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Concentration of Viruses from Sewage by Adsorption
on Millipore Membranes *
CRAIG WALLIS 1 & JOSEPH L. MELNICK2

The authors describe a relatively simple membrane-adsorption methodfor the efficient
concentration of viruses from sewage. Sewage, first freed of bacteria by filtration through
membranes under conditions that permit virus to passfreely, is then treated with anion resins
to remove organic components that adsorb to Millipore membranes and prevent virus ad-
sorption. The salt concentration of the resin filtrates is increased with MgCl2 to enhance
virus adsorption to membranes. The sewage is next adsorbed to a Millipore membrane,from
which virus is readily recovered by homogenization in smallfluid volumes.

The method was tested in Houston, Texas, for 7 months of 1966, during which period
2795 isolates were made from 10 concentrates of 1-US-gallon (3.78-litre) samples and only
4 from unconcentrated sewage. The isolates included types 2 and 3 poliovirus, 9 echovirus
types and 2 coxsackieviruses.

Examination of these type 2 poliovirus strains isolated over a 4-month period showed
that 13 of 19 had d+ markers (although none was T+), indicating either that the vaccine
strain had reverted in the d marker, or that wild strains were circulating in the population in
spite of the absence of clinical disease.

During the past two decades, viruses have been
recovered repeatedly from sewage, but concentration
procedures have usually been required to make them
apparent (Gard, 1940; Gravelle & Chin, 1961;
Kelly, 1953; Lund & Hedstrom, 1966; Melnick,
1947; Melnick et al., 1954; Riordan, 1962; Wallis &
Melnick, 1967a). The ideal method for detecting
viruses in sewage would be a procedure that could be
used with unlimited volumes of sewage and with
quantitative recovery of virus. The gauze-pad col-
lection method used in conjunction with concentra-
tion procedures such as ammonium sulfate precipita-
tion, ultracentrifugation, aqueous polymer phase
systems, or adsorption to aluminium and calcium
salts has increased isolation rates. However, these
methods are limited in their ability to detect small
amounts of virus and do not lend themselves to
processing volumes of sewage greater than one litre.
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In an attempt to improve upon and to simplify the
concentration procedures previously employed, we
have studied conditions under which dilute virus
suspensions may be adsorbed to and eluted from
Millipore membranes (Wallis & Melnick, 1967b).
In the present report, these findings have been
applied to the concentration and detection of viruses
from sewage, by which large volumes of sewage could
be processed simply and within a short period of
time with efficient virus recovery.

MATERIALS AND METHODS

Monkey-kidney (MK) cells
Kidneys from immature green monkeys were

trypsinized and grown in Melnick's medium A,
containing 0.2 mmol AlCl3 to suppress adventitious
agents (Wallis & Melnick, 1962a).

Viruses and virus assays
For model experiments a plaque-purified line of

type 1 virulent poliovirus (Mahoney) was used; it
was assayed in 1-US fl oz (29-ml) flat bottles by the
plaque method to yield plaque-forming-unit (PFU)
titres. The virus stock was grown in MK cells
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maintained with Melnick's medium B and had a
titre of 1083 PFU/ml. Overlay medium consisted of
Earle's salt solution, 0.4% NaHCO3, 1:60 000
neutral red, 0.1 % skim milk, 1.5% Bacto-agar
(Difco), and 25 mmol MgCl2 (Wallis & Melnick,
1962b). This virus line produces plaques in 18-24
hours, and thus, when it is added to sewage, its early
appearance easily differentiates it from viruses
naturally present in the sample. As a further control,
each experiment that was carried out with added
poliovirus included a duplicate sample of sewage
without added virus. Other enteroviruses used were
WHO reference strains.

Filtration procedures
Unless otherwise specified, 1-US-gallon (3.78-

litre) samples of raw sewage were obtained at a local
treatment plant servicing chiefly a residential area of
Houston, Texas, and were immediately brought to
the laboratory. A sample was placed in a 1-US gal-
lon Millipore -pressure vessel and was clarified by
filtration through a 293-mm AP 20 glass-fibre pad
at 5-10 lbf/in2 (0.35-0.7 kgf/cm2). The clarified
sewage was then freed of bacteria by filtration
through a 293-mm GS Millipore membrane (0.22 IL
porosity) at 5-10 lbf/in2. Enteroviruses are not
adsorbed to membranes during this procedure
(Wallis & Melnick, 1967b).

Resin treatment
Since soluble organic matter interferes with the

adsorption of viruses to membranes, it was necessary
to remove such material from sewage by treatment
with resins under conditions that allow viruses to
pass freely (Wallis & Melnick, 1967b). For each
gallon of sewage 240 g of Dowex anion resin (50-
100 mesh), l-X8 (C1-) was used. The resin was placed
in a 50mm x 600 mm tube and washed with 10 vol-
umes of distilled water using 5 lbf/in2 (0.35 kgf/cm2).
The resin was then washed with saline (0.15 M
NaCl) until the filtrate obtained was at the same pH
as that of the saline. The column was then sterilized
at 15 lbf/in2 (1 kgf/cm2) for 15 minutes, and when
cool, the resin was again washed with sterile saline
until the filtrate was at the pH of the saline. The
gallon of sewage was then filtered through this resin
column at 2-5 lbf/in2 (0.14-0.35 kgf/cm2).

Magnesium chloride treatment
After the sewage was passed through the resin,

the salt concentration of the resin filtrate was in-
creased with MgC12, which enhances virus adsorp-

tion to membranes (Wallis & Melnick, 1967b). For
each gallon sample 40 g of MgCl2 6H20 were used.
The MgCl2 was dissolved in distilled water (100 ml)
and sterilized by filtration through a GS membrane,
which also removes any grossly insoluble matter and
other suspended particles which might subsequently
clog a membrane used in filtering the sewage. The
MgCl2 solution was then added to the 1 US gallon
of resin-treated sewage to give a final concentration
of 0.05 M.

Adsorption of virus to membranes and subsequent
elution
The gallon of treated sewage was then filtered

through a 47-mm or 90-mmHA Millipore membrane
(0.45, porosity) at 5 lbf/in2 (0.35 kgf/cm2). The
membrane was removed from the filter-holder and
placed in a mortar. About 2 g of Alundum were
added and the membrane was then ground with a
pestle. Four millilitres of medium B containing 10%
bovine foetal serum were added to the mortar and
further trituration was performed. The membrane
homogenate was poured into a tube and, after the
Alundum had settled, the supernatant fluid was used
for virus isolation attempts.

Isolation of viruses from sewage
Membrane homogenates representing 1000-fold

concentrates of sewage were inoculated into drained
MK cultures using 0.1 ml per 1-US fl oz (29-ml) flat
bottle culture, and 10 cultures per sample. Cultures
were subsequently overlaid with the agar medium
described above. When plaques appeared, the virus
was passed to fresh cultures and subsequently
identified by neutralization tests (Lim & Benyesh-
Melnick, 1960). In each experiment, 1 ml of raw
untreated sewage was also tested for virus in MK
cultures, using an inoculum of 0,1 ml for each of
10 cultures.
The total time required for processing 1 US gallon

(3.78 litres) of sewage as described above, from the
clarification procedures to the inoculation of cultures,
was 2 hours.

RESULTS

Recovery ofpoliovirus added to sewage
Orientation experiments showed that poliovirus

could not be recovered from sewage by adsorption
to membranes unless the sewage was made isotonic or
hypertonic. However, even when salts had beeni
added, variation occurred in the recovery of added
virus. In some isotonic sewage samples, virus could
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be adsorbed only from the first 100 ml that passed the
filter, while in other samples as much as 1 US gallon

(3.78 litres) could be filtered through a membrane
before virus could be detected in the filtrate. These
inconsistencies seemed to be associated with varia-
tions in the organic content of the sewage.

Since the organic material in a virus harvest from
cultured cells is known to contain membrane-
coating components (MCC) which prevent virus

adsorption (Wallis & Melnick, 1967b), sewage was

examined for the presence of MCC, and the amount
quantified by titration experiments.
The MCC titre of sewage is defined as the area

(in cm2) of membrane coated by a 250-ml sample.
This end-point is determined from measurements of
the amount of virus that passes into the filtrate.
As shown in the following example, a 250-ml

sample of raw, turbid sewage (collected as it entered
the settling tank) was clarified through an AP 20 pad.
MgCl2 (0.05 M) was added to enhance the adsorp-
tion of MCC to membranes (Wallis & Melnick,
1967b). The salt-treated sewage was passed serially
through 5 HA 25-mm membranes, each contained
in a microsyringe holder. Then each of these mem-
branes and an untreated membrane were treated with
5000 PFU of poliovirus suspended in 5 ml of Earle's
salt solution; filtrates were obtained and assayed.
The results of this test are shown in Table 1. All
the virus was adsorbed to the control membrane
that had not been treated with sewage. In contrast,
the amount of MCC in the sewage sample was

TABLE 1
DETERMINATION OF THE MEMBRANE-COATING

COMPONENT (MCC) TITRE OF SEWAGE

Challenge virus
Membrane treatment In filtrate a

(PFU/0.1 ml)

250 ml sewage serially passed
through HA membranes

Membrane 1 102

Membrane 2 92

Membrane 3 34

Membrane 4 0

Membrane 5 0

Control membrane, untreated
with sewage 0

a Titre of unfiltered challenge virus: 110 PFU/0.1 ml.

enough to coat 3 HA membranes and block virus
adsorption. As the surface of each membrane is
4 cm2, the MCC titre of the sewage sample was
12 cm2/250 ml.

Removal ofMCCfrom sewage
If enteroviruses were to be adsorbed to the mem-

branes, it would be necessary first to remove MCC
from the sewage. Other studies had shown that
MCC could be removed from cell extracts by treat-
ment with anion resins, and this procedure was
tested on sewage.
Raw sewage in 250-ml volumes was clarified

through an AP 20 glass-fibre pad, and then the
samples were filtered through 10 mm x 600 mm
tubes, containing from 5 g to 20 g of resin. MgCI2
(0.05 M final concentration) was added to the resin
filtrates to enhance membrane adsorption of any
MCC that might not have been removed by the
resins. The resin filtrates (250 ml each) were each
filtered through a fresh 25-mm HA membrane. The
membranes were then challenged with 5000 PFU of
poliovirus in 5 ml and the filtrates were assayed.
The results of such an experiment are shown in
Table 2.

TABLE 2
REMOVAL OF MCC FROM SEWAGE BY ANION

RESIN

Challenge virus
Treatment of sewage a in filtrate b

(PFU/0.1 ml)

250 ml of sewage passed through
columns containing:

5 g anion resin 98

10 g anion resin 14

15 g anion resin 0

20 g.anlon resin 0

Sewage without resin treatment 92

a After resin treatment, MgCI2 was added and the resin filtrate
tested for presence of MCC.

b Titre of unfiltered challenge virus: 101 PFU/0.1 ml.

The control sample of sewage which was not treat-
ed with anion resins (although MgCl2 was added)
completely coated the membrane, since all the chal-
lenge virus was found in the filtrate. A 15-g column
of resins effectively removed MCC from sewage, as
evidenced by the adsorption of all the challenge virus
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to the membrane. Thus 240 g of resin were sub-
sequently used for each US gallon (3.78 litres) of
sewage.
The possibility had to be considered that entero-

viruses in sewage might not be isolated because they
might be adsorbed to the anion resin together with
MCC. To investigate this possibility, a large number
of enteroviruses were diluted to contain 100 PFU/0. I
ml in medium B (which contains MCC), and each
was filtered through an anion-resin column. The
viruses tested included 3 types of poliovirus, 25 types
of echovirus, and 7 types of coxsackievirus. In each
case there was no significant difference in virus titre
in resin filtrates from that in the untreated control
samples. The anion resins could be safely used.

Recovery ofadded poliovirus from sewage

A number of tests were carried out to determine
the effectiveness of the procedures outlined above.
A typical experiment is described here.
A sample was obtained from the settling tank at

the time sewage was being admitted. Poliovirus was

added to a vessel containing 1.5 US gallons (5.6 litres)

of sewage so that each 0.1 ml contained a calculated
amount of 100 PFU based on previous titrations of
the stock. After mixing, samples of sewage were

assayed as a control of virus input. The 1.5 US gallons

of sewage were clarified and freed of bacteria as de-
scribed under " Materials and Methods " above, and
a sample was assayed; it yielded 109 PFU/0.1 ml,
which showed that virus was not removed by these
preliminary filtration procedures. Aliquots of the
sewage were then processed as follows (see Table 3):

(1) A 100-ml sample ofsewage was filtered through
a 47-mm HA membrane at 5 lbf/in2 (0.35 kgf/cm2).
Virtually all the virus was found in the filtrate.

(2) A 500-ml sample of sewage was treated with
MgCl2 (0.05 M final concentration) and filtered
through a fresh HA membrane as above. Filtrates
were collected in 100-ml portions and assayed. Virus
was adsorbed only in the first fraction, after which
the accumulating effects ofMCC became evident and
virus was no longer retained on the membrane.

(3) A 1-US gallon (3.78-litre) sample of sewage was
filtered through a 240-g anion resin column. All the

TABLE 3
RECOVERY OF POLIOVIRUS

ADDED TO SEWAGE

Sewage treatment and resultant virus (PFU/0.1 ml)
HA membrane filtrates assayed in membrane filtrate a
after volume indicated had been

filtered None MgCI2 Anion resin and MgClt
(1; see text) (2; see text) (3; see text)

Pre-filtration 103 97 93

100 ml 92 10 0

200 ml 75 0

300 ml 105 |0
400 ml 100 0

500 ml 92 0

1000 ml 0

2 000 ml 7

3 000 ml 0

4 000 ml 2

Total virus recovered from membrane
homogenate 3 200 000 PFU

Proportion of virus recovered by-mem-
brane concentration 100%

a After preliminary clarification by filtration through an AP 20 pad and removal of bacteria by
filtration through a GS membrane.
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original virus was present in the resin filtrate, which
was treated with MgCl2 as described above (0.05 M
final concentration). The resin filtrate was then
passed through an HA membrane and fractions col-
lected as indicated in Table 3. After the entire gallon
had passed the membrane, the membrane was re-
moved and virus eluted as described under " Mate-
rials and Methods ". The sample treated with resins
and MgCl2 failed to show any significant amounts
of virus in the ifitrate even after the entire gallon had
passed the membrane. The membrane, homogenized
in 4 ml of Melnick's medium B containing 10%
bovine foetal serum, yielded virtually the total virus
input, 106.5 PFU (106.0 PFU had been added to the
sewage initially). All the poliovirus assays were read
after 24 hours, at which time only poliovirus plaques
had become evident.

Isolation of viruses from sewage
A field test of the procedure was conducted in

Houston, Texas, using raw sewage as it entered the
treatment plant servicing a residential area. One-
US gallon (3.78-litre) samples of sewage were tested
once or twice a month to determine the viruses
present during the period from March to September
1966. As described under " Materials and Methods ",
the sewage was clarified and freed of bacteria,
passed through an anion-resin column, treated with
MgCl2 (0.05 M final concentration), and then
filtered through a 47-mm HA membrane. The total
laboratory time required was 2 hours. The membrane
was next removed and homogenized in 4 ml of
medium B containing 10% foetal serum. One
millilitre of the undiluted homogenate was inoculated
into 10 drained cultures (0.1 ml inoculum/culture);
when the presence of large amounts of virus was
suspected, a tenfold dilution of the homogenate was
also used. After an adsorption period of 1 hour,
the monolayers were overlaid with agar. For
comparison purposes, 1 ml of unconcentrated
sewage was also inoculated into cultures, 0.1 ml
into each of 10 cultures. When plaques had formed,
these were passed and progeny virus isolated were
identified (Lim & Benyesh-Melnick, 1960). During
the period of 7 months, 10 sewage samples were
tested. Only 4 virus strains were isolated from
cultures inoculated with unconcentrated sewage,
whereas 2795 virus isolates were detected by the
membrane concentration method described (Table 4).
The viruses present in the concentrate could be
readily reisolated when frozen samples were retested.
However, the two unconcentrated sewage samples

TABLE 4
ISOLATION OF VIRUSES FROM SEWAGE OF HOUSTON,

TEXAS, 1966

Total
Month, Sample PFUI1 ml; PFUIIUS gallon Prevalent
1966 number controls Millipore mem- viruses

brane conc.

March 1 0 60 polio 2 and 3;
echo 7

2 0 180 polio 2;
echo 7

April 3 0 306 polio 2 and 3;
echo 7

4 0 504 polio 2;
echo 7

May 5 0 106 polio 2 and 3;
echo 7;
coxsackie B4, B5

6 0 158 polio 2;
echo 2, 7

June 7 0 701 polio 2;
echo 1, 16, 30

July 8 3 310 echo 7,13, 26, 30

August 9 0 290 echo 2,13, 26, 29,
30, 33

Sept. 10 1 180 echo 2,7,13,26,30

Total 4 2 795

that initially yielded the positive tests failed, upon
retesting, to demonstrate virus. It appears that the
amounts in these two samples were minimal and
that the virus was not evenly distributed throughout
the sample.

Genetic character of the type 2 poliovirus strains
isolatedfrom sewage
Nineteen strains of type 2 poliovirus isolated from

sewage in the spring and summer of 1966 were
tested for their d and T (rct/40) markers in an attempt
to determine whether the strains isolated were
vaccine or wild types. The methods in use in this
laboratory and their application to progeny vaccine
strains have been described (Benyesh-Melnick &
Melnick, 1959). The strains were inoculated into
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cultures in serial tenfold dilutions and one set of
cultures was overlaid with agar containing a high
concentration of NaHCO5 (0.4%) and a duplicate
set with agar containing a low bicarbonate con-
centration (0.07 %). The cultures were held at 37°C.
In addition a third set of cultures, containing a high
bicarbonate concentration, were incubated at 40°C.
Laboratory strains of type 2 poliovirus (P 712,
attenuated, d-T-; MEF1, virulent, d+T+) were used
as controls in each test. The results of the d tests
are shown in Table 5. Thirteen of the isolates had

TABLE 5
GENETIC CHARACTER OF TYPE 2 POLIOVIRUS ISOLATES

Logio virus titre (PFU/mi) i
Strains High bicarbonate Low bicarbonate marker

overlay overlay

P712, d- control 6.5 < 2.0

MEF., d+ control 7.5 7.2 +

Strains from sewage

7.1 6.8 +

March isolates 6.8 6.7 +

7.9 7.5 +

6.4 6.0 +
April Isolates

7.3 6.3 i

7.0 6.5 +
May Isolates

7.7 7.1 +

6.3 6.0 +

June isolates 7.4 < 3.0

7.2 7.2 +

7.0 6.7 +
July Isolates

7.1 7.0 +

6.8 5.4

August Isolates 6.9 < 3.0

7.6 6.6 i

7.9j 7.5 +

September 7.5 7.0 +
Isolates

7.0 6.7 +

7.2 <3.0 _

clearly defined d+ marker characteristics, 3 were
doubtful (d+), and 3 strains were d-. In the case of
the T tests, all strains tested except the virulent
control registered as T-, i.e, all except MEF1 failed
to replicate at 400C. The prevalence of d± T- strains
suggests that wild strains were circulating in the
community, or that a large number of vaccine
strains had yielded progeny with a reverted d+
marker.

DISCUSSION

The recently described isolation of viruses from
sewage by adsorption to aluminium and calcium
salts (Waflis & Melnick, 1967a) proved to be an
efficient way to concentrate virus, but the system is
restricted to volumes up to a litre or so. This
limitation on volume is inherent in other con-
centration systems also (Gard, 1940; Gravelle &
Chin, 1961; Kelly, 1953; Lund & Hedstrom, 1966;
Melnick, 1947; Melnick et al., 1954; Riordan, 1962).
The present membrane method permits the concen-
tration of viruses from much larger fluid volumes.
Another distinct advantage of the membrane
system is that bacteria-free suspensions of sewage
are obtained in the preliminary filtration (with no
loss in virus), and the toxicity of sewage for cells
seems to have been eliminated.

It is noteworthy that the GS filter used to remove
bacteria has a pore diameter of 0.22 ,u, just half
that of the HA 0.45 , membrane. The membrane
with the smaller pores is necessary for consistent
bacterial sterility of the filtrate. Because of MCC
present in sewage and the hypotonicity of sewage,
enteroviruses are not adsorbed in this preliminary
filtration. To adsorb enteroviruses to the membrane,
MCC are removed by a resin column, and an optimal
concentration of MgCl2 is added. A membrane of
larger pore diameter can now be used to advantage,
as this decreases the filtration time from 1 hour for
a GS membrane (0.22 ,u) to 30 minutes for an HA
membrane (0.45 u).

Since concentration is essential for determining
the presence of viruses in sewage (Gard, 1940;
Gravelle & Chin, 1961; Kelly, 1953; Lund &
Hedstrom, 1966; Melnick, 1947; Melnick et al.,
1954; Riordan, 1962; Wallis & Melnick, 1967a),
the present study was pursued to devise a simple and
efficient method for this purpose. We are now
preparing a portable system capable of adsorbing
viruses to membranes in the field. In areas remote
from a laboratory the membrane containing
adsorbed virus could be mailed to the laboratory for
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processing and inoculation of cultures. The
membrane containing adsorbed enteroviruses could
be immersed in 2M MgCl2 to stabilize the agents in
transit (Wallis & Melnick, 1962c).
The monitoring of sewage and water supplies has

public health importance. For example, the presence
and type of polioviruses circulating in a conrmunity
may be determined. In the present study, type 2
and type 3 polioviruses were found to be prevalent
during the spring and summer of 1966, yet no
clinical poliomyelitis was being reported in the

Houston area. In an attempt to determine whether
these were vaccine or wild strains, marker tests
were carried out. Of 19 strains studied, 13 were
d+T-, in contrast to the d-T- character of the vaccine
strain. One cannot say from these limited tests
whether wild type 2 strains still circulate in Houston
or whether enough vaccine is being used to account
for the positive tests. If the isolates represent vaccine
progeny, they are progeny with at least one marker
different from the vaccine itself. The situation
warrants further study.
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R,ESUMp

L'isolement de virus dans les eaux d'egout implique
habituellement l'emploi de techniques de concentration.
Celles-ci ont souvent le desavantage de ne pas permettre
la detection de faibles quantites de virus et de ne pas se
preter a l'examen d'une grande masse de mat6riel.
Dans la methode decrite ici, les eaux d'egout sont tout

d'abord d6barrass6es des bacteries par filtration sur mem-
branes, sans que le virus soit retenu. Puis elles sont trai-
t6es par des r6sines anioniques qui eliminent les compos6s
organiques solubles dont l'adsorption interfere avec celle
des virus. Le filtrat est ensuite enrichi en sels par addition
de chlorure de magn6sium. On proc6de enfin a la filtration
sur membranes Millipore. Apres homogeneisation, un
premier isolement est r6alise sur culture de tissu. Plusieurs
essais ont permis d'6prouver l'efficacit6 de la m6thode.
Des virus poliomy6litiques incorpor6s aux eaux d'egout
a la concentration de 100 unit6s formatrices de plage par
0,1 ml ont, apres traitement, et6 r6cuper6s dans leur quasi-
totalite.

Au cours d'un essai pratique A Houston, Texas, on a
reussi, en sept mois, 2795 isolements de virus par cette
m6thode de concentration appliquee a 10 6chantillons;
4 isolements seulement ont et6 obtenus A partir d'echan-
tillons non concentr6s. Parmi les virus isol6s, on comptait
des poliovirus des types 2 et 3, des 6chovirus des types 1, 2,
7, 13, 16, 26, 29, 30 et 33, ainsi que des coxsackievirus B4
et B5.

Les propriet6s de 19 souches de poliovirus du type 2
isolees au cours de quatre mois en 1966 ont et6 6tudi6es.
Chez 13 d'entre elles, on a pu mettre en evidence le carac-
tere d+; chez 3 autres souches, la presence du marqueur
etait douteuse; quant au caractere T (crt/40), il n'a ete
d6montr6 chez aucune souche. Cette forte proportion de
souches d+T- fait conclure A 1'existence de virus sau-
vage circulant dans la collectivite- malgre I'absence de
manifestations cliniques - a moins qu'il ne s'agisse de
souches vaccinales ayant par mutation genetique fait
retour au type d+.
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