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ABSTRACT: In a preliminary survey, conducted between August 28 and October 9, 1990, the 
concentration of bacteriophages in seawater sampled at intervals of 1 to 4 days near Helgoland 
(station Kabeltonne) was determined by using indicator bacteria which had been isolated from 
seawater sampled only some weeks before. With a number of bacterial strains, phage concentrations 
ranging between 2 and 7 x 102 ml - i  were found. However, during the course of this investigation 
maximal concentrations lasted for a few days only. With most indicator bacteria employed, the 
concentration of plaque-forming umts (PFU) varied in the range of < 1 and 20-30 PFU m1-1. 

INTRODUCTION 

In general,  the available information on marine bacteriophages is scant, bu t  when  it 
comes to the concentrat ion of these viruses in their natural  habitats, information is almost 
nil. Since Spencer 's  (1955, 1960) brief reports on the first isolations of mar ine  phage 
strains, there have b e e n  hardly any attempts to determine the number  of p laque-forming 
units (PFU) present  in the source sample. This is not remarkable  in view of the informa- 
tion presented by Spencer  (1960): The seven phage strains isolated were found in about  
46 1 of North Sea water  tested either by a direct plat ing method (6 1, employing  600 Petri 
dishes) or by enr ichment  cultures set up with 300 ml seawater each. With three of the 
seven phage strains, 1-5 PFU per 10 ml were observed and with one about  100 PFU per 
10 ml. The remain ing  three strains were detected after enr ichment  culture only. There is 
only one more publicat ion (Ahrens, 1971) dealing with (considerably higher) PFU 
concentrations in Kiel Bight, Baltic Sea, which is an estuarine environment .  

In recent  years, electron microscopic studies of seawater from various regions and 
habitats (Torrella & Morita, 1979; Bergh et al., 1989; Proctor & Fuhrman,  1990) demon- 
strated a high abundance  of viral particles in general  and bacter iophages in particular. 
Moreover, Proctor & Fuhrman  (1990) reported up to 7% of heterotrophic bacteria 
containing mature  phage.  These observations, highly interest ing in  several  aspects, 
provide negligible information on the host organisms and none  at all on the infectivity of 
the viruses observed. The latter factor, however,  is the most important  one in  regard to 
the viruses'  ecological role. 

Since this author began  investigations on marine bacteriophages,  he has made a 
number  of observations indicat ing that the chances of f inding phages  that will be 
propagated by a specific bacterial strain depend  to a major extent on the time lapse 
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be tween  the isolation of the bacter ium and the at tempted isolation of phage  from water 
samples collected at the same locality. In other words, the chances  of detect ing bac- 
teriophages with bacteria isolated years ago are slim, while with bacter ia  present  in the 
same water sample the chances are relat ively high. This rule of thumb is p robably  also 
valid in regard to the distance be tween  the geographic origins of bacter ia  and  phages  
(Moebus, 1983). 

From these observations it was concluded that in seawater  the concentra t ion of 
bacteriophages infective for any of the bacterial  strains present  may be greater  or even 
far greater than expected according to the publ ished information. Exact de terminat ion  of 
the actual concentrat ion of infective virions in a sample, however,  depends  on reliable 
methods and  sufficiently high concentration,  and  even more decisively on the availabili ty 
of bacteria suited to indicate the types of phage  present.  Generally, such bacter ia  will not 
be  at hand  but  must  be isolated from plates inoculated with the sample to be  tested. 
Therefore, storage of the sample for 1-2 weeks, depending  on the plate incubat ion  
temperature,  is unavoidable .  This necessity accentuates  anew the ma in  topic of recent  
investigations of this author, that of longevity, which is one of the central  problems of 
marine  bacter iophage ecology. 

A method of overcoming problems arising from sample storage and  be la ted  availa- 
bility of suitable indicator bacteria  for the determinat ion of actual PFU concentra t ions  in  
seawater  was tested. The resul ts  are presented in this paper. 

MATERIALS AND METHODS 

M e d i a : The 2216E medium of Oppenhe imer  & ZoBell (1952), basically composed 
of 5 g peptone, 1 g yeast extract, and  0.01 g ferric phosphate per liter of seawater  mixture 
(i.e. 75 % aged seawater}, was employed as seawater  bouillon (SWB) with the following 
additions or deviations: Seawater  agar (SWA) contained 1.5 % agar, soft seawater  agar 
(sSWA) was prepared with 0.6 % agar, and  in nut r ient - reduced seawater  boui l lon (SWB/ 
5) the concentrat ion of peptone and  yeast extract was only one fifth of that in SWB. 

M e t h o d s :  Seawater was sampled from about  1 m depth at the station 'Kabel- 
tonne '  be tween  the island of Helgoland and  the adjacent  Dfine island. Platings were 
performed within about  one hour after sampling, and all incubat ions  were at 20~ 
Seawater was stored at 5 ~ in the dark, general ly  for 8 to 9 days before the first test for 
present  phage  could be performed with bacteria  derived from the same sample.  

PYU concentrat ions were de termined by means  of the double- layer  method (Adams, 
1959), employing bottom layers of 10 ml SWA. Seawater was u s e d  undi luted,  with 
portions of be tween  0.1 and 1.0 ml placed on the bottom layer and  mixed with 2.5 ml of 
sSWA seeded with about  108 m1-1 bacteria of the: respective indicator Strain. Sets of 2 to 
3 plates per sample size and indicator strain were used. Bacteria used in PFU titrations 
were cultivated in SWB/5 or SWB at 1 rpm, inoculated from stocks grown on SWA slants. 

All but  one  (H71, isolated in 1988} of the indicator (host} strains employed throughout  
were isolated, tested for phage  sensitivity, and purified during the course of a separate 
investigation performed somewhat  earlier in  1990. An additional set of some 30 strains 
was used only once at the end  of this investigation. Only strains forming Colonies of = >  2 
mm in diameter  {after 7 days at 20 ~ were chosen. 
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Generally,  the indicator strains were isolated from plates inoculated with freshly 
collected raw seawater  (rsw). However, 12 strains, designated A, B, C in combinat ion 
with numbers ,  were derived from plates inoculated with unsupp lemen ted  rsw incuba ted  
for 1 (A) to 3 {C) days at 20 ~ Phage sensitivity of bacteria was es tabhshed by  the use of 
cell-free preparat ions produced in various ways from the same rsw sample from which 
the bacteria had b e e n  derived (a detailed description of the method will be  presented  
elsewhere). For purification, bacteria were consecutively streaked on SWA. 

RESULTS 

During the investigations of seawater samples collected from the middle of March to 
the beg inn ing  of August  1990, hundreds  of bacterial strains were isolated and  tested for 
their ability to propagate  phages present  in the respective samples. In a sample taken  on 
March 19 no phage  at all could be detected, but  in each sample collected later in the year 
phages  were found with a number  of bacterial isolates. Generally, samples were tested 
for phage  with indicator bacteria derived from the preceeding sample(s) as well as from 
the last one, the latter be ing normally available after 8 days of storage of the sample. The 
only exception relates to the sample collected on August  6, the invest igat ion of which was 
interrupted for almost 3 weeks. When  the present  investigation was started on August  28, 
some 20 indicator strains were available. 

Among the bacterial  isolates picked from plates inoculated with freshly collected 
seawater, truly identical  strains (doublets) in regard to phage sensitivity pat terns were 
rarely found, judging  from the results of spot tests (mostly of s ingle-plaque eluates) and 
titrations performed with various materials. This observation was unexpec ted  since 
un in ten t iona l  selection was avoided in the strictest possib)y way by isolating all colonies 
of = >  2 mm in diameter  which could be picked from a plate without contamination.  
There were, however,  a n u m b e r  of more or less closely related bacterial  strains which 
differed in sensitivity to the same phage strain(s). While true bacterial  doublets were 
excluded from this study, some closely related strains have been  included (see below). 

Representative results of this investigation are presented in Table 1 which displays 
the numbers  of plaque-forming units  (PFU) observed with the various host bacteria in 
samples of 1 ml of seawater. Since the PFU concentrat ion in most cases was very low, the 
f indings obtained with sets of 2 to 3 plates poured in parallel  are presented as follows: Up 
to 20 PFU per set of plates are presented,  for example, as 8 or 9.5 when  16 or 19 plaques, 
respectively, were counted on 2 plates. With more than 20 PFU per set, rounded  numbers  
are given. (The same rule relates to the data presented in Tables 2 and  3.) 

As can be seen from Table 2, in the sample taken on August  6 more than 100 PFU 
m1-1 were observed with 6 out of 17 proven host strains. Due to a forced interrupt ion of 
the runn ing  investigations,  changes in the composition of the phage  populat ion observed 
on August  6 could not be followed for 3 weeks. When the work was resumed,  the 
concentrat ion of phages  most numerous  on August  6 was reduced by, at least, one power 
of ten. As demonstra ted in Figure 1, depicting some exemplary findings, the concen- 
tration of phages  detectable with most of the host strains used at that time cont inued to 
decrease until  September  11. From September 13 on, a short period of phage  reproduc- 
tion was observed with 10 out of 18 host bacteria. After one week, this phage  reproduc- 
tion reached its peak  and, in some cases, led to maximal PFU number s  equal l ing those 
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Fig. 1. Changes in bacteriophage concentrations of seawater samples collected at station "Kabel- 
tonne" near Helgoland, as observed with bacterial isolates A3 (m), A101 (e), and 16-18 (A), and 

changes in meteorological parameters 

observed on August  6. Within another week, however, phage concentrations aga in  were 
reduced by about one power of ten. 

Of the indicator bacteria employed throughout,  the following strains are related: A3 
and A22 on the one hand, A42, A61, A74 and C50 on the other. In spot tests performed 
with numerous  eluates of plaques directly derived from freshly collected seawater,  it was 
invariably found that plaques grown with host A22 resulted in eluates of about  equal  
activity on A3 and  A22, whereas  plaques grown on host A3 produced eluates of grossly 
reduced activity on A22, compared with that on A3. With the other 4 host bacteria,  less 
pronounced differences were observed, al though with plaques grown on A74 eluates 
were sometimes obtained that lacked any activity on A42 or on A42 and A61. Differences 
be tween  the members  of both groups of related strains are also clearly discernible from 
the data presented in Table 1. 
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During the course of this investigation, it was observed that with a n u m b e r  of host 
strains more than one type of phage plaque developed, but  in many  of these  cases the 
diversity of phage  obviously was feigned by .the high variability of the p laques .  Gener-  
ally, such "variable" plaques were characterized by a varying n u m b e r  of concentric 
zones of different turbidity around a less turbid centre. Following consecut ive  isolations 
of such "variable" plaques,  eluates either again and  again gave rise to mixed p laque  
populat ions or to plaques the centre of which became larger (and clearer) with each 
isolation. The latter p laque type probably always occurred in "variable" p l aque  popula-  
tions. 

In general,  there was little change in the plaque types observed du r ing  the whole 
period of observation. With a few host strains, a ne w  plaque type was found  once in a 
while. This usual ly remained  a singular event. With most of the host s trains referred to in 
the last paragraph,  however, p laques  not seen before were found for the first time on 
September  17, i.e. when  the phage concentrat ion be ga n  to increase, and  unt i l  the end  of 
this investigation. These plaques resembled very much those large and  clear  ones,  which 
occurred in increasing proportion dur ing consecutive isolations of cer ta in  "variable" 
plaques ment ioned  above. 

The strangest  type of p laque ever seen by this author is shown in Figure  2. The 
majority of plaques occurred as clusters of small units, the latter also be ing  p resen t  singly. 
Upon eluation, both types gave rise to clusters as well as to single units. These  p laques  
were observed with almost all rsw samples tested. Although PFU n u m b e r s  could be 
estimated only, there is no doubt  that changes in the concentrat ion of these p laque  
formers were not in phase with that of the other PFU observed. Since the particles 
causing these unusua l  plaques could be passed without loss through filters of 0.15 ~m 
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~ . ~ * ~ - = ~  ~ :~ : ~ " ~ * ~ ' ~  i ~ , - ,  ~ = ) ~ i  ?IY ~ ~ 
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Fig. 2. Composite plaques observed with isolate 16--40. Left: plaques after plating of I ml of freshly 
collected raw seawater, their contours blurred due to thickness as well as wetness of the soft agar 
overlay. Right: plaques as developed under standard plating conditions from a cell-free stock of the 

lytic principle. Bar represents 1 mm 
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pore  size, it  can be  exc luded  that  the p laques  were  p roduced  by  b a c t e r i a  or e v e n  l a rge r  
organisms.  Whe the r  the p laques  in fact were  p roduced  by  p h a g e  r e m a i n s  an  open  
question.  Unfortunately,  a t tempts  to produce  ~ g h  titer stocks wi th  this a g e n t  were  
unsuccessful ,  and  the activity of the stocks p repa red  dec reased  very  rapid ly .  

Invest igat ions  per formed with rsw during s torage at 5~ in the  d a r k  gene ra l ly  
demons t ra t ed  rap id  decrease  in p h a g e  concentrat ion under  these  condi t ions .  The  resul ts  
found with rsw collected on Augus t  6 are shown in Table  2. 

Table  3 p resen ts  da ta  concerning the influence of s torage on the s a m p l e  co l lec ted  on 
S e p t e m b e r  26, as well  as r emarkab l e  differences in the concentrat ion of dis t inct  types  of 
p h a g e  as r evea led  by  indicator  bacter ia ,  der ived  from rsw collected June  7, A u g u s t  6, and  
Sep t ember  26, respectively.  In the sample  t aken  on Sep tember  26, more  than  100 PFU 
m1-1 were  found, after 13 days  of s torage with two host bac te r ia  i so la ted  more  than  
3 months  before, whereas  the h ighes t  count with bacter ia  isola ted from the i nves t i ga t ed  
sample  was only 54 PFU m1-1. (Note, that  in the case of two bac te r ia l  s t rains  an  inc rease  
of PFU numbers  dur ing s torage was  observed.)  

Plaques  found in plat ings of freshly col lected rsw were  isola ted severa l  t imes  and  all 
the e luates  were  spot- tes ted on lawns of all the host  strains with which  p l aques  were  
found from the respect ive  rsw sample.  With a l ready  known p l aque  types,  these  cross 
react ion tests rare ly  revea led  shghfly differing pa t te rns  of host r ange  of the phages ,  or of 
sensit ivity of host  bacter ia  to phage ,  which could p robab ly  be  a t t r ibu ted  to the  re la t ive  
inaccuracy  of the spot- tes t  method.  Even newly  de tec ted  p laque  types  g e n e r a l l y  fit into 
the a l ready  known  patterns.  The host  r ange  of the p h a g e  strains tes ted  was  a lways  small,  
and  in most cases  restr ic ted to the host strain with which the p l a que s  were  found (= 
or iginal  host). 

To demons t ra te  this in some detail ,  the results  of a test pe r fo rmed  with  the  rsw 
sample  t aken  on Sep tember  26 after s torage at 5 ~ for 13 days are p resen ted .  On  October  
9 it was  tes ted  for p h a g e  with 47 host  bacteria,  34 of which  were  n e w l y  de r ived  from the 
very  same rsw sample.  Plaques were  found with 26 of the new host  s trains and  with  12 
out  of the 13 (old} bacter ia l  strains employed  in p r eceed ing  tests. With  e lua tes  of 55 
plaques ,  found with the 38 host  strains, the following results were  ob ta ined :  

(1) Two of the  new host strains were  doublets  with nar row phage-sens i t iv i ty  pa t te rns  
and are, toge ther  with 3 eluates,  exc luded  from the following evaluat ion.  

(2) Phage  activity only on the original  host  was  found in 17 (57 %) e lua tes  on new, 
and  in 6 (27 %) eluates  on old bac ter ia l  strains. 

(3) Phage  activity on the original  host and  on one addi t ional  host  was obse rved  in 
5 (17 %) eluates  on new host strains, and  in 6 (27 %) eluates  on old host  strains. Of the 
5 p h a g e  strains found with new hosts, only one also infected an old host, whi le  a m o n g  the 
6 p h a g e s  found with old hosts 3 were  also active an  a new host. 

(4) With 8 plaques ,  each  one deve loped  on a different  host, and  I0 p laques  found 
with 4 old hosts, infection of up to 12 and 4 bac ter ia l  strains, respect ively,  was  observed.  
The old hosts (A42, A61, A74, and  C50), a l ready  descr ibed  above  as be ing  closely re la ted,  
have  been  inc luded  in this test main ly  to confirm former results. Regard ing  the 8 p h a g e  
strains found with  new hosts, their  p laques  be ing  very  similar in a p p e a r a n c e  with  small  
d iameters  rang ing  be tween  0.3 and 0.5 ram, at least  4, poss ibly  5 different hos t - range  
pa t te rns  were  observed.  Moreover,  with 4 of the 8 hosts  which differed in their  sensi t ivi ty 
pa t te rns  to p h a g e  from the small  p laques ,  4 different  phage  Strains were  found, each  
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Table 2. Observat ions made  with seawater  collected on Augus t  6 and stored at 5 ~ in the dark. 
Presented are number s  of plaque-forming units • ml - i .  With several  indicator strains the p laques  on 
plates of the test performed on Augus t  6 ~ e r e  too crowded to be counted. In these cases  est imates 

are presented,  i~t = no test 

Bacterial Number  of PFU m1-1 
isolate Date of test: Aug. 6 Aug. 7 Aug. 28 Sept. 26 

A 1 > 250 260 20 6 
A 3 >200  430 30 19 
A 22 26 nt 0 1 
A 42 > 100 105 5 2.5 
A 61 90 nt 5 3.5 
A 74 350 370 35 20 
A 101 300 540 30 20 
B 26 35 nt  0.5 nt  
C 50 60 nt 1.5 nt 

Table 3. Data obtained with seawater  sampled on September  26 and tested before a nd  after storage 
at 5 ~ in the dark for 13 days. Presented are numbers  of plaque-forming units  x m1-1. Note that 
bacteria isolated from this sample  indicated lower bacter iophage titers than  isolates derived 3 
months  before, and  that  with bacterial strains C 50 and 16-40, derived from samples  collected on 

June  7 and  Augus t  6, respectively, increases in PFU titer dur ing storage were observed 

Bact. PFU m l -  t Bact. PFU m l -  1 
isol. Sept. 26 Oct. 9 isol. Sept. 26 Oct. 9 

From rsw of June  7 From rsw of Sept. 26 

A 1 6 nt  VI-  3 34 
A 3 210 125 VI-  11 2 
A 22 4 2.5 VI-  30 23 
A 42 19 12 VI- 45 18 
A 61 14 8 VI-  5I 7.5 
A 74 54 40 V I -  54 11 
A 101 132 118 VI-  60 54 
C 50 71 163 VI- 98 4 

VI-109 2.5 
From rsw of Augus t  6 VI-128 2.5 

16-  4 16 i4 VI-134 25 
16-18 1.5 1 VI-144 2 
16-19 6 1.5 VI-145 39 
18-28 0.5 0 VI-156 1.5 
16-40 4.5 71 VI-170 1 

f o r m i n g  l a r g e r  a n d  a l m o s t  c l e a r  p l a q u e s  a n d  i n f e c t i n g  o n e  h o s t  on ly .  S i n c e  t h e  l a t t e r  

p h a g e s  d id  n o t  i n f e c t  t h e  o t h e r  4 n e w  h o s t  s t r a ins ,  t h e  8 b a c t e r i a l  i s o l a t e s  in  q u e s t i o n  

r e p r e s e n t e d  in  e f f ec t  a t  l e a s t  5 p h a g e , s e n s i t i v i t y  p a t t e r n s .  

Final ly ,  t h e  r e s u l t s  of p h a g e - s e n s i t i v i t y  t e s t s  p e r f o r m e d  w i t h  s o m e  700 b a c t e r i a l  iso-  

l a t e s  d e r i v e d  f r o m  6 r s w  s a m p l e s  e m p l o y e d  in  t h i s  i n v e s t i g a t i o n  a r e  p r e s e n t e d  i n  T a b l e  4. 
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All bac t e r i a  w e r e  t e s t ed  wi th  h igh  t i ter  s tocks of p h a g e  H7/2  ( isolated in 1976) a n d  of 18 
to 24 p h a g e  s t ra ins  i so la ted  in M a y  and  J u n e  1990. Only  the  bac te r i a l  i so la tes  d e r i v e d  

f rom rsw s a m p l e  No. 18 (de s igna t ed  as V I-xy in Tab l e  3) w e r e  also t e s t ed  w i t h  ce l l - f ree  

p r e p a r a t i o n s  p r o d u c e d  f rom this r sw sample .  As can  be  s e e n  f rom Tab le  4, t he  por t ion  of 

Table 4. Results of screenings for the number of phage-sensitive bacteria present in populations 
encountered during a time of conspicuous changes in the concentration of bacteriophages observed 

in seawater samples collected at station "Kabeltonne" near Helgoland 

rsw Sample CPU ml - I  Numbers of bacterial isolates tested 
No. Date Sum 1CFU* Total Sensitive to 

H7/2 * * ~ 

05 03. Sept. 4.5 • 10 3 8.8 X 10 2 113 3 0"** 
08 06. Sept. 4.3 • 103 1.9 x 103 118 1 2*** 
10 10. Sept. 2.9 x 103 6.5 x 102 88 3 2*** 
12 13. Sept. 2.9 x 103 4.7 x 102 115 9 7*** 
14 17. Sept. 2.6 X 10 3 5.8 X 102 99 8 2*** 
18 26. Sept. 8.2 x 103 2.6 x 103 203 3 4 ~  1-4~ 3 4 ~  

* 1CFU = formers of large colonies (diam. >- 2 mm in 7d at 20 ~ 
�9 * phages derived from rsw collected on June 7 and August 6, 1990 

* * " 18 phage strains in test 
24 phage strains in test, 3 doubtful observations 

~ phages present in cell-free preparations 
~ 15 isolates were sensitive to phage H7/2 as well as to phages present in the cell-free 

preparations; altogether, phage sensitivity was observed in 53 of the 203 bacterial isolates 
tested 

bac te r i a l  i so la tes  sens i t ive  to p h a g e s  i so la ted  only 2 to 3 m o n t h s  be fo re  w a s  a l w a y s  low, 

w h e r e a s  the  por t ion  of isolates  sens i t ive  to ce l l - f ree  p r epa ra t i ons  w a s  w i th in  t he  r a n g e  of 

the  10 to 15 % o b s e r v e d  in p r e c e e d i n g  expe r imen t s .  

D I S C U S S I O N  

Soon  after  t he  de t ec t i on  of b a c t e r i o p h a g e s  by  Twor t  (1915) a n d  d ' H e r e l l e  (1917), the  
la t te r  co in ing  the  t e rm b a c t e r i o p h a g e ,  t hese  v i ruses  w e r e  also o b s e r v e d  in s a m p l e s  of 

s e a w a t e r  t a k e n  n e a r s h o r e  bu t  t h e y  w e r e  found  to r e p r e s e n t  types  i n t r o d u c e d  by  r ivers  or 

s e w a g e  outfalls.  For  qu i te  a n u m b e r  of years ,  b a c t e r i o p h a g e s  w e r e  s tud ied  as o n e  of the  
s eve ra l  factors i n f l u e n c i n g  the  surv iva l  of terres t r ia l  bac t e r i a  (Raettig,  1958; ZoBell ,  1946), 

wh i l e  the  sea rch  for t ruly mar ine  p h a g e s  r e m a i n e d  futile. As n o t e d  by  ZoBel l  (1946, p. 83), 

b a c t e r i o p h a g e s  h a v e  for m a n y  yea r s  not  b e e n  d e t e c t e d  f rom s e a w a t e r  " co l l ec t ed  b e y o n d  
the  l i t toral  zone"  and  tha t  "it is ve ry  doubt fu l  if the  sparse  bac t e r i a l  p o p u l a t i o n  charac-  

ter is t ic  of the  o p e n  o c e a n  is c o n d u c i v e  to the  d e v e l o p m e n t  or ac t iv i ty  of b a c t e r i o p h a g e " .  
W h e n  S p e n c e r  (I955) r e p o r t e d  the  first i sola t ion of a m a r i n e  b a c t e r i o p h a g e  s t ra in  f rom 

the  Nor th  Sea,  his  p a p e r  s e e m i n g l y  w e n t  as u n n o t i c e d  as Twor t ' s  (1915), a n d  S p e n c e r  

h imse l f  g a v e  up  m a r i n e  b a c t e r i o p h a g e  r e s e a r c h  af ter  p u b l i s h i n g  a f ew  m o r e  repor ts  
(Spencer ,  1957, 1960, 1963). S ince  then,  ou r  in fo rma t ion  on m a r i n e  b a c t e r i o p h a g e  

eco logy  has  b e e n  i n c r e a s e d  by  a n u m b e r  of occas iona l  pub l i ca t ions  and,  espec ia l ly ,  by  
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the sys temat ic  research  of H i d a k a  and coworkers  during the sevent ies  (for re fe rences  see  
Moebus ,  1987). However ,  r ega rd ing  the concentrat ion of bac te r iophages  e n c o u n t e r e d  in 
mar ine  en~ ronmen t s ,  our knowledge  is almost as meagre  as that  of 35 yea r s  ago. 

Cons ider ing  this void, the p a p e r  by  Bergh et al. (1989), repor t ing  concent ra t ions  of 
viral par t ic les  in mar ine  environments  of up to 107 m1-1, unde r s t andab ly  s t i r red  consider-  
able  at tention,  as ind ica ted  by  the headhne  of an article by  Sherr  (1989): "And  now, small  
is plentiful ." Unfortunately,  these  h ighly  interes t ing electron microscopic  observat ions,  
confirmed by  Proctor & Fuhrman  (1990), cannot  tell us much about  the na tu r e  of the  viral  
part icles  seen  and  nothing about  their  infectivity. Knowledge  of the  l a t t e r  factor is 
essent ia l  to our unde r s t and ing  and apprec ia t ing  the f indings r epor ted  b y  Bergh et al. 
(1989) and Proctor & Fuhrman  (1990). Furthermore,  there  is no pub l i shed  informat ion on 
pa ramete r s  such as adsorpt ion  rate, la tent  period, and burst  size as o b s e r v e d  with  mar ine  
phages  under  (almost) na tura l  conditions. Such knowledge ,  however ,  is a bas ic  require-  
ment  for mean ingfu l  calculat ions regard ing  the in situ deve lopmen t  of pha ge -hos t  
systems (PI-IS). The calculat ions p resen ted  by  Bergh et al. (1989) are  b a s e d  on f indings 
ob ta ined  with opt imal ized  labora tory  cultures of non-mar ine  PHS and,  therefore ,  must  be  
r ega rded  with caution. Moreover ,  observat ions made  by  this au thor  du r ing  s tudies  
per formed unde r  low nutr ient  condit ions contradict  these  calculat ions bu t  are  in gene ra l  
ag reemen t  wi th  the concept  of "minimum bacter ia l  densi ty  for b a c t e r i o p h a g e  rephca-  
tion" of Wiggins  & Alexande r  (1985). 

The resul ts  p r e sen t ed  in this p a p e r  are in ag reemen t  with the often c i ted  s ta tement  
that  mar ine  bac t e r iophages  genera l ly  occur at low concentrat ion.  However ,  they  also 
demons t ra te  that  wi th  p rope r  methods  h igher  numbers  of mar ine  p h a g e s  will  be  found 
than repor ted  before,  and  that  isolation of mar ine  phages  must  not mee t  wi th  difficulties, 
even if enr ichment  cul tures  are  not employed.  

With r ega rd  to the  la t ter  s ta tement ,  however ,  restrictions have  to be  made .  First of all, 
it very p robab ly  holds true only for environments  suppor t ing  re la t ive ly  h igh  concen-  
trations of bacter ia ,  such as  the North Sea. Secondly,  according to this au thor ' s  expen -  
ence, it is difficult to demons t ra te  the  presence  of p h a g e  p r o p a g a t e d  b y  slow growing  
bacteria,  and  even  more  difficult to inves t iga te  thoroughly such p h a g e - h o s t  systems. In 
nature  they  m a y  be  important .  

In regard  to an assessment  of bac te r iophages  as factor m mar ine  microb ia l  life, not 
only the concentra t ion  of infective par t ic les  is of major  impor tance ,  but  also their  
longevity.  This author,  who in recent  years  has  pa id  much at tent ion to the  la t te r  problem,  
ob ta ined  (unpubl ished)  da ta  which  sugges t ed  that  phage  par t ic les  in na tu r e  will prob-  
ably  survive for months.  The p resen t  invest igat ion,  however,  ind ica tes  tha t  p h a g e s  ei ther  
lose their  infect ivi ty ra ther  rap id ly  or that  they  are removed  from the w a t e r  column 

As can be  seen  in F igure  1, following the stormy days  of Augus t  20 and  21, calm 
wea the r  p reva i l ed  for two weeks  with htfle sun (and some rain) dur ing  the second.  
During this period,  dec reas ing  concentrat ions of phages  were  found, the  dec rease  
obviously cont inuing from unknown  maxima.  On Sep tember  21. the concent ra t ions  of 
phages  de tec tab le  with 10 out of 18 host  strains synchronously a t t a ined  a n e w  maximum,  
just when  the s tormy wea the r  last ing for 3 days reached  its peak .  Immed ia t e ly  after- 
wards,  the concentra t ion  of p h a g e s  s tar ted to decrease,  and  dec rea sed  so rapid ly  that  it 
seems plausible  to ascribe,  at leas t  in part.  the loss of PFU to the a t t a c hme n t  of virions to 
sett l ing sed imen t  part icles  st irred up dur ing the storm. If this exp lana t ion  is correct, it 
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may also relate to the decrease in phage concentration observed prior to the initial  phase 
of this invest igat ion which started 10 days after a couple of stormy days. (Attachment to 
sediment  particles in marine environments  was observed by numerous  investigators 
interested in the survival of enteric viruses and  non-mar ine  phages. Regarding marine  
phages, no information is available.) 

If, however, adsorption to sediment  particles was not involved in the observed 
reduction of PFU, it must  be assumed that the loss of infectious phage was due to factors 
such as sunhght  or the activity of organisms. In any case, one would have to assume that 
under  natural  conditions marine  bacteriophage cannot  mainta in  their infectivity for 
weeks or even months. In this case, not only would there be still no answer  at hand  to the 
question as to how marine phage-host  systems are main ta ined  in nature, but, in view of 
the findings reported by Bergh et al. (1989) and Proctor & Fuhrman  (1990), a new 
question would attain prominence:  for how long after losing infectivity do phage  particles 
look like u n d a m a g e d  phage particles in the electron microscope? 

Concerning the influence of storage of rsw on phage infectivity, only few data could 
be collected. They indicate that even at 5 ~ in the dark, phages may rapidly lose their 
infectivity. Not too much attention should be paid to differences be tween  the PFU 
numbers  presented in Table 2 under  August  6 and 7. In plates poured with several host 
bacteria on August  6, plaques were too crowded to be counted accurately, this difficulty 
be ing  enhanced  by use of 1 ml rsw per plate in the first test of the sample. Al though the 
reproduction of phages during one day of storage cannot  be excluded with certainty, it is 
assumed not to have taken place. 

Among the most interest ing findings of this investigation is the observat ion of a 
predominant ly  narrow host range  with the phages and, correspondingly, of bacterial  
strains mostly sensitive to one or few phage strain(s) only.,It helps us to unde r s t and  why 
isolating phage infective for bacteria that have been  derived several years ago general ly  
meets with difficulties. On the other hand, it poses the following questions: 
- why even quite large numbers  of PFU were found with bacteria derived from samples 

collected several weeks before September  26, but  not with bacteria isolated from 
sample No. 18 taken on September  26, as demonstrated in Table 3. 

- why phages  in each rsw sample tested with bacteria derived from the same sample 
were detected with only a small fraction (about 10-15 %) of the many  bacteria isolated. 
(It must  be pointed out here that quite a n u m b e r  of bacterial strains, shown to be 
susceptible to phage  by means  of cell-free preparations, failed to detect phage  from the 
respective rsw sample by direct platings. Certainly, this was due in most cases to low 
phage concentration.) 

In view of the fact that in the second half of September  a pronounced increase in PFU 
numbers  was observed with several host bacteria, one would expect that the n u m b e r  of 
bacteria sensitive to the phages  in question increased in advance of phage  propagation.  
As shown in Table 4, this was seemingly not the case. Instead of bacteria the sensitivity of 
which corresponded with that of isolates A3, A74 or A101, i.e. of strains s ignal iz ing the 
strongest increases in PFU concentrat ion (Table 1), the phage-sensi t ive  isolates found in 
samples taken be tween  September  3 and 13 were related only to bacteria with which 
minor increases in PFU concentrat ion were detected. 

At the present, there are no clear solutions to the problems outhned in both the last 
paragraphs.  However, there are still vague observations indicat ing the possibility that 
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i n f e c t i o n  of m a r i n e  b a c t e r i a  b y  p h a g e  m a y  no t  u n d e r  all  c i r c u m s t a n c e s  r e s u l t  i n  i m m e d i -  

a t e  p h a g e  r e p r o d u c t i o n  (or i n  l y s ogen i za t i on ) .  If t h e s e  o b s e r v a t i o n s  c a n  b e  c o n f i r m e d ,  

a n s w e r s  to s o m e  of t h e  q u e s t i o n s  p o s e d  h e r e  .will b e  at  h a n d .  
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