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ABSTRACT: The influence of specific phages on the population size of their host bacteria was stud-
ied using a model system of a selected phage and its host bacterium, identified as Aeromonas sp. iso-
lated from a lagoon in the southern Baltic Sea. For all initial phage/host ratios (PBR [phage/bacterium
ratio] of 0.1 to 100), phage and host abundances reached a ratio of about 5 to 50 within the first 8 h.
Interestingly, this range of phage/bacterium ratios of a single phage-host system corresponds to the
ratio of virus to bacterial abundance found in natural habitats. The proportion of sensitive cells con-
taining mature phage particles increased in the first 4 h to 40 %, and then decreased (at rates depen-
dent on the initial ratio) within 12 h (initial PBR of 100), 48 h (initial PBR of 10 and 1) and 72 h (initial
PBR of 0.1) to less than 1%. There was evidence for rapid development of immunity (probably
pseudolysogeny), especially at high initial phage concentrations. After 96 h incubation, carbon, nitro-
gen and phosphorus were added to improve the nutritional state of the bacteria. Although nutrients
were added to all treatments when phage/host ratios were nearly equal, quite different reactions
were observed for the bacteria populations with different initial PBRs. Those with low initial PBRs
showed the most pronounced increase.
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INTRODUCTION

In earlier studies, low phage concentrations mea-
sured as plaque-forming units (PFU) (e.g. Moebus
1987) suggested that bacteriophages do not play an
important role in microbial food webs. This view was
changed when, by transmission electron microscopy,
Bergh et al. (1989) detected high concentrations of free
viral particles in various aquatic habitats. In most cases
these particles exceed bacterial abundances by a
factor of 10 or more. These high viral concentrations
are thought to be related to substantial mortality of
bacterial hosts. Only a small percentage of bacteria
carry visible phage particles; nevertheless, a much
higher percentage must be considered as irreversibly
infected (Proctor et al. 1993). Published values of
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infected proportions of the bacterial community span a
wide range, with a mean value of about 20% of the
heterotrophic bacteria (Suttle 1994). These results
indicate lysis of a remarkable fraction of the bacterial
community by bacteriophages. Temporarily, viral cell
lysis is reported to exceed grazing by nanoflagellates
and other bacteriovores (Weinbauer & Peduzzi 1995)
and hence is an important loss factor for the prokary-
otic community.

In contrast, high phage concentrations often result in
acquisition of resistance (e.g. modification of the phage
receptor sites) or immunity (lysogenised cells) by the
bacterial host population (Levin & Lenski 1983). This
may reduce the impact of phages on bacterial host
populations, or prolong the existence of both popula-
tions in the environment. These controversial aspects
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show that no simple relationship can be expected
between phages and their hosts, especially not in
natural mixed communities, which are subject to fur-
ther regime factors (e.g. predation, starvation). The
mechanisms of the relationship between phages and
hosts can be elucidated by studying isolated phage-
host systems under conditions closely resembling
those in situ.

In this paper we present experimental data on the
coexistence of phages and their bacterial host pop-
ulation at various initial phage/host ratios (PBRs). To
simulate a bloom situation, phages and bacteria of a
model system were added at concentrations compara-
ble to those common in eutrophic habitats. If phages
comprise important loss factors at normal in situ abun-
dances, a much higher phage concentration should
eliminate or deplete its host population remarkably,
although a predator-prey-type oscillation in a phage-
host culture might occur. However, the development of
resistance or immunity by the bacterial cells should
modify the phage/host ratio.

MATERIALS AND METHODS

Phage-host system. The bacterial host and its phages
were isolated from the Zingster Strom, part of a lagoon
system in the southern Baltic Sea, where the concen-
tration of bacteria during summer often exceeds 1 x 107
ml!. The host organism is a gram-negative rod of
about 1.6 x 0.4 pym (Fig. 1). Based on results from the
API 20NE test system (BioMérieux) and on partial 16S
rDNA sequence data (1450 bp), it was identified as

Fig. 1. Electron micrographs of negatively stained phage

(family Podoviridae, Morphotype 1; arrow indicates the tail;

scale bar = 90 nm), and of a thin section of embedded and
stained host cells (Aeromonas sp.; scale bar = 0.4 pm)

Aeromonas sp., with a similarity of 98 % to A. veronii
Strain Bl (Accession No. AF099024). The phage
belongs to the family Podoviridae (Morphotype 1). It
has a hexagonal head with a diameter of about 57 nm
and a short tail of about 12 nm in length (Fig. 1). The
phage produced turbid but clearly visible plaques up
to 3 mm in diameter. The phage latent period was
40 min, with a burst size of 26 phage particles per cell
estimated by 1-step growth curves at 22 + 1°C in
autoclaved habitat water.

Coexistence experiment. Phages and bacteria were
incubated in sterile Erlenmeyer flasks at a temperature
of 22 + 1°C and 100 rpm for 10 d in 250 ml of auto-
claved habitat water. Previously, bacteria were culti-
vated overnight in ZoBell 2216E liquid medium
(Oppenheimer & Zobell 1952) until an optical density
(measured as light extinction at 600 nm) of 0.4. We
added 5 ml of this bacterial culture to the water sample
to a final concentration of about 10° CFU ml™!. Phages
were produced by confluent lysis of the host bacteria
grown in soft agar plates (Adams 1959) and transferred
in SM buffer (0.1 M NacCl, 8 mM MgSO, 7H,0, 50 mM
Tris-HCI, 0.01% w/v glycerine) (Sambrook & Fritsch
1989) by overlaying 5 ml per plate for 20 min. The
phage lysate was sterile-filtered through 0.2 pm filter
(Millipore). Phages were added to the Erlenmeyer
flasks to obtain initial PBRs of 0.1, 1, 10 and 100. In
control flasks, bacteria and phages were incubated
separately. After 96 h incubation, carbon (as glucose),
nitrogen (as NaNOj), and phosphorus (as K,HPOy)
were added at Redfield ratios with final concentrations
of 300 pM C, 50 pM N and 3 pM P. The added carbon
concentration was in the same order of magnitude as
the DOC concentration of the original eutrophic
environment.

Measurements: phage and host concentrations.
After varying time intervals, bacterial cell concentra-
tions were estimated as CFU ml™!. Samples from each
Erlenmeyer flask were diluted with sterile 0.85 % (w/v)
saline to a dilution of 107° for subsequent cell counting.
Plate counts were performed by plating 100 pl samples
of the last 3 dilutions in duplicate on ZoBell 2216E agar.
The plates were incubated at 22 + 1°C for 48 h prior to
colony counting. The counts from all plates with less
than 300 colonies were divided by the sample volume
plated to estimate the mean and standard deviation of
CFU ml!. Simultaneously, phage concentrations were
estimated as PFU ml™! by the soft agar-layer method
(Adams 1959). The samples were diluted with sterile
SM buffer (Sambrook & Fritsch 1989) until dilutions be-
tween 107° and 107® were reached. Bacterial cell cul-
tures for the soft agar technique were always grown
overnight; 1 ml of the host bacterial culture was mixed
with 5 ml of the overlay agar at 45°C and poured onto a
bottom-agar plate, and 10 pl from each of the last 4
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dilutions were dropped onto this soft agar overlay. After
an incubation time of 48 h at 22 + 1°C, the plaques were
counted and divided by the sample volume dropped
onto the overlay to estimate mean (SD) PFU ml 1.

Host cells containing mature phage particles. On
each sampling occasion, 2 ml of each treatment were
fixed with sterile filtered glutaraldehyde (4 % v/v final
concentration in 0.1 M sodium-phosphate buffer). The
cells were washed in buffer and fixed in OsO, (1 % w/v
final concentration). After dehydration in an acetone
row from 30 through 100 % acetone (v/v), the cells were
embedded in the epoxy resin ‘Araldit’ (Fluka) with
polymerisation for 2 to 3 d at 58°C. Ultrathin sections
(50 to 100 nm) were post-stained with 2% aqueous
uranyl acetate/lead citrate. Host cells were examined
by transmission electron microscopy (Carl Zeiss TEM
902 A; 80 kV) at a magnification of 20 000 x. Only cells
with more than 3 visible intracellular virus-like parti-
cles were considered to be infected cells containing
mature phage particles (Proctor & Fuhrman 1991).

Sensitivity of host cells. After 12 h, about 100
colonies from each treatment were washed from agar
plates with 1 ml of liquid Zobell 2216E media, thor-
oughly mixed and used to prepare an overlay agar.
The sensitivity of these host cell populations were
tested by dropping the phage fractions (0.2 pm filtrate)
onto the soft agar layer. Plates were incubated for 24 h
at 22 + 1°C until inspection. Visible growth of bacterial
cells in the dropping zone was regarded as evidence of
a loss of their sensitivity to the phages.

DNA extraction and DNA-DNA hybridisation.
Phage DNA within bacteria was detected by DNA-
DNA hybridisation of bacterial DNA from 4 or 5
selected colonies isolated after 72 and 96 h incubation
from each flask with labelled phage probes. Bacterial
DNA was isolated by the method of Anderson &
McKay (1983), modified for genomic DNA. Bacterial
cells were picked out and dispersed in 2 ml liquid me-
dia prior to centrifugation for 5 min at 14 000 x g. The
pellet was resuspended in 1 ml STE buffer (6.7 % w/v
sucrose, 50 mM Tris, 1 mM EDTA, pH 8) and incubated
at 37°C for 5 min, and 200 pl lysozyme (10 mg ml™! in
25 mM Tris, pH 8) were then added, followed by incu-
bation for a 10 min with agitation. After adding 120 nl
Tris-EDTA (60 mM Tris, 0.25 mM EDTA, pH 8) and
70 pl of 20% (w/v) sodium dodecyl sulfate (SDS) (in
50 mM Tris, 20 mM EDTA, pH 8) the suspension was
immediately mixed and vigorously shaken at 37°C for
another 10 min until complete lysis. DNA was ex-
tracted by adding 1 vol phenol-chloroform (1:1, v/v)
and centrifuged (5 min at 4°C, 14 000 x g). Extant phe-
nol was removed with 1 vol chloroform-isoamyl alcohol
(24:1, v/v) and additional centrifugation. DNA was pre-
cipitated by adding 5 M NaCl solution (final concentra-
tion 0.5 M) and 1 vol isopropanol at —20°C for at least

2 h. After an additional washing step using 70 % (v/v)
ethanol, the DNA was resuspended in about 50 pl TE
buffer (10 mM Tris, 1 mM EDTA) and stored at —20°C.

The DNA of phages was isolated by the method of
Sambrook & Fritsch (1989), slightly modified: 1 ml of
phage lysate containing at least 10° PFU ml! was
mixed with 2 pl of a mixture of RNase/DNase (5 mg
ml! RNase A, 1 mg ml! DNase 1 in 50 % glycerol) to
remove extracellular nucleic acids. After incubation at
37°C for 45 min 150 pl 200 x TE buffer (2 M Tris, 0.2 M
EDTA, pH 7.5) and 30 pl 10% (w/v) SDS were added.
The resulting suspension was agitated thoroughly and
incubated at 70°C for 10 min. Thereafter, 125 pl
potassium acetate (3 M potassium acetate, 5 M glacial
acetic acid) were added. The suspension was placed
on ice for 30 min. Proteins were removed by phenol-
chloroform extraction and centrifugation at 4°C and
14 000 x g for 15 min, as described for bacterial DNA.
DNA was visualised in a 0.8% agarose gel by
ethidiumbromid under UV light and the concentration
was estimated spectroscopically.

Labelling of phage DNA and hybridisation with
immobilised bacterial genomic DNA was carried out
by digoxigenin (DIG) nucleic acid labelling and detec-
tion kit (Boehringer Mannheim Biochemica) according
to the instructions of the manufacturer. Whole-phage
DNA was applied at a final concentration of 50 to
750 ng ul! to produce the labelled probe. The hybridi-
sation probe was diluted 1:1000 in hybridisation buffer.

About 1 to 2 pg of bacterial DNA and about 0.1 pg of
phage DNA were transferred onto the hybridisation
membrane (Hybond-N, Amersham Pharmacia Bio-
tech). DNA transfer was performed either by Southern
blotting after 72 h incubation or by dot-blotting after
96 h incubation. For Southern blotting, the DNA was
denatured in agarose gel (0.8 % w/v) for 30 min with
Solution A (0.5 M NaOH, 1.5 M NaCl) and neutralised
in Solution B (1 M Tris-HCI, pH 7, 2 M NaCl) for
another 30 min. After washing the gel and nylon mem-
brane in 2 x SSC (0.3 M NacCl, 0.03 M sodium citrate,
pH 7), a capillar blot was performed overnight. For dot-
blotting, the DNA was denatured for 15 min at 98°C.
The membrane was prepared with 10 x SSC (1.5 M
NaCl, 0.15 M sodium citrate, pH 7). The DNA was
dropped onto the membrane and washed with 2 x SSC
(0.3 M Nacl, 0.03 M sodium citrate, pH 7) in a blotting
chamber. In both cases the membrane was dried and
the DNA was fixed by UV light for 3 min. Hybridisation
was performed over 18 h at 68°C.

Statistical analysis. The significance of differences
was calculated by the non-parametric rank-test of
Wilcoxon. Differences were considered significant if
p < 0.05. Correlation between the parameters was
determined by a Spearman rank-correlation test
(Lozén & Kausch 1998).
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RESULTS
Changes in phage and host concentrations

Temporal changes in phage and host concentrations
for the different treatments are shown in Fig. 2. De-
spite high variability, clear trends could be distin-
guished over time, and significantly different medians
were recorded for different periods and treatments.
The concentration of phages without host bacteria de-
creased slowly during the experiment at a rate of about
1% h™l. The host cells showed no response in the ab-
sence of phages until the nutrients were added. There-
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after, the bacterial concentration increased signifi-
cantly by a factor of about 10, before decreasing slowly
from about 180 h towards the end of the experiment.
At an initial PBR of 0.1 or 1, the concentration of
phages increased rapidly within the first 8 h to a PBR of
about 5 to 10, while the concentration of their hosts did
not decrease significantly. At an initial PBR of 10 or
100, the concentrations of phages and hosts did not
change significantly until the addition of nutrients.
After about 8 h incubation at all initial PBRs, equilib-
rium of phage and host cell concentrations was
observed. About 7x (median of PBRs 0.1, 1 and 10,
omitting the first 2 values from PBRs 0.1 and 1) to 34 x
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Fig. 2. Phage-host (Aeromonas sp.) system. Effects of
different initial phage/host ratios (PBR) on phage
(Phag.) and bacterial (Bact.) concentrations, showing
phages and bacteria (A) each alone (controls), (B) at
an initial PBR of 0.1, (C) at an initial PBR of 1,(D) at
an initial PBR of 10, and (E) at an initial PBR of 100.
Vertical lines at 96 h indicate addition of nutrients
(carbon, nitrogen and phosphorus)
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(median of PBR 100) more phages than bacteria were
detected (Fig. 3). The median PBR of the treatment
with the highest initial PBR persisted at a significant
higher level than all other treatments, which did not
differ significantly from each other.

After addition of nutrients, the bacterial concentra-
tions increased to different levels. The highest bacte-
rial concentration was reached at an initial PBR of 0.1,
where the phage concentration at the beginning had
been lowest. The host cell concentration at the highest
initial PBR of 100 showed the lowest increase. The
addition of nutrients and the response of the host pop-
ulations had smaller effects on the phage concentra-
tions than on host abundances. This resulted in a shift
of the PBRs to a lower level (Fig. 3): the lower the ini-
tial PBR, the faster the shift. Compared to ratios prior to
nutrient addition, the median phage/host ratios for the
populations with initial PBRs of 0.1 and 1 decreased
significantly to about 1, with no significant difference
between them. In the treatments with higher initial
PBRs of 10 and 100, median PBR decreased also, but
the declines after addition of nutrients were insignifi-
cant. Predator-prey-type oscillations between phage
and host concentrations was not observed.

Bacterial concentrations had decreased by the end of
the experiment in all treatments. The decline seemed
to start between 180 and 200 h, and was also observed
in the control with bacteria alone. This and the few
visible infected cells in the treatments with phages at
this time indicate a nutrient-dependent rather than a
phage-induced decrease in the host population.

Frequency of cells containing mature phage particles

The proportion of cells containing mature phages
(Fig. 4) increased during the first 4 h incubation to 40 %

Fig. 4. Phage-host (Aero-
monas sp.) system. Elec-
tron micrograph of thin
section of host cells con-
taining mature phage

particles (scale bar =
0.4 pm)
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Fig. 5. Phage-host (Aeromonas sp.) system. Changes in

percentage of host cells containing mature phage particles at

different initial phage/host ratios (in. PBR). Vertical line at

96 h indicates addition of nutrients (carbon, nitrogen and
phosphorus)

100 at all initial PBRs and decreased rapidly after-
A B o wards (Fig. 5), with the decrease (to less than
- 80 & 1%) varying as a function of initial PBR: within
DE: 12h at PBR 100, 48 h at PBRs 10 and 1 and 72 h at
reo 2 PBR 0.1. After nutrient addition, the proportion
‘8 of infected cells increased again to 57 % (mean
. 40 @ value of all initial PBRs) and subsequently de-
. % creased rapidly within the following 24 h to less
20 & than 5%, with no significant differences among
EI . I R Lo treatments.
0.1 1 10 100 0.1 1 10 100
initial PBR initial PBR

Sensitivity of host cell populations

Fig. 3. Phage-host (Aeromonas sp.) system. Box-whisker plots of
phage/host ratios for different initial phage/host ratios (A) before

(time interval O to 96 h) and (B) after addition of nutrients (time

interval 100 to 177 h)

After 12 h incubation, a loss of phage sensitiv-
ity of those bacterial populations that had co-
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Fig. 6. Phage-host (Aeromonas sp.) system. Evidence for cells containing phage
DNA by (A) Southern-blot hybridisation after 72 h, and (B) dot-blot-hybridisation
after 96 h. 1-5: hybridisation of bacterial DNA; c: control (hybridisation of the

phage DNA)

existed in contact with phages was observed. In soft
agar layer these bacteria showed no lysis in the drop-
ping zones of the phage fractions in any flask, in con-
trast to those bacteria that had been grown without
contact to phages. The latter showed clear lysis zones
in the dropping regions of all phage fractions.

Detection of phage DNA within bacteria

After 72 and 96 h incubation, evidence of prophages
within bacterial cells was demonstrated by hybridisa-
tion of immobilised bacterial DNA with a specific
phage probe (Fig. 6). After 72 h at high initial phage
concentrations (PBRs 10 and 100), a positive reaction
could be detected in 1 and 2 out of 5 tested bacterial
isolates, respectively. After 96 h, a signal was obtained
for all 5 tested colonies of the flask with an initial PBR
of 100. The control reaction with phage DNA led to
stronger hybridisation signals in all cases.

DISCUSSION

Lysis by phages is a major factor controlling mortal-
ity in bacterial communities (Proctor et al. 1993, Suttle
1994, Hennes & Simon 1995, Weinbauer & Peduzzi
1995, Weinbauer & Hofle 1998). Peaks of bacterial
abundance are followed by an increase in viral con-
centrations and collapse of bacterial blooms (Bratbak
et al. 1990, Boehme et al. 1993, Weinbauer et al. 1993,
Jiang & Paul 1994). Hence we assumed a significant,
but sporadic, impact of phages on their host popula-
tions.

Considerable fluctuations in the estimated concen-
trations of phages and bacteria that could arise from
different sources (e.g. aggregation or adsorption of

initial PBR

1

phages or bacteria, different dryness
of plates) did not affect the general
conclusions we drew based on trends
observed in several treatments, or
nonparametric comparison of medians
for particular time periods. Although
we incubated the phages and their
host bacteria together at wvarious
initial PBRs, after 8 h, 5 to 10 times
more phages than bacterial cells were
present in all treatments. Similar
ratios have been detected in natural
habitats for mixed bacterial popula-
tions and their phages (Bergh et al.
1989, Wommack et al. 1992, Paul et al.
1993). Also, during a theoretical study
of the relationship between bacterial
populations (10 dominant popula-
tions) and their lytic phages in aquatic systems,
Thingstad (2000) calculated a PBR of about 12 as equi-
librium value. In our experiments, phage concentration
increased rapidly over time at low initial PBRs. Middel-
boe et al. (2001) showed a similar strong increase in
phage concentrations during batch cultures of 4 differ-
ent aquatic phage-host systems: corresponding to an
increase in phage concentrations, all 4 bacterial con-
centrations decreased by several orders of magnitude
within the first 15 h. We did not see such a strong
decrease in bacterial concentration in any of our treat-
ments. Only at the 2 lower initial PBRs was an insignif-
icant decrease (if any) in bacterial concentration
observed, but it soon recovered to the initial concen-
tration. Adding phages at PBRs higher than 10 seemed
to have no significant effect on either phage or host
concentration. This appears to reflect a dynamic equi-
librium rather than a state without interactions be-
tween phages and hosts. The ratio of 5 to 50 times more
phages than bacteria was stable until the addition of
nutrients. Consequently, the host population did not
collapse through phage lysis.

The proportion of cells containing mature phages
was estimated to be as much as 40% after only 4 h
incubation at all initial PBRs. Mature phages inside
cells are usually only visible for a short time during
their development. Therefore, the proportion of actu-
ally infected cells would be much higher. The mortality
rate of the bacterial population caused by phage lysis
was postulated to be twice as high as the infection rate
by Proctor et al. (1993), whose model assumes that at
an infection rate of 50% and a mortality of 100%
bacterial abundance remains constant and the 'new’
production is removed. Thus our observed infection
frequency of 40% corresponding to 80 % mortality,
would still allow the observed growth of the popula-
tion. At the beginning of the experiment, however, we

10 100
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assumed that all host cells were infected simultane-
ously when phages were added, so that the proportion
of actually infected cells should be identical with the
proportion of visible infected cells. This frequency of
visible infection of 40% of the bacterial cells could
therefore represent the true infection level. These
infection and mortality rates did not reduce the host
population significantly. A defence response of the
host bacteria soon after contact between phage and
host cell may be the reason. Subsequently, the fraction
of visibly infected cells decreased below the detection
limit. Although after 4 h the observed phage/host pro-
portions were nearly equal, irrespective of initial PBR,
the decrease was more rapid at high initial PBRs than
at low ones. Therefore, the higher the phage concen-
tration, the faster the hosts seem to respond with a
defence mechanism.

For all bacterial populations with phage contact, a
loss of sensitivity was observed after 12 h incubation,
while bacteria without contact with phages preserved
their sensitivity. Because of the promptness of the re-
sponse, resistance in the sense of a genetic mutation
should be excluded (Lenski & Levin 1985). We would
rather suppose a phage-driven change in the host cell
surface and phage receptors.

By hybridisation of bacterial DNA, prophages could
be detected inside the cells. We could not provide true
evidence for lysogenisation of phage DNA into host
chromosomal DNA. Therefore, the co-isolation of
phage DNA from bacterial cells may indicate a state of
immunity, probably caused by pseudolysogeny rather
than true lysogeny. Pseudolysogeny defines a condition
in which the host cells coexist with their phage genome
in an unstable relationship (Baess 1971). Mostly it
occurs in starved bacterial cells. As nutrients are
supplied, pseudolysogeny resolves into either true
lysogeny or lytic production of viral particles (Ripp &
Miller 1998). Ackermann & Dubow (1987) described
pseudolysogeny as phenomenon whereby a constant
production of phages in the presence of high host cell
abundance occurred; phage lysis does
not result in a drastic decline in the
host population, but in a state in
which a high phage abundance co-
incides with exponential host growth.
Because of the similarity of our

the same equilibrium among all initial PBRs (with the
exception of PRB 100) at the time of nutrient addition,
the abundance of bacterial cells increased more at low
initial PBRs (Table 1). This was comparable to the reac-
tion of bacteria in the control culture without contact
with phage particles; at higher initial PBRs smaller
changes occurred. This could be attributable to higher
cell lysis, as indicated by an increase in the phage con-
centrations. Accordingly, we assume that prophages
were induced by a higher cellular nutrient turnover
(Moebus 1997c, Ripp & Miller 1997, 1998). The addi-
tion of phosphorus might be the trigger (Tuomi et al.
1995, Wilson & Mann 1997). This fast induction is
another hint of pseudolysogeny (Baess 1971, Ripp &
Miller 1997).

However, the distinction between lysogeny and
pseudolysogeny seems less important than the
acquirement of immunity and return to the lytic cycle.
In most studies, relatively strong inducing agents like
mitomycin C or UV radiation have been used to induce
the lytic cycle in lysogenic bacteria in aquatic environ-
ments (e.g. Jiang & Paul 1994, 1998, Weinbauer &
Suttle 1996, Tapper & Hicks 1998). In a host culture,
Jiang et al. (1998) found phage DNA integrated in the
host chromosome as well as in the plasmid fraction.
Also, a high frequency of spontaneous induction to
lytic replication was detected in host cultures. Since
the prophage causes homoimmunity by preventing
lytic replication of the same phage but not injection of
phage DNA, this may explain the occurrence of
phage DNA in the plasmid fraction. In this case, only
spontaneous induction of the prophage is sufficient to
produce free phage particles as well as introducing its
DNA into most of the bacterial cells. Further investiga-
tion of this phage-host system led to the conclusion
that, either by weak repression of phage synthesis or
by a change of the cell surface resulting in very
poor phage adsorption, a lysogenic relationship was
achieved that resembles pseudolysogeny (Williamson
et al. 2001).

Table 1. Median concentrations of bacteria and phages before (time interval 0 to
96 h) and after (time interval 100 to 177 h) addition of nutrients in bacterial
control and in treatments with different initial phage/host ratios (PBRs). PFU:

plaque-forming units

findings, we assume pseudolysogeny

rather than true lysogeny. The de- Parameter Time interval Control Initial PBR
tection of prophages only at high initial (h) 01 1 10 100
phage Concentrat19ns may point to a Bacterial concentration 0-96 3 3 2 3 3
phage concentration-dependent de- (median, 10° CFU ml™) 100-177 29 39 26 16 6
fence response. Phage concentration 0-96 1 25% 17% 24 93
After addition of nutrients, bacterial (median, 10% PFU ml™) 100-177 1 25 19 41 119
concentration increased as a function aOnly data from 8 to 96 h used
of initial phage concentration. Despite
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The observed increase in the proportion of visibly
infected cells after the addition of nutrients could be
due to prophage induction. The loss of sensitivity in all
treatments containing phages as well as the increasing
detection rate of phage DNA within host DNA with
increasing initial PBR suggest that at least a partial
induction of prophages is responsible for the observed
slight increase in phage concentrations and the even
lower increase in bacterial concentrations in the treat-
ments with initial PBRs of 100 and 10 compared to the
other treatments. Rather unclear is the increase in the
fraction of visibly infected cells to about the same value
at all initial PBRs. A possible explanation could be that
after adding nutrients in all cases, still existing sensi-
tive cells increased substantially before they were
infected, and these were responsible for the increased
fraction of bacteria with mature phage particles, espe-
cially at low initial PBRs. In these treatments new
insensitive cells seemed to be responsible for the
observed strong increase in bacterial concentrations,
whereas in the treatments with initial PBRs of 10 and
100 the amount of visibly infected cells may have been
caused mainly by induction of prophages, which ties
up with the dominance of immune cells. Therefore, the
2 processes —infection of sensitive cells and induction
of prophages—might result in similar percentages of
infected cells, although they might affect a population
to different extents, depending on the history of the
cultures.

The lysogenic strategy ensures the survival of their
phages during suboptimal conditions of its host cells,
e.g. nutritional starvation (Levin & Lenski 1983, Ripp &
Miller 1997, 1998). Obviously, not only limited nutrient
conditions (Ripp & Miller 1997, 1998), but also high
phage concentrations can lead to lysogeny. The devel-
opment of immunity by either lysogeny or pseudo-
lysogeny and the adjustment of an equilibrium
between the concentrations of phages and their bacte-
rial hosts seems to be a common phenomenon in nat-
ural environments (Lenski & Levin 1985, Ogunseitan et
al. 1990, Moebus 1997a,b,c). This is reflected by the
high proportion of lysogenic or pseudolysogenic bacte-
ria found within bacteria from various environments
(Ogunseitan et al. 1992, Jiang & Paul 1998). Immunity
might also contribute to the discrepancy between high
concentrations of virus-like particles and the difficulty
in isolating host strains. Reported efficiencies are
within 5 to 45 % (mean of about 10 to 15 %) of isolates
from aquatic samples in which phages could be
detected (Hidaka 1973, Willoughby 1976, Moebus
1980, Alonso et al. 2002).

Besides the widely discussed importance of lysogeny
and pseudolysogeny for the coexistence of phages and
their hosts, we should not forget the establishment of
resistance within the host population. The existence of

this mechanism was supported by the successful con-
tinuous culture of different phage-host systems iso-
lated from a marine ecosystem by Middelboe (2000)
and Middelboe et al. (2001). A decrease during the
development of CFUs caused by a strong decrease in
sensitive cells due to lysis and an increase in resistant
cells from a low level should be an indication of this
mechanism.

This study is based on only a single, isolated, phage-
host system from a natural aquatic environment
carried out to assess different strategies of coexistence
of phages and their hosts. At the moment we are far
from understanding the coexistence of a mixture of
different bacterial species and their phages in natural
aquatic ecosystems. Information from well investi-
gated phage-host systems has improved our knowl-
edge of mechanisms of coexistence. However, consid-
ering the huge diversity of bacteria, more studies of
phage-host systems are necessary to elucidate the
mechanisms of coexistence between phages and their
specific host populations in more detail and their fluc-
tuation under the variable conditions of their natural
habitats.
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