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Influence of Estuarine Sediment on Virus Survival Under
Field Conditions

RAYMOND L. LABELLE AND CHARLES P. GERBA*

Department of Virology and Epidemiology, Baylor College ofMedicine, Houston, Texas 77030

The survival of poliovirus 1 (LSc) and echovirus 1 (Farouk) in estuarine water

and sediment was studied in Galveston Bay, Texas. Viruses were suspended in
estuarine water and sediment both in dialysis tubing and in chambers constructed
with polycarbonate membrane walls. Virus inactivation rates in seawater were

similar in both types of chambers. Virus adsorption to sediment greatly increased
survival time. The time required to inactivate 99% (T-99) of poliovirus increased
from 1.4 days in seawater alone to 6.0 days for virus adsorbed to sediment at a

relatively nonpolluted site. At a more polluted site, poliovirus T-99 was increased
from approximately 1 h to 4.25 days by virus adsorption to sediment. This study
demonstrates that under field conditions virus association with estuarine sediment
acts to prolong its survival in the marine environment.

The presence of viruses in estuarine recrea-
tional and shellfish-harvesting water is recog-
nized as a potential public health problem (5,
20). Methodology to isolate viruses from pol-
luted freshwater (10) and seawater (4, 18, 21, 23)
has progressed to such an extent that standards
for permissible concentrations of viruses have
been proposed (1, 15, 20). However, water may
not be the only source of viruses in the estuarine
environment. Recent studies (6, 12a) have shown
that viruses are present in polluted estuarine
sediment at higher concentration than in the
overlying seawater. We have previously shown
(12) that enteric viruses readily adsorb to sedi-
ment, and in laboratory studies we have dem-
onstrated (22) that enteroviruses survive longer
in the presence of sediment than in seawater
alone. However, laboratory studies may not re-
flect field conditions where environmental con-
ditions are in a constant state offlux. In addition,
phenomena controlling virus survival in the field
are not necessarily identical to those observed
in the laboratory. In this study we have at-
tempted to determine whether sediment exhibits
a protective effect on virus survival under cir-
cumstances more closely approaching field con-
ditions.

MATERLS AND METHODS
Virus and viral assays. Enterovirus assays were

performed with the buffalo green monkey kidney cell
line, which was passaged, grown, and maintained by
previously described methods (16). Plaque-purified
stocks of poliovirus 1 (strain LSc) and echovirus 1
(strain Farouk) were grown in buffalo green monkey
cells, concentrated 10-fold and purified by membrane
chromatography (8), and then stored at -20°C. Virus

samples were diluted in tris(hydroxymethyl)-
aminomethane (Tris)-buffered saline which contained
20 mM Tris, 140 mM NaCl, 5 mM KCI, 0.4 mM
Na2HPO4, 6 mM dextrose, 0.5 mM MgCl2, 0.7 mM
CaCl2, 2% fetal calf serum, penicillin (100 U/ml), and
streptomycin (100 jig/ml). Virus assays were per-
formed by the plaque-fonning unit method as used in
this laboratory (16).

Bacterial assays and physical measurements.
Coliforms, fecal coliforms, salinity, temperature, pH,
turbidity, and absorbance at 254 nm were determined
as previously described (7, 22). The physical, chemical,
and biological characteristics measured during the ex-
periments at each site are listed in Table 1.

Source of sterile sediment. Sediment used in the
sterile environment studies was obtained at site 3,
washed 2 times with distilled water, and dried at 350°F
overnight. Clumped, dried sediment was disaggregated
in a mortar and pestle. Samples (5 g each) were
autoclaved before use in the field studies.

Artificial seawater. Artificial seawater (34-g/kg
salinity) was prepared by the formula of Dittmar, as

given by Matossian and Garabedian (13).
Description of field sites. The sites of the virus

survival study were located in two canal communities
near Galveston, Texas. Site 1 was near a private resi-
dence in a canal community on the western end of
Galveston Island. Sites 2 and 3 were located in a
community north of Galveston on the mainland. Site
2 was 45 m upstream of a sewage outfall serving this
community. Site 3 was halfway down a canal located
two canals downstream of the sewage treatment plant,
approximately 150 m away.

Survival chambers. Two types of survival cham-
bers were used to assess virus survival in the field: 3/4-
in. (ca. 1.9 cm) cellulose dialysis tubes (Arthur A.
Thomas, Philadelphia, Pa.), and survival chambers
constructed of plexiglass (14) designed to support dif-
fusion membranes which then form a chamber. Poly-
carbonate membrane filters of 0.015-gm porosity (Nu-
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clepore Corp., Pleasanton, Calif.) were used in this
study. Cellulose dialysis tubes have been used in past
survival studies (2, 9, 17) but have the disadvantage of
being biodegradable (24). Polycarbonate membranes,
which are non-biodegradable, have been used in bac-
terial studies (25), but this is the first report of their
use in virus survival studies.

Since the polycarbonate membranes are only 10,um
in thickness, the survival chambers sometimes leaked
if assembled as described by McFeters and Stuart (14).
Therefore, it was necessary to make several modifi-
cations of the commercially available chambers. The
assembly of the chamber as modified is illustrated in
Fig. 1 and 2. A stainless steel 30-mesh screen was
added to the exterior to protect the membrane from
being punctured while in the environment (3). A 1.6-
mm (V/16-in.) natural latex rubber gasket was used in
the sandwich between the side piece and the center
piece of Plexiglas to hold the membrane firmly in place
against the center piece. The gasket was necessary to

prevent leakage. Dow Corning silicone grease was used
to provide a watertight seal between the membrane
and the Plexiglas center piece. Diffusion tests and field
tests were perforned with the apparatus assembled as
in Fig. 2.

Diffusion rates. In the laboratory determination
of diffusion rates, a solution of artificial seawater di-
luted to 16-g/kg salinity with distilled water containing
methylene blue was placed in dialysis tubing and in
the polycarbonate membrane chamber. These cham-
bers were suspended in artificial seawater (16 g/kg)
for 24 h with periodic manual agitation. Samples were
taken at regular intervals. When all samples were
collected, the concentration of methylene blue was
determined by measuring the absorption of each sam-
ple at 660 nm in a Gilford model 240 spectrophotom-
eter. Laboratory diffusion rates of sucrose and phenol
red were also determined. The concentration of su-
crose was measured by index of refraction, and phenol
red was measured by optical density at 260 nm. In the

TABLE 1. Field survival site characteristics

Characteristic Site 1 Site 2 Site 3

Total coliforms in seawater 15-750/100 ml (68)a 93-1,100/100 ml (240) 43-240/100 ml (75)
Fecal coliforms in seawater 0-93/100 ml (12.5) 3-93/100 ml (4) 3-93/100 ml (9)
Total coliforms in sediment 46,000/100 ml 21,000/100 ml 15,000/100 ml
Fecal coliforms in sediment 24,000/100 ml 30/100 ml 90/100 ml
Optical density at 254 nn 0.055-0.101 (0.063) 0.285-0.393 (0.334) 0.188-0.268 (0.261)
Temperature 30-320C (31) 30-33°C (32.5) 30-33°C (32.5)
Salinity (g/kg) 30-31 (30) 26-27 (26) 26.5-29 (27)
Turbidity (NTU) 5.4-7.1 (5.6) 6.5-8.8 (8.0) 7.1-11 (8.1)
pH, seawater 8.3-8.45 (8.35) 8.4-8.9 (8.76) 7.85-8.6 (8.5)
pH, sediment 8.0 NDb ND

a Numbers in parentheses represent the median of the results obtained over the course of 6 to 7 days.
bND, Not done.

FIG. 1. Survival chamber for support ofpolycarbonate membranes shown disassembled.
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FIG. 2. Survival chamber shown assembled.

field studies, samples of sterile artificial seawater con-
taining methylene blue were added to several dialysis
tubes and one polycarbonate membrane chamber and
were suspended in seawater at site 1. Periodic samples
were taken, and the methylene blue concentration was
again determined by absorption at 660 nm.
Determination of virus survival. Field survival

studies were performed with natural seawater and
sediment obtained at the site at the beginning of each
experiment.

Virus survival in seawater alone and in seawater
containing sediment was studied in dialysis tubes. To
study viral inactivation in seawater alone, several di-
alysis tubes (sterilized by boiling) were each filled with
30 ml of seawater containing virus at a 1:100 to 1:1,000
dilution to yield a titer 105 to 106 per ml. To study
virus survival in a mixture of sediment and seawater,
5 ml of natural sediment was mixed with 25 ml of
natural seawater and inoculated with virus at the same
concentration as seawater alone. One sample was as-
sayed for virus before suspending the dialysis tubes in
seawater. The samples were shaken vigorously in a
sterile 50-ml polypropylene centrifuge tube periodi-
cally before sampling; they were then transferred to
dialysis tubes. Survival of virus in seawater alone was
also studied in chambers with polycarbonate mem-
brane walls. Mixtures of seawater and sediment were
not studied in this type of chamber because sediment
samples could not be obtained through the narrow
luer-lok syringe fitting.

Virus survival in sterile, sealed chambers was also
studied at the field sites. Sealed polypropylene centri-
fuge tubes (Corning Glass Works, Corning, N.Y.; no.

25330, 50 ml) containing sterile-filtered (0.22 jAm) ar-

tificial seawater or sterile-filtered artificial seawater
plus autoclaved sediment were suspended in the same
environment.

Samples in dialysis tubes and in sealed polypropyl-
ene centrifuge tubes were placed on the bottom of the
canal (1 to 1.5 m) in a plastic bait bucket that had
perforated sides and a stone for weight. The Plexiglas
chambers were suspended independently of the bait
bucket. AU chambers were anchored to the shore with
nylon string.

Survival data are expressed as the negative logio of
'the survival ratio Nt/N., where N. is the original
number of viruses and Nt is the number of viruses
surviving after a given period of time.

Elution of virus from survival chamber wall.
Empty dialysis bags were returned from the field on

ice. After complete removal of the original fluid, 1 ml
of 0.05 M glycine at pH 11.5 was added to each dialysis
bag and was moved around the internal surface of the
bag by external finger pressure. After approximately
5 min, the eluate was recovered with a sterile Pasteur
pipette and diluted 1:10 in Tris buffer with 2% fetal
calf serum containing 100 U of penicillin per ml and
100,ug of streptomycin per ml.

In a laboratory experiment designed to determine
the amount of virus adsorbed to the internal surface
of the survival chamber, 3 ml of artificial seawater (34-
g/kg salinity) containing 5 x 104 plaque-forming units
of virus per milliliter was enclosed in each of several
dialysis tubes suspended in artificial seawater for 48 h.
Periodically, a dialysis tube was collected and sampled
for virus, and the internal wall was eluted with 1 ml of
fetal bovine serum for 5 min. The eluate was diluted
1:10 in Tris containing 2% fetal calf serum plus anti-
biotics and frozen at -20°C until assayed. A similar
laboratory experiment was conducted with the sur-
vival chamber with a polycarbonate membrane wall.
Artificial seawater (60 ml) containing virus was added
to a chamber that was then suspended in artificial
seawater. Two chambers were used. One was sampled
and eluted at 2 h, and the other was sampled and
eluted at 24 h with 5 ml of fetal bovine serum diluted
1:10 in Tris containing 2% fetal calf serum plus anti-
biotics.
The polypropylene centrifuge tube (Corning Glass

Works, Corning, N.Y.; 50 ml) was also tested for virus
adsorption to its wall. Artificial seawater (10 ml) was
added to several centrifuge tubes which were har-
vested at several time points over 48 h. The seawater
was sampled for assay, and the seawater solution was
then removed. Viruses were eluted from the wall with
1 ml of fetal bovine serum by swirling the serum
around the wall for a few minutes; the serum was then
diluted in Tris buffer containing 2% fetal calf serum
plus antibiotics.

Determination of membrane integrity. A sus-
pension of bacteria was grown by inoculating several
100-ml bottles of tryptose phosphate broth with a
sample of natural seawater. After 48 h the bacterial
suspension was autoclaved for 20 min, cooled, centri-
fuged at 1,400 x g for 5 min, suspended in Tris buffer
(without serum), and centrifuged and suspended two
more times. This suspension was sonicated and then
diluted to an approximate turbidity of 40 nephelomet-
ric turbidity units (NTU) measured in a Hach model
2100A turbidimeter. The suspension was placed in
dialysis bags which were then suspended in the envi-
ronment at sites 2 and 3 for 48 h, and the turbidity
was again measured in the laboratory. The turbidity
readings before and after suspension of the bacterial
solution in the environment were compared to deter-
mine whether there was any leakage of material from
the dialysis tubing in the field due to breaks in the
membrane.

RESULTS
Characterization of survival chambers.

The diffusion rates of sucrose, phenol red, and
methylene blue from each of the chambers un-
der laboratory and field conditions are shown in
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Table 2. Diffusion of these substances was found
to be several times slower from the chamber
with a polycarbonate membrane than from the
dialysis tube. However, since natural seawater
and virus were placed in the chambers, the initial
concentrations of virus-inactivating factors
would be similar in both types of chambers.
The amount of virus adsorbed to the sides of

the chambers during use was also investigated.
The empty dialysis tubes were transported to
the laboratory on ice and were eluted with either
0.5 M glycine at pH 11.5 or 100% fetal calf serum
(no pH adjustment). The number of viruses
eluted from the tube varied from 0.0095 to 2.2%
of the total virus present in the tubing at that
time in the survival test. In a separate laboratory
test of the dialysis tubing, the polycarbonate
membrane, and the polypropylene centrifuge
tube for virus adsorption, only 0.6 to 1.9, 0.6 to
0.8, and 0.4 to 1.6% of the total virus present
could be eluted off the chamber wall of the
dialysis tube, the polycarbonate membrane, and
the polypropylene tube, respectively, with fetal
calf serum. Since the chamber wall did not ap-
pear to adsorb a significant amount of virus, it
was not considered to have any effect on virus
survival in the field.

Dialysis bags were checked for durability in
the field by suspending dialysis tubes filled with
a turbulent suspension of autoclaved and soni-
cated bacteria. At site 2, a suspension diluted to
23 NTU read 22 NTU after 2 days. At site 3, the
contents of a tube containing a suspension orig-
inally diluted to 43 NTU read 33 NTU after 2
days' suspension in the environment. This indi-
cates that there were no breaks in the dialysis
tubes during the experiment, although there

TABLE 2. Diffusion times of sucrose, phenol red,
and methylene blue from virus survival chambers in

seawater

Dialysis ttibing Polycarbonate
Reagent membrane

T.50a T_90a T-50 T-90

Laboratoryb
Sucrose 1.25 7.5 39.0 85C
Phenol red 6.25 11.0 25.8 75C
Methylene blue 0.75 4.2 3.6 27

Field (site 1)
Methylene blue 1.60 3.1 8.5 22
a T-50 and T-90 are the time in hours for 50% and

90%, respectively, of the reagent to diffuse out of the
chamber.

b Sterile-filtered artificial seawater at 16-g/kg salin-
ity was used.

cEstimated by extending the slope of the diffusion
observed to the T-90 value.

may have been some aggregation of the suspen-
sion at site 3, since it did demonstrate a slightly
lower reading after 2 days.
Virus survival. The survival of poliovirus 1

(strain LSc) at site 1 is illustrated in Fig. 3A.
Poliovirus exposed to seawater alone was inac-
tivated in both dialysis tubing and polycarbon-
ate membrane chambers much faster than in the
presence of sediment. The inactivation rates for
virus in the sterile containers and for virus ad-
sorbed to natural sediment appeared to be about
equal. In this experiment, the addition of sedi-
ment under sterile conditions did not enhance
virus survival.

Figure 3B illustrates inactivation of poliovirus
1 in a polluted area that was about 45 m from a
sewage outfall discharging secondary treated
sewage (site 2). Virus was again inactivated more
rapidly in seawater alone than in the presence
of sediment. The inactivation rate of virus in the
presence of natural seawater and sediment par-
alleled virus inactivation in sterile artificial sea-
water alone. However, virus survived longer in
the presence of sterile seawater containing sedi-
ment than in sterile seawater aIone, in contrast
to the results at site 1. Apparently, sediment
protected poliovirus against the effects of tem-
perature or salinity or both to a greater extent
in this experiment than it did in the previous
one (Fig. 3A).

Figure 3C illustrates the inactivation of polio-
virus 1 at site 3. The results are similar to those
observed at the previous two sites. Under sterile
conditions, sediment appeared to retard inacti-
vation of poliovirus 1. The viral inactivation
capacity of seawater at this site appeared to be
much more rapid than at the other sites. The 0
h value of virus suspended in natural seawater
alone was 1.69 logs (in a polycarbonate mem-
brane chamber) to 2.2 logs (in dialysis tubing)
lower than the 0 h standard of virus in sterile
artificial seawater. However, in Fig. 3C the val-
ues obtained were used as the starting point at
Oh. Since all samples were seeded with the same
amount of virus during their preparation, inac-
tivation must have occurred between the time
samples were inoculated and the time they were
assayed. Approximately 15 min elapsed between
inoculation and the initial sampling, indicating
a very rapid rate of inactivation at this site. No
assayable virus was present in the seawater sam-
ples at 24 h.

Figure 3D demonstrates the survival of echo-
virus 1 (strain Farouk) at site 2. The results are
similar to those observed for poliovirus 1 in Fig.
3B. Echovirus 1 was also protected from inacti-
vation by the presence of sediment. It was in-
activated in seawater alone at the same rate as
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FIG. 3. Poliovirus 1 (strain LSc) and echovirus I (strain Farouk) survival at sites 1, 2, and 3. Symbols: 0,

virus suspended in seawater in dialysis tubes; 0, virus suspended in seawater and sediment in dialysis tubes;
A, virus suspended in seawater in the Plexiglas chamber with polycarbonate membrane (0.015-pm pore size)
wall; EL sealed polypropylene centrifuge tube containing sterile artificial seawater; U, sealed polypropylene
centrifuge tube containing sterile artificial seawater and sterile sediment. Panels represent: poliovirus 1

survival at site 1 (A), site 2 (B), and site 3 (C); and echovirus 1 survival at site 2 (D).

poliovirus, but appeared to survive longer when
mixed with sediment. The presence of sediment
under sterile conditions seemed to have only
slightly increased virus survival.

It is apparent from the survival data that
viruses adsorbed to sediment were protected
from environmental inactivating factors under
field conditions. Even under sterile conditions,
sediment appeared to protect virus from inacti-
vation, possibly by temperature, salinity, or

other factors. Virus inactivation was more rapid
in seawater at sites 2 and 3 than at site 1.
However, virus inactivation in the presence of

sediment seemed to be more similar at all three
sites.

Virus inactivation rates in seawater appeared
to be the same in both types of survival cham-
bers, in spite of the differences in their diffusion
rates. Thus, we conclude that sufficient virus-
inactivating factors were present in the initial
sample of seawater to inactivate virus or the
virus-inactivating factor(s) were more readily
diffused than the compounds tested or both.

DISCUSSION
The results of the field survival study confirm
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previous work on virus survival under laboratory
conditions (22). It was shown that viruses sur-
vived longer in the presence of sediment in sea-
water. Virus inactivation occurred faster in nat-
ural seawater than it did in the laboratory study,
but the temperature at which the present study
was conducted was 5 to 70C higher than the
temperature of the previous study. It is also
possible that other inactivating factors might
have been present in the seawater. Sealed sterile
chambers containing virus were exposed to the
estuarine environment to determine whether sa-
linity, temperature, or the absence of microor-
ganisms had a major effect on virus survival. If
virus inactivation in seawater is greatly influ-
enced by salt concentration or temperature, then
the virus inactivation rates for the sterile and
nonsterile seawater environments would be sim-
ilar. Figure 3A through D demonstrates that
poliovirus and echovirus survival in sterile arti-
ficial seawater is much better than in natural
seawater. This indicates that the elimination of
microorganisms leads to a greatly increased sur-
vival rate, but indicates little regarding the ef-
fects of salinity and temperature. In two of three
experiments, poliovirus survived longer in sterile
sediment and seawater than in sterile seawater
alone. This indicates that the sediment in the
sterile environment may be protecting virus
from inactivation by heat or salinity or both.
Thus, all three factors appear to have some
effect on virus survival in seawater. However,
further studies are necessary to determine the
mechanism of the protective effect of sediment.
This is the first reported instance in which

polycarbonate membrane chambers have been
used to study virus survival. Although the dif-
fusion rate is much slower for the compounds
tested from the polycarbonate chamber com-
pared to dialysis tubing, viral inactivation rates
were apparently the same in each type of cham-
ber. This was probably due to the fact that virus-
inactivating factors were not required to diffuse
into the chamber since they would presumably
be placed into the chamber with the natural
seawater. An experiment that would require vi-
rus-inactivating factors to diffuse into the cham-
ber may not yield results similar to those ob-
tained in this study.

In the previous laboratory study (22), virus
associated with polluted sediments survived
longer than in less polluted sediments. This find-
ing was not observed in the present study. Virus
survival in the presence of sediment was similar
from site to site, although virus associated with
sediment from a less polluted site appeared to
survive slightly longer. However, the difference

may not be significant. Poliovirus survived
longer in seawater from site 1 although it was
inactivated quite rapidly at sites 2 and 3. Pre-
vious coliform counts of seawater and sediment
at sites 2 and 3 indicated that these were mod-
erately to heavily polluted sites, but the numbers
ofcoliforms were low during the survival studies.
However, the optical density at 254-nm wave-
length of ultraviolet light was higher at sites 2
and 3 than at site 1. It has been shown that the
reading at this wavelength has a general corre-
lation with the presence of pollution (11). Most
of the viruses at these sites were inactivated in
24 h or less. Echovirus showed a similarly rapid
inactivation in seawater at site 2. Therefore,
viruses may be inactivated more rapidly in pol-
luted estuarine water. Poliovirus survival in ster-
ile artificial seawater was greater than virus sus-
pended in natural seawater in all cases. Survival
in sterile seawater paralleled the survival of
poliovirus in natural sediment for all three sites.
Poliovirus survival in sterile seawater containing
sediment was better than survival in sterile sea-
water alone at sites 2 and 3, but they were
similar at site 1.

Echovirus also exhibited similar rates of in-
activation in both sterile environments, al-
though survival in sterile sediment was slightly
better. This indicated that under sterile condi-
tions, sediment is capable of protecting virus
from inactivating factors other than microorga-
nisms, such as temperature and salinity. In Fig.
3D, echovirus 1 survival in sediment under non-
sterile conditions appears to be greater than in
sterile sediment. However, the efficiency of plht-
ing of virus adsorbed to natural sediment in
assay was less than the efficiency of plating of
virus assayed from washed, dried, and auto-
claved sediment. The titer of virus at 0 h in
natural sediment was approximately 1 log lower
than the other tests, and the virus titer appeared
to decline gradually from this point. Therefore,
virus survival in sterile and nonsterile sediment
was comparable when one considers the relative
inability to assay virus adsorbed to natural sed-
iment. This may indicate that there is some
factor that inactivates virus during adsorption
or elution or both in natural sediment which is
not present in the laboratory-processed sedi-
ment. The high heat used for drying the sedi-
ment and in autoclaving may destroy some sub-
stance that is antagonistic to echovirus survival.
The presence ofnatural sediment significantly

increased virus survival under field conditions.
For example, at site 3 the estimated time to
inactivate 99% (T-99) of poliovirus 1 in seawater,
about 1 h (extrapolated from the 15-min inacti-
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vation rate), increased to approximately 4.25
days when poliovirus was adsorbed to natural
sediment. This observed increase in survival rate
is manyfold greater than the increase previously
observed in the laboratory. At site 1, which was
less polluted, the increase in virus survival was
not as great, but was still significant. The T-99
(determined from Fig. 3A) was 1.4 days in sea-
water alone compared to a T-99 of 6.0 days for
virus adsorbed to sediment at this site. Virus
inactivation time in estuarine water was in-
creased from a few hours to several days simply
by virus adsorption to sediment.
Thus, an assay of water alone for virus could

possibly lead to an underestimation of the num-
ber of viruses actually present in any estuarine
area. It has been demonstrated previously that
viruses and bacteria are present in higher num-
bers on a volume basis in sediment (6, 12a). It
has also been demonstrated that viruses ad-
sorbed to clay and sediment are infectious in the
adsorbed state and can be assayed in tissue
culture (12, 19). These data indicate that the
microbiological quality of sediment may be an
important indicator of the public health safety
of recreational estuarine areas which is not cur-
rently being evaluated but which should be in-
cluded in the evaluation of the microbiological
hazards present in such areas.
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