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ABSTRACT: A method for the isolation of bacteriophages from ocean water is described. It 
precludes sample storage before starting phage-enrichment cultures and provides for the use of 3 
sub-samples enriched with organic nutrients after 1, 2 and 3 days of incubation, The method was 
used with samples collected from 6 m below the surface at 48 stations between the European 
continental shelf and the Sargasso Sea. With 213 among 931 bacterial isolates about 250 strains of 
bacteriophages were detected by two methods of different sensitivity. From 14 samples taken east of 
the Azores 115 host bacteria have been found versus only 98 from 34 samples collected at westerly 
stations, The employment of more than one sub-sample per station as well as the use of more 
sensitive phage-detection procedures was found to be more advantageous the lower the concentra- 
tion of cultivatable bacteria in a sample. 

INTRODUCTION 

Among  previous ly  descr ibed  methods  for the isolat ion of bac t e r iophages  from 

seawater  {Spencer, 1955, 1960; Hidaka,  1971, 1977) only that  of Hidaka  {1977) is sui table  
for condit ions aboard ship. This me thod  invo lves  start ing the cul tural  en r i chmen t  of 

phages  before host bacter ia  are  avai lable ,  so that  s torage of wa te r  samples  for a w e e k  or 

even  longer  is avoided.  H idaka ' s  method,  however ,  ne i the r  exc ludes  sample  s torage for 
at least  one day nor e l imina tes  the n e e d  of cons iderab le  space in a cooled  room to store 

the t reated samples  unti l  return. Therefore,  it can be  e m p l o y e d  only dur ing  re la t ive ly  

short cruises. 
When  par t ic ipa t ing  in an  11-week  ee l  b io logy  exped i t ion  to the Sargasso Sea  wi th  

the 370 ton research vesse l  "Fr iedr ich  H e i n c k e "  of the Biologische Anstal t  He lgo land ,  I 

real ised the necess i ty  of a me thod  requ i r ing  the least  poss ible  s torage room. 
With seawate r  co l lec ted  near  H e l g o l a n d  an en r i chmen t  cul ture  me thod  p rec lud ing  

sample  s torage was d e v e l o p e d  and tes ted with  ocean  wate r  dur ing  a cruise to the Bay of 

Biscay in October  1978. After minor  ad jus tments  the procedure ,  which  wil l  be  descr ibed  
and eva lua ted  in this paper,  was used  dur ing cruise no. 160 of RV "Fr iedr ich  H e i n c k e "  

lasting from February  12 through Apri l  26, 1979. 
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MATERIALS AND METHODS 

M e d i a  

Seawater  agar  {SWA), soft seawater  agar  (sSWA) and  seawater  broth (SWB/5) were 
p repared  wi th  75% aged  North Sea water  and  25 % disti l led water. SWA and  sSWA 
con ta ined  5 g pep tone  (Difco), 1 g yeast  extract (Difco}, and  0.1 g FePO4 per  liter but  
differed in  their  agar  (Difco} content  which  was 1.5 % and  0.6 %, respectively.  SWB/5 
was prepared  with 1 g pep tone  (Difco), 0.2 g yeast  extract (Difco), a nd  0.1 g FePO 4 per  
liter. The pH of these media  was about  7.6 after autoclaving for 20 mi n  at 121 ° C. 

Concent ra ted  pep tone-yeas t  extract solut ion (25 × PY) con ta in ing  125 g peptone 
(Difco) and  25 g yeast  extract (Difco} per liter, and  a 3 % solution of Difco beef extract 
(BES) were prepared  with dist i l led water  only. 

The media  were d i spensed  into screw-cap bottles or tubes  in  amounts  corresponding 
to the expected d e m a n d  per  seawater  sample  to be invest igated.  In addition, 1400 Petri 
dishes con ta in ing  20 ml SWA each were prepared  and  sealed in sterile plastic bags 
immedia te ly  after cooling to room temperature .  All media  were stored in the dark at 5 °C. 

S a m p l i n g  of s e a w a t e r  

Seawater  samples  were collected asept ical ly from 6 m below the surface (3 m below 
the keel) with a sampler  ho ld ing  2 bottles of 5- and  1-1 capacity, which were connected to 
a common inle t  tube. Sampl ing  genera l ly  took less than  5 min. 

T r e a t m e n t  of s e a w a t e r  s a m p l e s  

All samples  were t reated immedia te ly  after collect ion to enr ich  bacter iophages  and  
to cul t ivate  bacteria.  

Enrichment of bacteriophages 

Three sub-samples  of 1.5 1 seawater  were d i spensed  into sterile bottles of 2-1 
capacity. At zero t ime 12 ml  of 25 × PY were added  to Sub-sample  1 resul t ing  in  a 
concent ra t ion  of pep tone  and  yeast  extract corresponding to that in  SWB/5. Sub-samples  
2 and  3 received the same amounts  of nu t r ien ts  only after 24 and  48 h of incubat ion ,  
respect ively  (pre- incubated  sub-samples) .  Incuba t ion  was normal ly  performed in  still 
cul ture  at 20 ° to 21 °C, bu t  for several  weeks  at ambien t  tempera ture  (23 ° to 26°C) due  to 
a b r e a k d o w n  of the cooling equ ipment .  

From each sub-sample  al iquots  of 10 ml  were  t aken  1, 2 and  3 days after the addi t ion  
of 25 × PY and  centr i fuged for 20 min  at about  2000 rpm to remove most of the profusely 
grown bacteria.  Cent r i fugat ion  was performed on a table suspended  by a cardan  joint. 
F ina l ly  the superna tan t s  were fil tered through 0.15-/zm cellulose-nitrate filters (Sarto- 
rius, G6tt ingen)  previously  washed  with 1 ml BES to prevent  phage adsorption. 

To hand le  as many  as 8 superna tan ts  at the same time, the following procedure was 
used: Filters, 25 mm in diameter ,  were moun ted  in  polycarbonate  filter holders (Sarto- 
rius) and  autoclaved.  Before use the outlets of the filter holders  were pressed into holes 
dri l led in  the polycarbonate  lid of an  autoclaved box and  the bodies of disposable 
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syringes at tached to the filter holders. The box itself was affixed on the table  by me a ns  of 
double-sided sticky tape. T h e n  BES was slowly passed  through the filters and  the 
supernatants  poured into the syr inge bodies.  The f i l ter-syringe assembl ies  were  remo- 
ved from the box one after the other and  the sup e ma t a n t s  fi l tered directly into sterile 
plastic screw-cap tubes  to be stored at 5 °C. 

In this way 9 preparat ions  were ob ta ined  from each seawater  sample  to be checked 
for the presence of bacter iophages.  

Cultivation of  bacteria 

Bacterial colonies were grown on SWA inocula ted  with 0.1 ml per  pla te  and  
incuba ted  for 7 days at 25 °C. Before use the SWA plates were  kept  at room tempera ture  
(usually above 20 °C) for 2 to 3 days to a t ta in  the desired degree  of dryness  and  to show 
possible con tamina t ion  as well. 

Since the n u m b e r  of colony-forming uni ts  (CFU) is genera l ly  very low in  ocean  
water the fol lowing procedure  was employed  with all seawater  samples  inves t iga ted  to 
concentrate  bacter ia  before cult ivation.  Using ster i l ized e qu i pme n t  only, seawater  was 
drawn by vacuum from a g radua ted  cyl inder  into a filter appara tus  through tub ing  
runn ing  from the t ightly fit t ing lid of the filter funne l  to the bot tom of the cylinder.  The 
latter was closed with a lid bea r ing  a hole for the tubing.  Nuclepore  ® filters of 47 m m  
diameter  and  0 .2 / an  pore size were used  to collect su spended  material .  

The greater  part  of the r e t a i n e d  bacter ia  was washed  off the filter by repeated  
squir t ing of the same 2 to 3 ml of seawater  with a pipette.  Final ly,  the suspens ion  was 
transferred to a tube  and  spread on series of 5 SWA plates  each und i lu t ed  as wel l  as after 
2-, 5-, and 10-fold dilution.  

The filter was p laced  on SWA, examined  unde r  a dissect ing microscope, and  
incuba ted  for 7 days at 25 °C. The amoun t  of seawater  fi l tered and  the t ime n e e d e d  for 
this process were recorded. 

From a few samples  only, un t rea ted  seawater  was  also spread on SWA. Since the 
number  of colonies was always very low this method  was abandoned .  However,  wi th  all 
but  3 samples inves t iga ted  the n u m b e r  of CFU was de t e rmined  in  the 2 p re - incuba ted  
sub-samples  just prior to the addi t ion  of 25 x PY. 

After incubat ion,  as m a n y  seeming ly  different colonies (or parts thereof) as possible  
were picked from the plates. Preferent ia l ly  the colonies were selected from SWA 
inoculated with the concentra te  of par t icula te  matter.  Since, however,  often less than  the 
m i n i m u m  n u m b e r  of 30 different colonies could be  found on these plates, for most of the 
water samples  colonies were also p icked  from SWA inocula ted  with mater ia l  of the pre- 
incuba ted  sub-samples .  

The selected microbes were t ransferred into 2 ml SWB/5 and  incuba t ed  for 2 days at 
25 °C. These cultures then  were s t reaked on SWA slants which,  after i ncuba t ion  for 
another 2 days at the same temperature ,  were  stored at 5 °C. 

D e t e c t i o n  of b a c t e r i o p h a g e s  

After our re turn to He lgo land  each series of 9 prepara t ions  p roduced  from the 
phage-enr ichment  cul tures was tested for the presence  of bac ter iophages  with the 
bacteria isolated from the respect ive sample  of seawater .  Two methods  were used, each 
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employing plates with 10 ml of SWA as bottom layer and 2.5 ml of sSWA as top layer, the 
latter seeded  with bacteria.  

At first a common spot test was performed with small amounts of the preparations 
transferred onto the top layers by means of a multi-point inoculator. This test revealed 
bacter iophages  only if they were present  in fairly large numbers. To detect  rare phages, 
another series of experiments was performed employing so-called ring holders. 

The ring holders were produced in the institute 's workshop from Lexan ® sheet 
(3 mm thick) and Makrolon ® rings (8 mm high, 15 mm outer diameter), the latter glued 
into holes dri l led in the sheet. They can be steri l ized by autoclaving (20 min at 121 °C). 

Double- layer  plates  were poured as in the afore-mentioned test. This time, however, 
only those bacteria  were used which had not been  found to be suitable hosts during the 
first test series. In each plate a ring holder  was pressed right through both agar  layers 
thereby forming 9 wells, into which 0.1 ml of the preparat ions was placed.  The plates 
were incubated overnight at 25 °C. After incubation some liquid was withdrawn from the 
wells to be spot-tested on freshly poured top layers seeded  with the respective bacteria.  
This procedure was necessary to obtain clear-cut results which had not been  produced 
with the plates  containing the ring holders. With the ring holders in place or a l ready 
removed, only rarely were unequivocal  indications of lysis observed, whereas with the 
l iquid from many unsuspicious wells strong lyric action was found after re-testing. Each 
lysis-positive spot was removed from the plate and transferred into 2.5 ml of SWB/5 to be 
stored as eluate in the refrigerator. 

I s o l a t i o n  a n d  p u r i f i c a t i o n  of b a c t e r i o p h a g e s  

To isolate the detected phages,  serial dilutions of either the preparations produced 
from sub-samples  or the eluates ment ioned in the last paragraph were used to pour 
double- layer  plates with the respective host bacteria.  Generally,  with each strain of host 
bacter ia  only one representat ive preparat ion or eluate per  sub-sample was titrated. Only 
if the presence of different phages  was indicated by the results of the spot tests described 
above was more than one preparat ion or eluate used. After incubation at 25 °C single 
p laques  were isolated from the plates  and eluted in 1 ml of seawater  each. These eluates 
again  were ti trated with the respective host bacter ia  to produce another generation of 
single plaques. To purify the isolated phages,  this procedure was repeated at least three 
times. 

During the process of isolation and purification, doublets of phages and host 
bacteria  der ived from the same sample of seawater  (intrasample doublets) were elimina- 
ted. The designat ion of bacter iophages  as doublets  was general ly  based on the similarity 
of appearance  of the plaques they produced with a bacterial  host. Concerning host 
bacteria,  doublets  were detected by spot test ing all remaining isolates of bacter iophages 
on top layers seeded with the host bacter ia  isolated from the same seawater  sample. This 
host-phage cross infection test was performed after 3 consecutive isolations of single 
plaques. 

Finally high-ti tre phage  stocks were prepared  by eluting top layers showing approx- 
imately confluent lysis with 10 ml of SWB/5 for 1 h at room temperature,  followed by 
centrifuging the eluates to remove debris  and filtration of the supernatants through 0.15- 
/~m filters as descr ibed above. These cell-free lysates were stored in the refrigerator. 
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T a b l e  1. P h y s i c a l  d a t a  of  m i c r o b i o l o g i c a l  s t a t i o n s  

S t a t i o n  P o s i t i o n  D a t e  T i m e  of s a m p l i n g  T e m p e r a t u r e  (°C) 

no .  L a t i t u d e  L o n g i t u d e  S h i p  G M T  W a t e r  A i r  

454  47°43  , N 06°38  , W F e b r u a r y  15 0 7 : 3 0  = 11.5 3 .0  
4 5 6  44°45  , N 10055 , W 16 0 8 : 2 0  = 14.5 8.0  

458  43°12  , N 14017 , W 17 0 9 : 1 0  = 15.0 13.0 

460  41°21 ' N 18004 , W 18 0 9 :3 0  = 15,0 12.0 

4 6 2  39°39  ' N 21048 , W 19 10 :05  = 15.7 16,0 
464  38000 ' N 24°38  ' W 20 10:35 = 16.2 13,0 

465  37°49  ' N 29o03 ' W 24 0 8 :0 0  + 2 h  16.1 15.0 

469  37058 '  N 33017 ' W 25 0 8 :1 5  + 2 h  16,3 17.0 

471  37°20  ' N 37o21 , W 26 0 8 : 2 0  + 2 h  - -  17.0 

472  36°33  , N 42°23  ' W 27 0 9 : 2 0  + 2 h  17.6 18.5 
474  35°43  ' N 47°05  ' W 28 0 8 :2 0  + 3 h  18.4 18.0 

476  34°52  ' N 51031 , W M a r c h  1 0 8 : 2 0  + 3 h  - -  18,0 

4 7 8  34°01 , N 55019 , W 2 0 9 : 2 0  + 3 h  18,7 17.0 
4 8 0  33°13  ' N 59020 ' W 3 09 :15  + 3 h  19.6 18.0 

484  32°34 ' N 62057 '  W 4 09 :15  + 3 h  20.3 17.0 
4 8 9  31°58 '  .N 65011 ' W 8 0 9 : 3 0  + 4 h  20.2  22 ,0  

492  30o40 , N 62°45  ' W 9 0 9 : 2 0  + 4 h  21,0  21 .0  
497  28°47 ' N 60021 ' W 10 0 9 :3 0  + 4 h  21.0 20 .0  

501 27°07 , N 58o33 ' W 11 07 :35  + 4 h  22.2 22 .0  
504  26006 ' N 58035 ' W 12 0 7 : 2 0  + 4 h  22.3  22 ,0  

5 0 8  26025 , N 58°47  ' W 13 0 7 :3 5  + 4 h  23.5  23 .0  
513  29o37 ' N 58053 ' W 14 0 7 :3 0  + 4 h  20.2 19,0 

518  31°12  ' N 62°01 ' W 15 0 7 : 3 0  + 4 h  21.2 21 .0  
522  31o04 ' N 57018 , W 20 0 8 : 0 5  + 4 h  19.2 17.2 

5 2 6  29°36  ' N 57°05  ' W 21 0 8 :1 5  + 4 h  20.7 18.0 

531 27056 ' N 57°44  ' W 22 08 :05  + 4 h  21.3 17.0 
536  30°00  ' N 58020 ' W 23 0 9 :0 0  + 4 h  21.1 18.0 

541 31°30  ' N 59°40  ' W 24 0 8 :5 5  + 4 h  20,1 19.0 
547 28050 ' N 59°38  ' W 25 0 8 :4 5  + 4 h  21 .8  20 ,0  

554  26°31 ' N 60014 ' W 26 0 8 :5 0  + 4 h  21.8  22 .0  

559  28°30  ' N 61°00  ' W 27 09 :05  + 4 h  20.9  19.5 
564  30o30 ' N 61000 ' W 28 0 8 : 5 0  + 4 h  20.0  19.0 

565  32020 , N 64°38  ' W 31 0 8 :1 5  + 4 h  18.7 19.0 
568  33003 , N 59059 , W A p r i l  1 0 9 :2 0  + 3 h  19.3 19.0 

570  34°01 ' N 55°19  ' W 2 0 9 :3 0  + 3 h  18.5 18.0 

5 7 2  36°03  , N 42°28  , W 5 11 :00  + 2 h  17.7 15.0 
576  36°26  ' N 39°04 , W 6 0 8 : 2 0  + 2 h  17.3 17.0 

581 3 7 ° 0 3  ' N 34°21 ' W 7 08 :25  + 2 h  17.7 17.0 

588  37°46  , N 26°22  , W 9 0 8 : 1 5  + 2 h  16.5 13.0 

5 9 0  37°20  , N 22°02  ' W 12 0 8 : 5 0  = 16.3 13.5 

593  36°51 , N 17°25 , W 13 0 8 :5 0  = 16.6 13.5 
596  36°30  ' N 13o00 , W 14 08 :45  = 16.2 15.5 

598  36°07  , N 08043 , W 15 0 8 :5 0  = 16.6 15.0 

600  36°20  ' N 07°28  ' W 16 0 8 :4 5  = 17.1 13.5 

601 41°35  , N 10°20 ' W 21 0 8 :0 0  - - l h  14.6 12.0 
602  43°37  , N 09o34 , W 21 2 0 :0 0  - l h  13.7 14.0 

603  44°47  ' N 08050 ' W 22 0 8 :0 0  - l h  13.9 13.0 

605  47°32  ' N 06°17  , W 23 0 8 : 0 0  - - l h  12.8 13.0 
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RESULTS 

Seawater  s amples  were  co l lec ted  at the  48 s ta t ions  shown in F igure  1. A dd i t i ona l  
information is c o m p i l e d  in Tab le  1. The  d e p t h  at  the  s a m p l i n g  s i tes  was  b e t w e e n  severa l  
hundred  and  severa l  thousand  met res  wi th  the  fo l lowing  except ion :  120 m and  144 m at 
Station nos. 454 and  605, r e spec t ive ly  (Bay of Biscay), 60 m at S ta t ion  no. 489 (Plan- 
tagenet  Bank, southwes t  of Bermuda)  and  12 m at Sta t ion no. 565 (about  800 m off St. 
George 's ,  Bermuda).  

For the  bac te r i a  the  ma in  pu rpose  of the  e x p e r i m e n t s  pe r fo rmed  was  to i so la te  a 
r easonab ly  la rge  n u m b e r  of di f ferent  bac te r i a l  s t ra ins  bu t  not  neces sa r i l y  to col lec t  exac t  
da ta  on the bac te r i a l  content  of the  s e a w a t e r  samples .  Therefore ,  only  rough  es t ima tes  of 
the numbers  of CFU were  ob t a ined  (Table  2). T h e y  are  b a s e d  on the  n u m b e r s  of 
CFU ml 1 found wi th  the suspens ions  of concen t r a t ed  pa r t i cu la t e  ma te r i a l  and  the 
es t ima ted  numbers  of colonies  g rown  on the  fi l ters u sed  in the  concen t ra t ion  procedure ,  
t ak ing  into account  the respec t ive  concen t ra t ion  factor. Tab le  2 also p resen ts  the  num- 
bers  of CFU ml "~ d e t e r m i n e d  for s u b - s a m p l e s  p r e - i n c u b a t e d  wi thout  o rgan ic  nut r ien ts  
added .  In most cases  the resul ts  ob t a ined  wi th  r e l a t ed  s u b - s a m p l e s  after  24 h of pre-  
incubat ion  ag ree  fair ly well .  Mos t ly  they  are  also r ea sonab ly  co r re l a t ed  wi th  the  rough  
es t imates  of CFU presen t  in the  s e a w a t e r  at col lec t ion  t ime,  e spec i a l l y  w h e n  these  are  
very low. Therefore,  it  is s u p p o s e d  that  the  rough  es t ima tes  of the  CFU content  of the  
samples  p r e sen t ed  in Tab le  2 are  not  unrea l i s t ic .  However ,  t hey  m a y  be  s o m e w h a t  too 
tow since Nuc lepore  ® fi l ters of 0.2-~m pore  s ize do not  r e ta in  a l l  bac ter ia .  

At the end  of the  cruise  1382 mic rob ia l  i s la tes  h a d  b e e n  col lec ted ,  451 of wh ich  d id  
not survive unt i l  t hey  could  be  used  to de tec t  b a c t e r i o p h a g e s  in the  p r e pa ra t i ons  m a d e  
from p h a g e - e n r i c h m e n t  cultures.  A m o n g  the  r e m a i n i n g  931 isolates ,  213 were  found to 
be  su i tab le  hosts for bac t e r i ophages ,  i nc lud ing  36 double ts .  

The d is t r ibut ion  of host  bac te r i a  a m o n g  al l  mic rob ia l  s t ra ins  i so la ted  from the 48 
seawa te r  s amples  is shown in F igure  2. Wi th  70 % of the  hosts,  b a c t e r i o p h a g e s  were  
de tec ted  dur ing  the first test  ser ies  e m p l o y i n g  the mul t i -po in t  inocula tor  (squares  in  Fig.  
2), whereas  wi th  the r e m a i n i n g  host  bac t e r i a  (circles in Fig. 2) p h a g e s  could  be  found 
only in the  second,  more  sensi t ive  test  ser ies  us ing  the  r ing  holders .  As r e v e a l e d  du r ing  
the isola t ion procedure ,  b a c t e r i o p h a g e s  d e t e c t e d  by  m e a n s  of the  mul t i -po in t  inocu la to r  
were  p resen t  in the  p repa ra t i ons  at  number s  r ang ing  from abou t  10 m1-1 to 5 × 10 ~ ml 1. 

With  40 % of the  host  bac ter ia ,  b a c t e r i o p h a g e s  were  found in p r epa ra t i ons  of a l l  3 
re la ted  sub-samples ,  w h e r e a s  wi th  about  35 % of the  hosts, b a c t e r i o p h a g e s  were  
de t ec t ed  in p repa ra t ions  of only  one of the  3 sub - samples .  Tab le  3 p resen t s  these  
f indings  in deta i l .  In Tab le  4 the  number s  of host  bac t e r i a  are  g iven  wi th  wh ich  
bac t e r i ophages  wou ld  have  b e e n  found wi th  1, 2 or 3 s u b - s a m p l e s  on the  one h a n d  and,  
on the other  hand,  if p r epa ra t i ons  wou ld  have  b e e n  p r o d u c e d  only  after  1, 2, I and  2, or 2 
and 3 days  of incuba t ion  after  nu t r ien t  en r i chmen t  of the  sub - samples .  

Gene ra l ly  the  same type  (or types)  of b a c t e r i o p h a g e  was  found  in the  p repa ra t i ons  
made  success ive ly  from a sub- sample .  (Often, however ,  p h a g e s  were  de t ec t ed  wi th  only  
one p repa ra t ion  of a sub-sample . )  Most ly  this  also holds  t rue  in r e g a r d  to the  p r e p a r a -  
tions de r ived  from the 3 r e l a t ed  sub-samples ,  but  it  was  not  u n c o m m o n  to de tec t  d i f ferent  
phages  from re la t ed  subsamples  wi th  the  same  bac te r i a l  host. In sum, more  than  250 
strains of b a c t e r i o p h a g e s  were  i so la ted  and  pur i f ied,  i n c l u d i n g  some mutan t s  s e l ec t ed  
dur ing  the process  of pur i f icat ion.  
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Fig. 2. Mic rob ia l  i so la t e s  as  co l l ec t ed  f rom 48 At l an t i c  O c e a n  w a t e r  s a m p l e s ,  P l a in  a reas :  i so la tes  
d e r i v e d  f rom c o n c e n t r a t e  of p a r t i c u l a t e  ma t t e r ;  d a s h e d  a reas :  i so la tes  o b t a i n e d  f rom p r e - i n c u b a t e d  
s u b - s a m p l e s ;  b a r s  i n d i c a t e  lost  i so la tes ;  • + [] : h o s t  bac t e r i a  f o u n d  d u r i n g  p h a g e - d e t e c t i o n  tes t s  
e m p l o y i n g  m u l t i - p o i n t  inocu la to r ;  • + © : h o s t  b a c t e r i a  d e t e c t e d  in  t e s t s  u s i n g  ring ho lde r s ;  o p e n  

s y m b o l s :  bac t e r i a l  d o u b l e t s  a m o n g  i so la tes  of r e s p e c t i v e  s a m p l e  
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Table 3. Numbers  of host bacter ia  isolated from 48 oceanic  water  samples  in re la t ion to the 
detection of bac te r iophages  from 3 re la ted sub-samples  per  sample  by  two phage-de tec t ion  

procedures  

Host bacter ia  indica t ing  the presence  of 
In sub-samples  bac te r iophages  in test  series employing  Sum 

mult i -point  inoculator  r ing holders  

1 to 3 71 (48.0 %) 15 (23,1%) 86 (40.4 %) 
1 only 18 (12.2 %) 16 (24,6 %) 34 (16.0 %) 
1 + 2 17 (11.5%} 7 (10.8 %) 24 {11.3%) 
1 + 3 7 (4.7 %) 6 (9.2 %) 13 (6.1%) 
2 only 8 (5.4 %) 5 (7.7 %) 13 (6.1%) 
2 + 3 10 (6.7 %) 5 (7.7 %) 15 (7.0 %) 
3 only 17 (11.5 %) 11 (16.9 %) 28 (13.1%) 

148 (100 %) 65 (100 %) 213 (100 %) 

Table 4. Numbers  of host bacter ia  isolated from 48 oceanic  water  samples  in  re la t ion to the  
detect ion of bac ter iophages  wi th  prepara t ions  der ived from re la ted  sub-samples .  Their  d e p e n d e n c e  
upon n u m b e r  of sub-samples  per  sample  and  schedule  of prepara t ion  production.  213 host bacter ia  

= 100 % 

Sub-samples  
incubated  

(days) 

Host bacter ia  indica t ing  the presence  of bac te r iophages  
in preparat ions  made  from 

Sub-sample  1 only Sub-samples  1 and  2 Sub-samples  1 to 3 

1 90 (42.3 %) 123 (57.8 %) 149 (70.0 %) 
2 144 (67.6 %) 168 (78,9 %) 194 (91.1%) 

1 + 2 149 (70.0 %) 175 (82.2 %) 202 (94.9 %) 
2 + 3 152 (71.4 %) 179 (84.0 %) 206 (96.7 %) 

Table 5. Numbers  of collected and  lost microbial  isolates in re la t ion to source and  p igment  
product ion 

Source 
Microbial  Coloured Microbial  Coloured 

isolates isolates isolates isolates 
collected collected lost lost 

Particulate mat ter  con- 1083 276 3 i0  114 
centrate of sea water  (100 %) (100 %) (28.6 %) (41.4 %) 

Pre- incubated sub- 299 93 141 80 
samples 2 and  3 (100 %) (100 %) (47.2 %) (86.0 %) 

F ina l ly ,  t h e  loss  of a v e r y  g r e a t  n u m b e r  of m i c r o b i a l  i s o l a t e s  s h o u l d  b e  c o n s i d e r e d ,  

W h e n  t h e  i s o l a t e s  w e r e  i n c u b a t e d  i n  2 m l  of S W B / 5  e a c h ,  p o o r  g r o w t h  w a s  o b s e r v e d  i n  

s o m e  cases .  T h e  s a m e  w a s  f o u n d  w i t h  s e v e r a l  i s o l a t e s  w h e n  i n c u b a t e d  o n  S W A  s l an t s .  

La t e r  on, m a n y  s t r a i n s  c e a s e d  to g r o w  d u r i n g  c o n s e c u t i v e  c u l t i v a t i o n s .  S u c h  o b s e r v a t i o n s  

a r e  a l so  n o t  u n u s u a l  w i t h  b a c t e r i a  f r o m  t h e  N o r t h  Sea .  H o w e v e r ,  w i t h  t h e  r e m a i n i n g  
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i so la tes  the  pe r iod  of t ime  they  r e m a i n  v i ta l  on SWA slants,  wh ich  is obv ious ly  i ndepen -  
den t  of the i r  ab i l i t y  to g row on this  med ium,  g e n e r a l l y  seems  to b e  shor ter  than  that  
obse rved  wi th  the  major i ty  of bac t e r i a  i so la ted  from Nor th  Sea  water ,  

The  source  of the  i so la tes  and  the i r  ab i l i t y  to form p i g m e n t s  were  obse rved  to affect 
survival .  The  da ta  p r e s e n t e d  in Tab le  5 show that  the  por t ion  of lost microb ia l  s t rains  
de r i ved  from p r e - i n c u b a t e d  s u b - s a m p l e s  was  abou t  twice  that  of i sola tes  p i c k e d  from 
SWA inocu la t ed  soon af ter  co l lec t ion  of the  s e a w a t e r  samples .  From both sources 
d i sp ropo r t i ona t e ly  l a rge  n u m b e r s  of co loured  i so la tes  we re  lost. 

DISCUSSION 

ZoBell  (1946, p. 83) wrote:  "Since  b a c t e r i o p h a g e  is g e n e r a l l y  found assoc ia ted  wi th  
l a rge  n u m b e r s  of r ap id ly  m u l t i p l y i n g  bac te r ia ,  it  is ve ry  doubt fu l  if the  sparse  bac te r ia l  
popu l a t i on  charac te r i s t i c  of the  open  ocean  is conduc ive  to the  d e v e l o p m e n t  or act ivi ty  of 
b a c t e r i o p h a g e . "  S ince  then,  the  occur rence  of b a c t e r i o p h a g e s  in ocean  wa te r  has  been  
d o c u m e n t e d  only twice.  H i d a k a  (1977) r epo r t ed  the  i so la t ion  of b a c t e r i o p h a g e s  from 
s a m p l e s  co l l ec ted  in the  sou thwes te rn  par t  of the  Pacific O c e a n  from dep ths  b e t w e e n  1 
a n d  200 m. A m o n g  576 bac t e r i a l  s t ra ins  72 we re  found to be  phage - sens i t ive ,  and  the 72 
b a c t e r i o p h a g e s  i so l a t ed  wi th  these  hosts  cou ld  be  a s c r i b e d  to 7 groups  accord ing  to thei r  
host  r ange .  Johnson  & S iebur th  (1978) o b s e r v e d  b a c t e r i o p h a g e  par t i c les  by  t ransmiss ion  
e lec t ron  mic roscopy  in p r e p a r a t i o n s  o b t a i n e d  b y  concen t ra t ing  open  ocean  wa te r  2-5000 
t imes.  

C h a i n a  (1965) i so la ted  629 bac t e r i a l  s t rains  from Ind i an  O c e a n  wa te r  and  sediment ;  
10 of these  we re  suscep t ib l e  to bac t e r i ophages ,  but  the i r  ac tua l  source was  not given.  

This  scarci ty  of informat ion,  at l eas t  in part ,  s eems  to be  due  to a ge ne ra l  l ack  of 
in te res t  in m a r i n e  b a c t e r i o p h a g e s  as d o c u m e n t e d  by  the  smal l  overa l l  n u m b e r  of 
pub l i ca t ions  d e a l i n g  wi th  these  v i ruses  du r ing  the  last  3 decades .  A d m i t t e d l y  the 
r a reness  of p h a g e  par t i c les  in typ ica l  ma r ine  env i ronmen t s  poses  t echn ica l  p rob lems  
wh ich  some t imes  can  be  overcome on ly  by  cons ide r a b l e  effort as  d e m o n s t r a t e d  by  the 
p re sen t  paper .  However ,  the  occur rence  of m a r i n e  b a c t e r i o p h a g e s  ind ica tes  that  these  
v i ruses  a re  an  in t eg ra l  pa r t  of the i r  env i ronmen t  and,  therefore ,  shou ld  not  be  neg lec ted .  

The  m e t h o d  r epo r t ed  in th is  p a p e r  is spec i f i ca l ly  a d a p t e d  to the  n e e d s  and  l imi ta-  
t ions a b o a r d  ship  d u r i n g  l o n g - r a n g e  cruises  as we l l  as  to the  inves t iga t ion  of s eawa te r  
con ta in ing  e x t r e m e l y  low number s  of bac t e r i a  wh ich  can  be  grown on p resen t ly  k n o w n  
media .  Obv ious ly  it can  be  s imp l i f i ed  to some degree .  Accord ing  to the observa t ions  
c o m p i l e d  in Tab le  4, at  leas t  the  p r epa ra t i ons  p r o d u c e d  from the p h a g e - e n r i c h m e n t  
cu l tures  af ter  1 day  of i ncuba t ion  could  be  omi t t ed  s ince  only about  4 % of the host  
bac t e r i a  w o u l d  have  b e e n  mis sed  p r o v i d e d  that  from 3 s u b - s a m p l e s  p repa ra t ions  were  
m a d e  af ter  2 a n d  3 days  of incuba t ion .  The  use  of seve ra l  s u b - s a m p l e s  is wi thout  doubt  
p r e f e r ab l e  to that  of on ly  one sample .  

As  can  b e  s een  in  F igure  2, m a n y  more  host  bac t e r i a  we re  found a m o n g  the  i sola tes  
o b t a i n e d  from s e a w a t e r  s a m p l e s  co l l ec t ed  at  s ta t ions  eas t  of the  Azores  (Stat ion nos. 454 
to 462 and  590 to 605) than  from s a m p l e s  t a k e n  at  s ta t ions  wes t  of this  a rch ipe lago ,  
a l t hough  a p p r o x i m a t e l y  the  same  n u m b e r  of i so la tes  pe r  s ta t ion was  o b t a i n e d  in both  
regions .  The  ac tua l  number s  of p h a g e - s e n s i t i v e  i sola tes  are  115 for the  14 eas te rn  
s ta t ions  versus  98 for the  34 wes t e rn  stat ions.  This co inc ides  wi th  a d i f ference  in the  
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densi t ies  of bac te r i a l  popu la t ions  o b s e r v e d  wi th  s e a w a t e r  s a m p l e s  co l l ec ted  eas t  and  
wes t  of the  Azores  {Table 2), the  first ones  g e n e r a l l y  cha rac t e r i zed  by  h i g h e r  concent ra -  
tions of CFU. As c o m p i l e d  from the  f ind ings  o b t a i n e d  dur ing  the p h a g e - d e t e c t i o n  tests,  
bac te r iophages  were  found from S u b - s a m p l e s  2 and /o r  3 a lone  wi th  on ly  20 ( =  17.4 %) 
among 115 "eas te rn"  host  bac t e r i a  bu t  wi th  36 (-- 37 %) a m o n g  the  98 "wes t e rn"  hosts.  
This ind ica tes  that  the  use  of seve ra l  s u b - s a m p l e s  is more  a d v a n t a g e o u s  the  poore r  the  
bacter ia l  popu la t ion  of a s e a w a t e r  sample .  

It is unknown,  however ,  to wha t  ex ten t  p r e - i n c u b a t i o n  of s u b - s a m p l e s  wi thou t  
organic  nut r ien ts  a d d e d  is bene f i c i a l  as c o m p a r e d  wi th  the  use  of the  s ame  n u m b e r  of 
sub - samples  al l  en r i ched  at  zero t ime.  The  e m p l o y m e n t  of p r e - i n c u b a t i o n  is b a s e d  on the 
assumpt ion  that  e x t r e m e l y  spa rse  bac t e r i a l  popu la t ions  m a y  de ve lop  wi th  tess d is tur -  
bance  of thei r  spec ies  composi t ion ,  at leas t  for some t ime,  in s a m p l e s  wi th  d e l a y e d  
nutr ient  add i t i on  than  in s amples  en r i ched  at  once,  t he r e by  r e d u c i n g  the p r o b a b i l i t y  of 
some m e m b e r s  of a popu l a t i on  b e i n g  ou t -g rown  by  others.  As a ma t t e r  of fact, in  seve ra l  
cases  different  b a c t e r i o p h a g e s  were  found  wi th  the  same  bac te r i a l  host  from the pre-  
i ncuba ted  s u b - s a m p l e s  on the  one h a n d  and  the  r e l a t e d  S u b - s a m p l e  1 on the  other.  
Fur thermore ,  wi th  56 hosts b a c t e r i o p h a g e s  we re  found only  in p r e pa ra t i ons  m a d e  from 
Sub-samples  2 and /o r  3, and  wi th  27 add i t i ona l  bac te r i a l  hosts, p h a g e s  were  de t ec t ed  
from more  p repa ra t ions  p r o d u c e d  from these  s u b - s a m p l e s  than  from S u b - s a m p l e  1. 
Final ly ,  wi th  only 34 out of 213 i so la ted  host  bac te r ia ,  b a c t e r i o p h a g e s  were  d e t e c t e d  only 
from Sub - samp le  1. Never the less ,  s imi la r  resul ts  migh t  have  b e e n  o b t a i n e d  if a l l  3 sub-  
samples  had  b e e n  en r i ched  wi th  nut r ien ts  at  zero t ime.  

As can  be  seen  from Tab le  3, cons ide r ab l e  d i f fe rences  were  o b s e r v e d  in r e g a r d  to 
the eff iciency of the  me thods  used  for p h a g e  detec t ion .  They  b e c o m e  more  s t r ik ing  if the  
geog raph ic  or ig in  of the  s eawa te r  s amp le s  is t a k e n  into account .  Wi th  21 ( =  18 %) of the  
115 "eas te rn"  hosts  (see above)  versus  44 ( =  45 %) of the  98 "western" host  bac te r ia ,  
bac t e r i ophages  could  only  be  found  by  the more  sens i t ive  de tec t ion  p r o c e d u r e  e mp loy -  
ing  the  r ing  holders .  From these  observa t ions  it must  be  c o n c l u d e d  that  wi th  the  wes te rn  
seawate r  samples ,  which  con ta ined  poorer  bac te r i a l  popu la t ions  than  the  eas t e rn  ones  
(Table 2), b a c t e r i o p h a g e s  were  en r i ched  on the ave r a ge  to a l esser  d e g r e e  than  wi th  the  
eas te rn  samples .  Therefore ,  not  only  the  use  of seve ra l  s u b - s a m p l e s  bu t  a lso  the  
em p loymen t  of more  sens i t ive  p h a g e - d e t e c t i o n  p rocedure s  is more  a d v a n t a g e o u s  the  
poorer  the  bac te r ia l  content  of the  s e a w a t e r  inves t iga ted .  

The p h a g e - d e t e c t i o n  me thod  e m p l o y i n g  the  r ing  ho lders  was  o r ig ina l ly  d e v e l o p e d  
for the use  aboa rd  ship w h e r e  usua l  spot  tests,  e. g. the  app l i ca t i on  of severa l  drops  p e r  
p la te  by  loops,  we re  found to b e  u n r e l i a b l e  b e c a u s e  drops  w o u l d  f low toge the r  before  
be ing  abso rbed  by  the  agar.  Since,  however ,  the  test  t akes  more  t ime than  was  ava i l ab l e  
dur ing  the cruise,  it  was  used  only  af ter  return.  A l though  t ime consuming ,  it  is p r e f e r ab l e  
to other  methods  of compa rab l e  sens i t iv i ty  b e c a u s e  it r educes  the d e m a n d  for e q u i p m e n t  
(such as hundreds  of tubes  which  wou ld  requ i re  c leaning) ,  n e e d s  only  smal l  amoun t s  of 
expens ive  media ,  and,  in  the  long  run, saves  t ime.  
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