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ABSTRACT: Laboratory investigations were performed to gain insight into the mechanisms which 
govern the survival of marine bacteriophages in nature. Samples collected in 1988 to 1990 at station 
"Kabeltonne" near Helgoland were used raw, membrane-filtered (0.15 ~m), and/or after inverse 
filtration through 10 ~m-mesh gauze to reduce or increase live and dead particles. The development 
of natural or artificial bacterial populations and the survival of 2 to 10 distinguishable strains of test 
phage were followed during incubation at 20 ~ The results obtained with most test phages point to 
the predominant role of indigenous bacteria for marine phage inactivation which was generally 
enhanced by sample managements leading to improved growth of bacteria. The virucidal properties 
of the samples differed greatly in total strength as well as in the changes taking place during 
incubation, the latter resulting in conspicuously differing inactivation curves. Generally, phage 
inactivation was slow during the first 2 to 3 days of incubation, followed by a period of very rapid 
inactivation which usually coincided with the die-away of colony-forming bacteria. This period 
lasted either only a few days or until the concentration of test phage was reduced to (near) zero. 
While the inactivation of most test phage is assumedly caused by proteotytic enzymes released 
during the die-away of bacteria, the survivability of one test phage (H7/2) was also markedly 
influenced by the bacteria sensitive to it. Survival rates of the test phages in the laboratory tests were 
generally of the same order of magnitude as those recently observed with natural phage popula- 
Lions. 

INTRODUCTION 

An extensive hterature, r ev iewed  by Kapuscinski & Mitchell  in 1980 and ever  
increasing since then, exists concerning the survivability in seawater  of enteric viruses 
and some non-marine  bacter iophages,  but almost no information is avai lable on mar ine  

phages.  This situation clearly results from the interest focussed on enteric  viruses for 

sanitary reasons, with non-mar ine  phages  serving as eas ie r - to-handle  model  systems 
(Mitchell & Jannasch,  1969; Bitton & Mitchell, 1974; Berry & Noton, 1976; Kapuscinski  & 

Mitchell, 1983) or as p resumed  pollution indicators (Kott, 1966; Kott & Ben Ari, 1968; 
Niemi, 1976). In contrast, marine phages  have for more than 30 years following their 

detection (Spencer, 1955) been  all but ignored, al though their existence poses an, at least  

scientifically, highly interest ing problem: that of host-parasite systems ::Surviving in 
sparsely populated environments.  There  are only two reports deal ing with bac-  

ter iophages der ived from estuarine environments  (Ahrens, 1971; Zachary, 1976), but 

none regarding phage-hos t  systems (PHS) found in off-shore waters. 
Numerous factors have  been  found to affect the survivability of the viruses investi- 

gated; however,  often contradicting observations were  reported in regard  to specific 
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factors. To ment ion  only one example, most authors reported autoclaving a n d  filtration to 
be very effective in removing antiviral activity of seawater, while Akin et al. (1976) with 
regard to poliovirus I observed only minor changes after such sterilizations in the 
virucidal activity of samples taken from Mobile Bay (Alabama, USA). Nevertheless,  a 
prominent  role must  be ascribed to marine  microorganisms, especially to bacteria 
(Gundersen et al., 1967; Magnusson et al., 1967; Fujioka et al., 1980; Toranzo et al., 1982; 
Ward et al., 1986; Kamei et al., 1987). Findings of Zachary (1976) also point  to the 
involvement  of microorganisms in the inactivation of the two estuarine phage  strains 
used by the author. Other factors of major interest in regard to marir~e phages  are 
sunlight, temperature,  and adsorption to particles other than host bacteria.  

This investigation was performed with the aim of developing a n d  evaluat ing 
methods suited to deal with the problem of main tenance  of marine phage-hos t  systems in 
nature. 

MATERIALS AND METHODS 

Media: Seawater  agar (SWA), soft seawater agar (sSWA) and full s t rength  seawater 
bouil lon (SWB) were prepared according to the 2216E formula of O ppe nhe i me r  & ZoBell 
(1952): 5 g peptone (Difco), 1 g yeast extract (Difco), and  0.01 g FePO4 per liter of 
seawater  mixture (SM, 75 % aged seawater plus 25 % distilled water), wi th  15 g agar 
(Difco) added for SWA and 6 g agar for sSWA. Reduced strength seawater boui l lon  (SWB/5) 
contained 1 g peptone and 0.2 g yeast extract per liter, but  was otherwise ident ical  with 
SWB. SM was used as di luent  in titrations. For special purposes, aged seawater  was 
enriched with 0.5 to 2 ml of SWB 1-1 before sterilization: ASW(e). For s t ronger  nutr ient  
enr ichments  25 x SWB was employed, be ing  of 25-fgld concentration in  peptone  and 
yeast extract as compared to SWB. Beef extract solution (3 % in distilled water) was used 
for washings of Sartorius fibre filters only. The media  were sterilized by autoclaving for 
20 rain at 121~ When necessary, pH 7.6 in media was adjusted by addi t ion  of 10 % 
NaOH prior to autoclaving. 

Seawater  collected at station "Kabeltonne" (between Helgoland a nd  the adjacent  
island resort Dtine) from about  1 m depth was used untreated (raw seawater,  RSW), after 
filtration through 0.2 ~m Nucleopore or 0.15 ~m Sartorius cellulose-nitrate filters (filtered 
seawater, FSW), and after various other forms of t reatment which will be referred to in the 
"Results". As soon as possible, each sample was tested for the concentra t ion of colony 
forming bacteria (CFU) and for the presence of phages infective for the host  bacteria of 
test phages used in the respective experiment.  

With FSW inexplicable observations were made during 1988 to 1990. To avoid 
virucidal substances which might wash off fibre filters (Hidaka & Ichida, 1972), it was 
decided to use Nucleopore membranes .  When the FSW produced with such a filter was 
found to be contaminated with a few types of bacteria mainly producing smal l  colonies, 
the use of Nucleopore filters was given up at once. All of the following FSW samples  were 
prepared with Sartorius fibre filters which had never  before [ailed to give steri le filtrates 
except when  aged seawater was filtered To avoid inimical substances possibly washing 
out from the filters, the first 150 ml of filtrate were discarded. Without a n y  change  in 
method, all FSW samples prepared in this way in 1988 and 1990 were found to be 
contaminated but, surprisingly, only one of those prepared in 1989. CFU con tamina t ing  
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FSW samples, comprising up to, but  mostly less than, 10 types of CFU, produced,  with 

few exceptions, colonies of less than 1 mm in diameter  under  standard conditions. 

Test phages:  From high titre p h a g e  stocks,, each containing at least 109 p laque-  
forming units (PFU) ml - t  of the strains listed in Table  1, mixtures of varying composi t ion 

were  prepared  so that, upon inoculation of the exper imental  samples, an initial tltre of 

Table 1. List of test phage strains and host bacteria employed in this investigation 

Phage Bradley Host 
strain group" strain 

H 2/1 A H 2 
H 3/1 A H 3 
H 414 C H 4 
H 6/1 C H 6 
H 7/2 A H 7, H71"*' 
Hl l /1  A H l l  
H17/1 * ' C H17epe 
H24/1 C H24(L10)~ 
H40/1 B H40 
H85/1 B H85 

" after Frank & Moebus (1987) and unpubhshed 
"" strain used in first expt. only 

* " "  H71 exclusively used since 1989 
non-lysogenic derivative of H24 

data (H24/I) 

about 10 s PFU m1-1 was at tained for each strain employed. Any of the phage  strains used 

could be dist inguished from the others by its specific host. As indicated in Table  1 under  
"Bradley group",  the phages  are also morphological ly different. All test strains hsted are 

virulent ones except  H17/ I  which, with low efficiency, is able to establish ei ther  the 
carrier state or lysogeny in its host H17. 

Incubations: Generally,  seawater  samples of 150 ml (in Er lenmeyer  flasks of 300 ml 

capacity), inoculated with the phage  mixture, were  incubated as still cultures at 20~ in a 
stirred water  bath holding 7 flasks. This was p laced 50 cm from a window facing NE 

which remained unshaded  in late winter, but was shaded by a light rolled bl ind in 
summer. Initially, two samples each of differently t reated seawater  were  incubated,  one 

of them wrapped  in a luminum foil. Later on, on ly  darkened  samples were  employed  to 
exclude the influences of the uncontrollable l ight conditions and that of an addit ionally 
used water  bath of different design. 

Double- layer  plates (Adams, 1959) with bot tom layers of 10 ml SWA were  used  for 
PFU titrations and, in the case of test phage,  incuba ted  at 25 ~ All the other  plates  were  

incubated  at 20 ~ Bacteria (CFU) were  grown on SWA (20 ml/plate) with the plates 

placed in plastic bags  during 7 to 8 days of incubation.  Count ing of CFU was done  under  
10-fold magnificat ion with a dissecting microscope. The "Results" will dist inguish 

be tween  CFU, CFU(s), and CFU(1), the latter represent ing  bacterial  strains which during 
7 days of incubat ion at 20~ produce colonies of = > 2 mm in diameter.  Accordingly,  
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CFU(s) represent  bacteria producing colonies of less than 2 mm in diameter  under  the 
same exper imental  conditions. CFU = CFU(1) + CFU(s). 

Tests of mar ine  bacteria: Due to previously found results and  to the aim of the 
respective experiment,  the tests varied in kind and  design. Basically, spot tests were 
performed by means  of 20-point inoculators to transfer bacterial o r  phage  suspensions on 
to sSWA oveflayers seeded with the bacteria to be investigated. SWB was used with 
bacteria giving rise to colonies that were either difficult to remove from the agar, or to 
suspend in the medium,  or that were of less than about  3 mm in diameter  after 7 days of 
incubation. All other bacteria were grown in SWB/5. The media  were used in 3 ml 
afiquots and incubated  in culture rollers at 1 rpm. Except for colony size, selection among 
CFU was avoided in every possible way. 

The most common design of spot tests as described above was used  in tests for 
lysogeny, for production of bacteriocins and inhibitory compounds, for u n k n o w n  phages, 
and (initially) for sensitivity to test phage.  To enable  the screening of more bacterial 
isolates for sensitivity to well-defined phage suspensions, a different double-spot  test was 
employed later on which shall be described in greater detail. 

Suspensions of bacteria to be tested were inoculated by me a ns  of 20-point 
inoculators on 2 to 4 parallel  SWA plates. When the fluid was sucked up, the plates were 
inoculated a second time: One with SM (control) and the remain ing  either with a 
suspension containing only one test phage  or with mixtures each conta in ing  3 of the 
phage strains employed in the respective experiment.  The concentrat ion of each phage 
strain, whether  used singly or in mixture, was about 107 PFU ml - i .  The  plates were 
controlled after 1 day and  finally read after 2 days of incubat ion by carefully comparing 
the spots, g r o w n o n a 11 p a r a 11 e 1 p 1 a t e s,  of each bacterial isolate for differences 
in appearance.  If only the slightest difference be tweea  the control spot a n d  the corres- 
ponding spots on any "phage plate" was observed, the respective isolate was  included in  
the confirmatory test. This was done by streaking a bacterial suspension, p repared  with 
material isolated from the "control" spot, across streaks of the phage strains in question. 
To determine the type of reaction of bacteria to phage (lysis o r  inhibition), isolates found 
to be sensitive to one or more phage strains were finally spot-tested (on double- layer  
plates poured with SWB/5 cultures) with serially diluted lysate of the respect ive phages. 
The latter test proved to be very important  with bacteria sensitive to pha ge  H7/2. 

CeU-free preparat ions (CFP) were prepared from various sources to be described 
under  "Results" by centr ifuging t0  ml aliquots, followed by filtration th rough 0.15 btm 
filters (Sartorius), previously washed with beef extract solution. 

To test for the production of virucidal substances, 0.8 or 1.0 ml of the cul tures  of 4 to 6 
bacterial isolates were mixed, centrifuged at low speed, and the superna tan t s  filtered 
through 0.2 ~tm Nucleopore filters. The filtrates were inoculated with about  107 PFU m1-1 
of phage H7/2 plus about  4 • 106 PFU ml - i  of strain H17/1 and  checked for surviving PFU 
after 1, 2, 3, 5, and  9 days. These two phage  strains were used because of their  especially 
high inactivation rates in RSW. 

Survival rates day -1 were calculated according to the formula k -- [In (Ct/Co)]/t, 
where C is the PFU concentrat ion at zero time (Co) and after t days (Ct), respectively. 

Further information on methods will be presented under  "Results". 
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Table 2. Percentage of survival of 10 strains of test phages under various conditions, with information 
regarding survival rate: ri = rate increased continuously, rc = constant rate throughout, rd = rate for 
some time constant, then decreasing, rv -- ra.te varying (decreasing - increasing - decreasing), 
possibly due to contamination of FSW sample, 0 -- no inactivation. Seawater of February 24, 1988 

Test Days of Bacteriophage strain 

in incub. H17/1 H7/2 H6/1 H24/1 H2/1 H3/1 H4/4 Hl l /1  H40/1 H85/1 

RSW 27 0.6 2.4 40.1 62.6 31.5 22.6 10.9 50.8 40.5 12.7 
5 ~ ri . ri r c rd rc ri ri rc ri ri 
dark 

FSW 27 10.4 25.6 96.8 106.3 81.4 104.2 104.9 108.7 104.6 96.9 
5~ ri re 0 0 rc 0 0 0 0 0 
dark 

RSW 12 < 0.005 1.7 
20~ 19 1.4 0.8 0.9 1,5 0.6 1.6 0.5 
light ri ri ri ri ri ri ri ri ri 

RSW 12 <0.005 3.8 
20~ 19 0.3 5.1 6.3 1.4 3.1 1.9 5.4 1.3 
dark 27 0.02 3.2 3.7 0.2 0.6 0.3 1.3 0.2 

re rd rd re rc rc rc re 

FSW 12 
20 ~ 27 
light 

FSW 19 
20 ~ 27 
dark 

1.7 
ri  

3.5 
0.6 

ri re 

0.2 
2.0 89.1 16.8 48.1 88.3 45.8 89.1 94.3 58.4 

ri  rv  rc rc rc rc rc r c 0 r c 

0.05 
9.7 79.5 85.6 50.6 67.8 97.3 68.1 102.3 77.6 

ri rv  rc rd rc rc rc rc 0 rc 

RESULTS 

D u e  to t he  ava i l ab le  in fo rmat ion ,  a t t e n t i o n  w a s  p a i d  to na tu ra l ly  o c c u r r i n g  bac t e r i a l  

popu la t i ons ,  t he  a l t e ra t ions  of w h i c h  w e r e  fo l l o w ed  by  r e p e a t e d  t i t ra t ions  of co lony-  

f o r m i n g  uni t s  (CFU) du r ing  the  cou r se  of e a c h  e x p e r i m e n t ,  a n d  by  spec i a l  t e s t s  of 

bac t e r i a l  i so la tes  in a n u m b e r  of e x p e r i m e n t s .  

T h e  i n f l u e n c e  of t e m p e r a t u r e  w a s  c o n s i d e r e d  on ly  d u r i n g  the  first  e x p e r i m e n t ,  

s t a r t e d  on  F e b r u a r y  24, 1988. A mix tu r e  of 10 p h a g e  s t ra ins  {Table 1) w a s  used .  Resul t s  of 

t h e  e x p e r i m e n t  a r e  c o m p i l e d  in  T a b l e  2. As  w a s  to b e  e x p e c t e d ,  i nac t iva t ion  of p h a g e  

g e n e r a l l y  w a s  m u c h  m o r e  r ap id  at  20~  t h a n  at  5~ E x c e p t  for p h a g e  s t r a in  H17/1,  

w h i c h  u n d e r  any  of t he  cond i t ions  t e s t e d  w a s  i n a c t i v a t e d  at  e v e r  i n c r e a s i n g  r a t e s  d u r i n g  

the  e x p e r i m e n t ,  i nac t iva t ion  cu rves  s u c h  as s h o w n  in  F igure  1 w e r e  o b t a i n e d .  As can  b e  

s e e n  in Tab le  2, i nac t iva t ion  of m o s t  p h a g e  s t ra ins  o c c u r r e d  in FSWI if at  all, a t  a c o n s t a n t  

ra te ,  i r r e spec t i ve  of t e m p e r a t u r e  a n d  l ight  condi t ion .  In RSW the  la t te r  h a d  a m a r k e d  

i n f l u e n c e  on  the  inac t iva t ion  ra te  at 20 ~ w h i c h ,  in t he  i l l u m i n a t e d  s amp l e ,  for all t es t  

p h a g e s  i n c r e a s e d  g r adua l l y  f rom t h e  b e g i n n i n g  to t he  e n d  of t he  e x p e r i m e n t .  In s h a r p  

cont ras t ,  the  ra te  of inac t iva t ion  in  t he  d a r k e n e d  s a m p l e  r e m a i n e d  c o n s t a n t  or e v e n  

d e c r e a s e d  a f te r  s o m e  t ime,  w i th  t he  a l r e a d y  m e n t i o n e d  e x c e p t i o n  of s t ra in  H17/1.  Bes i d e s  

t h e s e  m a r k e d  d i f f e r e n c e s  it m u s t  b e  p o i n t e d  out  that ,  for t he  first 12 to 19 d a y s  of 
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Fig. 1. Inactivation in raw seawater of test phage H3/1 (a) and H6/1 (A), above, and development of 
the indigenous bacterial population, below, under the conditions indicated. Seawater  sampled on 
February 24, 1988. �9 �9 sum of colony-forming units (CFU); + - - - + :  bacteria forming colonies 

of = > 2 mm in diameter under standard conditions; o .... o: CFU forming coloured colonies 

i ncuba t i on  at 20 ~ 6 of t he  10 p h a g e  strains u n d e r w e n t  dis t inct ly  m o r e  r a p i d  i nac t iva t ion  

in the  dark  t h a n  in the  hght .  
St ra in  H17/1  w a s  k n o w n  in a d v a n c e  to be  sens i t ive  to t e m p e r a t u r e  as w e l l  as to 

u n k n o w n  factors  c a u s i n g  des t ruc t ion  of the  vir ions '  c o m p l e x  s t ruc ture  ( F r a n k  & M o e b u s ,  
1987) a n d  re la t ive ly  r ap id  loss of infec t iv i ty  e v e n  in p h a g e  stocks.  T h e s e  t ra i t s  l ed  to its 

exc lus ion  f rom fu r the r  e x p e r i m e n t s .  
S t ra in  H7/2,  the  inac t iva t ion  of w h i c h  u n d e r  any  of the  test  cond i t ions  w a s  the  s e c o n d  

mos t  p r o n o u n c e d ,  was  not  k n o w n  be fo re  to be  consp icuous ly  sens i t ive  to t e m p e r a t u r e s  

up to 25 ~ Since,  d u r i n g  mos t  of the  fo l lowing  expe r imen t s ,  this s t rain w a s  m o r e  rap id ly  

i nac t i va t ed  t h a n  a n y  of t he  o the r  test  p h a g e s  used,  t e m p e r a t u r e  m a y  i n d e e d  b e  a ma jo r  
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factor inf luencing the survival of H7/2 virions. However, as already observed in  this first 
experiment,  bacteria sensitive to H7/2 are probably equally or even more important.  

Out  of 60 bacterial isolates, derived from plates inoculated with the freshly collected 
RSW, one isolate each was found to react to H7/2 by lysis and inhibition, respectively, but  
none  was sensitive to any of the other 9 test phages. The portion of the H7/2-sensit ive 
bacterial types increased 5- to 10-fold during the first day of incubat ion  at 20~ in 
i l luminated RSW. The importance of such bacteria was indicated by the otherwise 
negat ive results of the test for virucidal substances produced by the 60 isolates during 
growth in SWB/5. Two of 9 samples, be ing  the only ones in which appreciable  loss of 
H7/2 was observed, became turbid after 9 days of incubation.  Unfortunately, one sample 
was lost by accident so that the bacteria causing its turbidity remained  u n k n o w n  (some 
observations indicate the involvement  of a bacterial isolate which was lysed by H7/2). In 
the other sample, however, the turbidity was found to be caused by bacteria react ing to 
H7/2 by inhibition. At least in this sample, adsorption of phage to cells was  probably  the 
main, or only, reason for the loss of PFU. 

The test for lysogeny of 96 bacterial isolates, including the 60 aforement ioned ones, 
also failed to produce positive results. After incubation, many  spots of bacterial  growth 
were surrounded by more or less clear zones of varying diameter. However,  as revealed 
by confirmatory tests, none  of these zones was caused by phage.  

The findings of this first experiment  init iated some changes in the set-up of the 
following, started on June  29 and July 18, 1988. Essentially, the two summer  experiments  
of 1988 were performed in the same way, i.e. with the double-spot test, as described 
under  "Material and Methods" and used throughout. With the exception of minor 
deviations, this holds true also for the experiments  of 1989 and  1990. 

Besides RSW and FSW, samples of RSW diluted with 4,parts of FSW (-- RSW/5) were 
employed in summer  1988. In the second of these experiments,  a sample of t0  ~-RSW 
produced by careful inverse filtration of RSW through 10 ~m-mesh gauze,  was also 
included. The latter sample was used i l luminated only. The results of these exper iments  
are presented in Figures 2 and 3. With the exception of the findings for phage  H7/2 in 
FSW, the curves represent  arithmetic mean  values of percent  survival calculated from the 
results obta ined with the 8 or 9 test phages, respectively. Maximum and  mi n i mum 
percentage of survival observed on the sampling day with any of the test phages  are 
represented by various symbols. 

At first glance, the similarities be tween  the results of both experiments  are more 
conspicuous than the differences. Firstly, irrespective of hght condition, phage  inactiva- 
tion in RSW and RSW/5 general ly occurred in three consecutive phases, differing in the 
rates of PFU loss. In this respect, the results differ greatly from those obtained with RSW 
collected in late winter. Secondly, the rate of phage  inactivation was highest  at t imes of 
pronounced decreases in CFU and CFU(1) concentration. Thirdly, with the exception of 
phage  H7/2, inactivation in FSW was always slow, with some test phage  even negligible.  

Besides these similarities, there are also profound differences. While in the first 
experiment  with "summer water" the most p ronounced  inactivation was  almost exclu- 
sively observed with phage  H7/2 (Figure 2, circles), this position was often occupied by 
phage H4/4 during the second experiment  (Figure 3, asterisks). In regard to the test 
phages that exhibited the slowest inactivation, the differences be tween  both exper iments  
were less pronounced.  FinaIly, it must  be pointed out that differences were found 
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Fig. 2. Inactivation of test phages at 20~ in raw seawater (RSW), membrane filtered seawater 
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samples, and development of bacterial populations, below. Seawater of June 27, 1988. The inactiva- 
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Fig. 3. Inactivation of test phage in RSW, FSW, RSW/5, and RSW inversely filtered through 10 ~m- 
mesh gauze (I0 ~-RSW) at 20 ~ above, and development of bacterial populations, below. 10 ~-RSW 
under light condition only. Seawater of July 18, 1988. For further information and symbols.see Pigs 1 

and 2 

be tween  the i l luminated and darkened  samples of RSW/5 in both exper iments  as well  as 

differences from the findings obta ined with RSW. 
The first exper iment  of 1989 was started on March 6 and per formed with all test 

phages  listed in Table  1 except  with strain H17/1. Its results in no way  resemble  those 

obtained in 1988 with "winter  water"  collected on February 24. Instead, as in "summer  
water"  of 1988, with most  test phages  a 3-phasic inactivation in  i l luminated samples  of 

RSW and RSW/5 was observed.  As can  be deduced  from the survival  rates compi led  in 
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Table 3. Survival rates day -1 of 9 test phages in RSW, FSW, and RSW/5 of March 6, 1989 

Sample RSW hght RSW dark F.SW light RSW/5 hght RSW/5 dark 

Incubation (days) 

Test 0-9 0-23 0-9 0-23 0-9 0-23 0-10 0-23 0-10 0-23 
phage 

H 2/1 0.83 0.85 0.88 0.81 0.95 0.94 0.92 0.90 0.95 0.88 
H 3/1 0.88 0.89 0:89 0.67 1.00 1.02 0.79 0.82 0.96 0.71 
H 4/4 0.79 0.84 0.86 0.67 0.92 0.96 0.81 0.77 0.93 0.76 
H 6/1 0.87 0.89 0.88 0.86 1.00 0.99 0.88 0.86 0.96 0.85 
H 7/2 0.74 0.74 0.74 0.69 0.90 0.87 0.83 0.77 0.92 0.76 
H 11/1 0.88 0.89 0.91 0.72 0.98 0.98 0.88 0.82 0.97 0.75 
H 24/1 0.86 0.86 0.90 0.83 0.96 0.96 0.84 0.81 0.60 0.81 
H 40/1 0.93 0.92 0.94 0.74 0.99 0.99 0.90 0.84 0.99 0.78 
H 85/1 0.84 0.87 0.86 0.69 0.91 0.99 0.85 0.80 . 0.97 0.71 

Table 3, for up to 9 or even  16 days of incubation the survival rates of most tes t  phages  in 

darkened  RSW samples equal led  those found with i l luminated RSW. Then  they  increased 
sharply to rates that general ly  remained  constant until the end of the experiment ,  

resulting in much  stronger total inactivation in darkened  than in i l luminated  RSW. This is 

in stark contrast  to the results of the exper iment  started in February 1988. 
In RSW/5, fundamenta l ly  the same observations were  made  with one exception:  In 

i l luminated RSW/5 the inactivation rate general ly  increased after only 5 days, but in 

darkened  RSW/5 after 9 days of incubation. Incidentally, almost identical  total  inactiva- 

tion in i l luminated and darkened  RSW/5 (as indicated by corresponding k va lues  for 0-23 

days} was observed  with 5 test phages.  

Figure 4 presents  the  findings of one of two exper iments  a imed at es t imat ing  the 

inf luence of hght  on phage  inactivation and at testing the t rustworthiness of results 

obtained by employing  only one sample each of the variously t reated seawater .  Only 

RSW, inoculated with the 4 test phages  indicated, was used with 3 parallel  samples  under  
each light condition. In the other experiment,  the same degree  of co r respondence  was 

found. With RSW subsamptes employed under  somewhat  differing conditions,  e.g. in 

volumes of 500 and 150 ml, or with titrations performed each day versus eve ry  second 
day, respectively, a high degree  of cor respondence  also was general ly  found. This was 

even the case with a sample prepared  from RSW/+ (for explanat ion see nex t  paragraph} 

by dilution with FSW to re-establish the original concentrat ion of par t iculate  mat ter  of 

--- 10 ~tm in size. 
In each exper iment  performed since the summer  of 1988, it was found that  the period 

of most rapid phage  inactivation occurred in seeming  synchrony with the rapid loss of 
CFU taking place after their initial increase. To get  some clue of the responsible  factor(s), 

exper iments  were  performed employing samples of unprocessed  RSW, of 10 ~t-RSW, and 
of RSW/+, the latter being the residue of inverse  filtration of RSW to p roduce  10 bt-RSW, 

with the concentrat ion of particulate mat ter  of --> I0 ~tm in size increased  by factors 

be tween  10 and 15. 
The results of two exper iments  of this kind, performed with samples  col lected on 

June  26 and August  11, 1989, differed in too many  aspects to be presented  in detail. Some 
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Fig. 4. Inactivation of 4 test phages in raw seawater of July 24, 1989 at 20 ~ in 3 parallel samples 
each under light (1) and dark (d) condition. Bars represent standard error of means 

characterizing data  obtained with darkened samples (no i l luminated samples were used 
in the second experiment) are complied in Table 4. The only similarity observed in both 
(as in many  other) experiments concerns phage  H7/2 which was the most sensitive, and 
strain H40/1 which was the least sensitive of 6 and  4 test phages, respectively, unde r  any 
of the conditions. (This is also true regarding i l luminated samples of the first experiment.)  
The following conspicuous differences were found: 
(1) During the first experiment,  inactivation in the 3 media was mostly of the 3-phasic 

type such as depicted in Figure 4, while in the second experiment  the 2-phasic type 
prevailed, with a constant  inactivation rate at tained after 2 (H7/2) or 8 days (other test 
phages). With RSW/+, however, a completely different course of inactivation was 
observed dur ing the second experiment  with all 4 test phages:  negligible change  in 
PFU concentrat ion during the initial 2 days was followed by inactivation last ing for 2 
days, which was followed by at least 4 days of slow (H7/2) or no loss in PFU. Only 
then, after 8 to 11 days of incubation,  did phage  inactivation resume at rates similar to 
those observed be tween  2 and  4 days. 

(2) Regarding the development  of bacterial  populations, the greatest differences 
be tween  the results of both experiments were found with RSW, and the smallest with 
RSW/+. During the first experiment,  bacterial  growth in the 3 different seawater  
qualities showed the most common pat tern of maxima at tained after 1 to 2 days which 
were followed by rapid losses during the next  2 to 3 days. As usual, these losses were 
more pronounced  for CFU(1) than for the entire CFU populations. In contrast, dur ing 
the second experiment  the initial increase and  the following reduction in CFU 
concentrat ion were of about  normal extent only in relation to the entire populations.  
Regarding CFU(1), however, reproduction in RSW/+ was somewhat  less than  nor- 
mal, while reduction was of normal extent bu t  needed  about twice the usual  time; in 
10 ~-RSW and  RSW the CFU(1) maxima were only about and  less than 10 % of the 
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Table 4. Comparison of % survival and survival rates day -1 of test phage  H7/2 a n d  H40/1 (above) 
and  of development  of CFU m1-1 (T, below), as observed in darkened  samples of RSW, I0 ~-RSW, 
and RSW/+, Seawater  sampled-on June  26 (exp. 1) and August  11, I989. Duration of experiments  

was 9 and  17 days, respectively. Numbers  in brackets  = days of incuba t ion  

Test phage  

H7/2 H40/1 

Medium Expt. 1 Expt. 2 Expt. 1 Expt. 2 

% survival RSW 0.50 (9) 0.16 (17) 6.15 (9) 3.23 (17) 
at endo f  10~-RSW 0.07 (9) 0.01 (17) 14.25 (9) 0.18 (17) 
expt. RSW/+ 0.05 (7) 0.22 (17) 1.23 (9! 1.89 (17) 

survival RSW 0.56 (0-9) 0.67 (0-17) 0.73 (0-9) 0.82 (0-17) 
r a t e k f o r  10~-RSW 0.45 (0-9) 0.59 (0-17) 0.81 (0-9) 0.69 (0-17) 
period RSW/+ 0.34 (0-7) 0.70 (0-17) 0.61 (0-9) 0.79 (0-17) 

kma x RSW 0.69 (7-9) 0.90 (0-2) 0.88 (7-9) 0.95 (0-2) 
during 10~-RSW 0.84 (0-2) 0.92 (0-2) 0.92 (0-2) 0.99 (0-2) 
per iod ' )  RSW/+ 0.91 (0-2) 0.94 (6-8) 0.99 (0-2) 1.05 (6--8) 

kmin RSW 0.40 (2-5) 0.66 (2-17) 0.60 (2-5) 0.78 (6-17) 
during 10~-RSW 0.37 (2-9) 0.55 (2-17) 0.68 (2-5) 0.59 (8-17) 
period RSW/+ 0.12 (2-5) 0.38 (2--4) 0.33 (2-5) 0.63 (11-17) 

�9 initial periods of phage  reproduction excluded 

Medium Expt. 1 Expt. 2 

RSW 5.8 x 103 1.9 x 104 
To CFU 10~-RSW 7.6 • 103 1.9 x 104 

RSW/+ 5,5 X 103 2.0 x 104 

RSW 1.1 • I0 3 1.0 x 103 
To CFU(1) 10~-RSW 1.5 • 103 9.9 • 102 

RSW/+ 2.2 x 103 1.4 • 103 

RSW 1.9 • 10 s (1) 7.9 • 103 
Tmax CFU(1) 10p.-RSW 3.8 x 10 s (2) 2.8 x 10 5 

RSW/+ 1.8 x 19 6 (1) 1.2 x 10 6 

RSW 2.4 x 10 4 (5) 5.0 x 10 3 
Train CFU(1) 10~-RSW 6.5 X 10 4 (4) 7.4 x 10 4 

RSW/+ 4.0 x 104 (5) 2.5 x 104 

(4) 
(17) 
(2) 

(17) 
(4) 
(8) 

w h o l e  p o p u l a t i o n ,  r e s p e c t i v e l y ,  a n d  t h e i r  r e d u c t i o n  in  10 ~-RSW r e a c h e d  u n p r e -  

c e d e n t e d  55 % only,  w h i l e  in  R SW t h e  CFU(1) d id  no t  d e c r e a s e  a t  all. ( In  two  p a r a l l e l  

RSW a l iquo t s  of t h e  s a m p l e  c o l l e c t e d  o n  A u g u s t  11, w h i c h  w e r e  i n o c u l a t e d  w i t h  on ly  

two  t e s t  p h a g e s  b u t  s a m p l e d  dai ly,  t h e  d e v e l o p m e n t  of b a c t e r i a  w a s  " n o r m a l "  e x c e p t  

for t h e  m a x i m a  of CFU(1): w i t h  on ly  20 % t h e y  fel l  sho r t  of t h e  u s u a l  90  to 95 % a n d  

w e r e  a t t a i n e d  1 d a y  a f t e r  t h o s e  of t h e  e n t i r e  p o p u l a t i o n s . )  

T h e  RSW s a m p l e d  o n  A u g u s t  11 w a s  a l so  u s e d  to t e s t  t h e  i n f l u e n c e  of p r e - i n c u b a t i o n  o n  

p h a g e  i nac t i va t i on ,  For  th i s  p u r p o s e ,  3 s a m p l e s  of e q u a l  s ize  w e r e  p r e p a r e d  a n d  

i n o c u l a t e d  w i t h  4 t e s t  p h a g e s  a t  t i m e  zero,  a f t e r  2, a n d  4 d a y s  of i n c u b a t i o n ,  r e s p e c t i v e l y  
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(samples 1 to 3). To compensate  for nutrients introduced with the test phages ,  compar- 

able amounts  of peptone  and yeast  extract were  added to samples 2 and 3 at zero time, 

and to sample  1 after 4 days. The findings a re .presented  in Figure 5, w h e r e b y  those 
regarding  test phage  H4/4 are omitted because  of similarity with strain H3/1. The  curves 

shown are certainly debatable,  especially in regard to sample 1 (Figure 5a); however ,  
they clearly demonstrate  that during pre- incubat ion considerable changes  in virucidal  

capacity of the seawater  took place. 
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Fig. 5. Inactivation of test phage H3/1 (A), H7/2 (o), and H40/1 ([]) in raw seawater of August 11, 
1989, above, and development of bacterial populations, below, at 20~ Test phage mixture was 
inoculated at once (a) and after 2 (b) and 4 days (c) of pre-incubation. Peptone and yeast extract, 
corresponding to amounts introduced along with test phage, were added at zero time (b, c) and after 
4 days of incubation (a), respectively. �9 e: Entire CFU population; + - - - + :  CPU forming 

colonies of = ~ 2 mm under standard conditions; o o: CFU sensitive to test phage H7/2 

During the exper iments  performed with seawater  collected on Augus t  11, nearly 
2600 bacterial  isolates were  tested for sensitivity to phage  H7/2. Only this p h a g e  strain 

was used because  of the rareness of bacteria  sensitive to the other test phages  employed,  

as indicated by previous findings. The concentrations of H7/2-sensi t ive bacteria,  as 
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ca lcula ted  from the pe rcen tages  found among the CFU(1) tested,  a re  shown  in F igure  5 
(circles in b' ,  c'). Despi te  cons iderab le  concentrat ions of H7/2-sensi t ive  bac t e r i a  dur ing  
the ear ly phase  of incubat ion,  no reproduct ion of H7/2 was found, which  obvious ly  must  
be  a t t r ibuted to l a rge  port ions of sensi t ives reac t ing  to this p h a g e  by  inhibi t ion.  Accord-  
ingly, H7/2-PFU were  lost, at least  in part,  by  adsorpt ion to such bac te r ia  (which the reby  
were  killed), wi th  the  H7/2-sensi t ives  increas ing aga in  when  the concent ra t ion  of H7/2- 
PFU was r educed  to less than 103 m1-1. 

Quite similar f indings were  ob ta ined  with one of the two daily s a m p l e d  RSW aliquots 
referred to a b o v e ,  whi le  the deve lopmen t  of H7/2-sensi t ive bac ter ia  in t he  second  one 
took an errant  course,  almost l ead ing  to their  extinction. In both of these  RSW portions, 
sl ight p h a g e  reproduct ion  occurred be tween  1 and  2 days  of incuba t ion  fol lowed by  
inact ivat ion at constant  rate  (k = 0.72 and 0.73) to final H7/2 concent ra t ions  of 7.3 x 102 
and  5.6 x 102 PFU m1-1, respect ively,  after 18 days. (For comparison:  The  inact ivat ion 
curve shown for H7/2 in Figure 5c corresponds  to k -- 0.65, while k = 0.73 was  ca lcu la ted  
for H7/2 inact ivat ion be tween  2 to 12 days  in the sample  r ep re sen ted  by  F igu re  5a.) 

The results p r e sen t ed  so far indicate  that  bac ter ia  might  be  involved  in the  reduct ion  
of PFU concentra t ion in at least  two different ways:  by adsorpt ion of vir ions wi thout  
following p h a g e  reproduct ion  and by  product ion of virucidal  substances .  The  concept ion  
that  such subs tances  are  possibly  r e l eased  at t imes of p ronounced  d e c r e a s e s  in CFU 
concentrat ion,  as obse rved  after 2 to 3 days of incubation,  is s u p p o r t e d  by  ano ther  
observat ion  m a d e  with the seawate r  of Augus t  11 (cf. Fig. 6). 

From this wa te r  the  only non-ster i le  FSW sample  of 1989 was  p roduced ,  which  
seemingly  was con tamina ted  with two types  of CFU, one forming colonies of about  1 mm 
in diameter ,  and  the other  forming much more but  smaller  ones unde r  s t a n d a r d  condi-  
tions. On plates  inocula ted  with und i lu ted  FSW after • days  of incubat ion ,  p l aque - l i ke  
d is turbances  in an incomple te  bac ter ia l  lawn were  observed.  Later  on, the  l a rge r  colony 
type  was comple te ly  r ep laced  for some t ime by the smal ler  one, but  it a p p e a r e d  again,  
forming then sl ightly more opaque  colonies while the smaller  colony type  w a s  w i p e d  out. 
Al though a t tempts  to isolate the lytic principle thought  to be r e spons ib l e  for these  
observat ions  r ema ined  futile, the f indings concerning inactivation of test  s t ra in  H7/2 (Fig. 
6, above) suppor t  the  concept ion of dying bacter ia  be ing  an impor tant  source  of v i rucidal  
substances:  The survival  rate, in strict correlat ion to the phases  of bac ter ia l  deve lopmen t ,  
dec reased  from k = 0.99 (0-2 days) to k = 0.89 (2-8 days) and to k -- 0.75 (8-17 days), 
with the lowest  rate  found in connect ion with the b r e a k -dow n  of the bac te r i a l  populat ion.  

Several  exper imen t s  of different  design,  using ASW(e) as med ium a n d  mixtures  of 
arbitrari ly se lec ted  CFU(1) or known  PHS, were  unsuccessful  in p roduc ing  suppo r t  of the  
a forement ioned  concept ion Also, a bacter ia l  strain forming large g r e e n i sh -ye l l ow  col- 
onies, which suppres sed  growth of all other  CFU(1) (see Fig. 3 d'), h a d  a lmos t  no effect on 
the survival  of p h a g e  H7/2. 

However,  when  in an exper iment  started on March  19, 1990, a s a m p l e  of 3 ~-RSW 
was used,  p r e p a r e d  by  means  of Sartorius fibre filters of 3.0 ~m mean  pore  s ize  to r emove  
heterot rophic  f lagellates,  the deve lopmen t  of the  bacter ia l  flora and  the  inac t iva t ion  of 
test  p h a g e  were  cons iderably  inf luenced by  the filtration p rocedure  (Figure  7a, a' ,  b, b').  
This observat ion in i t ia ted  the isolat ion of arbitrari ly se lec ted  CFU(s) and  CFU(1) grox~/n on 
pla tes  inocula ted  after 4 and 9 days,  respectively,  of incubat ion of the RSW (sic) sample ,  
which  were  used  to p repare  mixtures of about  equal  turbidi ty before  inocu la t ion  into 
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Fig. 6. Survival of test phage H4/4 (~-), H7/2 (o), and H40/1 (D), above, in an unintentionally 
contaminated sample of membrane-filtered seawater of August 11, 1989, and development of a 
bacterial population, below, probably comprising no more, or even less, than 3 different types of 
CFU forming colonies of maximally 1 mm in diameter under standard conditions. (i) indicates 
estimates of CFU, with possibly underestimated (overestimated) numbers on plates inoculated after 

6 (8) days of incubation of sample at 20 ~ For further information see text 

ASW(e) ,  e n r i c h e d  wi th  0.5 ml  SWB 1-1. Mix ture  no. 1 (Figure  7c, c') was  m a d e  of 39 

CFU(1), mix tu re  no. 2 (Figure  7d, d') c o n t a i n e d  47 CFU(s),  and  mix tu re  no. 3 cons i s t ed  of 
e q u a l  por t ions  of m ix tu re s  1 and  2. T h e  f indings  o b t a i n e d  wi th  mix tu r e  no. 3 a re  not  

shown,  s ince  they  d i f fe red  f rom those  s h o w n  in F igure  7c, c' on ly  in r e g a r d  to p h a g e  H7/2  

inac t iva t ion ,  w h i c h  at r e d u c e d  ra tes  fo l lowed  the  s igmoida l  pa t t e rn  o b s e r v e d  wi th  

mix tu re  1. 
R e g a r d i n g  p h a g e  inac t iva t ion ,  the  mos t  i n t e re s t ing  f ind ings  c o n c e r n  s train H7/2.  In 

RSW and  ASW(e)+CFU(1) ,  on  the  one  hand ,  and  in 3 bt-RSW and  A S W ( e ) + C F U ( s ) ,  on the  
o the r  hand,  be s ide s  the  d i f fe rences  in f inal  loss of PFU, the  course  of inac t iva t ion  was  

s imilar  wi th in  e a c h  g roup  of s amp le s  bu t  v e r y  d i f fe ren t  b e t w e e n  b o t h  the  groups .  The  
surv iva l  ra tes  in the  s a m p l e s  of t he  first g roup  d i f fe red  by  v a l u e s  of k -- 0.55 (days 7 to 14) 

and  k -- 0.67 (days 5 to 11), r espec t ive ly .  A lmos t  pe r f ec t  c o r r e s p o n d e n c e ,  h o w e v e r ,  was  

o b s e r v e d  wi th  the  s a m p l e s  of the  s econd  group:  k = 0.96 (days 9 to 21) a n d  k -- 0.94 (days 
5 to 14), r espec t ive ly .  
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Fig. 7. Inactivation of test phage H6/1 (A}, H7/2 (o}, and H85/I  (e), above, at 20~ in  RSW, in RSW 
filtered through membrane of 3 lzm mean pore size (3~-RSW), and in nutrient-enriched autoclaved 
{aged) seawater, ASW(e}, inoculated with mixtures of CFU forming large (1) or predominantly small 

:(s} colonies, respectively, and development of bacterial populations, below. Seawater of March 19, 
1990. Symbols for bacteria as in other Figures, except in Fig. 7c' where CFU(1) represent the entire 

population 

As found in other experiments using selected CFU(1), no decrease in CFU concen- 
tration occurred (the same applies to the sample inoculated with mixture  no. 3). In 
contrast, in the sample inoculated with the CFU(s) mixture, which un in ten t iona l ly  
contained few types of CFU(1), the development  of the bacterial  popula t ion  showed the 
pat tern usual ly  found with RSW samples: the initial increase in  CFU concent ra t ion  was 
followed by a reduct ion to about  10 % of the maximum within a few days, the reduct ion 
be ing  more p ronounced  for CFU(1) than for the bacterial communi ty  as a whole.  Although 
this pat tern developed more clearly in ASW(e)+CFU(s) than in  3 ~z=RSW, the  loss of H7/2- 
PFU in the latter med ium was much stronger than in the first ment ioned  one. Notwith- 
s tanding,  in relation to the mechanism of phage  inactivation, the similarity be tween  the 
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shape  of the  inact ivat ion curves found with these  samples  is r ega rded  as b e i n g  more 
impor tant  than  the differences in extent  of PFU losses. 

The  two groups  of samples  differed very  much  in regard  to the p r e p o n d e r a n c e  of 
CFU(s) in 3 ~-RSW and, of course, in ASW(e)+CHU(s) which is less dist inctly exp res sed  in 
the graphs  than  obse rved  by the exper imentator .  Minut iae  t aken  dur ing eva lua t ion  of 
p la tes  indica te  that  CFU(1) presen t  in the RSW sample  (Figure 7a, a') exe r t ed  strong 
inhibi t ion of CFU(s), which was hard ly  not iced with regard  to 3 ~-RSW (the only 
reference  to inhibi t ion was made  for the p la tes  inocula ted  after 4 days of incuba t ion  but  
m a r k e d  with ?). Moreover,  the mean  size of colonies deve loped  by  CFU(s) from 3 ~-RSW 
was dist inctly smal ler  than  that  of CFU(s) colonies grown from RSW. Most  p r o b a b l y  this 
was  due  to the  grea t ly  reduced,  if p resen t  at all, inhibi t ion by  CFU(1) in p la tes  inocu la ted  
with 3 ~t-RSW which  a l lowed for the deve lopmen t  of a much h i g h e r  por t ion of t iny 
colonies {about 0.1 mm in diameter ,  the smallest  size t aken  into account).  In ASW(e)+  
CFU(s} the p r e p o n d e r a n c e  of CFU(s) did  not  mainly  d e p e n d  on their  concentra t ion  bu t  on 
the number  of different  CFU(s), as compared  to CFU(1), the la t ter  be ing  r e p r e s e n t e d  by  3 
different types  at  the most. 

From that  t ime on, the  concept ion of p h a g e  inact ivat ion was  mainly  b a s e d  on 
structural  d a m a g e  caused  by substances,  especia l ly  enzymes,  r e l eased  b y  CFU in 
connect ion with their  rap id  decrease  in concentra t ion after more  t h a n 2  to 3 days  of 
incubat ion.  The efficacy in regard  to inact ivat ion of different p h a g e  strains a s sumed ly  
would  d e p e n d  on the diversi ty of compounds  r e l eased  which, on its part,  should  d e p e n d  
on the diversi ty of bac te r ia l  strains involved.  

The last  men t ioned  results  fit into this concept  insofar as inact ivat ion of p h a g e  other  
than H7/2 occurred only in RSW having  the most  diverse bac ter ia l  populat ion,  and  
inact ivat ion of H7/2 can be  exp la ined  by  p redominan t  adsarp t ion  to sensi t ive cells which 
were  p resen t  in low numbers  in the freshly s ampled  RSW but  mul t ip l ied  rap id ly  dur ing  
incubat ion.  Therefore,  the  chance  of isolat ing such sensi t ives for product ion of the  CFU(1) 
mixture was  high.  The s lower and much smal ler  loss of H7/2-PFU in 3 ~-RSW and 
ASW(e)+CFU(s) ,  respect ively,  can be  exp la ined  in the same way  with r e duc e d  numbers  
of sensi t ive cells at the  beg inn ing  of incubat ion  t aken  into account.  

Al though most observat ions made  during this invest igat ion fit quite wel l  into the 
concept  used  to in terpre t  p h a g e  inactivation,  there  was still no p laus ib le  exp lana t ion  for 
the rap id  loss of CFU genera l ly  observed  immedia te ly  after an initial phase  of rap id  
mult iphcation.  As ind ica ted  by  the results  of exper iments  with mixed popula t ions  consist- 
ing of re la t ively  few different bacter ia l  strains, lack of nutr ients  and/or  oxygen  or 
intoxication by  metabol ic  products  are hard ly  reasons  to be  taken  seriously. However ,  
bac te r iophages  and  bacter iocins  could be pr ime factors, the la t ter  be ing  shown to provide  
for compet i t ive  dominance  of a mar ine  bac te r ium in mixed  popula t ions  (Hoyt & Sizemore,  
1982). The involvement  of bacter iocins in the d i e - away  of sensi t ive cells should  be  
relat ively s imple to prove;  that  of bac ter iophages ,  however,  would  be  a major  problem.  

Regard ing  bac te r iophages ,  it was necessary  to test  h igh numbers  of bacter ia l  isolates 
der ived  from each of successively collected samples  of seawate r  for their sensi t ivi ty to 
p h a g e  presen t  in the respect ive  as well  as in p rewous  samples,  and  to s imul taneous ly  
bui ld  up a collection of phage -hos t  systems (PHS) of the  greates t  poss ible  diversity.  Only 
then might  there  be  a chance  to e lucidate  the poss ible  role of phages  in reduc ing  the 
concentrat ion of CFU in question. Exper iments  pe r fo rmed  in 1990 were  ded ica ted  in part  
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to the bui ld-up of a collection of PHS. As to the other part, the aim of the exper iments  was 
to check for the involvement  of bacteriocins, and to gather prel iminary exper ience  on the 
involvement  of phages  in the control.of CFU  concentration. 

The results of the most extensive of these experiments, be gun  on J u n e  7, 1990, shall 
be presented.  Unfortunately, the development  of CFU and CFU(1), as i n  other experi- 
ments  of 1990, was rather untypical  in that, after the initial increase f rom 2.8 x 104 to 
19 .2x  104 CFU m1-1, a reduction to 2.5 x 104 CFU m1-1 be tween  1 a n d  2 days of 
incubat ion was observed only in regard to CFU. Until the 6th day of i ncuba t i on  the CFU 
concentrat ion increased from 2.5 x 104 to 3.8 x 104 CFU m1-1. With CFU(1) the findings 
were still more exceptional: Following a rapid increase by factor 25 d u r i n g  the first 24 
hours of incubation,  no significant change in concentration occurred unti l  the end  of the 
experiment.  Similar to CFU, be tween  1 and 6 days of incubat ion there was further, if only 
minor, increase in CFU(1) from 8 x 103 to 15 x 103 m1-1. 

Initially, the inhibitory actions of bacteria towards each other were tes ted  with 80 
isolates derived from freshly collected seawater, using the spot-test method.  A great 
variety in the appearance  of inhibit ion zones as well as in regard to the  numbers  of 
isolates prone to inhibit ion was observed. Inhibition zones were d is t inguished according 
to clearness and  sharpness of the edge, with several subclasses be tween  the extremes, 
represented by wide, totally clear and  sharp edged zones on the one hand ,  and  by wide 
turbid zones without a clear-cut edge on the other. Five isolates of high,  bu t  different 
inhibitory potency were used in the tests of bacterial isolates derived from a darkened  
RSW sample by platings performed after 1 to 6 days of incubation.  T h e  results are 
compiled in Table 5. 

Simultaneously,  the bacteria were tested for phage sensitivity by u s i ng  cell-free 
preparations (CFP) prepared directly from the RSW sample men t ioned  above  and from 
sub-cultures set-up from this sample after 1 to 7 days of incubation,  respectively.  Sub- 
cultures were prepared by adding 0.5 ml of RSW sample to 9.5 ml SWB/5 a n d  subsequent  
incubat ion for 24 hours at 1 rpm. In addition, CFP prepared from two para l le l  samples 
were used, one of them inoculated with 3 strains of test phage  and the o ther  enriched 
with nutr ients  corresponding to their concentrat ions in SWB/5. The results of these tests 
are presented in Table 6. 

From the f indings compiled in Table 5 it cannot be  deduced that  changes in 
composition of the bacterial community  during the early phase of incuba t ion  were caused 
by inhibitory or killing substances released by bacteria such as the test strains. Rather it 
seems likely that these changes  were due to different generat ions t imes and  that 
bactericidal products of bacteria, if at all, had some effect in the long run. 

Similar observations were made in regard to bacter iophages {Table 6). Only negh-  
gible changes in the percentage  of isolates sensitive to phages  present  in CFP prepared 
from untrea ted  RSW were found after 1 and  2 days of RSW incubation.  The  decrease m 
the percentage of phage  sensitives among  the bacteria isolated after 3 to 6 days of RSW 
incubat ion occurred too late to be helpful in explaining the decrease in CFU be tween  24 
and 48 hours. {The other results compiled in Table 6 will be discussed later.} 

Finally, the negat ive  results of experiments  concerning heterotrophic flagellates 
must  be ment ioned.  For de termining flagellate concentrations, only Petroff-Hauser 
counting chambers  could be employed which in this case certainly was an  unsatisfactory 
method. Under  the experimental  conditions tested - the same as employed  in phage-  
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Table 5. Occurrence (in %) of bacteria, CFU (1), in darkened RSW of June  6, 1990, sensitive to 
inhibition by five bacterial  test strains of different activity in dependence  of durat ion of RSW 
incubat ion at 20~ Inhibition zone'. C = clear with sharp edge, T = turbid. N1/N2 = n u m b e r  of 

bacterial isolates tes ted /number  of rehable results 

Test Inhibit. Incubation of RSW (days) 
strain zone 0 1 2 3 4 5 6 

C 19.5 0 0 2.6 13.1 2.9 0 
13 T 13.0 0 5.1 15.8 13.1 34.3 50.0 

- 76.5 100 94.9 81.6 73.7 62.9 50.0 

C 61.0 100 97.4 85.8 69.7 74.3 81.3 
37 T 23.4 0 2.6 3.9 13.1 8.6 12.5 

- 1 5 . 6  0 0 10.5 17.1 17.1 6.6 

C 19.5 68.2 57.7 51.3 35.3 25.7. 18.8 
40 T 9.1 0 1.3 2.6 2.6 0 0 

- 71.4 31.8 41.0 46.1 61.8 74.3 75.0 

C 64.9 86.4 75.9 73.7 55.3 62.9 50.0 
52 T 31.2 0 2.6 2.6 6.6 5.7 12.5 

- 3.9 13.6 20.5 23.7 38.2 31.4 37.5 

C 20.8 13.6 16.7 9.2 3.9 5.7 0 
66 T 42.9 13.6 24.4 39.5 43.4 30.0 62.5 

- 36.4 72.7 59.0 51.3 52.6 54.3 37.5 

N1/N2 80/77 22/22 79/78 80/76 82/76 38/35 16/16 

s u r v i v a l  e x p e r i m e n t s  as  we l l  as  still  a n d  rol l  cu l t u r e  (1 rpm)  of RSW e n r i c h e d  w i t h  25 • 

SWB to n u t r i e n t  c o n c e n t r a t i o n  c o r r e s p o n d i n g  to S W B / 1 0  - f l a g e l l a t e s  n e v e r  r e a c h e d  t h e  

m i n i m u m  c o n c e n t r a t i o n  n e c e s s a r y  for  t h e i r  o b s e r v a t i o n  b y  m e a n s  of t h e  c o u n t i n g  

c h a m b e r .  In con t ras t ,  b a c t e r i o v o r o u s  f l age l l a t e s  g r e w  p r o f u s e l y  in  c o r r e s p o n d i n g  c u l t u r e s  

i n c u b a t e d  at  18 ~ a n d  200 s t r okes  m i n  -1 o n  a s h a k i n g  tab le .  

D I S C U S S I O N  

T h e  m a i n  p u r p o s e  of th i s  i n v e s t i g a t i o n  w a s  to g a i n  i n s i g h t  in to  p r o c e s s e s  c o n t r o l l i n g  

t h e  su rv iva l  of m a r i n e  p h a g e - h o s t  s y s t e m s  u n d e r  n a t u r a l  cond i t ions .  T h e r e f o r e ,  e m p h a s i s  

w a s  p l a c e d  on  t h e  ro le  of b a c t e r i a  w h i c h  in s o m e  w a y  p l a y  a p i v o t a l  ro le  i n  p h a g e  

surv iva l .  O t h e r  o r g a n i s m s  s u c h  as  p h y t o p l a n k t e r s  m u s t  b e  e x p e c t e d  to b e  i m p o r t a n t ,  a t  

l e a s t  ind i rec t ly .  T h i s  w a s  e x e m p l a r i l y  d e m o n s t r a t e d  b y  t he  r e c e n t  p a p e r  of B r a t b a k  e t  al. 

(1990} w h o  o b s e r v e d  t h e  s u c c e s s i v e  d e v e l o p m e n t  of p l a n k t o n i c  a lgae ,  b a c t e r i a  a n d  

p h a g e  as  we l l  as  f l age l l a t e s .  

U n f o r t u n a t e l y ,  t h e  p r e s e n t  i n v e s t i g a t i o n  w a s  a b r u p t l y  h a l t e d  for r e a s o n s  of h e a l t h  

a n d  wil l  no t  b e  r e s u m e d .  To m a k e  r e a s o n a b l e  u s e  of p h a g e - h o s t  s y s t e m s  (PHS) g a t h e r e d  

d u r i n g  t h e  c o u r s e  of th i s  i n v e s t i g a t i o n ,  it w a s  d e c i d e d ,  in  la te  s u m m e r  of 1990, to co l lec t  

p r e l i m i n a r y  d a t a  c o n c e r n i n g  PFU  c o n c e n t r a t i o n s  in  t he  w a t e r s  a r o u n d  H e l g o l a n d  

( M o e b u s ,  1992a).  O n  t h e  g r o u n d s  of t h e  p r o m i s i n g  r e su l t s  of t h o s e  tes ts ,  t h e  l a t t e r  t y p e  of 

w o r k  p r o c e e d e d  t h r o u g h o u t  1991 {Moebus ,  1992b).  
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Table 6. Occurrence (in %) of phage-sensi t ive  bacteria, CFU (1), in darkened  RSW of June  6, 1990, 
depending on duration of RSW incubation at 20 ~ Bacteria tested with ceU-free p repara t ions  (CFP), 
containing unknown  numbers  of different phage  strains, and with lysate of test p h a g e  H7/2. N1/N2 

= n u m b e r  of isolates t es ted /humber  of reliable results 

Origin CFP Incubation of RSW (days) 
of CFP of day 1 2 3 4 5 6 

1 4.5 14.1 1.8 5.9 3.7 6.7 
2 18.2 17.9 i2.3 5.9 0 20.0 

(1) RSW 3 13.6 15.4 3.5 5.9 3.7 6.7 
without 4 18.2 14.1 1.8 7.4 3.7 0 
additions 5 13.6 15.4 5.3 4.4 3.7 0 

6 18.2 10.3 3.5 5.9 3.7 0 
7 13.6 14.1 1.8 7.4 3.7 0 

i 54.5 65.4 35.1 26.5 14.8 26.7 
2 45.5 66.7 35.1 29.4 14.8 26.7 

Subculture 3 54.5 66.7 35.1 30.9 14.8 26.7 
of (1) 4* 22.7 26.9 14.0 16.2 3.7 6.7 

5 40.9 37.2 29.8 20.6 14.8 26.7 
6 40.9 38.5 33.3 25.0 14.8 26.7 
7 40.9 51.3 29.8 19.1 14.8 26.7 

1 31.8 34.6 19.3 23.5 7.4 6.7 
(2) RSW 2 40.9 30.8 14.0 20.6 14.8 6.7 
with 3 3 31.8 33.3 19.3 20.6 7.4 6.7 
test 4 22.7 29,5 12.3 20.6 7.4 6.7 
phages  5 31.8 29.5 12.3 14.7 7.4 6.7 
added 6 36.4 28.2 12.3 17.6 I I . i  13.3 

7 31.8 25.6 12.3 20.6 3.7 13.3 

1 72.7 69.2 42.1 29.4 11.1 20.0 
(3) RSW, 2 90.9 73.1 64.9 39.7 18.5 33.3 
nutrients 3 81.8 74.4 59.6 35.3 14.8 33.3 
added 4 90.9 74.4 59.6 33.8 11.1 33:3 

Lysate H7/2 45.5 65.4 31.6 29.4 11.1 33.3 

N1/N2 22/22 79/78 80/57 82/68 38/27 16/15 

" CFP bacterially contaminated  

A l t h o u g h  t h e  f i n d i n g s  p r e s e n t e d  in  th i s  p a p e r  p r o v i d e  n o  p roo f  for  t h e  o n e  or  t h e  

o t h e r  m e c h a n i s m  b y  w h i c h  i n d i g e n o u s  b a c t e r i a  m a y  n e g a t i v e l y  i n f l u e n c e  t h e  i n f e c t i o u s -  

n e s s  of m a r i n e  p h a g e s ,  t h e r e  s e e m s  to b e  l i t t le  d o u b t  t h a t  t h e y  are ,  in  t h i s  r e spec t ,  t h e  

m o s t  i m p o r t a n t  o r g a n i s m s .  R e g a r d i n g  t h e i r  pos i t i ve  role  in r e l a t i on  to t h e  m a i n t e n a n c e  of 

PHS,  o b s e r v a t i o n s  m a d e  d u r i n g  th i s  i n v e s t i g a t i o n s  a r e  in  a g r e e m e n t  w i t h  t h o s e  r e p o r t e d  

b y  M o e b u s  (1992b) :  s e a w a t e r  g e n e r a l l y  is a poor m e d i u m  for b a c t e r i o p h a g e  p r o p a g a t i o n .  

Th i s  is d e m o n s t r a t e d  b y  t h e  d a t a  c o m p i l e d  in  T a b l e  6. E v e n  in t h e  p r e s e n c e  of t h e  

s l igh t  n u t r i e n t  e n r i c h m e n t  c o m i n g  a l o n g  w i t h  i n o c u l a t e d  t e s t  p h a g e ,  t h e  p e r c e n t a g e  of 

p h a g e - s e n s i t i v e  b a c t e r i a  i n c r e a s e d  b y  f a c t o r  2 to 3, as  c o m p a r e d  to p l a i n  RSW. W i t h  cel l -  

f ree  p r e p a r a t i o n s  (CFP) p r o d u c e d  f r o m  s a m p l e s  w i t h  t h e  h i g h e r  n u t r i e n t  c o n c e n t r a t i o n s  
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an even s t ronger  increase  in the pe rcen tage  of phage- ind ica t ing  bac ter ia  was  found. 
These  f indings indicate  that  in RSW, at least, fewer phage  strains were  sufficiently 
reproduced  to be  de tec tab le  in CYP by the spot .test employed.  However ,  they  m a y  also 
be  inf luenced by  insufficient growth of lysogenic  bacter ia  in p la in  RSW which  fai led to 
re lease  p h a g e  able  to induce  virulent  p h a g e  reproduct ion in the  types  of bac te r ia  tested.  

As also ind ica ted  in Table  6, special  impor tance  must  be  ascr ibed  to bac te r ia  
sensitive to H7/2, as they  were  the only ones which, with varying and  often cons iderab le  
portions, were  found in a lmost  any  of the seawater  samples  used.  Correspondingly ,  in 
fresh RSW PFU were  de tec ted  far more often, even if only in low numbers ,  wi th  the  host  
bacter ia  H7 and H71 than  with any of the other hosts. (More detai ls  on this aspec t  are 
p resen ted  by  Moebus,  1992b.) 

Large port ions of bac ter ia  sensi t ive to H7/2 were  found to be  prone to inhibit ion.  In 
pre l iminary invest igat ions  it was found that  such bacteria,  d e p e n d i n g  on strain 
specificities as wel l  as on nutr ient  concentration,  profoundly inf luence the concentra t ion  
of surviving H7/2-PFU. Besides this, with sensit ive bacter ia  capab le  of r ep roduc ing  
p h a g e  H7/2, this p h a g e  seems,  under  cer tain circumstances,  to en te r  into a re la t ionship  
resembl ing  pseudolysogeny .  

Al though the reasons  for the  loss of infectivity of free p h a g e  par t ic les  in s eawa te r  
essential ly remain  unknown,  the especia l ly  high sensit ivity of p h a g e  strains H7/2 and  
H17/1 may  serve as a clue. The  capsid of H17/1 part icles by  Frank  & Moebus  (1987) was 
found to be composed  of 2 to 3 layers,  the fragility of which p robab ly  be ing  the reason  for 
the uniquely  low lysate  stabil i ty of this p h a g e  among the many  strains, inc luding  four 
different p h a g e s  infective for host  H17, in the collection of the p resen t  author.  In the  same 
paper ,  virions of p h a g e  H7/2 were  also repor ted  to have an unusual ly  complex,  though 
complete ly  different  structure.  Possibly this structural  complexi ty  m a k e s  these  two p h a g e  
strains more sensi t ive to a t tacks  of proteolytic  enzymes  than more  s imply buil t  virions. 
Proteases, inc luding bacteri.al ones, have been  shown to de g ra de  enterovi ruses  (Cliver & 
Herrmann,  1972; Her rmann  & Cliver, 1973), which var ied  great ly  in their  sensi t ivi ty to 
the same enzymes.  Other  f indings indicate  that  proteases  may  not be  the  pr imar i ly  
inact ivat ing factor (Toranzo et al., i983). 

Bergh et aI. (1989) and Proctor & Fuhrman  (1990) repor ted  for mar ine  waters  
concentrat ions as h igh  as 107 ml-~ of viral particles,  contradic t ing information on bac-  
te r iophage  concentra t ions  in off-shore environments  in the r ange  of 0 to 10 PFU m1-1 
(Spencer,  1960), avai labIe  until  then. Al though the omnipresence  of mar ine  p h a g e s  in 
tes ted environments  was demons t ra ted  by  invest igat ions per formed in the  fol lowing two 
decades ,  no a t tempts  were  made  until  recent ly  to solve the en igma  of bac t e r iophages  
surviving at the  ex t remely  low concentrat ions supposed.  

Electron microscopic  invest igat ions  of Borsheim et al. (1990), Bra tbak  et al. (1990), 
and  Heldal  & Bra tbak  (1991) p rov ided  information on changes  in the concentra t ion  of 
viral part icles in the  envi ronments  tes ted which, in a first approximat ion,  can be  a s sumed  
to represent  the  survival  ra tes  of the viral communit ies  encountered .  The survival  ra tes  
calculated by  these  authors  are genera l ly  cons iderably  tower than  those repor ted  in the 
presen t  publicat ion.  Severa l  reasons  for this difference are imaginable .  

The most impor tan t  reason  assumedly  is that  the above men t ioned  authors,  observed  
whole  microbial  popula t ions  e i ther  under  natura l  condit ions or kep t  in l a rge  enclosures  
for only a short  time, while  this invest igat ion is concerned with the inf luence of only 



272 K. M o e b u s  

par t ia l ly  r e c o r d a b l e  mic rob ia l  c o m m u n i t i e s ,  d e v e l o p i n g  in smal l  v o l u m e s ,  on  arb i t ra r i ly  

i n t r o d u c e d  v i ru l en t  b a c t e r i o p h a g e s .  This  h a n d i c a p ,  h o w e v e r ,  d o e s  no t  e x i s t  in  r e g a r d  to 

t he  surviva l  r a t e s  r e c e n t l y  r e p o r t e d  b y  Moebu.s  (1992b) w h i c h  a re  b a s e d  o n  o b s e r v a t i o n s  

of na tu r a l  p o p u l a t i o n s  of v i ru len t  p h a g e  o c c u r r i n g  in  t he  w a t e r s  a r o u n d  H e I g o l a n d .  T h e s e  

"na tu ra l "  surv iva l  r a t e s  c o m p a r e  m o r e  f avou rab ly  w i t h  the  "art if icial"  o n e s  r e p o r t e d  in 

th is  p a p e r  t h a n  w i t h  t h e  l o w e r  r a t e s  b a s e d  on  e l ec t ron  m i c r o s c o p i c  o b s e r v a t i o n s .  A n y  

a t t e m p t  to e x p l a i n  t h e s e  d i f f e r e n c e s  (e.g. w i th  a p r e d o m i n a n t  ro le  of t e m p e r a t e  p h a g e )  

w o u l d  b e  p l a in  s p e c u l a t i o n  as l o n g  as n o t h i n g  m o r e  t h a n  s h a p e  a n d  s ize  is  k n o w n  of t h e  

viral  pa r t i c l e s  s e e n  in  t h e  e l e c t ron  m i c r o s c o p e .  
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