

viral infection. Cultures inoculated with the membrane filtered pre-

parations did not show this toxicity. The toxicity may be due to the

high concentration of antibiotics used or to toxic substances present

which apparently are removed by the process of membrane filtration.

High concentrations of antibiotics alone completely failed to

control microbial contamination in inocula from untreated concentrates

and this procedure was abandoned early in the experiments.
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The estimation of the reduction of infectious virus particles

effected by secondary sewage treatment, as given in Table 3, is very

close to the results obtained by Moore (32) for tertiary treatment of

Tucson wastewater. This is in agreement with Berg's findings (33)

that sewage treatment did not greatly reduce the number of times that

viruses could be isolated, but it did reduce the number of plaque form-

ing units (PFU) of virus present.

Cliver (34) in 1965 studied the plaguing of laboratory strains of

enteroviruses suspended in known diluents and found that plaguing was

as sensitive as CPE in fluid culture for the detection of enteric viruses.

Since plaguing techniques permit the direct isolation and separation of

viruses in one step, it was desirable to carry out a series of experi-

ments to see if direct plaguing technique could be used to detect

indigenous viruses from sewage.

Primary monkey kidney cells are most frequently used for

plaguing enteroviruses from sewage. Since these cells are often in-

fected with latent simian viruses and are expensive to purchase com-

mercially, it seemed desirable to examine other cell systems. First,

however, it seemed advisable to study plaque forming systems with

known prototype viruses and then translate this information to concen-

trates with indigenous viruses.

There are two methods for plaguing viruses: the cell monolayer-

agar overlay technique introduced by Dulbecco (35) in 1952 and the
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suspended cell-agar method of Cooper (27) introduced in 1955. Various

cell types, containers, and agars have been employed with these two

methods.

The agar cell-suspension method is reputed to be more sensi-

tive as well as easier to handle than the monolayer technique, but it

does require high numbers of cells. Since HAM cells were available in

large numbers and monolayers were sensitive to all prototype viruses,

fresh HAM cells were tested in a suspended technique in an effort to

plaque poliovirus I and echovirus 13. However, no plaques were

formed. Since these primary cells may not have been in culture long

enough to develop viral receptor sites that would allow the attachment

of virus, an experiment was done in which secondary cells were em-

ployed. However, once again the results were negative. Also cell

lines HCAAT and HEp-2 which were known to carry a latent bacteria,

were used for a suspended cell-agar plaque assay with poliovirus I.

High concentrations of antibiotics held the contamination in check, but

no plaques formed (Table 4). Further studies substituting Noble agar

for Difco and 60 mm plastic petri dishes for one ounce glass bottles

were no more rewarding (Table 4). Conversely HEp-2 cells in two

experiments readily formed plaques with poliovirus. However, neither

plaques nor CPE in fluid culture were obtained with echovirus 13,

which is in accord with the work of Marchetti and Gelfand (30).
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Since large numbers of cells are required in the suspended

cell-agar technique, it was not feasible to use the cell line Wi38 be-

cause it has a low split ratio (1:2). However, it was possible to use

Wi38 in the cell monolayer-agar overlay method and as discussed

below, it turned out to be the most effective system.

A series of experiments were done to demonstrate plaguing by

prototype enteroviruses with the monolayer technique. Fogh and Lund

(36) in 1955 had used n-ionolayers of HAM for plaguing all three types

of polioviruses. HAM cells had been used for the estimation of infec-

tive virus particles by CPE in tubes and it seemed of interest to com-

pare the sensitivity of HAM cells by plaguing with the earlier results.

Several experiments were done using HAM monolayers for the plaguing

of poliovirus I and echovirus 13 using different agar concentrations in

the overlay as well as different culture containers. However, no

plagues formed (Table 5). Other investigators have used the HeLa

cell line for the assay of poliovir -us but the strain of HeLa cells in our

study was not sensitive to any of the enteroviruses, since neither

plaques nor CPE were observed with poliovirus I or echovirus 13.

BSC-1 monolayers were tested but they did not hold up well and appar-

ently were negative for plaques. PoLiovirus easily formed plagues in

HEp-2 monolayers (Table 5) but, this cell line is not suitable for a

routine assay of unknown viruses since it is not sensitive to the echo-

viruses. The human diploid cell line Wi33, mentioned previously,
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was established by Hayflick and Moorhead (31). These cell monolayers

were tested for plaguing with laboratory strains of polio, echo and

Coxsackie viruses. Poliovirus I formed small plagues, regular in

size, whereas echovirus 13 formed large plaques, less well defined.

Coxsackie B
2 

did not form plaques or CPE in fluid cultures. This

agrees with Rawls and Herrman's findings (37) that human fibroblastic

cell lines are not sensitive to Coxsackie B viruses. Since Coxsackie

viruses have not been isolated from Tucson sewage and since the Wi38

cell line had given plagues with both poliovirus and echovirus, it was

used to assay the wastewater concentrates previously tested for virus

by CPE in HAM. In these studies, microbial contaminants were re-

moved by membrane filtration since that method had given the highest

number of infective virus particles.

Surprisingly the raw sewage concentrates did not form plagues

while the activated sludge concentrates formed far fewer plagues than

were expected. The most probable explanation is that the viruses in

wastewaters are "stressed" by their extra-cellular condition through

exposure to toxic materials and this inhibits their ability to form

plagues. Tucson sewage may have trace amounts of such toxic sub-

stances. Another reason may be that toxic substances from the sewage

are present in trace amounts and are diluted in fluid culture to the

point that they do not interfere with the expression of virus but when

confined by the agar overlay, they prevent the formation of plaques
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either by inactivating the virus or affecting the cells in such a way that

detectable plaques are not formed. Apparently after secondary treat-

ment (activated sludge effluent) such trace amounts of toxic substances

in Tucson sewage are diluted sufficiently to permit plaques to form,

providing there is sufficient virus present (Table 7). Slauval, Cymbal-

ista, Fatal, and Goldblum (38) considered the possibility that toxic sub-

stances in sewage reduced virus titers. Van Duwren (39) refers to

inhibiting substances in water limiting the demonstration and recovery

of viruses. When Cliver (34) compared the plaque technique with fluid

culture for the detection of viruses, he was using such diluents as phos-

phate buffers, tap water, and deionized water so that his results would

not be affected by toxic substances. Furthermore, the fact that his

work was done with laboratory strains of viruses suspended in clean

diluents makes his results invalid for natural viruses indigenous to

sewage.

The standard procedure of Wallis and Melnick (25) has been to

remove bacteria and fungi before concentration of water samples by

filtration through a 142 mm 0.22 p, Millipore membrane. This is both

expensive and time consuming. They indicate that there was sufficient

membrane coating compounds present in the sewage to prevent adsorp-

tion of the viruses. However, in a study of seeded virus in water from

the Tucson sewage plant, Moore, Ludovici, and Jeter (26) could not

duplicate their results. They found that there was a marked loss of



39

seeded virus when sewage was prefiltered through Millipore mem-

branes, even when the membranes were treated with calf serum.

However, they found that no loss of virus occurred when untreated

Gelman GA 0.20 membranes were used. For these reasons our lab-

oratory has consistently used untreated Gelman membranes to filter

specimens and concentrates to prevent loss of virus by membrane ad-

sorption. In recent years, our laboratory has used Gelman membranes

(25 mm, 0.45 p,) only during the last processing steps to remove con-

taminating microorganisms from viral-water concentrates prior to

inoculating tissue cultures.

It is interesting to note that Wallis, Grinstein, Melnick, and

Fields (40) in a recent article have switched from the method of re-

moving microorganisms before virus concentration for the Al(OH) 3 and

membrane-adsorption procedures to a method of removing microor-

ganisms after virus concentration for their new polyelectrolyte virus-

adsorption procedure.

Furthermore, if Duff's theory (17) is correct that a consider-

able portion of the total virus is bound to bacteria and organic debris,

then this bound fraction is obviously discarded if the water is filtered

before concentration. This would be an additional reason for removing

bacteria by filtration after virus concentration rather than before.

The results of this study indicate that CPE in fluid cultures is

superior to plaguing for the detection of debilitated, wild viruses.
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The Wi33 cell monolayers with fluid medium formed CPE far more

often than the same cells under agar formed plaques.

As stated before, a simple economical method is sought for the

monitoring of water for virological safety. The elimination of micro-

bial contamination by membrane filtration of the virus concentrates is

a significant step in such a method because it enhanced the detection of

virus by apparently reducing aggregates to single virus particles.

From the results of this study and other studies in this laboratory, the

best method to detect enteroviruses in wastewaters is a four-step

procedure. First, large grab samples (one gallon) of wastewater are

treated with A1(OH)
3 

to adsorb the viruses. Second, the virus-Al(OH) 3

complex is collected by filtering the water through a 1.2 pt membrane.

Third, the complex is diluted with FCS and ground in a mortar to elute

the virus. Fourth, the concentrate is diluted with growth medium and

filtered through a 25 mm Gelman 0.45 pc membrane prior to inoculation

into tissue cultures.



CHAPTER 5

SUMMARY

It was found that the method of eliminating microbial contamina-

tion in sewage sample concentrates significantly affected the numbers

of infectious virus particles isolated. The highest yield of indigenous

virus particles occurred after the concentrated specimen was filtered

through 25 mm, 0.45 /J Gelman membranes. Fewer numbers of

viruses were detected when the concentrated material was centrifuged

at 27, 000 x G before filtration. The lowest yield of virus followed

similar centrifugation and treatment with high concentrations of anti-

biotics. Viruses were enumerated by their cytopathic effect in mono-

layers of HAM cells.

Viruses from the same inocula could not be enumerated as well

by plaguing techniques in Wi38 cells using the agar-overlay procedure.

Yet this system had been previously shown to yield plagues with proto-

type strains of poliovirus and echovirus. Therefore plaguing, using

solid agar-overlay procedures does not seem to be as effective a means

for the detection and enumeration of "stressed" indigenous viruses as

the cytopathic effect method.
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