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Abstract: The incorporation of 32~-phosphorus into marine bacteriophage nucleic acid was studied in culture experiments to 
investigate the source of nucleotides used by the phage. We consistently found that the '2~-specific activity in the phage genome 
increased during the 11 h incubation and was low relative to the specific activity in the medium, averaging 21% ( + S D  5.9) for the 
three phage isolates. This was in accordance with a mathematical model where most of the nucleotides for phage DNA synthesis 
were derived from the host cell nucleic acid rather than de novo synthesis. We propose that this metabolic strategy may be common 
among marine phages, as an adaptation to a nutrient poor environment. Consequently, the contribution of free DNA to the 
dissolved fraction through phage lysis of bacteria, may be less that previously thought. Also during radiolabelling of bacteriophages 
in natural water samples, isotope dilution may be dependent on the specific growth rate of the bacterial host. 
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Introduction - 

Bacteriophages (phages) are abundant in the 
marine environment, and have the potential to 
cause significant mortality of pelagic bacteria [1,2]. 
The direct growth environment of bacteriophages 
is the cytoplasm of the host bacterium. Nu- 
cleotides for phage nucleic acid synthesis may be 
produced by either de novo synthesis or degrada- 
tion of host nucleic acid, as observed for the 
enteric T-even phages [3]. Determining the origin 
of phage nucleotides would give information 
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about the growth characteristics of marine phages, 
and to what extent bacterial DNA is incorporated 
into phage nucleic acid or enter the dissolved 
fraction as frec DNA after cell lysis. In addition, 
the nucleotide metabolism of marine phages will 
have consequences for the accuracy of phage 
production estimates by radiolabelling of the 
phage genome [4]. 

In this paper we investigate the origin of the 
nucleotides in three marine phages by monitoring 
the specific activity of the phage DNA following 
growth of phage in medium supplemented with 
32~0,3-. This approach is similar to that used to 
investigate the origin of nucleotides in the enter.ic 
phage T4rf ([5],  and references therein). To aid 
the interpretation of our results we developed a 



computer model to simulate the specific activity 
of phage DNA with or without degradation of the 
host genome. The nucleotide metabolism ob- 
served is discussed in the context of adaptation to 
the marine environment and the consequences 
for measurement of in situ phage production are 
considered. 

Materials and Methods 

Strains and media 
Marine phage-host systems (PHSs) were iso- 

lated from sea water collected off Scripps Pier 
and are designated M@21/50, M@21/43 and 
M@14/67 (Steward et al., unpublished data). 

The growth medium used in the culture exper- 
iments was 800 m10.45 p m  filtered sea water and 
200 ml distilled water amended with 0.05 g 
NH4Cl, 0.02 g MgC1,. 6H20 ,  0.01 g K,HP04.  
3H20 ,  0.6 mg Ferric citrate and 1.0 g Tryptone 
(Difco) (SWM). The concentration of molybdate 
reactive phosphorus in this medium was deter- 
mined according to Parsons et al. [6]. Phosphate 
buffer (1 X PBA) (0.025 M NaH,PO, - H 2 0 ,  0.001 
M MgC1,. 6H20 ,  pH 3.5, dissolved in distilled 
water) was used for preparing saturated ammo- 
nium sulphate and resuspending pelleted viruses 
in the labelling experiments. Agarose gels were 
made and run in TBE pH 7.8 buffer (Tris base 
0.089 M, boric acid 0.089 M, EDTA 0.002 M). 
Sample buffer (SB) was added to samples prior to 
gel electrophoresis (6x SB solution: 0.015 M Na- 
H,PO,. H 2 0 ,  0.001 M MgCI, . 6H20 ,  40% su- 
crose (w/v), 0.25% bromphenol blue (w/v)). Car- 
rier-free 32P0,3- (314 TBq mmol-l, > 99% ra- 
dionucleotide purity, dissolved in water, New 
England Nuclear, cat. No. NEX-053) was used 
for the radiolabelling experiments. 

Plaque assay 
Plating cells were grown from the host strain 

according to Sambrook et al. [7]. Plating cells (0. 1 
ml) were mixed with 0.1 m1 of phage suspension, 
incubated 10 min at 21°C, and mixed with 3.5 ml 
of soft agar (0.5% agar in Zobell2216 E medium) 
prior to spreading on a hard agar plate (1.5% 
agar in ZoBell 2216 E medium). Plates were 

incubated inverted at 16°C until plaques formed. 
Plates with 100 to 700 plaques were used to 
estimate the phage titer. Calibration of plaque 
forming units (PFU) versus transmission electron 
microscopy counts of phage particles indicated 
72% plaquing efficiency for M021//50 under 
these conditions. The 95% confidence interval for 
the PFU estimates was less than 2 6 ,  where n 
equals the number of plaques counted, as based 
on the Poisson distribution [8]. 

/ - 

Transmission electron microscopy 
Samples from a stock culture of phage 

M021/50 were diluted in salt solution [4]. Har- 
vesting of viruses was performed by ultracentrifu- 
gation directly onto transmission electronmi- 
croscopy (TEM) specimen grids [21. The grids 
(200-mesh Cu coated with carbon-stabilized For- 
mvar film; Ted PellaD) were rendered hydrophylic 
by high-voltage glow discharge (50 kV for 60 s) 
under vacuum to aid homogenous dispersion on 
the grid. Air-dried grids were examined and the 
titre of phages determined in a Hitachi H-500 
TEM operated at 100 kV and at a magnification 
of ~ 4 0 , 0 0 0  as described in Ref. 2. 

Filtration recover 
The recovery of phage particles was tested by 

seeding a sterile sea water sample with 3 X lo3 
ml-' of the three different phage types. Subsam- 
ples (4 ml) were filtered through a syringe filter 
(AcrodiscB 0.2 pm). Phage titres prior and sub- 
sequent to filtration were determined by plaque 
assay for six replicate samples as described above. 

The efficiency of the AcrodiscB 0.2 p m  filter 
in removing bacterial cells was tested by compar- 
ing colony forming units (CFU) before and after 
filtration on a natural seawater sample. 

Ammonium sulphate precipitation 
Ammonium sulphate precipitation was em- 

ployed to concentrate phage particles by a proce- 
dure modified from Ziai et a). [9]. Precipitation 
recovery for the three different phage types was 
determined by adding them to 50 ml autoclaved 
sea water at a final concentration of 3 X lo3 
phage ml-'. Triplicate samples of 0.1 ml were 



withdrawn for determination of the titre of the 
different phages as described above. Subsamples 
(900 y I) of the phage suspension were distributed 
into six microcentrifuge tubes. Bovine serum al- 
bumin (BSA) was added to 0.005% final concen- 
tration and 900 p l  of saturated (21°C) ammonium 
sulphate solution was mixed with the sample. The 
effective ammonium sulphate concentration at 
P C  was 63%. The samples were incubated on ice 
for 20 min and the precipitate pelleted by cen- 
trifugation for 20 min at 16 000 X g and 4°C. The 
precipitate was washed once with 2 volumes of 
50% saturated ammonium sulphate, incubated 
for 10 min on ice, and centrifuged again for 10 
min as above. The final precipitates were dis- 
solved in 900 pI sterile sea water, and the phage 
titre was determined by plaque assay as described 
above. 

3 2 ~  labelling of bacteriophage in culture 
Overnight seed cultures of host bacteria were 

grown in SWM. For an experiment with uni- 
formly pre-labelled host cells, bacteria were grown 
overnight in the presence of 32~02- (10 pCi 
ml-'i. A volume of the overnight culture contain- 
ing 10" bacteria was centrifuged (5000 X g, 10 
min) and cells resuspended in 1 ml SWM. Bacte- 
riophage was added at a multiplicity of infection 
(m.0.i.) of 0.05 and incubated at 16°C for 10 min 
to allow adsorption of the phage to the host. The 
phage-host mixture was then diluted to 100 ml 
with SWM (16°C) in a 250 ml Erlenmeyer flask. 
Radiolabelled orthophosphate was added to a 
final concentration of 10 pCi ml-I and the sam- 
ple was incubated at 16OC on a shaker table (100 
rpm). Subsamples of 900 p1 were taken every 
hour and prepared for electrophoresis as de- 
scribed previously [4]. In brief, samples were fil- 
tered through a 0.2 p m  ~ c r o d i s c ~  and incubated 
with a mixture of DNase 1 (1 U ml-I), RNase (1 
U ml- ') and Micrococcal Nuclease (5 U ml-l) 
for 1 h (21°C). The nuclease treated subsamples 
were AcrodiscB (0.2 pm)  filtered a second time, 
precipitated with ammonium sulphate and resus- 
pended in TBE pH 7.8. Samples (50 y1) for 
determination of phage abundance by plaque as- 
say were taken from the same Erlenmeyer flask, 

diluted and plaque assayed against the appropri- 
ate host as described above. 

Electrophoresis 
Labelled macromolecules were separated by 

agarose gel electrophoresis [7]. Agarose (Fisher) 
gels (0.5%) were made in TBE pH 7.8 buffer, 
which was also used as running buffer. Samples 
were mixed with sample buffer (SB), and EDTA 
was added to 0.02 M final concentration to chelate 
any Mg2+ ions. Samples were heated for 10 min 
at 65°C prior to loading, to aid disintegration of 
phage particles and denature any secondary 
structures on the nucleic acid [7]. Gels were run 
at 100 mA (2.9 V cm-'1 for 600 mAh without 
cooling. As internal reference, CsCI-gradient pu- 
rified stocks of the different phage types were 
processed and run simultaneously on the gel, to 
identify the labelled phage genome. Determina- 
tion of the genome size of the phage isolates was 
done in a 0.3% agarose gel at PC ,  run for 2400 
mAh, using A Hind111 digest (Sigma) and pBR328 
5 kb ladder (Bio-Rad) as standards. 

Staining and autoradiography of the gel 
Gels were stained for DNA and RNA with 

ethidium-bromide (0.5 p g  ml-') for 45 min [7]. 
Destaining was performed in deionized water. 
Agarose gels were dried at 80°C for 1 h in a gel 
dryer (Bio-Rad, Model 583) on Whatman 3 mm 
Chromatography paper. Gels were attached to a 
solid support and autoradiographed (Kodak, 
XAR-5). Radioactive bands on the dried gel were 
located using the autoradiogram as a guide, and 
excised. Gel pieces with radioactive bands were 
put in scintillation vials, 10 ml scintillation cock- 
tail ( ~ c o s c i n t ~ )  added and samples~ounted to a 
2% error level (LKB LS6000TA). Activity in the 
phage DNA bands was corrected for losses due 
to filtration and ammonium sulphate precipita- 
tion specifically for each phage isolate. 

Model description 

Background and application 
A population model, based on modified equa- 

tions previously applied to describe phage-host 



interactions [lo], was utilised to represent the 
dynamics of host bacteria and phage observed in 
the experimental system. Parameter values were 
tuned so that both kinetics and absolute densities 
of phage and host in the model, closely matched 
those observed in the experimental system (Table 
1, Fig. 1). A compartmental sub-model, repre- 
senting the cellular concentrations of 32P-label in 
nucleotide and nucleic acid pools of the bacteria 
and phage, was coupled to the population sub- 
model to examine the origin of phosphorus in 
phage nucleic acid. Simulations were also run to 
examine the sensitivity of isotope dilution kinetics 
to perturbations in parameter values, and effects 

Table 1 

Model parameters and values 

Parameter (value) 

Concentration of uninfected bacteria 
Concentration of infected bacteria 
Concentration of virions 
Phage infection rate (Eqn. 4) 
Bacterial specific growth rate (0.05 h-') 
Maximum viral infection rate (0.05 h-'1 
Half saturation constant for viral infection rate 

(1.Ox lo7 virion ml-') 
Death or loss rate of uninfected bacteria (0 h-'1 
Death or loss rate of infected bacteria (0 h-I) 
Loss of phage particles (0 h-'1 
Phage particles per bacteria (100 virion cell-') 
Phage latent period (2 h) 
Concentration of 32~-label in free nucleotide pool 

of uninfected bacteria 
Concentration of 32~-label in free nucleotide pool 

of infected bacteria 
Concentration of 3 2 ~ - l a b e ~  in nucleic acid pool of 

uninfected bacteria 
Concentration of 32~-label in nucleic acid pool of 

infected bacteria 
Concentration of 32~-label in the phage genome 
Free nucleotides in bacterial cell (4.4 X lo-' nmol 

cell-') 
Nucleotides in bacterial genome plus RNA (2.0X 

lo-' nmol cell-') 
Nucleotides in phage genome, 50 kilo base pairs 

(1.7X lo-'' nmol cell-') 
Fraction of external phosphate that is labelled 

with 3 2 ~  ( 1 . 7 5 ~  lo-') 
Fraction of bacterial genome degraded for phage 

production (0 to I )  

Time (hours) 

Fig. 1. Fit between simulated phage-host population dynamics 
and experimental data corresponding to Fig. 4A. Lines show 
expected.dynamics of phage and bacteria based on the model. 
P; Phage population, U, uninfected bacterial population, I; 
infected bacterial population. Solid squares; phage 21/50 

abundance, solid circles; bacterial abundance. 

of isotope dilution on in situ estimates of phage 
production rates. The simulation program used 
was SIMNON (Engineering Software Concepts, 
Inc.) 

Definition of the population sub-model 
The effects of host nucleic acid hydrolysis ver- 

sus de novo nucleotide synthesis on the kinetics 
of phage 3 2 ~ - ~ ~ ~  specific activity was studied in 
a model developed to follow 32P-label enrichment 
in the nucleotide and nucleic acid pools of bacte- 
ria and phage. The model consisted of two cou- 
pled state sub-models that describe (1) the popu- 
lation dynamics of the bacteria and phage, and 
(2) the 32~-labelled nucleotide concentrations in 
five bacterial and phage compartments. 

The population sub-model is given by 

is based on that described by Lenski [lo], where 
the state variables x,(t), ti(t), and d t ) ,  represent 



the concentrations (numbers per ml) of unin- 
fected bacteria, infected bacteria and virions, re- 
spectively. Definitions of the other parameters 
are given in Table 1. Since resource limitations 
did not occur in the short batch experiments 
conducted, a resource variable was not included, 
and specific growth rate p ,  was held constant. 
The function used by Lenski to describe phage 
infection rate, r,(t) = Ax,,(t)v(t), was found to 
produce unstable dynamics in the batch system 
and always resulted in collapse of the bacterial 
population. Since collapse of the bacterial popu- 
lation was never observed experimentally, the 
phage infection rate was modified to, 

so that the infection rate would saturate at high 
phage concentrations. This modified infection 
rate produced a stable system and also better 
matched the dynamics of phage production ob- 
served experimentally. The viral production rate 
at time t (first term Eqn. 3) was assumed to equal 
the infection rate at time t - r ,  times the viral 
burst size, p, where 7 is the latent period for 
phage development, and the loss of infected bac- 
teria before lysis is accounted for by the exponen- 
tial term. 

It was assumed that the viral burst size (p) was 
100 [11,12] and that there were no bacterial or 
viral losses (other than phage induced lysis of 
infected cells) during the short incubations, so 
that the mortality terms (mu, m, and mu) were 
set to be zero. The remaining parameters in the 
population sub-model (p ,  A, k,, and r )  were 
tuned (Table I), so that the simulated culture 
kinetics reflected those observed in the culture 
experiments (Fig. 1). 

Definition of the phosphorus fZux sub-model 
To follow the kinetics of the phosphate label, 

five state variables were used to represent the 
concentration of 32P-label (nmol ml-') in the 
free nucleotide pool of the infected and unin- 
fected bacteria, Pnu(t) and Pni(t), in the nucleic 
acid pool of the uninfected and infected bacteria, 
Pg,(t) and P& ), and in the phage genome, P,(t). 

Uninfected F&f) F5(f) 
Cell 

Fig. 2. Representation of 32~-label in bacteria and phage 
nucleotide and nucleic acid pools. Balanced growth is as- 
sumed for uninfected bacteria. Nucleotides and nucleic acids 
in the infected bacteria are either excreted or synthesised (for 
nucleotides only), so that ynb and y,, remain constant. All 

pool concentrations in nmoie 32~-nucleotide ml-'. 

The connection between the five compartments 
are illustrated in Fig. 2, and the state equations 
were derived by constructing a label balance 
around each compartment. The flow of 32P-label 
into a compartment is given by the total nu- 
cleotide flow into the compartment times the 
fraction of label in the flow, as given by: 



where the terms y,,, y,,, and yEn represent cellu- 
lar concentrations of nucleotides and nucleic acids 
in bacteria and in the viral genome, respectively, 

and a is the fraction of 32~-labelled phosphate in 
the culture medium. Values for both ynb and ygb 
are based on Escherichia coli composition [13], 
while y, is based on a viral genome size of 50 kb 
([ll]  and this study). To examine host genome 
degradation on label dynamics, an adjustable pa- 
rameter a was introduced to modulate flows F9(t) 
and F,,(t) to specify between 0% (a = 0) and 
100% ( a  = 1) nucleic acid hydrolysis. The flow 
F7(t) was introduced to account for either de 
novo nucleotide synthesis when utilisation of host 
genome is small (small a) or excretion of excess 
nucleotides when degradation of host genome 
exceeds viral genome synthesis requirements 
(large a) .  

Dynamics of label incorporation were obtained 
by numerically integrating the seven state equa- 
tions for different values of a .  Label enrichment 
rate was found to be strongly dependent on ex- 
tent of host genome degradation and specific 
growth rate but only weakly dependent on ynb, 
ygb and y, (data not shown). 

Results 

Kinetics of phage growth and radiolabelling 
The employed fractionation procedure of radi- 

olabelled samples resulted in phage genomes 
clearly separated from other radioactive material, 
and thus removed most other phosphorus con- 
taining compounds in the sample (Fig. 3). The 
titre of PFUs showed a gradual increase with 
time within 4 h of infection and was paralleled by 
the increase in radioactivity in the phage DNA 
(Fig. 4). PFUs and radioactivity in phage DNA 
was found to be linearly correlated ( P  < 0.002, 
r 2  > 0.93) for all three phage isolates, with the 
exception of the last 2 h of the M014167 experi- 
ment, where PFUs (infectivity) declined, despite 
a continuing increase in newly formed phage 
genomes packed in protein capsids. A 1 h delay 
in the increase in 32P in the phage genome rela- 
tive to PFUs was observed for all three PHs (Fig. 
4). This delay is obscured in Panel A because of 
the scale used for the high yield of phage. Net 
growth rates of the host bacteria (based on 
changes in optical density) were low during the 



Fig. 3. Autoradiograph of samples from 3 2 ~  labelling experi- 
ment with PHs M021/50 after separation by agarose gel 
electrophoresis (corresponding to Fig. 4A). Lanes 1 to 11 show 
sequentially samples taken hourly from 0 to 11 h. The arrow 

indicates the position of M021/50 DNA marker. 

experiments, corresponding to a doubling time of 
0.05 h-' (Fig. 1). Overall, incorporation of 32P 
into phage DNA gave an accurate relative mea- 
sure of phage growth under culture conditions. 

Differential fractionation of phage and host bacte- 
ria 

Filtration (0.2 pm) of autoclaved seawater 
samples spiked with marine phage isolates gave 
overall high recoveries of phage (Table 2). Aver- 
age recovery of phage was 91% (95% C.1.k 24). 
Recoveries were not statistically different from 
each other according to a one-way analysis of 
variance (ANOVA) ( P  = 0.081); however, correc- 
tion for filtration losses in the labelling experi- 
ments was still done specifically for each phage. 
By direct plating it was shown that the viable 
count of bacterial cells was reduced to < 0.1 
colony forming units ml-' (< 0.05% of initial 
CFU) by the filtration procedure. 

0 2 4 6 8 1 0 1 2  

Time (hours) 

Fig. 4. Growth and radiolabelling of marine bacteriophages in 
culture experiments. Growth of phage determined by direct 
plating (PFU.) and 3 2 ~  in the phage genome fractionated by 
gel electrophoresis ( A ) ,  as in Fig. 3. 1 (a) PHs 21/50, (B) 
PHs 14/67, (C)  PHs 21/43. The last radioactivity estimate in 
the PHS14/67 experiment corresponded to 1 3 . 2 ~  lo3 dpm 

mi-'. 

Table 2 

Recovery of three marine phages after a filtration through a 
0.22 p m  ~ c r o d i s c ~ ,  and precipitation with ammonium sul- 
phate, respectively 

Treatment Phage 

M021/50 M021/43 M014/67 

Mean +SD Mean +SD Mean +SD 

Filtration 0.81 0.09 0.92 0.21 1.00 0.09 
Precipitation 0.92 0.05 0.85 0.24 0.51 0.10 

Each phage type was seeded in a sterile sea water sample to a 
final concentration of 3x lo3 ml-'. Phage titre was deter- 
mined by plaque assay. Results are given as the average 
fraction of the phage recovered based on six replicates. 



A11 three phage isolates could be precipitated 
with ammonium sulphate with appreciable recov- 
eries (Table 2). The recovery was found to be 
phage specific (one-way ANOVA, P = 0.001) with 
the lowest recovery obtained for isolate M014167 
of 51%. Thus, precipitation with this method 
resulted in a 2-fold difference in recovery de- 
pending on phage type. Average recovery was 
76% (95% C.I.+ 54); however, corrections for 
loss were made individually for each phage in the 
labelling experiments. Dissolved DNA (M021/50 
genome) did not precipitate under these condi- 
tions (data not shown), which was expected since 
DNA cannot be salted out at ammonium sul- 
phate concentrations below 75% [9,14] 

Modelling 
The developed population sub-model well de- 

scribed the bacterial and phage dynamics in the 
experimental system (Fig. 1). The composite 
model predicted that the specific radioactivity of 
the phage DNA should rapidly approach the 
maximum theoretical value when nucleotides were 
provided by de novo synthesis and the host nu- 
cleotide pool only (i.e., host nucleic acids not 
hydrolysed, Fig. 5, curve B). The specific activity 
amounted to 68% of the maximum theoretical 
value already at the onset of the rise period of 
the phage population in this scenario. Simulating 
the other extreme (i.e., host genome and RNA 
hydrolysed for nucleotides), a gradual linear in- 
crease in specific radioactivity in the phage 
genome with time was observed (Fig. 5, curve C). 
When using host nucleic acids, the specific ra- 
dioactivity reached 13 x 10W6 dpm PFU-' after 
10 h, 22% of that observed when only free nu- 
cleotides were used. Therefore, the model pre- 
dicted that phage DNA specific activity and its 
kinetics was clearly dependent on whether nu- 
cleotides were synthesised de novo, or generated 
by hydrolysis of host nucleic acids, at the experi- 
mentally observed net bacterial growth rates. The 
fraction of the phage genome labelled when host 
nucleic acids were used as a nucleotide precursor 
pool was found to be sensitive primarily to the 
specific growth rate of the host cells. The pool 
size of the nucleoside monophosphate pool could 
be changed 100-fold to unreasonably high or low 

0 2 4 6 8 10 12 

Time (hours) 
Fig. 5. Kinetics of the phage DNA specific activity during the 
culture experiments. Lines show results from simulations 
based on the model. (A) Prelabelled bacteria in radioactive 
medium, simulating expected kinetics of the phage DNA 
specific activity when all phosphorus pools are uniformly 
labelled (i.e., control for phage genome size and unexpected 
losses of phage). (B) Unlabelled bacteria simulating utilisation 
of host nucleotide and de novo nucleotide synthesis. (C) 
Unlabelled bacteria simulating use of host DNA, RNA, and 
nucleotide pool, but no de novo nucleotide synthesis. Markers 
show experimental data based on the rise period of the 
phages in Fig. 4. A ,  specific activity of phage DNA when 
grown on prelabelled cells in radioactive medium (PHS 
21/50). Solid symbols represent phage grown on unlabelled 
host cells in radioactive medium for phage 21/50 (Dl, 21/43 

(0) and 14/67 ( A  ). 

values, without seriously affecting the percent of 
the genome labelled. The dependence of the 
phage genome specific activity on host cell spe- 
cific growth rate showed a hyperbolic function 
(Fig. 6). At a specific growth rate of 0.2 h-', the 
model predicted 69% labelling of the phage 
genome 11 h after addition of radioisotope, when 
host nucleic acids were allowed as a nucleotide 
source. The data could be fitted ( r 2  > 0.9) to the 
equation: 

Sa,,,= 1 -exp[-(at + b ) ~ ]  ( 10) 

where SA,,, is the relative specific activity of the 
phage genome, p the host cell specific growth 
rate and a is a constant estimated to be 0.466; b 
a constant estimated to be 0.617 and t represents 
time after addition of radiolabel. The relative 
specific activity obviously depends on the time of 
sampling after addition of radiolabel with higher 



Specific growth rate (h-I ) 

Fig. 6. Dependence of phage DNA specific activity on bacte- 
rial specific growth rates, assuming all nucleotides to be 
derived from the host DNA, RNA and free nucleotides. The 
fraction of the phage genome labelled after 5 (o), 11 ( A  ), and 
25 h (B), respectively, was estimated at nine different bacte- 
rial specific growth rates, based on the model. The relative 
specific activity of the phage genome is shown as a fraction of 

the specific activity of the growth medium. 

values being obtained after longer times accord- 
ing to the curves in Fig. 6. 

Specifc activity of phage DNA 
The specific activity of the phage genomes 

during the experiments with unlabelled host cells 
was in accordance with the scenario where hydro- 
lysed host DNA and RNA comprised the major 

source of nucleotides for phage DNA synthesis 
(Fig. 5). Despite that a slight difference between 
the isolates in absolute values and rate of in- 
crease in specific activity was observed, all PHSs 
were best approximated to the curve that simu- 
lated hydrolysed host nucleic acid as the main 
source of:nucleotides for phage DNA synthesis. 
Only samples collected during the rise period of 
the phage population in the different experiments 
were used, since it is only after release of phages 
that the direct plating technique gives a good 
approximation of the phage titre, and radioactiv- 
ity in phage genomes becomes representative of 
essentially free phage with the method employed. 
Due to an apparently high inactivation rate of 
M@14/67 phages at the end of the experiment, 
only three samples gave reliable estimates of the 
specific radioactivity. Mean specific activity in the 
individual experiments was 2.1 x lo-', 0.83 X 

low5 and 0.65 x lo-' dpm PFU-', for PHs 
21/50, 14/67 and 21/43, respectively (Table 3). 
On average, this was only 21% (95% C.I. _+ 5.9) of 
the specific activity expected, based on the actual 
32P/31P ratio in the medium and the phage 
genome size. The corresponding value when host 
cells were prelabelled with 32P was close to the 
theoretical maximum value (102%; Table 3). Thus, 
samples from the experiment with uniformly 
prelabelled host cells fell close to the specific 
activity predicted by the model (Fig. 5, curve A). 

Table 3 

Effect of isotope dilution in culture experiments with marine phage-host systems 

Phage Genome size Slope coeff. (SA) a i3lp0:- ] SAcalc SA ,,I 
(base pairs) (dpm pfu-'1 (!AM) (dpm phage-') (%I 
( x  lo3) ( x 10-9 (x10w5) 

M021/50 62.8 6.63 72 6.49 102 
M021/50 62.8 2.12 57 8.19 26 
M014/67 36.9 0.83 72 3.82 22 
M021/43 34.9 0.65 57 4.55 14 
Average 44.9 21 

The maximum theoretical specific activity (SAcaI,) was calculated from the genome size and specific activity of 3Z~0:- in the 
medium. The relative labelling of the phage genome (SA,]) was calculated from the observed mean specific activity of the phage 
genome (SA, Fig. 5), and SAC,,,. Samples were corrected for losses at the filtration and precipitation step. Determined genome 
sizes and phosphate concentration in the medium are also given. 
a Mean value from the experiments in Fig. 5 

Host cells prelabelled with 32~0:- overnight (=  7 generations). 
Average of the three PHs studied. 



The good agreement with the maximum specific 
activity obtained with uniformly labelled host cells 
indicated that corrections for recoveries were ad- 
equate and that other sources of phosphorus (i.e., 
organic-P) in the medium did not influence the 
actual 3 2 ~ / 3 1 ~  ratio. In short, the specific activity 
of phage genomes consistently amounted to a 
small fraction of the specific radioactivity of the 
external medium and increased gradually during 
growth with 32~-phosphate under culture condi- 
tions. 

Discussion 

Nucleotide metabolism 
The low and gradually increasing specific activ- 

ity of the phage genomes was consistent with a 
scenario where the majority of nucleotides used 
during phage DNA synthesis were derived from 
degraded nucleic acids (i.e., DNA and RNA) of 
the host cell (Fig. 5). This observation was consis- 
tent among the three marine phage isolates inves- 
tigated. We are not aware of other reports on the 
origin of phosphorus in marine phages. For the 
T-even phages of enteric bacteria it has been 
shown that 70-80% of the phage DNA phospho- 
rus is derived from the surrounding medium, 
suggesting that most of the nucleotides used for 
phage DNA synthesis came from de novo synthe- 
sis (i.e., phosphorylation of nucleosides) ([5], and 
references therein). The remaining nucleotides 
were derived from hydrolysed host nucleic acids. 
It is possible that enteric phages from nutrient 
rich environments have a different strategy for 
nucleotide metabolism than marine phages 
adapted to growth in oligotrophic environments. 
However, Kozloff and Putnam [5] did not take 
the bacterial specific growth rate into account in 
their interpretation of de novo synthesis; high 
specific growth rate (i.e., replication rate) of E. 
coli in their experiment may have resulted in high 
specific activity of the phage genome, despite 
predominant use of nucleic acids as the major 
nucleotide source, as suggested by our model (cf. 
Fig. 6). 

The DNA plus RNA content of an average- 
sized (0.050 pm3) marine bacterium is estimated 

to be 5.3 fg cell-' [15], which would be sufficient 
to produce 118 phage genomes per cell, assuming 
0.045 fg (phage genome)-' (Table 3, [Ill). Thus, 
host nucleic acids alone are sufficient to support 
a burst size which is within the range actually 
reported for many phages (10-300 phages cell-') 
and realistic under oligotrophic conditions [11,12]. 
It is therefore reasonable to propose that a ma- 
jority of nucleotides in the phage genome were 
derived from host DNA and RNA. Since this 
calculated yield is within the range of burst sizes 
reported, we may also speculate that the amount 
of intracellular host nucleic acid could limit the 
yield of infective phage per cell. 

The ability of a phage to utilise host nucleic 
acids as a source of nucleotides appears to be 
coupled to the presence of phage encoded endo- 
and exonucleases specific for host nucleic acids 
[16]. Assuming that the nucleotide metabolism of 
marine phages is similarly coupled to the phage 
genotype, it is plausible that our observations 
from cultures can be extrapolated to the natural 
environment. It may be speculated that extensive 
use of host nucleic acids for phage DNA synthe- 
sis is a common metabolic strategy of marine 
phages in general. The low variability in fraction 
of phosphorus derived from nucleic acid found 
between the phage isolates in our study (95% 
C.I. + 5.9; Table 3), and the possible advantage of 
using available intracellular nucleic acids in a 
nutrient poor environment would argue for this 
possibility. It is conceivable that the nucleotide 
metabolism of phages vary with phage-host sys- 
tem, as an adaptation to the nutrient status of the 
natural growth environment. An ecological conse- 
quence of extensive degradation of the bacterial 
DNA by infecting phage, is that the ensuing lysis 
of bacteria will not contribute as much DNA to 
the dissolved pool as previously suggested [17]. 
The approach and model used by us to investi- 
gate the source of nucleotides of phage nucleic 
acid can readily be applied to other marine 
phage-host systems to test our hypothesis. 

Accuracy of phage DNA determination 
The electrophoretic fractionation of the pre- 

cipitated samples resulted in phage DNA bands 
clearly separated from other phosphorus contain- 



ing compounds (Fig. 3). Correction for losses due 
to filtration and precipitation resulted in quanti- 
tative determination of the amount of newly 
formed phage DNA, as shown by the good agree- 
ment between experimental and theoretical spe- 
cific activity of phage DNA in experiments with 
uniformly pre-labelled ce1Is (Fig. 5, Table 3). No 
indications of marked losses of phage DNA with 
the developed protocol was therefore observed. 

A common discrepancy in the kinetics between 
PFUs and 3 2 ~  in the phage genome was a short 
lag in the latter, following the rise in PFUs (Fig. 
4). This was likely due to the initially low specific 
activity in the precursor nucleotide pools during 
the earliest part of phage DNA synthesis. Al- 
though we expect a non-synchronised phage pop- 
ulation under field conditions, a similar lag pe- 
riod may be expected due to both equilibration of 
radiolabel in nucleotide pools and the time 
needed for assembly and release of the complete 
virions. Using the present protocol we measure 
the DNA of released free phage particles, while 
intracellular phage DNA or dissolved uncoated 
phage DNA are not included. Therefore, moni- 
toring of the accumulation of radiolabelled phage 
DNA, fractionated by gel electrophoresis gave an 
accurate relative measure of phage growth for the 
three marine phage isolates investigated. 

Isotope dilution in the natural environment 
By comparing the sensitivity of different pa- 

rameters in our model we could demonstrate that 
the specific growth rate of the host strongly de- 
termined the extent of isotope dilution, when 
nucleotides were predominantly derived from host 
DNA and RNA (Fig. 6, Eqn. 10). Assuming that 
the isolation procedure of phages is not selective 
in terms of nucleotide metabolism, statistically 
95% of the marine phages may be expected to 
have a SA,,, less than 27% and therefore derive 
most of their phosphorus from nucleic acid (i.e., 
mean plus one 95% C.I., Table 3). In field experi- 
ments including radiolabelling of phages, average 
phage genom size would be 3-fold lower than 
found for phages in general if not taking isotope 
dilution into account [11,18]. This suggest a 3-fold 
isotope dilution in the phage nucleic acid in good 
agreement with the results of the three phage 

isolates in this study. Based on these considera- 
tions it may be proposed that the metabolic strat- 
egy observed for the studied phage isolates is 
common in the marine phage community. 

When phages with nucleotide metabolism simi- 
lar to our three isolates dominate the phage 
community, the extent of isotope dilution in the 
field will .depend on the specific growth rate of 
the host bacterium. Although specific growth rate 
of the bacterial community may be just slightly 
lower than that observed during our radiola- 
belling experiments, it is conceivable that the 
specific growth rate of individual bacterial popu- 
lations in situ may be markedly different. Accord- 
ing to our model, a 8-fold decrease in isotope 
dilution is expected (11 h scenario) if the specific 
growth rate is changed from 0.005 h-' to 0.05 
h-', a probable range in natural environments. 
Therefore, the phage type composition and 
growth rate of the host bacteria in situ, will 
influence the extent of isotope dilution when 
radiolabelling natural phage populations. 

Based on the results presented above we con- 
clude that marine phages may derive the majority 
of their nucleotides from the nucleic acids of the 
bacterial host. This metabolic strategy may be 
common in the marine phage community, and 
contrast the origin of nucleotides in coli-phages, 
suggested to be mainly derived by de novo syn- 
thesis. The capacity of marine phage to use the 
intracellular resources of the host bacterium may 
be an evolutionary adaptation promoted by the 
low ambient concentration of substrate generally 
found in the marine environment. 
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