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ABSTRACT: Between April 3 and September 24, 1991, the concentrations of bacteriophages 
infecting bacterial strains, isolated in 1990 and during this investigations, were determined in 35 
samples of seawater taken at station 'Kabeltonne' adjacent to Helgoland. Similar to the findings of 
1990, phage concentrations of several hundred plaque forming units (PFU) m1-1 were observed with 
a number of indicator strains, the maximum concentration being at least 1.5 x 103 PFU ml -I. These 
high concentrations lasted for only a few days, generally decreasing at rates between 0.6 and 0.9 
day -1. Phage concentrations of 0 to 2 PFU ml - i  were found to be predominant until the end of June, 
occasionally attaining 5 PFU ml -I. From July through September, when high phage concentrations 
were observed with some indicator strains, between 0 and 10 PFU m1-1 were found in the majority of 
tests. As revealed by a final phage-host cross-reaction test, the greater part of 138 indicator bacteria 
is genetically related, and almost half of the 200 phage strains tested are propagated only by their 
original indicator bacterium. The possible importance of mutational events for the maintenance of 
phage-host systems in nature is discussed. 

INTRODUCTION 

Most probably due to the fact that a t tempts  to detect  truly marine bac te r iophages  

have  remained  futile for decades,  as well  as due to Spencer 's  (1955) report  of the first but 
unusually laborious isolation of such a virus strain, almost no effort has been  m a d e  to 

determine  the actual number  of infective particles present  in seawater.  The genera l ly  
accepted  opinion has been  that marine phages  occur, if at all, in numbers  too low to 

render  direct platings. Accordingly, the isolations of marine bac te r iophage  repor ted  up to 
now have been  almost exclusively carried out by the employment  of some kind of 

enr ichment  method.  

As ubiquity of marine phages  was indicated by further investigations (for rev iew see 
Moebus, 1987), the aforement ioned opinion became  increasingly doubt fu l  From investi- 

gations performed with non-mar ine  phage  it was known that reproduction of p h a g e  

depends,  among  other things, on fortuitous encounter  with suitable host ceils. The 
conclusion drawn from this fact was that e i ther  the main tenance  of marine phage-hos t  

systems (PHS) in nature is based  on other principles or that both partners, or ei ther  the 

one or the other, of PHS occur in numbers  far exceed ing  those general ly  assumed.  
When an ongoing invest igat ion concerning longevi ty  of marine phages  was cut short 
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for reasons of health in early August  1990, the bacterial strains of p roven  phage 
sensitivity collected dur ing  the previous months were used in a pre l iminary  survey. 
Between the end  of August  and the beg inn ing  of October 1990, samples of raw seawater 
(RSW) were taken at intervals of 1 to 4 days at station 'Kabel tonne '  near  Helgoland  and 
tested for bacter iophage concentrations. The most important  results of this test series 
(Moebus, 1992) were, in short, the observation of up to 700 p laque  forming units  (PFU) 
ml-1 and the decrease of high PFU titres to concentrat ions rang ing  be tween  0 and  (mostly 
less than) 10 PFU m1-1 within about a week. 

With some adjus tment  of the methods employed, the prehrninary invest igat ions of 
1990 were carried on in 1991, lasting from April to September.  The aim of this investiga- 
tion was to confirm observations made in 1990 and, by collecting more data and  material, 
to provide information on the phage-host  systems encountered  and, possibly, to gain a 
broader basis for an unders tand ing  of marine  bacter iophage ecology. 

MATERIAL AND METHODS 

M e  d i a :  The media  as given by Moebus  (1992) were used. SWA: seawater  agar; 
sSWA: soft seawater  agar; SWB: full s t rength seawater  bouillon; SWB/5: nutr ient-  
reduced seawater  bouillon. In addition, 25 x SWB was employed, with pep tone  and  yeast 
extract raised to 25-fold concentrat ion of SWB. 

M e t h o d s : Seawater  was collected aseptically at station 'Kabel tonne '  near  Helgo- 
land from about 1 m depth and used 
- to isolate bacteria from platings on SWA, performed as soon as possible after sampling 

(12 main  samples), 
- to set up bac ter iophage-enr ichment  cultures to produce cell-free preparat ions  (12 main  

samples), and 
- to test for present  p laque forming units (PFU) with bacteria of known  p h a g e  sensitivity 

(12 main  and  23 extra samples). 
Furthermore, 10-ml portions of all the samples were filtered through 0.15 ~m filters 
(cellulose nitrate, Sartorius), previously washed with beef extract (3 % in disti l led water), 
and stored in the refrigerator to be used in case of necessary controls. The ma in  samples 
were stored at 5 ~ in the dark and 6 of them, collected on June  4 or later, r e - examined  for 
PFU after 7 days of storage. 

The double-layer  plate method (Adams, 1959) was employed throughout  except for 
collecting and purifying bacteria from raw seawater (RSW). 

To isolate bacteria, plates with 20 ml  SWA each were inoculated with 0.1 ml of 
various dilutions of RSW and, placed in plastic bags, incuba ted  for 7 d at 20 ~ the 
temperature  used in all incubations.  Then,  120 colonies were isolated, s tar t ing with plates 
containing the lowest numbers  of colonies. Those with a diameter  of b e t w e e n  2.0 and  4.0 
mm (size class 1) were transferred into SWB, portions of larger ones (size class vl) into 
SWB/5. To avoid un in ten t iona l  selection among  the two size classes, as m a n y  colonies as 
possible were taken  from any plate suitable for uncontamina ted  isolation. 

The bacteria were grown at 1 rpm in 3-ml portions of the respective m e d i u m  in tubes 
(18 x 200 ram) placed in a culture roller. Incubat ion general ly was for 18 h; if necessary it 
was extended to up to 24 h. During later experiments,  a few of the m a n y  phage-sens i t ive  
isolates found were preferably grown in SWB/5 instead of SWB or vice versa.  
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Purification of bacteria was by means  of, at least, 3 consecutive streaks on SWA. 
Cultures found to contain phage-sensi t ive  bacteria were streaked after 1 day of storage at 
5 ~ Successive streaks were carried out parallel to phage purification or other pro- 
cedures depend ing  on the availability of l iquid cultures of the respective bacteria. 
Problems due to insufficient puri ty of bacteria were never  encountered.  

To test bacterial  strains for phage  sensitivity and to isolate phage  strains, cell-free 
preparations (CFP) were prepared from phage-enr ichment  cultures. These were  set up 
with 500 ml of the respective ma in  sample and  4 ml of 25 x SWB added to at tain about  the 
same nutr ient  concentrat ion as in SWB/5. After 2 and 3 days of incubat ion  as still culture 
at 20 ~ in the dark, 10-ml ailquots were withdrawn, centrifuged at low speed at about 
8 ~ to pellet most bacteria, and the supernatants  filtered as stated above for filtration of 
RSW samples. The CFP were used undi lu ted  and spot-tested on bacterial  lawns  in 
double-layer  plates with 20 spots per plate. 

After incubat ion  for at least 20 h, the spot-test plates were carefully evaluated.  CFP 
then were titrated with the respective sensitive bacteria by using dilutions according to 
observations made  with lytic spots. Single plaques were characterized and  n e w  types 
isolated for phage  propagation. If titration of CFP could not be  done within a short time, 
spots indicat ing lytic response to CFP were isolated and, with some intact l awn  added, 
transferred into 2-ml SWB each contained in screw-cap vials. These samples were stored 
in the refrigerator to be  used to isolate phage  strains which may have b e e n  lost in  the 
meant ime from CFP. 

To prepare cell-free eluates (CFE), 1 rnl of RSW each was placed on 10-ml SWA 
bottom layers and mixed with 2.5 ml molten sSWA. After 1 day of incubat ion  the plates 
were eluated with 5 ml SWB/5 each for 1 hour at room temperature,  the eluates 
withdrawn, centrifuged, and the supernatants  filtered as descr ibed above. Immediate ly  
after withdrawal of the eluate, colonies of >--0.1 mm in diameter  were counted under  a 
dissecting microscope at 10-fold magnification. CFE were used in the same way as CFP. 

High titre phage  stocks {lysates) were prepared by means  of a s tandard plate-elut ion 
method (Moebus, 1980) after purification of the selected phage strains by 3 consecutive 
titrations of single plaque eluates. With quite a number  of detected phages this method 
would not work, but  another  one could not be  tried due to lack of t ime and  manpower .  

Twelve main  samples, plus the sample of April 28, were tested for PFU with 41 
strains isolated in 1990 (Moebus, 1992) and  1 strain (H71) found in 1988. New phage 
sensitives, exclusively isolated from main  samples, were used in increasing number s  in 
tests of main  samples collected be tween  June  4 and September 9. Extra samples, taken 
be tween  June  4 and  September  24 at intervals of 1 to 5 days, were tested for PFU only 
with bacterial strains which, in previous tests, indicated the presence of PFU. For the 
tests, 0.2 to 1.0 ml of undi lu ted  RSW was placed in plates containing 10 ml of SWA pre- 
incubated at 37 ~ overnight  and  mixed with 2.5 ml of molten sSWA inoculated with 
about 108 cells of the respective indicator strain. Their cultures were inocula ted  either 
from stocks grown on SWA slants or with single colonies grown in streaks and  incubated  
as stated above. 

PFU numbers  be tween  1 and  20 found in 2 parallel  plates, inoculated with 1 ml of 
RSW each, will be  presented,  for example, as 1.5 or 7 when  3 or 14 plaques,  respectively, 
have been  found. For higher PFU concentrations, rounded n u m b e r s  will be  given. 
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RESULTS 

B a c t e r i o p h a g e  c o n c e n t r a t i o n s  in  R SW o b s e r v e d  in  1991 a re  p r e s e n t e d  in  a con -  

d e n s e d ,  s y m b o l i z e d  fo rm in  F i g u r e s  i a n d  2; w h i l e  F i g u r e s  3 a n d  4 s h o w  in  d e t a i l  t h e  

r e s u l t s  o b t a i n e d  w i t h  a n u m b e r  of h o s t  b a c t e r i a .  T w o  a n d  21 i n d i c a t o r  s t r a i n s  w i t h  w h i c h  

n o  P F U  at  all  w a s  f o u n d  d u r i n g  t h e  p e r i o d  of o b s e r v a t i o n  a re  o m i t t e d  f rom F i g u r e s  1 a n d  

2, r e spec t i ve ly ,  a n d  f rom F i g u r e  2 a d d i t i o n a l  24 s t r a i n s  a re  e x c l u d e d  w h i c h  n e v e r  y i e l d e d  

m o r e  t h a n  1 PFU  m1-1. 
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Fig. 1. Ranges of bacter iophage concentrat ion (PFU ml -~) observed in 1991 with bac te r ia  isolated in 
1990. - :  no phage;  I: up to 1; a: 1 to 5; A: > 5 to 10; o: up to 30; $: up to I00; m: up to 300; m: up to 

1000; o: > 1000; bIank spaces: not tested. Bar at sampling date indicates m a i n  sample 

As in 1990 t h e  h i g h e s t  p h a g e  c o n c e n t r a t i o n  w a s  d e t e c t e d  w i t h  h o s t  A3 .  In 1991 it 

w a s  a b o u t  tw ice  as  h i g h  as  in  1990 (1530 v e r s u s  715 PFU m1-1) a n d  m a y  h a v e  b e e n  

h i g h e r ,  s i nce  t h e  m a x i m u m  in  1991 w a s  p o s s i b l y  m i s s e d  (see F i g u r e  3) w h i l e  t e s t i n g  e x t r a  

s a m p l e s  w i t h  t h e  ' w r o n g '  a s s o r t m e n t  of i n d i c a t o r  s t ra ins .  W i t h  t he  e x c e p t i o n  of t h i s  s t ra in ,  

i t  c a n  b e  d e d u c e d  f rom F i g u r e s  1 a n d  2 t h a t  p h a g e  c o n c e n t r a t i o n s  d e t e c t e d  w i t h  b a c t e r i a  

i s o l a t e d  in  1990 or 1991 w e r e  in  t h e  s a m e  r a n g e  of m a g n i t u d e .  T h e  m a j o r i t y  of t e s t s  of 

R S W  p e r f o r m e d  w i t h  u p  to a b o u t  100 h o s t  s t r a i n s  y i e l d e d  e i t h e r  n o  or m a x i m a i l y  10 PFU 

m1-1. H i g h e r  PFU  c o n c e n t r a t i o n s  m o r e  or l ess  r a p i d l y  d e c r e a s e d  to  v a l u e s  i n  t h e  

a f o r e m e n t i o n e d  r a n g e .  A s e l e c t i o n  of t yp i ca l  r a t e  c o n s t a n t s  of p h a g e  s u r v i v a l  a r e  p r e -  

s e n t e d  in T a b l e  1 
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Fig. 2. Ranges of bacteriophage concentration (PFU ml -t ) observed in 1991 with bacteria isolated in 
1991. Symbols as in Figure 1 

As can be seen in Figures 3 and 4, bacter iophage concentrations above 102 m1-1 
rarely lasted for more than a few days, and  even the highest concentrat ion observed with 
host A3 (1.5 x 103 m1-1) was reduced to less than 10 % within 9 days (Fig. 3, middle). 

Figure 3 (below) presents  results obtained with 4 closely related bacterial  strains 
isolated in 1990. These bacteria, in m a n y  tests performed with plaques derived from RSW 
samples taken in 1990 and 1991, were found to almost invariably react in a distinct 
pattern to phages e luated from plaques grown with any of these 4 strains. For example, 
eluates produced with plaques grown with strains A42 and  A74, would in spot tests 
general ly cause confluent  lysis of strains A42, A61, A74, and C50, but  some phages  
grown on A42 lysed only strains A42, A74, and  C50, while inhibi t ing strain A61. On the 
other hand, eluates obta ined from plaques  grown with A61 would confluenfly lyse only 
this strain, the original host, but  cause p laque  formation (with decreasing efficiency) on 
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Fig. 3. Actual concentration of plaque forming units (PFU m1-1) observed in 1991 with selected host 
bacteria isolated in 1990. Below: Findings obtained with 4 closely related hosts. Middle: Observa- 
tions made with hosts the relationships of which by pairs, except for A3 and A22, was not revealed 

before final phage-host cross-reaction test. Above: Meterological data (sunshine, wind force} 

A74, C50, and A42. The p laquing  efficiency of phage  grown on strain C50 was about  
in termediary to the aforement ioned ones. Tests performed in 1991 genera l ly  revealed 
reaction pat terns corresponding with those observed in 1990, but  occasionally differing 
pat terns were also found. An example for the close correspondence of the 1990 and  1991 
observations, strain A74 yielded almost exclusively the highes t p laque counts  and  strain 
A61 almost exclusively the lowest p laque counts with the 4 host strains in question. 

Similar observations were made  during the present  invest igat ion in r ega rd  to strains 
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Pig. 4, Ac tua l  bac te r i ophage  concent ra t ions observed  in 1991 ~ f l ~  selected host bacte~.a iso la ted in 
1991 

A3 and A?.2: as in 1990, eluates of plaques grown with A22 caused confluent  lysis of both 
strains, but  eluates of plaques developed on A3 did so only on the original host while 
causing but  a small n u m b e r  of plaques on A22. Accordingly, as shown in Figure 3 
{middle), much higher plaque counts were always obtained with host A3 than with A9.2. 

Seven main  samples were re-examined after storage at 5 ~ for 7 days, but  with only 
4 of them were results worth deal ing with obtained.  As can be seen from Table 2, marked  
increases in phage  concentration were observed in the samples taken on July 16 and  
September  9 with a n u m b e r  of host strains. Although in  a few cases several thousand PFU 
m1-1 were found after storage, even  the highest  p laque counts indicate the general ly  low 
potential  of seawater samples invest igated for sustained reproduction of specific bac- 
teriophage strains. 

Table 3 compiles some basic data and provides information as to the types of PHS 
encountered during the investigation of the 12 main  samples. The data presented for the 
months of April to June,  i.e. the time when  almost no phages could be detected, indicate 
the most dynamic changes in bacterial populat ions during the whole period of observa- 
tion as far as their size and composition are concerned. Two facts should be noted: 

(1) The increase in the numbers  of colony-forming units (CPU) and of formers of large 
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Table 1. Rate constants k of bacteriophage survival, calculated according to k = [in (Ct/Co)]/t, 
wherein Co and Ct represent phage concentrations observed on day O and t, respectively 

Strain Time span Days Rate day -1 

A3 July 18 to 22 4 0.68 
July 16 to 25 9 0.76 
July 30 to Aug. 19 20 0.89 
July 16 to Sept. 24 70 0.91 

16-28 July 22 to 25 3 0.45 
July 25 to Aug. 5 10 0.92 
August 5 to 13 8 0.79 
July 22 to Sept. 24 64 0.91 

C50 July 30 to Aug. 1 2 0.30 
August 8 to 15 7 0.80 
August 8 to 27 19 0.82 

A74 August 8 to 15 7 0.74 
Aug. 8 to Sept. 24 47 0.91 

VI-133 August 15 to 27 12 0.68 

VI-145 August 19 to 27 8 0.61 

5-68 July 15 to 22 7 0.70 
July 11 to 30 19 0.84 
July 11 to Aug. 8 33 0.82 

5-72 July 15 to 25 10 0.75 
July 9 to Sept. 24 77 0.92 

9-14 August 1 to 29 28 0.86 

colonies (tCFU), as observed  be tween  April  16 and June  4, was cor re la ted  with an 
increase in the number  of different phage-hos t  systems (PHS) from 2 to 44. During the 

second period of increasing concentrat ion of CFU and 1CFU be tw een  Ju ly  16 and 

Sep tember  9, however ,  the numbers  of different PHS varied only b e t w e e n  7 and 16. 
(2) The  numbers  of PHS found with 1CFU var ied greatly with the size class the latter 

be long to. With CFU forming colonies of maximally 4 mm in d iameter  in 7 days  at 20 ~ 

far less PHS were  de tec ted  than with CFU forming larger  colonies u n d e r  the same 

conditions. 
Bacteria sensit ive to phage  strains isolated in 1990 or 1991 were  rarely found among 

the isolates der ived from main samples. During the respect ive tests of bac te r ia  isolated 

from samples  taken in April and May, with the except ion of phage  H7/2,  only phage  
strains (37} isolated in 1990 were  available. (The exceptional  phage  strain H7/2 isolated 

in 1976, was used throughout  this investigation.} Only 1, 2, 0, and 8 bac ter ia l  isolates 

der ived from main samples 1, 2, 3, and 5, respectively,  reac ted  to one or the  other  of the 

37 phage  strains of 1990, and all but  2 of the 11 isolates were  also sensi t ive to H7/2. 
Due to these findings, differently composed sets of cell-free prepara t ions  (CFP) plus 

lysates were  used, starting with mare sample 7, for testing bacter ia l  isolates. At first, an 

increasing n u m b e r  of phage  strains isolated in 1990 was replaced  by  p h a g e s  der ived  in 
1991. When it turned out that bacteria sensit ive to these "brand new"  p h a g e  strains were  
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Table 2. Influence of storage of raw seawater  for 7 days at 5 ~ in the dark on the concentrat ion of 
infective bacteriophage,  nt = no test 

Sampling 
of rsw 
Host 
bacter ium 

PFU m1-1 observed with fresh (f) and stored (s) seawater  
July 16 August  13 August  27 September  9 

f s f s f s f s 

A1 0 nt 192 245 7.5 6 5 8 
A3 1530 2320 24 12 6.5 3.5 4 82 
A22 2.5 47 0.5 0 0 0.5 0 nt 
A42 12 34 6.5 6 2 1 2.5 104 
A61 7 > 600 9 4.5 5.5 6 7 74 
A74 22 > 5 0 0  38 30 16 17 15 93 
C50 31 92 22 12 1.5 1.5 2.5 2.5 
16-1 0 nt 0.5 0.5 1.5 0 0.5 1{}4 
16-4 5 > 1000 6.5 7 2 1 i 56 
16-18 4 >250  0.5 0.5 0.5 0.5 1 1.5 
16-28 460 >3500  6 11 3 1.5 4 2 
16-30 0 nt 0 nt 0 nt 3.5 540 
VI-19 0 nt 0 nt 0.5 8 0 nt 
VI-60 0 nt 0.5 0.5 3.5 21 0 nt 
VI-145 0 nt 1.5 1 2 24 1 0.5 

9-12 33 7.5 7.5 1 2.5 157 
9-14 64 22 5 2 0 nt 
9-34 9 6.5 4 1.5 3.5 222 

10-16 31 13 11 3 
10-77 0.5 1.5 7.5 150 
10-94 25 27 14 6.5 

a t  l e a s t  as  r a re  as t h e  a f o r e m e n t i o n e d  ones ,  or e v e n  m o r e  so, t h e  o r ig ina l  n u m b e r  of 40 

p h a g e  s u s p e n s i o n s  (2 CFP  a n d  CFE  e a c h  p lu s  lysa tes )  w a s  r e d u c e d  to 20 and ,  s i m u l t a n e -  

ously,  t h e  n u m b e r  C FP  i n c r e a s e d .  F r o m  m a i n  s a m p l e  10 to 13 t h e  n u m b e r  of l y s a t e s  

e m p l o y e d  d e c r e a s e d  f rom 10 to 5, w i t h  c o n c o m i t a n t l y  c h a n g i n g  se t s  of p h a g e  s t ra ins .  

Or ig ina l ly ,  t h e  u s e  of CFP so le ly  w a s  i n t e n d e d  to p r o v i d e  for t h e  d e t e c t i o n  a n d  

i so l a t ion  of p h a g e - h o s t  s y s t e m s  (PHS) p r e s e n t  in  t he  r e s p e c t i v e  m a i n  s a m p l e .  L a t e r  on,  i t  

t u r n e d  ou t  to b e  a v a l u a b l e ,  if on ly  s p a r s e l y  u s e d  tool  to o b t a i n  i n f o r m a t i o n  o n  c h a n g e s  in  

m i c r o b i a l  p o p u l a t i o n s  r e m a i n i n g  o t h e r w i s e  u n d e t e c t e d .  For  e x a m p l e ,  w h e n  CFP  p re -  

p a r e d  w i t h  m a i n  s a m p l e s  1 t h r o u g h  9 w e r e  s p o t - t e s t e d  o n  38 p h a g e - s e n s i t i v e  b a c t e r i a  

i s o l a t e d  f rom m a i n  s a m p l e s  1 to 3 a n d  5 to 8, t h e  f i n d i n g s  p r e s e n t e d  in  F i g u r e  5 w e r e  

o b t a i n e d ,  w i t h  5 n o n - r e a c t i n g  b a c t e r i a l  s t r a i n s  e x c l u d e d  f rom p r e s e n t a t i o n .  As  c a n  b e  

s een ,  t h e  i n d i c a t o r  b a c t e r i a  d e r i v e d  f rom m a i n  s a m p l e s  1 to 3 a n d  5 tO 8, r e s p e c t i v e l y ,  

a l m o s t  exc lu s iv e l y  r e a c t e d  to p h a g e  p r e s e n t  in  CFP  p r e p a r e d  f rom t h e  r e s p e c t i v e  g r o u p  of 

m a i n  s a m p l e s .  F r o m  t h e  r e su l t s  o b t a i n e d  w i t h  CFP  42 i t  s e e m s  r e a s o n a b l e  to c o n c l u d e  

t h a t  t h e  m i c r o b i a l  p o p u l a t i o n  p r e s e n t  in  s a m p l e  4 w a s  i n t e r m e d i a r y  to t h o s e  p r e s e n t  

b e f o r e  a n d  a f t e r w a r d s .  ( S a m p l e  4 w a s  u s e d  on ly  in  p a r t  as  m a i n  s a m p l e  in  tha t ,  for 

t e c h n i c a l  r e a sons ,  n o  b a c t e r i a  w e r e  isola ted.}  F i g u r e  5 a lso i n d i c a t e s  t h a t  w i t h  s o m e  of t h e  

h o s t  b a c t e r i a  d i f f e r e n t  p h a g e  s t ra ins ,  as  j u d g e d  b y  c o n s p i c u o u s l y  d i f f e r e n t  p l a q u e s ,  w e r e  

f o u n d  in  t he  CFP  e m p l o y e d .  (The  r e s u l t s  of t h e  spo t  t e s t  h a v e  b e e n  c o n f i r m e d  b y  
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Fig. 5. Changes m composition of bacteriophage populations present in cell-free preparations 
produced by phage-enrichment cultures of main samples 1 through 9, based on findings of spot tests 
and titrations. Small symbols: up to 50 plaques per spot; large symbols: > 50 confluent plaques; 
o: clear plaques; ~: more or less turbid plaques with clear centre, mostly very small; e: uniformly 

turbid plaques 

titrations, the f indings of which were taken into account when  Figure 5 was drawn. When  
titrations indicated the presence of more than one type of phage in a CFP, preference was 
given to the most numerous  plaque type.) 

With most indicator  bacteria, the same plaque type was observed in titrations with 
the various CFP. However,  with some hosts plaques differing in size and  appearance  
were encountered.  In this respect, the most intr iguing observation is that 4 out of 6 of the 
latter indicator strains were derived from main  sample 6, which also in another  aspect 
yielded extraordinary results (see Table 1): While only 2 to 15 % of the bacteria  derived 
from all other main  samples were found to be sensitive to phage present  in the respective 
CFP, the percentage with main  sample 6 was 38. 

Finally, a phage-host  cross-reaction (PHCR) test was.performed with 138 bacterial  
strains, all but  one (H71) isolated in 1990 and 1991, and 200 phage strains, 198 of which 
were derived dur ing  the same time. The results of this PHCR test, part of it shown in 
Figure 6, revealed that many  findings shown in Figures 3 and 4 also apply to groups of 
more or less closely related bacteria. In most cases, without the few phage  strains 
infective for a mult i tude of bacterial  strains (see Figure 6) their relationships would have 
gone undetected.  

The original hosts of 5 of the 200 phage strains used had been  lost before, and  no 
substitute was detected by the PHCR test. One phage lysate, highly active when  
produced, obviously lost its activity during the 3-month storage. Of the r ema in ing  194 
phage strains, 88 were found to be reproduced by their original hosts only. On the other 
hand, of the 140 bacterial  strains to be employed 2 additional strains were found to have 
died in  the meant ime,  and for 11 strains no phage lysate was available, mostly because  
none could be produced by the s tandard method employed. 

Figure 6 compiles the results of the PHCR test which indicate genetic relationships 
between,  at least, 80 if not all the 81 bacterial strains on the one hand,  and, possibly, 
be tween  part of the 109 phage strains on the other hand, that are inc luded in this 
presentation. The restriction concerning the phage  strains must  be  made, since with 42, 
26, and 11 phage  strains infection of only 1, 2, or 3 host strains, respectively, was 
observed, with no overlapping. These findings, notwithstanding the relationship of their 
hosts with other bacteria, do not allow us to postulate genetic l inkage to other phages.  

Only one of 6 phage  mutants  employed in the PHCR test (strain i3 -80/ab)  was found 
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Fig, 6. Selected results of phage-host  cross-reaction test, indicating relationships among 80 to 81 
bacterial strains tested. H7/2, H71/x: phage strains infecting host H71 isolated in 1988; I, II, and III: 
groups of phage-host  systems (PHS) isolated in 1990; 1 to 3 and 5 to 13: groups of PHS isolated in 
1991; o, e: most probably indicating lysis (o) or inhibition (e) of bacterial strain by infecting phage 
strain; +: non-confluent reaction in spot test; line from upper  left to lower right: lytic reaction of 

original host to phage, with zigzags indicating use of different phage strains with same host 



Marine  bac te r iophage  concentrat ions 287 

to be  a hos t - range  mutant ,  its host range  be ing  ident ical  with that  of p h a g e  strain 12-53/  
b, which  was isolated with host 12-53 from a CFP p repa red  with RSW main  sample  10. 
The other  5 p h a g e  mutants  exhibi ted  the  same  host range  as the respect ive  pa ren t  strain 
and have  been  exc luded  from presentat ion.  

DISCUSSION 

Electron microscopic invest igat ions repor ted  by  Bergh et al. (1989), Borsheim et al. 
(1990), Bra tbak  et al. (1990), Proctor & Fuhrman  (1990), Hara  et al. (1991), and  He lda l  & 
Bra tbak  (1991) demons t ra ted  a high abundance  of virus particles,  inc lud ing  bac-  
te r iophages ,  in seawate r  collected from various biotopes such as the Norweg ian  fjords as 
well  as near -shore  and offshore areas  of the Pacific and  the Atlantic Oceans .  A m o n g  
these publicat ions,  that  of Bratbak et al. (1990) s tands out as the first to dea l  wi th  a small  
food chain compris ing p lanktonic  a lgae,  bacteria,  heterotrophic  f lagellates,  and  bac-  
ter iophages .  The authors  observed  a succession in the deve lopmen t  of diatoms,  bacter ia ,  
and  phages ,  with the la t ter  during the per iod  of invest igat ion r epea ted ly  dec reas ing  in 
numbers  at rates b e t w e e n  0.04 and 0.5 day  -1 (mean rate:  0.28 da y - l ) ,  co r respond ing  with 
f indings of Borsheim et al. (1990). Unfortunately,  this except ional ly  in teres t ing  e lect ron 
microscopic invest igat ion was not accompan ied  by  biological  tests, the results  of which 
may  have  made  the direct  comparison b e t w e e n  the presen t  f indings and those of Bra tbak  
et al. (1990) more feasible.  

As repor ted  by  Moebus  (1992) and in this paper ,  a rap id  decrease  in the  concen-  
trat ion of infective bac te r iophage  part icles  (PFU) was also observed  in samples  of North 
Sea wate r  t aken  near  Helgoland.  However ,  as compi led  in Table  1, cons iderab ly  h igher  
rate constants  (k) for p h a g e  survival a round  Helgo land  were  ca lcula ted  accord ing  to the 
formula used  by Bra tbak  et al. (1990): the  lowest  value  of k = 0.3 day  - t  is a lmost  ten  t imes 
as high as the min imum of 0.04 day  -1 repor ted  by  the Norwegian  authors.  

The  results of this invest igat ion correspond favourably in several  aspects  with 
observat ions made  in 1990 (Moebus, 1992). In both years  

- the lowest  numbers  of phage -hos t  systems (PHS) were  found in s eawa te r  col lected 
dur ing  spring, 

- the concentrat ion of bac te r iophages  observed  with the various indicator  (host) bac te r ia  
r anged  in the same orders  of magn i tude  and was be low 10 p laque- forming  units (PFU) 
in the majori ty  of tests performed,  

- the max ima  of p h a g e  concentrat ion were  genera l ly  short-l ived, 
- the proport ion of p h a g e  strains which would  be  p ropa ga t e d  only by  their  or iginal  host  

was a lways  high, and  
- the number  of bac te r ia  with ident ical  p h a g e  sensit ivity pat terns  (doublets) was  low. 

Evaluat ing the observat ions  made  in 1990, Moebus  (1992) d iscussed the possible  
a t t achment  of free virions to s t i r red-up sed iment  part icles  as a major  reason for the  rap id  
decl ine in PFU numbers  start ing at the end  of 3 stormy days. The f indings p r e sen t ed  in 
this paper ,  ba sed  on cons iderably  more data,  do not genera l ly  support  this theory.  

In 1991 the wea the r  at He lgo land  from the end  of May  through S e p t e m b e r  was 
unusual ly  calm with the  wind  force se ldom reaching  Beaufort 6. Correspondingly ,  Secchi  
read ings  taken  concomitant ly  with RSW samples  inves t iga ted  from May  28 th rough  the 
end of this study, ranged,  with three exceptions,  b e t w e e n  3.5 and 6.7 m visibility, 
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indica t ing  low concentra t ions  of s t i rred-up sediment .  The except ional  Secch i  da t a  were  
ob ta ined  on Ju ly  22 (2.8 m), Augus t  19 (2.2 m), and  Sep tember  24 (2.4 m). A s  can  be  seen  
from Figure  3 (above), severa l  t imes during the observat ion per iod  the n u m b e r  of PFU 
found with one or the other  host  strain increased  dur ing per iods  of a c c e l e r a t i n g  winds  
and dec reased  aga in  at r educed  wind force. At first glance,  this seems  to  suppor t  the 
theory of p h a g e  be ing  removed  from the water  column by a t t a c h m e n t  to rese t t l ing  
sed iment  part icles.  However ,  real i ty  is obviously much more comphcated .  

Firstly, inc reas ing  p laque  numbers  were  occasional ly found with some hosts at t imes 
when  most hosts ind ica ted  decreas ing  PFU concentrat ion (Figure 4, above ,  Augus t  19 to 
22; Figure 3, Augus t  27 until  the beg inn ing  of September) .  

Secondly,  for cons iderab le  per iods  of t ime relat ively und i s tu rbed  g r a d u a l  dec reases  
in PFU concentra t ion were  obse rved  with a number  of hosts, whi le  w i th  other  hosts 
m a r k e d  changes  in PFU concentrat ions  occurred at the same t ime (cf. in F i g u r e  4 strain 
9-14 and 5-68, or strain 5-68 in Figure  4 with strain A3 in Figure  3). 

Such observat ions  can be  in te rpre ted  as resul t ing from di f ferences  in  the  deve lop-  
ment  of the m a n y  PHS presen t  at the same time. These  differences m a y  d e p e n d  on the 
phages '  abil i ty to a t tach to s ed imen t  part icles  as well  as on burs t  size, or, to  cons ider  the  
hosts '  role, on t empera tu re  and  the avai labi l i ty  of nutrients or oxygen.  S o m e  of these  
factors will vary  to a grea t  ex ten t  with chang ing  winds,  and  a be t te r  m ix ing  of the uppe r  
water  layer  caused  by  s t ronger  winds  can be  expec ted  to favour the d e v e l o p m e n t  of 
bacteria.  This might  result  in p h a g e  reproduct ion that more  than  c o m p e n s a t e s  for 
otherwise p r edominan t  p h a g e  destruction. 

As for sunlight,  the  results  of this invest igat ion do not indicate  any  n e g a t i v e  inf luence  
on deve lopmen t  and survival  of bac te r iophages  that  would e n d a n g e r  the  m a i n t e n a n c e  of 
PHS. If virions we re  inac t iva ted  by  sunlight, they  were  obviously readi ly  r ep l aced .  

Another  factor to be  t aken  into account  is the possible  inf luence of t h e  t ides  on the  
p resen t  results,  which  cannot  be  exc luded  since most  RSW samples  were  t a k e n  at about  
the same t ime of day  (9 o 'c lock _ 30 min). The p laque  counts ob ta ined  in 1990 suppor t ed  
the construction of smooth curves,  in part  due  to the t ighter  schedule  of sampl ing ,  but  
possibly also due  to s t ronger  winds  resul t ing in be t te r  mixing of the wate r  m a s s e s  a round  
Helgoland.  In 1991 a less s t r ingent  sampl ing  schedule  had  to be  appl ied,  in some cases  
resul t ing in wi ld ly  z igzagg ing  curves. To some degree  this may  be  in f luenced  b y  the flow 
of the t ides in combinat ion  with less thorough mixing of the  wa te r  by  w e a k e r  winds  in 
1991, as compared  to the pe r iod  of invest igat ion in 1990. 

One purpose  of this inves t igat ion was to collect more information on b a c t e r i o p h a g e  
concentrat ions observab le  wi th  se lec ted  host  bacter ia .  As compared  to PFU number s  
previously repor ted  from mar ine  habitats ,  cons iderab ly  h igher  concent ra t ions  were  found 
with a number  of bac ter ia l  strains, but  with a h igher  portion of host  bac te r ia  e m p l o y e d  the 
observed  concentra t ions  were  be low 10 PFU ml - t ,  i.e. of abou t  the s a m e  order  of 
magni tude  as r epor ted  by  Spence r  (1963). As ind ica ted  by the p resen t  results ,  to de tec t  
h igh concentrat ions  of P~TJ d e p e n d s  not only on us ing the r ight  host  bac te r ium,  bu t  more  
so on using it at the  r ight  t ime, i.e. main ly  on good  luck. Besides this, the  me thod  
employed  p lays  a major  role. As ind ica ted  by  the results  ob ta ined  wi th  s tored RSW, 
rehable  results can only be expec ted ,  if at all, when  seawate r  is i nves t iga t ed  immed ia t e ly  
after sampling.  

The main  objec t  of this invest igat ion,  however ,  was to l ea rn  more abou t  the  p h a g e -  
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host systems encountered  and, possibly, about the factors inf luencing their survival. As 
revealed by the final phage-host  cross-reaction test, many  of the bacterial  strains 
represented in Figures 3 and 4 are r e l a t edby  pairs or in even greater groups. Therefore, a 
n u m b e r  of phage  strains must  have been  indicated by more than one host bacterium. 
Consequently,  the sum of different PPU m1-1 detected in a RSW sample is very probably  
distinctly smaller than the number  found by addition of the PPU m l - i  de termined with the 
various host strains employed in the respective test. On the other hand,  differences 
be tween  the often similar curves obtained for related host bacteria indicate differences 
among the phage detected by the related hosts. 

To present  only one example (see Figure 3): Of the related strains A3, A22, and 
16-28, host A3 was found to be sensitive also to the available phage strains isolated with 
hosts A22 and 16-28, while both the latter hosts are insensitive to 4 phage  strains isolated 
with A3. However, from differences be tween  the curves found with these hosts, it must  
be concluded that phage  particles infecting both A3 and 16-28 were far more often 
encountered  than virions infecting A3 and A22. 

As indicated by the present  results and those reported by other authors, free phage  
particles under  natural  conditions obviously do not mainta in  their infectivity for long 
periods of time, i.e. several weeks or even months. This, at least, relates to virions 
suspended in the water column, while no information concerning marine  phage survival 
in sediments is available. If free phages  are short-lived, then main tenance  of PHS must  
depend  mainly on the respective host bacteria. 

Provided that suitable host bacteria are present  at any time, a line of genet ical ly 
identical phage particles may be maintained,  if only at low concentration, for a very long 
time. In case virions of this strain survive due to adsorption to sediment  particles in a 
protected state, main tenance  of the PHS would even be enhanced.  However, as observed 
dur ing the prel iminary investigations and the present  ones, the chances for this to 
happen  seem slim. The concentrat ion of suitable host cells, as well as that of many  l ines of 
matching virions, is always low and  may decrease, at least during winter, to levels too low 
to warrant  timely phage reproduction that would prevent  extinction of the PHS in 
question. 

For these considerations it seems plausible to assume that ma in tenance  of PHS 
depends  mainly on phage survival within cells. Essentially, there are three qualitatively 
different possibilities: lysogeny, the carrier state, and  delayed reproduction or release. 

To start with the last ment ioned  possibility, its speculative character has to be 
admitted. As known to every one involved in bacter iophage work, reliable results depend  
to a major extent on the metabolic activity of the host bacteria before and after infection 
(Adams, 1959; Eisenstark, 1967). It is well documented  that host cells, reaching their 
stationary growth phase cease to release progeny  phage, al though they might still 
become infected and  be able to produce phage (e.g. Propst-Ricciuti, 1972). If these 
experiences, gathered with non-mar ine  PHS investigated under  optimized laboratory 
conditions, hold true for marine PHS in their natural  often poorly nourishing environ-  
ment,  it would be reasonable to assume that infected, but starving marine bacteria are 
one source of phage,  which are released only upon renewed availability of nutrients. 

In this context, it is of special interest  that very few cells of bacterial  strains could be 
demonstrated in the RSW samples, with which earlier on bacter iophage had been  
detected. Moebus (1992) found this lack of host bacteria  more pronounced  regarding host 
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strains which  ind ica ted  h igh  p h a g e  concentrat ions  than  with  host  de mons t r a t i ng  low 
p h a g e  concentrat ions.  Plausible  as it is, one is t empted  to specu la te  on t h e  exis tence  of 
rest ing infec ted  cells, which  cannot  easi ly  be~ de tec ted  wi thout  specia l  effort. If present ,  
such cells should,  af ter  be ing  f ixed in p lace  within nutri t ive medium,  r e l e a se  p h a g e  of the  
one or the  other  type  found in cel l-free prepara t ions  p roduced  by  p h a g e - e n r i c h m e n t  
culture from the same RSW sample.  

During the p resen t  invest igat ion,  a t tempts  were  m a d e  to check on the  probabi l i ty  
that  such cells do exist. For this purpose,  cell-free e luates  (CPE) as d e s c r i b e d  under  
"Methods"  were  p r e p a r e d  and tes ted  for p resen t  phages .  PFU were  found  in CFE 
p roduced  from main  samples  6 and 10 to 13. 

With the  except ion  of main  sample  12, the  PFU presen t  in CFE fo rmed  very  small, 
non-uniformly turbid  p laques  with one or two host strains and  were  also p r e s e n t  in CFP 
p r e p a r e d  from l iquid p h a g e - e n r i c h m e n t  cul tures set up with  the respec t ive  ma in  sample.  
Regard ing  sample  12, the PFU, de tec ted  only from CFE, formed clear p l a q u e s  of about  
1.0 and > 1.5 mm in d iamete r  with 8 bac ter ia l  isolates, all be long ing  to size class 1 of 1CFU 
and  7 of t hem obviously be ing  true doublets .  (With the e igh th  isolate m o r e  p laques ,  but  
only the smal ler  ones [1.0 m m  ~],  were  formed.} These  observat ions  are  so far in gene ra l  
ag reemen t  with the a forement ioned  speculat ion.  However ,  it is hard  to u n d e r s t a n d  why  
PFU were  found (with one exception) in only one of the two para l le l  CFE, a l though  they 
occurred at concentra t ions  rang ing  from 4 x 102 to 8 x 105 m1-1. (The concen t ra t ion  of 
very  similar  if not ident ica l  PFU found in CFP with the respect ive  hosts w a s  h igher  by  
factors rang ing  b e t w e e n  about  60 and 6, respect ively,  with the factor be ing  all  the  smal ler  
the h igher  the  PFU concentra t ions  were  in CFP and CFE.} The a b o v e  men t ioned  
except ion re la tes  to main  sample  11, of which CPE were  ob ta ined  con ta in ing  6.7 • 102 
and  1.5 x 104 PFU m1-1 as de t e rmined  with the same host. 

In v iew of the fact that  PFU were  genera l ly  found in only one  of two CFE, 
concentra t ions  of 103 PFU m1-1 and  h igher  can hardly  b e  exp la ined  by a s s u m i n g  that  the  
PFU were  p roduced  exclusively by  cells infected prior to pour ing  the d o u b l e  l aye r  plates.  
This p robab ly  aiso holds true even if de l ayed  phage  re lease  caused  by  l a c k  of nutr ients  
results  in inc reased  burst  size as observed  with non-mar ine  phages  u n d e r  labora tory  
condit ions (see Hayes,  1964, p. 371). It is more hkely  that  infections w i th  different  
f requency took p lace  during incubat ion of the paral le l  plates.  This however ,  is l ikewise  
hard  to grasp  unless  microcolonies  grown on detri tus part icles  were  involved .  

Another  mechan i sm enab l ing  p h a g e  to survive within cells is known as the  carr ier  
state. It is charac te r ized  by  a bac t e r i ophage  genome  which, without  b e i n g  incorpora ted  
in the cell 's  genome,  is carr ied inside the  cell, becomes  synchronously  r e p r o d u c e d ,  and  
for genera t ions  can be  pa s sed  to daugh te r  cells. In some of the la t ter  it will  cause  
product ion of ma ture  p h a g e  part icles  fol lowed by  cell lysis. Regard ing  m a r i n e  bac te r ia  no 
information is known to the author  concerning  this phenomenon ,  but  observa t ions ,  at 
leas t  some of which  may  be  re la ted  to the  carrier  state, are qui te  common:  m a n y  bac ter ia l  
isolates,  after the usual  c lean ing  p rocedures  have been  appl ied,  ' s pon t aneous ly '  start  to 
p roduce  PFU at rates vary ing  from expe r imen t  to exper iment .  

Lysogeny,  the most s table  condit ion of p h a g e  res iding inside bac ter ia l  cel ls ,  is known  
to be  very common in non-mar ine  bacter ia .  Often it is a s sumed  to be  s imi la r ly  w i d e s p r e a d  
among mar ine  bacter ia ,  a l though no pub l i shed  information is avai lable ,  e x c e p t  for 29 (out 
of 300 tested} p h a g e  strains (Moebus, 1983} causing uniformly turb id  p l aques  that  
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ind ica tes  the i r  (o therwise  unproved! )  abi l i ty to l y sogen i ze  bac ter ia .  Desp i t e  this l a c k  of 

k n o w l e d g e ,  t he re  is no doub t  tha t  l y sogen ic  m a r i n e  bac te r ia  exist  w h i c h  w o u l d  s e rve  as a 

source  of p h a g e .  The  vir ions p r o d u c e d  by  ly sogens  m a y  be  u n a l t e r e d  wi ld  t y p e  p h a g e  or 

mu tan t s  of v a r y i n g  v i ru lence .  In any  case,  mu ta t i on  occur r ing  in bac t e r i a  a n d / o r  p h a g e  

w o u l d  d e c i d e d l y  con t r ibu te  to the  g rea t  d i f fe ren t ia t ion  o b s e r v e d  b e t w e e n  the  PHS 
i so la ted  du r ing  this i nves t i ga t i on  (Hewitt ,  1953). 

As s h o w n  in F igu re  6 (from left  to right),  s e v e n  p h a g e  strains i so la t ed  in 1976 (1), 

1988 (1), 1990 (1) a n d  1991 (4) c a u s e d  e i the r  lyric or inh ib i t ion  r e sponse  of b e t w e e n  41 

and  68 bac te r i a l  strains. Six add i t iona l  p h a g e  strains exh ib i t ed  smal l e r  hos t  r anges .  Of 

c o r r e s p o n d i n g  i m p o r t a n c e  are  the  l a rge  e m p t y  spaces  in F igu re  6. T h e y  a re  d u e  to the  

fact  that,  of the  109 p h a g e  strains r ep r e sen t ed ,  79 strains w e r e  p r o p a g a t e d  by  1 to 3 

bac te r i a l  hosts  only. Whi l e  re la t ionsh ips  a m o n g  the  bac te r i a  can  be  d e d u c e d  f rom thei r  
p h a g e  sensi t iv i ty  pa t te rns ,  t he re  is no proof  ye t  of gene t i c  re la t ionsh ips  b e t w e e n  (at leas t  

the  major i ty  of) the  phages .  If t h e y  exist,  t h e n  the  p r e s e n t  f indings  cou ld  be  i n t e r p r e t e d  as 

r e p r e s e n t i n g  a ser ies  of ' snapsho ts '  t a k e n  (as RSW samples)  of e v e r  c h a n g i n g  mic rob ia l  

c o m m u n i t i e s  w h i c h  do not  confe r  r e m a r k a b l e  stabil i ty on PHS. O n  the  contrary,  such  

f lexibi l i ty  b a s e d  on mu ta t i on  m a y  be  a n o t h e r  m e a n s  to g u a r a n t e e  the  su rv iva l  of 
b a c t e r i o p h a g e s  in m a r i n e  env i ronmen t s .  
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