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Little is known about the endemic bacteriophages of activated sludge. In this investigation 49 virus-host
systems were studied by isolating co-occurring bacteria and bacteriophages from the aeration basin of a sewage

treatment plant during 5 successive weeks. The phage titers were high and fluctuated during the time period.
The occurrence of phage-sensitive and -resistant hosts did not depend on the presence or absence of phages.
Several phage-host systems expressed variable plating efficiencies. In addition, phages with broad host ranges

were observed. These results show that phages are an active part of this ecosystem and that they may exert
selection pressure for phage resistance on their bacterial host populations.

Phages are abundant in natural ecosystems (2, 18, 19, 21).
However, our understanding of the ecology of bacterio-
phages has been largely based on theoretical considerations
and laboratory-scale studies of several well-characterized
type strains and their phages. The early chemostat studies of
Escherichia coli and its phages T2, T3, and T4 (9, 16, 17)
indicated that a stable equilibrium is reached. The theory
emerging from this line of research (reviewed in reference
11) predicts that most of the bacteria are resistant to co-
occurring phages, which are maintained by a subdominant
phage-sensitive population. Dominant bacterial clones sen-
sitive to co-occurring phages are transient phenomena.
There are difficulties in collecting data on bacteria living in

natural environments. (i) It is not possible to cultivate and
quantitate all bacteria in any available medium (5, 23). (ii)
The bacterial flora of natural ecosystems like activated
sludge is so divergent that on a nonselective medium only
the most dominant strains can be isolated more than once
(8). Thus, the dominance patterns of different bacterial
strains or clones are not easy to elucidate. (iii) Studies on
growth rates or competitive differences of bacterial clones
cannot be carried out in a native environment. Such studies
can be carried out in laboratory conditions, but it is not clear
whether these results are relevant to the same isolates in
natural communities.
As far as we are aware, the bacteriophages of activated

sludge have not been studied, except for those that infect
influx enterobacteria (for a review, see reference 4). The
activation of sludge drastically decreases the numbers of
these bacteriophages and their enterobacterial hosts. How-
ever, there is no information about the phage-host relations
in this ecosystem.
The present study is based on a work (8) in which we

classified activated sludge bacteria by analyzing their total
cellular protein patterns by using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. With this method we
can identify and group isolates despite mutations changing
their colony morphology, growth requirements, and/or
phage sensitivity. The group of bacterial isolates that we call
a strain is made up of specimens that are taxonomically very
close (7, 8, 10). This allows us to conclude that the observed
resistances to phage are due to single or at most a few
mutations and not just reflections of general differentiation of
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host isolates. By using the bacterial collection of our previ-
ous work (8), we isolated co-occurring bacteriophages from
the aeration basin of a sewage treatment plant for 5 succes-
sive weeks. We determined phage densities and efficiencies
of plating (EOPs), the occurrence of phage resistance in
isolated host bacteria, and the host ranges of phages on these
bacteria. The methodology used here allowed us to obtain
useful direct information about selected phage-host systems
over time in activated sludge.

MATERIALS AND METHODS

Bacteria and phages. The bacterial strains used were
described previously (8). The first number in the isolate
number refers to the weekly sample from which the isolate
originated. The first isolate of each bacterial strain is taken
as a type isolate after which the strain is designated. Thus
the four similar isolates 3006, 3010, 3063, and 3097 belong to
strain 3006. In addition, E. coli B and K-12 (3, 6) and
bacteriophage 46 (22) were used in this investigation.
Samples for both bacterial and bacteriophage isolation

were taken once a week on Wednesdays at 9:00 a.m. from
the aeration basin of Viinikanlahti municipal treatment plant
in Tampere, Finland, from 14 September through 12 October
1988. After settling for half an hour, the bacteria were
isolated from the dispersed phase as described previously
(8).
For phage isolations, 100-ml samples of the disperse

phases were frozen at -20°C. When the bacterial strains
were available, the samples were thawed and centrifuged
8,000 rpm for 20 min at 4°C (Sorvall SS34 rotor) and filtered
through a Minisart NMR 0.2-,um-pore-size (Sartorius) filter.
An aliquot was stored at -20°C, and the rest was concen-
trated 8.5-fold with 10% polyethylene glycol 6000 as de-
scribed previously (24). The concentrated sample was stored
at -20°C.
The phage tests were carried out on 10% TGYA (tryptone-

glucose-yeast extract [TGY] [1] containing 15 g of Difco
Bacto-Agar per liter) plates with 10% TGY soft agar (1 mM
CaCI2 and 7 g of Bacto-Agar per liter of 10% TGY). The
presence of phages was tested by applying a 10-,ul drop of
each of the concentrated samples onto each of 629 bacterial
lawns. The plates were incubated at 20°C. When plaques
were observed, the unconcentrated phage samples were
plated on appropriate hosts. The phages were purified from
these plates by two successive single plaque isolations. Then
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all bacterial isolates with protein patterns identical to those
of the original host were tested for EOP. The nonidentical
bacteria of the same strain cluster that were sensitive to
phage were also included in the EOP test. When variations in
EOP were detected, the phage was plaque purified, when
possible, with the other isolates and the EOP was deter-
mined once more on all sensitive host bacteria.
The nomenclature of viruses was derived from the nomen-

clature of their hosts. For example, a phage originally
isolated and plaque purified on host 3010 was designated
4)3010. Phages from two separate plaques purified on the
same host isolate were designated, for example, 4)5054.1 and
4)5054.2.
To control the effects of freezing during the sampling

procedure, we determined the titers before and after a
freeze-thaw cycle for 24 plaque-purified phage isolates (data
not shown). The phages capable of plaque formation after
the initial freezing and thawing cycle did not show consid-
erable sensitivity to freezing. In the test even the most
sensitive isolate (4)5030) was inactivated only to one-fourth
of its original titer.
Phage particle concentration and purification. Soft agar

layers of 30 identical semiconfluent plates were collected and
centrifuged at 10,000 rpm for 20 min at 4°C (Sorvall SS34
rotor). The pellet was resuspended in 10 ml of 10% TGY and
centrifuged again; the two supernatants were combined. The
phages were concentrated 75-fold with polyethylene glycol
6000 and resuspended in 400 [l of 10 mM potassium phos-
phate (pH 7.2) containing 1 mM MgCl2 (buffer A). The
remaining agarose in the sample was reduced by centrifuging
in an Eppendorf microcentrifuge (10,000 rpm for 5 min at
4°C). Phages were purified by rate zonal centrifugation in 5
to 20% (wt/vol) sucrose gradient in buffer A (SW41 rotor,
23,000 rpm at 10°C for 25 or 120 min, depending on the
phage). Ten fractions were collected, and the phage titers
were determined. The highest-titer fractions were diluted
twofold, and the phage were pelleted by centrifugation (TiSO
rotor, 32,000 rpm for 2 or 5 h at 5°C). The resulting pellet was
resuspended in 50 [L of buffer A. When possible, the phage
protein pattern was analyzed by sodium dodecyl sulfate-gel
electrophoresis as described previously (15). The molecular
sizes of major proteins were estimated by comparing their
mobilities with those of the structural proteins of bacterio-
phage 4)6, the genes of which have been sequenced (14).
These molecular size markers cover the range from 9.5 to
85.0 kDa.

TABLE 1. Detection of phages in five samples

Host PFU (103) in 1 ml of sample from week:
eI ,altA

3002
3010
3038
3064
3085
3109
3122
3125
4001
4041
4065
4085
4086
4091
4094
4101
5001
5022
5030
5033
5054
5060
5078
5087
5098
5100
5105
6003
6004
6009
6016
6026
6043
6044
6057
6058
6077
6115
7015
7022
7027
7039
7050
7051
7066
7087
7104

1

ND"
ND
ND
ND
0.08
0.02
ND
ND
job
ND
0.01
0.62
0.01
0.25
ND
15.00
0.02
0.02
0.01
0.88
0.01
ND
ND
0.13
ND
ND
0.03
ND
0.08
0.07
ND
ND
ND
0.10
ND
ND
ND
ND
ND
0.01
ND
0.02
2.80
2.56
0.76
ND
ND

2

ND
0.13
0.41
ND
2.50
0.04
ND
ND
10
0.03
0.07
0.13
0.01
0.02
ND
11.00
ND
ND
0.03
ND
ND
ND
ND
ND
ND
ND
ND
0.02
0.03
ND
ND
ND
ND
0.11
ND
0.04
0.01
0.04
ND
ND
ND
8.96
4.32
1.04
3.84
ND
0.05

3

0.15
1.5

24.80
ND
0.39
ND
ND
0.02
10
7.52
0.02
0.01
0.52
ND
0.05

20.00
ND
3.90
0.43
0.01
ND
0.06
0.01
ND
ND
ND
ND
0.01
0.18
ND
ND
ND
ND
0.33
ND
0.01
0.16
0.13
0.03
ND
ND
1.36
8.08
0.67
2.40
0.01
0.23

4

0.07
0.64

32.80
0.09
0.24
0.01
ND
0.02
10
29.20
0.01
ND
0.72
ND
0.41

40.00
ND
20.00
0.30
ND
ND
0.09
ND
ND
0.08
0.01
ND
0.06
0.86
ND
0.15
0.01
0.05
0.64
ND
2.00
0.05
2.00
0.03
ND
ND
1.78
3.44
0.36

24.00
ND
0.13

RESULTS

General observations. In the initial screening, in which the
phage samples were pipetted on 629 bacterial lawns, we
found plaques on isolates belonging to 56 of the 302 strains.
The exact titer determinations with soft agar (50°C) suc-
ceeded only for 47 of these. This indicates that 16% of the
phages were thermosensitive. The plaque morphology was
usually clear, which is typical for virulent phages. This
investigation is based only on the thermoresistant phages
that survived a freeze-thaw cycle.

Density of phages in activated sludge. The total number of
phage particles capable of forming visible plaques on the 629
hosts tested with these conditions varied from 3.3 x 104 to
1.7 x 105 PFU/ml in five different samples (Table 1). In the
plaque assay 47 different strains, corresponding to about
15% of all strains available, were sensitive to these phages
(Table 1). The titers determined for different phages varied
from 1 x 101 to 5 x 104 PFU/ml in one sample. The numbers

"ND, not detected (density of virus particles lower than 10 PFU/ml).
Accurate titers on strain 4001 could not be determined due to unclear

plaque morphology.

of phages fluctuated considerably during the 5-week period
(Table 1).
Phage resistance. The occurrence of phage resistance was

tested when bacterial strains with isolates sensitive to a
particular phage were isolated more than once during the
5-week study (8). The phages infecting these 18 strains
formed three categories in respect to their host ranges. The
largest group comprised phage isolates that were able to
infect only a few of the isolates belonging to the same host
strain (12 cases). Six phage isolates infected all of the
independent isolates of the host strain. In three cases the
phage growth was supported by more than one strain (4)4094,
4)7066, 4)3122, and similar phages; see below).

5

ND
0.29
4.76

50.00
0.01
0.10
0.02
ND
10
1.22
0.01
ND
0.07
ND
0.11
2.96
ND
3.40
0.07
0.02
2.08
2.36
ND
ND
ND
0.95
ND
2.00
3.54
ND
0.04
ND
2.90
0.23
0.05
0.02
0.07
0.16
ND
ND
0.06
0.16
0.95
0.10
3.76
0.02
0.05
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TABLE 2. Phages infecting isolates of strain 3006

Phage Test isolate EOP

,)3010 3006 0
3010 1
3063 0
3097 0

4)3063 3006 0
3010 0.1
3063 1
3097 1

4)3097 3006 0
3010 0.1
3063 1
3097 1

An important question in understanding the effect of
phages on their hosts is to determine the occurrence of
resistance and sensitivity in relation to the occurrence of the
phage. This was tested with phage-host systems in bacteria
isolated from samples that did not have the maximal density
of phages infecting other isolates of that strain (55 sensitive
and 16 resistant isolates). The occurrence of resistant and
sensitive hosts in these samples did not differ from random
distribution (X2 test).
Observed differences in EOP. Three of the four isolates of

strain 3006 supported plaque formation in the primary
screening of the activated sludge (isolates 3010, 3063, and
3097). When a plaque on strain 3010 was purified and that
phage stock was tested for the infectivity to the other three
isolates (Table 2), isolates 3063 and 3097 in addition to 3006
were resistant to purified phage 4)3010. Starting from the
original sterilized activated sludge, plaques were purified on
3063 and 3097. Both of these phages (4)3063 and 4)3097) were
able to infect each other's hosts and also to infect strain
3010, but at a lowered EOP. From these results we con-
cluded that two separate phages were isolated, one infecting
only host 3010 and the other infecting all of the sensitive
hosts but infecting 3010 with a lowered EOP. The purifica-
tion of virus particles did not succeed for these phages, and
it was not possible to verify our conclusion at the molecular
level.
Phage 4)3064 was infective to all six isolates of the host

strain. The isolates, however, fell in two categories: the
EOPs on 4002, 4036, and 5058 were 6 orders of magnitude
lower than those on 3064, 4035, and 4064. The plaques on
low-EOP hosts could not be purified to test their EOPs on
the higher-EOP isolates; thus the genetic basis for variation
in EOP remains unknown. The variations of EOP of phages
4)4094 and 47087.1, which infect several host strains, are
discussed below.
Broad host range. The host ranges of phages were tested

by plating them on nonidentical but related hosts that had
supported phage growth during the initial screening phase of
the study. Phage 44094 infected the isolate 5078 of strain
3112 with an EOP of 10-6. When 4)4094 was plaque purified
on 5078, it gave a stock with a low titer (3 x 106) and infected
4094 with a low EOP (about 10-6). The low infectivity of
phage stocks on these isolates when produced in different
hosts suggests that particles that infect either host differ by
one mutation. Most of the known host range mutations are
actually extended host range mutations (11), but this system
seems to represent a true host range mutation because the
mutant can no longer grow on the original host.

TABLE 3. Phages infecting 3122-like bacteria

Phage ~Propagation TestEOPhage strain strain EOP

4)3122 3122 3122 1
7066 1
7087 1

-)7066 7066 3122 0
7066 1
7087 0.001

7087 7066 1
7087 1

-)7087.1 7087 3122 0.5
7066 0.5
7087 1

4)7087.2 7087 3122 1
7066 1
7087 1

A more complicated situation was obtained for strains
3122, 7066, and 7087, which are closely related (8). Phages
plating on strain 7066 were found in all five weekly samples,
whereas phages plating on strains 3122 and 7087 were found
only in one and two samples, respectively (Table 1). 4)7066
infected strain 7087, although at a lowered EOP (Table 3).
This explains the titer dissimilarities on strains 7066 and 7087
in different samples (Table 1). When 4)7066 was plaque
purified on strain 7087, the EOP was the same for both hosts.
A possible explanation for this might be a restriction-modi-
fication system acting in strain 7087 but not in 7066.

4)3122 infected both isolates of the host strain (3122 and
4037) and strains 7066 and 7087. 47087.1 and 47087.2
infected strains 3122 and 7066, although 4)7087.1 had a 50%
reduced EOP on these hosts. In addition, there were plaque
morphology and EOP differences between 4)7087.1 and
4)7087.2 on Luria-Bertani medium (13): 4)7087.1 formed
small plaques with an EOP that was several orders of
magnitude lower than that of 4)7087.2, which formed large
plaques with an almost unaltered EOP on host 7087. The
similarity of these four phage isolates infecting the same
hosts was tested by using particle sedimentation and protein
composition analysis. The fast sedimentation of 4)7066 indi-
cated that it was unrelated to 4)3122, 47087.1, and 4)7087.2.
The protein gel analysis of purified 4)3122, 4)7087.1, and
4)7087.2 confirmed them all to be similar slowly sedimenting
small phages with major capsid protein of approximately 16
kDa (data not shown). The protein composition and sedi-
mentation behavior of these phages suggest that they are
single-stranded RNA-type phages like the MS2 phage of E.
coli.

Plaque morphology variation. When the phage 4)4101 was
plaque purified on all sensitive isolates of its host strain
(4081, 4101, 4102, and 4115), the EOP was the same on all
isolates and independent of the host used to propagate the
phage. However, the plaque morphology was dependent on
both the host used for titer determination and the host used
to propagate the phage.

Return of phage. A phage that formed plaques on strain
5054 was obtained with samples from the first and last weeks
(Table 1). Phages isolated from both samples infected both
isolates of the host strain (5054 and 5055). They also had
similar plaque morphologies. The protein gel analysis of
purified phage particles showed that these two phage isolates
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had identical protein patterns, identifying them as the same
phage with a major capsid protein of about 35 kDa (data not
shown). Other examples of strains with phages detected
twice with a sample lacking detectable phages in between are
3109, 5022, 5033, and 7087 (Table 1). In all of these cases the
phage had titers close to our detection limit either before or
after its disappearance.

DISCUSSION

The bacteriophages isolated here are undoubtedly repro-
ducing in this ecosystem, which suggests that their hosts are
also active. This was verified by determining titers of coliph-
ages, which decline in activated sludge but are known to be
frequent in communal sewage (4). The phage titers on two
different strains of E. coli were 60 PFU/ml at most and in
most samples were below our detection limit and thus lower
than those of most of the phages studied here.

Fifteen percent of the bacterial strains isolated were
sensitive to co-occurring phages. This number should be
taken as a minimum estimate, because (i) the sensitivity of
the detection is about 12 PFU/mi, (ii) two freeze-thaw cycles
are applied to the sample, (iii) some phages adsorb to the
sterilization filter, (iv) all phages do not form plaques in the
conditions used (this became evident as the plaque morphol-
ogy of different phages varied from big clear plaques to very
tiny ones that could not be counted), and (v), since most
strains were isolated once, the phages were not detected
when the only isolate belonged to a resistant clone. If we
assume that 90% of the phages were not detected (which still
might be an underestimate), and if we take into account the
estimated total number of strains in activated sludge (several
thousands [8]) and suppose that the same proportions of all
strains are infected with comparable numbers of viruses, the
total number of phages in the dispersed phase of activated
sludge would be about 106 to 108 PFU/ml. This figure is still
smaller than the estimate for fresh waters based on electron
microscopy (108 PFU/ml [2]) and strengthens our assump-
tion that the given number is an underestimate.
The phage infection cycle seems to be very slow in

activated sludge. Typically it takes a few weeks to rise from
the first emergence to highest phage density (+3038, 43064,
44041, 4A086, 45022, +6004, P6058, 4.6115, 47050, and
47066). The observation of Tan and Reanney (21) that phage
infection in enrichment cultures of soil is much slower than
in laboratory conditions is in accordance with our results.
The time scale of Tan and Reanney is in hours, whereas our
observations indicate much slower dynamics. We conclude
that in natural ecosystems phage infections are very slow
compared with those in laboratory conditions. Since we do
not know the exact densities or the generation times of the
hosts, it is not possible to speculate whether this reflects
slow adsorption kinetics or slow life cycles of the host.
Another feature emerging from our data is the slow disap-
pearance of phages (43038, 43085, P4041, 44085, 44091,
,4101, 45022, +5030, +6058, 46115, 47039, +7050, +7051,
and P7066), but also the reappearance of phages was de-
tected (43109, +5022, 45033, +5054, and phages against
7087). In all of these examples the phage had titers close to
our detection limit either before or after its disappearance,
which makes the interpretation of this result difficult. The
phages isolated before and after disappearance were in two
cases (+5054 and +7087.1, 47087.2) confirmed to be the
same by using purified phage preparations. These observa-
tions indicate that the number of phages oscillates or stays
for weeks at low densities in this ecosystem. Possible

explanations for these phenomena are the circulation of
sludge during plant operation and a probable equilibrium of
phages between flocculated and dispersed phases, although
the mixing of activated sludge is rigorous.
The chemostat studies show that host resistance evolves

within a short time as a response to the presence of phage
(11, 12). Our results are in accordance with this prediction;
(i) phages were found in only 15% of all strains, and (ii) only
about 40% of the phage-sensitive bacterial strains that were
isolated several times were composed of isolates which were
all sensitive to the appropriate phages. It should be pointed
out here that, because not all of the phages were detected
(see above), the number of sensitive isolates is somewhat
underestimated.
The vast microbial diversity of this ecosystem hampered

our attempt to study many isolates of each strain in a single
sample, but the randomized isolation procedure used (8)
allows us to conclude that most (if not all) of the isolates
represent dominant or codominant clones and that subdom-
inant clones were not detected. One of the predictions of the
theoretical work is that the sensitive hosts should dominate
before phage infection and that the resistant forms should
dominate after phage infection. However, there was no
relation between the occurrence of phage and resistant
bacteria. It can be speculated that phage-resistant bacteria
have evolved during an earlier oscillation cycle of phage
infection. The lack of relation with the occurrence of phages
and sensitive hosts indicates either that these bacteria can
survive during the infection or that they can grow back to
high numbers after the infection. Thus, some of our obser-
vations agree with and some contradict the theoretical
model.
The observation that the phage isolated from an earlier

sample for strain 7087 was less virulent to its host than to a
latter isolate is in accordance with the chemostat results of
Spanakis and Horne (20), who showed that, as a phage
becomes more virulent to its host, the host evolves to
become more resistant. In our case, however, it is not
possible to exclude the possibility that a later phage has not
evolved from the former one but is a separate but very
closely related species.
Most of the phages infected only a single strain. However,

some phages (+4094, 47066, and 43122 and similar viruses
isolated on 7087) were able to infect more than one strain,
suggesting that broad-host-range phages are common in
natural ecosystems. Thus it can be argued that the classical
approach of studying single phage-single host systems is too
narrow to obtain a comprehensive understanding of the
phage ecology.
We show here that phages are an active part of the

activated sludge. Although it is well known that phages are
parasites, their effect on host populations is not properly
understood. Even less understood is their effect on the
activated sludge process itself. This investigation does not
indicate that they are strong regulators of species composi-
tion. Instead, they seem to modify specific, phage resis-
tance-related, genetic properties of bacteria by exerting
selection pressure for phage resistance.

ACKNOWLEDGMENTS

D.H.B. is a senior scientist at the Academy of Finland. This
investigation was supported by a research grant from the Maj & Tor
Nessling foundation (to J.H. and A.K.).

APPL. ENVIRON. MICROBIOL.



ACTIVATED SLUDGE BACTERIOPHAGES 2151

REFERENCES
1. American Public Health Association. 1985. Standard methods for

the examination of water and wastewater, 16th ed. American
Public Health Association, Washington, D.C.

2. Bergh, 0., K. Y. B0rsheim, G. Bratbak, and M. Heldal. 1989.
High abundance of viruses found in aquatic environments.
Nature (London) 340:467-468.

3. Bertani, G., and J. J. Weigle. 1953. Host controlled variation in
bacterial viruses. J. Bacteriol. 65:113-121.

4. Bitton, G. 1987. Fate of bacteriophages in water and wastewater
treatment plants, p. 181-195. In S. M. Goyal, C. P. Gerba, and
G. Bitton, (ed.), Phage ecology. John Wiley & Sons, Inc., New
York.

5. Giovannoni, S. J., T. B. Britschgi, C. L. Moyer, and K. Field.
1990. Genetic diversity in Sargasso Sea bacterioplankton. Na-
ture (London) 345:60-63.

6. Gray, C. H., and E. L. Tatum. 1944. X-ray induced growth
factor requirements in bacteria. Proc. Natl. Acad. Sci. USA
30:404-410.

7. Hantula, J. I., T. K. Korhonen, and D. H; Bamford. 1990.
Determination of taxonomic resolution capacity of convential
one-dimensional SDS-polyacrylamide gel electrophoresis of
whole-cell proteins using Enterobacteriaceae. FEMS Micro-
biol. Lett. 70:325-330.

8. Hantula, J. I., A. Kurki, P. Vuoriranta, and D. H. Bamford.
1990. Rapid classification of bacterial strains by SDS-polyacryl-
amide gel electrophoresis: population dynamics of the dominant
dispersed phase bacteria of activated sludge. Appl. Microbiol.
Biotechnol. 34:551-555.

9. Horne, M. T. 1970. Coevolution of Escherichia coli and bacte-
riophages in chemostat culture. Science 168:992-993.

10. Jackman, P. J. H. 1985. Bacterial taxonomy based on electro-
phoretic whole-cell protein patterns, p. 115-129. In M. Good-
fellow and D. E. Minnikin (ed.), Chemical methods in bacterial
systematics. Academic Press, Inc. (London), Ltd., London.

11. Lenski, R. E. 1987. Dynamics of interactions between bacteria
and virulent bacteriophage. Adv. Microb. Ecol. 10:1-44.

12. Lenski, R. E., and B. R. Levin. 1985. Constraints of the
coevolution of bacteria and virulent phage: a model, some

experiments, and predictions for natural communities. Am.
Nat. 125:585-602.

13. Maniatis, T., E. F. Fritch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

14. Mindich, L., and D. H. Bamford. 1988. Lipid containing bacte-
riophages, p. 475-520. In R. Calendar (ed.), The bacterio-
phages, vol. 2. Plenum Publishing Corp., New York.

15. Olkkonen, V. M., and D. H. Bamford. 1989. Quantitation of the
adsorption and penetration stages of bacteriophage 46 infection.
Virology 171:229-238.

16. Paynter, M. J. B., and H. R. Bungay III. 1969. Dynamics of
coliphage infections, p. 323-335. In D. Perlman (ed.), Fermen-
tation advances. Academic Press, Inc., New York.

17. Paynter, M. J. B., and H. R. Bungay III. 1971. Characterization
of virulent bacteriophage infections of Escherichia coli in con-
tinuous culture. Science 172:405.

18. Proctor, L. M., and J. A. Fuhrman. 1990. Viral mortality of
marine bacteria and cyanobacteria. Nature (London) 343:60-62.

19. Reanney, D. C., and S. C. N. Marsh. 1973. The ecology of
viruses attacking Bacillus stearothermophilus in soil. Soil Biol.
Biochem. 5:399-408.

20. Spanakis, E., and M. T. Horne. 1987. Co-adaptation of Esche-
richia coli and coliphage Xvir in continuous culture. J. Gen.
Microbiol. 133:353-360.

21. Tan, J. S. A., and D. C. Reanney. 1976. Interactions between
bacteriophages and bacteria in soil. Soil Biol. Biochem. 8:145-
150.

22. Vidaver, A. K., R. K. Koski, and J. L. Van Etten. 1973.
Bacteriophage +6: a lipid-containing virus of Pseudomonas
phaseolicola. J. Virol. 11:799-805.

23. Ward, D. M., R. Weller, and M. M. Bateson. 1990. 16S rRNA
sequences reveal numerous uncultured microorganisms in a
natural community. Nature (London) 345:63-65.

24. Yamamoto; K. R., B. M. Alberts, R. M. Behzinger, L.
Lawhorne, and G. Trieber. 1970. Rapid bacteriophage sedimen-
tation in the presence of polyethylene glycol and its application
to large-scale virus purification. Virology 40:734-744.

VOL. 57, 1991


