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KURZFASSUNG: Faktoren, welche das Oberleben yon Testbakterien in Meerwasser beein- 
flussen: Meeresbakterien, Testbakterien und feste Oberfl~ichen. Der Einflut~ der vorstehend 
genannten Faktoren wurde auf die I~berlebensf~ihigkeit yon Escherichia coli, Staphylococcus 
aureus und Serratia marinorubra in Meerwasser untersucht. Aktlvit~iten mariner Bakterien 
fiihrten nicht genereli zu verst~irkter antibakterieller Wirkung rohen Meerwassers. H~iufig 
waren sie fiir das l~berleben yon E. coli und S. aureus fSrderlich. Inaktivierte Zellen yon 
E. coli und S. aureus erhShten die bakterizide Wirkung rohen und filtersterilisierten Meerwas- 
sers gegeniiber sekund~r inokulierten, gteichardgen Testbakterien, w~ihrend sic die inaktivie- 
rende Potenz autoklavierten Meerwassers verminderten. Dutch erhShtes Angebot an Glasober- 
fliicheJVolumeneinheit, welches die adsorptive Anreicherung organischer Substanzen verst~rkt, 
wurde die Inaktivation von E. coli und S. aureus meistens beschleunigt, wlihrend sleh diejenige 
von S. marinorubra um so st~irker verminderte, je grSger das Verh~iltnis Oberfl~iche/Volumen 
war. Raschere AbtStung yon E. coil und S. aureus in Sterilfiltraten als in rohem Meerwasser 
trat bei erhShtem Oberfliiche/Volumen-Verh~lmis h~iufiger auf als unter Standardbedingun- 
gen. Aus den Ergebnissen wird geschlossen, dag die wiihrend der Versuche eintretenden Ver- 
~inderungen des N~ihrstoffangebotes, hervorgerufen durch N~hrstoffverbrauch sowie durch 
Lysis inaktivierter Testbakterien, beziiglich der bakteriziden Wirkung yon Meerwasser generell 
von grSt~erer Bedeutung sind als bakterizide Stoffwechselprodukte mariner Bakterien. 

I N T R O D U C T I O N  

Since DI~ GIAXA'S (1889) investigation, marine bacteria are known to play an 
important role in regard to the inactivation of non-marine bacteria in sea water under 
laboratory conditions. Generally, negative effects of indigenous bacteria on the survival 
of test bacteria were observed. For example, it was reported by KeTCHU= et al. (1949) 
that second inocula of Escherichia coli in raw sea water were more rapidly inactivated 
than first ones. At  least in part, this must be attributed to activities of marine bacteria 
exhibited during incubation of first inocula. These activities are thought mainly to be 
restricted to competitive food consumption and to excretion of harmful metabolic 
by-products (VAcca•o et al. 1950). Consumption of nutrients, in any case, takes place 
during growth of marine bacteria. Changes in the natural nutrient concentration of sea 
water, caused by bacterial activities, probably affect to a considerable degree the 
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ability of test bacteria to survice (Morl3us 1972b). Therefore, it is very difficult to 
assess the extent to which competitive food consumption alone or in combination with 
inimical compound release is responsible for test bacterial kill, unless the presence of 
harmful matter - and also its activity - can be established otherwise (e. g. by agar-well 
tests). 

Competition for nutrients between marine and test bacteria has received critical 
attention by CARLtJCCI & PRAlVI~R (i960) and Mo~Bus (I972a, b). However, results 
were obtained from sea water enriched with unnaturally high concentrations of organic 
matter, or they refer to Serratia marinorubra (Mo~Bus 1972a) which was isolated from 
the sea by ZoB~I.L & UvI~AM (1944). Although this strain has been maintained on 
nutrient-rich media for many years it still reveals potencies which distinguish it from 
strictly non-marine bacteria. Therefore, the observations made are of limited value 
with respect to competition for nutrients occurring between marine and non-marine 
bacteria at food levels normally present in sea water. 

Isolation of marine bacteria capable of producing antibiotic-like substances has 
been reported by ROSENFELD & ZO]~ELL (1947), GREIN & MEYERS (1958), KRASlL- 
NI~:OVA (1961), BAAM et al. (1966), GAtrTnI~R (1969) and others. Production of in- 
hibitory matter was found to depend on the media used; it was most effective in the 
presence of high nutrient concentrations. Furthermore, the studies were performed 
with pure cultures of marine bacteria. Our present knowledge on synthesis of harmful 
compounds by natural populations of marine bacteria in unsupplemented sea water 
is rather speculative. 

Growth of marine bacteria in unsupplemented sea water under laboratory con- 
ditions tends to increase as a function of solid surface area available per unit water 
volume (ZoBELL & ANDEI~SON 1936). This growth-promoting effect is assumed to be 
due to adsorptive concentration of organic nutrients on solid surfaces. This assumption 
of ZoBELL & ANDERSON was later confirmed by STARK et al. (1938) and ZoBELL 
(1943). The growth-promoting effect of solid surfaces at limiting nutrient concentra- 
tions was also observed in Escherichia coli by HEU~rL~XIA~ & HE~L~R (1940). In 
regard to the influence of solid surfaces on the inactivation of test bacteria in sea water 
no information is available from the literature. 

Examination of solid surface effects on marine bacterial growth and test bacterial 
kill, as well as experiments with repeatedly inoculated sea water, are hoped to provide 
a clue for acquiring insights into the mechanism(s) by which marine bacteria affect the 
survival of test bacteria in sea water. 

MATERIALS AND METHODS 

Fundamental aspects of the materials and methods used during this investigation 
have been described by MoE~us (1972a, b). Sea water was always sampled at station 
"Kabeltonne" in the channel between Helgoland and its adjacent dune (Southern 
North Sea). In order to obtain different surface/volume ratios, two methods were 
employed: (1) Sea water samples of 26 ml in culture flasks (5 cm in diameter, 200 ml 
in volume), or of 10 ml in culture tubes (18 mm in diameter), were used; in the tubes, 
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the surface/volume ratio was about 1.75 times greater than in the flasks. (2) Paratlel 
26 ml-sea water samples were tested in culture flasks, one of which contained 30 pieces 
of gIass tubing (1 cm in length, 6/4 mm in outer/inner diameter); glass tubing increased 
the surface/volume ratio by the factor 3.56. In general, results are presented as 
log (Nx-No) values, where N is the number of colony-forming bacteria/ml established 
aider 0 and x days of incubation at 25 ° C in the dark, respectively. Additional infor- 
mation is provided in the section "Results". 

RESULTS 

A series of experiments was conducted with 100 mI-samples of differently treated 
sea water, filled into 300 ml-Erlenmeyer flasks and inoculated several times to about 
107 cells/ml of test bacteria. Figure 1 presents inactivation curves established from raw 
sea water (rsw) for 6 successive inocula of Escherichia coli, Staphylococcus aureus and 
Serratia rnarinorubra (sections A, B and C, respectively). With ea& test strain, the 
most striking differences between the individual inactivation curves were found for 
inocula 1 to 4. 

Inactivation of the second inocula of Escherichia coli and Serratia marinorubra 
was, within the first 2 days of incubation, faster than that of first ones. Aider 4 days, 
however, for both test strains nearly identical portions of survivors were found from 
both inocula. Regarding S. rnarinorubra, the same holds true for the third inoculum. 
Contrasting findings were obtained for Staphylococcus aureus during this experiment. 
In comparison with the first inoculum, inactivation of the second one was greatly 
delayed. (Since this result was not expected, platings were performed from insuffi- 
ciently diluted suspensions after 2 days of incubation. Therefore, the number of 
colonies/agar plate was too great to be accurately countable, and no exact log [N~No] 
value could be determined as indicated by the broken line in Figure i.) During in- 
cubation of the second S. aureus inocutum, however, conditions were attained which 
caused rapid kill of the third one at a rate nearly constant throughout its incubation 
as was observed for the second inoculum of E. coll. 

The number of marine bacteria/ml during this experiment (Fig. 1), after initial 
increase, remained fairly constant. During long-term incubation of rsw - whether non- 
inoculated, or inoculated once with test bacteria - initial increase of bacterial number/ 
ml is usually followed by a pronounced decrease. The latter failed to occur during the 
present experiment. Formation of marine bacterial colonies on 2216E-agar is hindered 
to some extent by Serratia marinorubra as long as the number of viable cells/ml of this 
strain considerably exceeds that of marine bacteria. Therefore, the reduced marine 
bacterial number/ml, sometimes established after one day of incubation of successive 
inocula of S. marinorubra in rsw, is assumed to be due to repression of colony for- 
mation but not due to a real decrease in bacterial titer. (The same holds true for some 
findings presented in Table 1.) Note: To determine the number of marine bacteria/ml 
present at the end of each incubation period platings were performed prior to re- 
inoculation. 
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Fig. 1: Escherichia coli, Staphylococcus aureus, and Serratia rnarinorubra (sections A, B, C). 
Inactivation curves established for 6 successive inocula of test bacteria (O)  during incubation 
in raw sea water at 25 ° C in the dark. Samples of initially 100 ml were inoculated to about 

107 cells/ml of test bacteria. • : Colony-forming marine bacteria 
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The dominant role of harmful marine bacterial excretes in causing variations in 
antibacterial activity of rsw during tests is questioned by the results obtained for 
inocula 1 to 3 incubated in this medium (Fig. 1). The doubts are supported by ob- 
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Fig. 2: Escherichia coli and Staphylococcus aureus (sections A and B). Inactivation curves for 
3 successive inocula of test bacteria incubated in fitter-sterilized (Q) and in autoclaved (O) 

sea water. (Other data as in legend to Fig. 1) 

servations made from filter-sterilized sea water (fsw) during the same experiment. As 
can be seen from Figure 2 (sections A and B refer to Escherichia coli and Staphy- 
lococcus aureus, respectively), increased bactericidal activity of fsw occurred aEer 
inactivation of first as well as of second inocula of these test strains. Such response 
must be due to effects exerted by the test bacteria themselves, 
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Table 1 

Ant ibac te r i a l  ac t iv i ty  of r aw  sea wa te r  as influenced by  presence or absence of  test  bacter ia  
dur ing  pre- incubat ion  at  25 ° C in the da rk ;  log (Nx-No)  values.  I ta l ics :  co lony- forming  marine  

bacter ia  (5,2 × 10=/mt at  beginning of experiment)  

Per iod  of 
incubat ion 

(days) 

(A) Pre- incubat ion  of  35 ml-samples  

Samples inocula ted  wi th  Para l l e l  samples not  inocula ted  
S. mari- 

E. coli S. aureus norubra I I I  I I I  

I 

1.56 - -  1.76 - -  1.70 2.39 2.09 2.30 
2.51 2,53 2.54 
2.17 - -  1.16 - -  1.13 2.78 2.49 2.77 
2.76 2.87 2.93 
5.37 - -  4,34 - -  2.76 2,81 2.58 2,82 
2.88 2,96 3.04 

(B) Second inocula  

Per iod  of 
incubat ion 

(days) 

of  test bacter ia  dur ing  incubat ion  of  25 ml-subsamples in flasks or 
7 ml-subsamples  in tubes 

Subsamples re- inoculated wi th  
E. coil S. aureus S. marinorubra 

25 ml 7 ml 25 ml 7 mI 25 ml 7 mt 

1 - -  1,05 - - 2 , 3 5  - - 2 . 2 1  - - 3 . 9 9  - - 2 . 4 7  - -  1.49 
2,70 2,60 2,90 2.90 3.27 3,19 

2 - -  5.00 ~ 6  - - 5 , 8 3  - -5 .0 '5  - - 4 . 5 2  - - 4 . 5 6  
2.82 2.84 2,90 2.79 3.22 3.I4 

3 ~ 6 - -  - -  5,76 - -  6.70 - -  4.67 - -  5.84 
3.19 2.93 3,19 2.74 3.18 2.94 

(C) 7 ml-subsamples of r aw  sea wa te r  pre- incubated  wi thou t  test bacter ia  

Per iod of Subsamples inocula ted  wi th  Subsamples der ived 
incubat ion E. coli S. aureus S, mari- f rom pre- incubated  

(days) norubra sample 

1 - -  1.69 - -  1.01 - -  1.35 
2.56 3.00 2,43 

2 - -  2.43 - -  4.25 - -  5.80 I 
2.98 3,06 3.20 

3 - -  4.12 - -  6.90 ~ 6 
3.03 3.29 3.32 

1 - -  1.79 - -  2.10 - -  1.80 
2.26 3.05 1.89 

2 - -  2.12 - -  3.36 - -  2,51 I I  
2.71 3.22 2,64 

3 L 6 - -  5.83 - -  5.93 
2.31 3.13 2.86 

i - -  1.81 - -  1.09 - -  1.65 
2.9i 3.19 2.87 

2 - -  2.77 - -  4.87 ~--/ 4.2 I I I  
2.99 3.12 3.29 

3 - -  6.80 - -  5.74 1 / 6  
2.89 3.18 3.21 
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In contrast to the observations made from fsw, the bactericidal capacity of auto- 
claved sea water (asw) gradually decreased in correlation to increasing number of 
inactivated cells of Escherichia coli and Staphylococcus aureus, respectively. The results 
are also shown in Figure 2. Findings obtained for Serratia marinorubra are not pre- 
sented since inactivation of this test strain was very weak in both media. After 26 days 
of incubation (of first inocula) the log (Nx-No) values established from f sw and asw 

were - -  3.61 and - -  2.26, respectively. 
Several observations support the assumption that the antibacterial activity of 

rsw likewise is influenced by (killed) test bacteria. This is demonstrated by results 
summarized in Table 1. The experiment was performed as follows: Samples of 35 ml 
rsw (in culture flasks) were inoculated with test bacteria to about 107 cells/ml or 
remained not inoculated (3 parallels). After 4 days of incubation the initially in- 
oculated samples received test bacteria a second time. Thereupon, these samples were 
derided in two portions of 25 ml and 7 ml whi& were filled into culture flasks or 
culture tubes. Of the 3 samples remaining uninoculated for the first incubation period, 
3 subsamples of 6.7 ml each were dispensed into culture tubes. Afterwards, each series 
of these subsamples was inoculated with Escherichla coli, Staphylococcus aureus and 
Serratia marinorubra, respectively, to final volumes of 7 ml. The initial titer of test 
bacteria was always about 107 celIs/mI. 

The inactivation of first inocula (part A of Table 1) was rather weak until 3 days 
of incubation. (At the same time considerably stronger kill in f sw than in rsw was 
found with Escherichia coli and Staphylococcus aureus. The log (N~-No) values 
established from f sw were --4.05 and about --6.3,  respectively.) The kill of second 
inocula in rsw (part B of Table l) greatly exceeded that of first ones. The most striking 
findings of this experiment, however, concern inactivation observed from 7 ml-samples 
of rsw pre-incubated without test bacteria (part C of Table 1). Within the first 2 days 
of incubation, inactivation of E. coli and S. aureus in subsamples of this type was 
considerably weaker than in 7 ml-subsamples of rsw inoculated a second time. This 
appears by comparison of respective log (Nx-No) values presented in parts C and B 
of Table 1. If bactericidal matter was produced by marine bacteria, rsw pre-incubated 
without test bacteria should have been active similar to rsw inoculated a second time. 
This was established for Serratla rnarinorubra only. Therefore, it is assumed that the 
stronger anticoli and anti-staphylococcal activity of rsw, inoculated with respective 
test bacteria prior to the first incubation period, essentially is attributable to effects 
of these test strains themselves. 

Further experiments were performed with differently sterilized samples prepared 
from rsw pre-incubated with test bacteria. In sterile filtrates the inactivation of test 
bacteria was the same as - or stronger, or weaker than - established during preceeding 
incubation in rsw. The findings were in no case strictly conclusive in regard to pre- 
dominant effects of harmful metabolic by-products of marine bacteria. This is dem- 
onstrated by results compiled in Table 2. Samples of 150 ml rsw (in 300 ml-Erienmeyer 
flasks) were inoculated to about 107 cells/ml of test bacteria. After 4 days of incubation, 
portions of these samples remained untreated or were (1) filter-sterilized, (2) filter- 
sterilized plus autoclaved, and (3) autoclaved (15 rain at 12t o C), respectively. There- 
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Table 2 
Antibacterial activity of pre-incubated raw sea water (rsw) against second inocula of test 
bacteria, as influenced by different sterilization methods. 150 ml-samples of rsw were inocu- 
lated with Escherichia coil, Staphylococcus aureus or Serra~tia marinorubra to about 10 ~ cells/ml. 
After 4 days of incubation at 25 ° C in the dark, 10 ml-subsamples (trated as specified in table) 
were re-inoculated to about 107 cells/ml of the respective test bacteria and incubated for a 

second period, log (Nx-No) values 

Test 
strain 

First inocula Second inocula in subsamples 
period of period of sterile- 
incuba- in incuba- not sterile- filtered 

tion rws tion treated filtered + auto- 
(days) (days) claved 

auto- 
claved 

E. 2 - -  2.01 t - -  3.45 - -  3.49 - -  1.19 - -  1.57 
coil 3 - -  5.00 2 ~ 6 ~ 6 - -  3.94 - -  2.33 

S. 2 - -  2.59 1 - -  4.11 - -  3.I4 - -  2.91 - -  1.89 
aureus 3 - -  6.90 2 - -  6.80 - -  6.70 - -  3.81 - -  1.80 

S. 
marino- 2 - -  1.10 I - -  3.40 - -  1.85 - -  1.98 - -  1.89 

rubra 3 - -  4.26 2 - -  4.23 - -  1.48 - -  1.88 - -  1.54 

upon, the various subsamples (10 ml in culture tubes) again were inoculated to about 
l0 T cells/ml of the respective test strain. 

Inactivation of Escherichia coli and Staphylococcus aureus in sterile-filtered sub- 
samples was nearly the same as in untreated ones, whereas it was greatly reduced in 
all heat-treated subsamples. The latter findings point to destruction of any harmful 

matter during autoclaving. However, at least one further factor must have been 
involved in the kill of these test bacteria, since different inactivation capacities were 
observed from subsamples untreated and sterile-filtered prior to autoclaving, respec- 

tively. In contrast, inactivation of Serratia marinorubra in every sterilized subsample 

was weak. 
During the experiment, the results of which are summarized in Table 1, somewhat 

stronger inactivation of second inocula occurred in culture tubes than in culture flasks 
(part B of Table 1). Similar observations were made from fsw (Mo~3us 1972b, Fig. 5). 
On the basis of such findings it is assumed that solid surfaces may affect the test bacte- 
rial kill. Tests performed with rsw at different ratios solid surface/unit volume should 
reveal valuable information in regard to the influence of marine bacteria on survival 
of test bacteria also, since marine bacterial growth in this medium is supported by 
solid surfaces (ZoBELL & AXgD~I~SON 1936). In  order to examine these assumptions, rsw 
and f sw were simultaneously tested either in flasks and tubes or in flasks in absence or 

presence of glass tubing. 
Experiments of the first mentioned type were performed with 26 ml-samples in 

flasks and 10 ml-samples in tubes. Generally, the antibacterial activity of rsw and ~sw 
against Escherichia coll and Staphylococcus aureus was stronger in tubes than in flasks. 
In  contrast, negligible differences were found in the influence of both test conditions 
on the kill of Serratia rnarinorubra in rsw and [sw. Growth of marine bacteria in the 
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presence and absence of test bacteria was mostly somewhat stronger in tubes than in 
flasks. One may conclude that accelerated growth of marine bacteria accounted for 
more rapid inactivation of E. coti  and S. aureus in r sw  during incubation in tubes. This 
conclusion is supported by results shown in Figure 3. These findings are unique in that 
nearly identical growth of marine bacteria was established from all rsw samples. In 
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Fig. 3: Escherichia coli, Staphylococcus aureus, and Serratia rnarinorubra (sections A, B, C). 
Inactivation of test bacteria in raw (0)  and in filter-sterilized (©) sea water during incubation 
in flasks (26 ml-samples) and tubes (I0 rot-samples) at 25 ° C in the dark. Initial cell numbers 
of test bacteria were about 107./ml. A: Growth of marine bacteria refers to 1.1 × 104 colony- 

formers/ml initially present 

agreement with this observation only the inactivation of S. aureus in rsw was some- 
what different under the two test conditions. On the other hand, however, the survival 
of test bacteria repeatedly was affected beneficially by accelerated growth of marine 
bacteria. As demonstrated in Figure 4, stronger inactivation in fsw than in r sw  was 
found for E. coli from tubes and for S. aureus from flasks and tubes. 

During further experiments, the influence of solid surfaces was examined by 
adding 30 pieces of glass tubing to 26 ml-samples in culture flasks. In this way a greater 
increase of the surface/volume ratio was attained than by the use of tubes. Typical 
results of such tests are presented in Figure 5. Generally, the inactivation of Escherichia 

coli and S taphy lococcus  aureus in rsw and/sw was considerably stronger in the pres- 
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Fig. 4: Escherichia coil, Staphylococcus aureus, and Serratia rnarinorubra (sections A, B, C). 
Inactivation of test bacteria in raw (O) and in filter-sterilized (C)) sea water. A: Growth of 
marine bacteria refers to 4.4 × 108 colony-formers/mI initially present. (Other data as in Fig. 3) 

ence than in the absence of glass tubing. However,  with S. aureus also opposite results 
were obtained from ]sw. The kill of Serratia rnarinorubra in rsw was always weaker 
at enlarged surface/volume ratios, whereas no solid-surface effect was observed from 
fsw samples. Growth of marine bacteria at any rate was intensified to a considerable 
degree in the presence of glass tubing. 

D I S C U S S I O N  

The antibacterial activity of sea water is attributed to an appreciable extent to 
the presence of harmful substances produced by various marine organisms, among 
which planktonic algae probably are most important (AuBEt~T et aI. 1968, SIrBUI~T~i 
1968). On the other hand, it was demonstrated by MorBus (1972b) that the test bacte- 
rial kill also depends on the nutrient concentration of sea water. I t  varies greatly at 
different food levels below about 10 -4 mg/ml. Therefore, the question arises whether 
the variations in antibacterial activity of sea water occurring during the tests per- 
formed under laboratory conditions, as described in the present paper, are caused by 



Survival of bacteria in sea water 281 

0 

-1 

O 
.r- - 2  

"6 
O 

. o  

o 

o 
Z 

I X 
Z 

A 
I 

g ÷ 

1 i"- 
t 

-s  -, , t ,  
J I 
! ! 
! ! 

I ,  A ~ 

/ 

" I 
i L 

+i 

\ 
1 2 3 4  1 2 3 4  

Days of incubation 

t 
1 

+/ 

1 2 3 4 I 2 3 4 I 2 3 4 l 2 3 

2 

Z 
O 

2 

-x 

D- 

Fig. 5: Escherichia coil, Staphylococcus aureus, and Serratia marinorubra (sections A, B, C). 
Inactivation of test bacteria in raw (Q) and in filter-sterilized (([D) sea water in absence (--) 
or presence (+) of 30 pieces of glass tubing. 26ml-samples were incubated in culture flasks at 

7 25 ° C in the dark. Initial cell numbers of test bacteri~ were about 10/ml. i :  Growth of 
marine bacteria refers to 6.2 × 10 -~ colony-formers/ml initially present 

additional release of harmful matter from dead and viable marine organisms, and/or 
by changes in the nutritive conditions. 

The importance of bactericides released by naturally occurring phytoplankton 
communities during the tests is questioned by recently published results (Mo~Bus 
1972c). It  was reported that enrichment of sea water with dead or viable plankton 
res~llted rarely in increased, but frequently in decreased inactivation of test bacteria. 
In general, the antibacterial activity of sea water was most effectively reduced by 
plankton enrichment at times of maximum bactericidal efficacy of untreated rsw. 

According to these results it seems reasonable to assume that variations in bactericidal 
capacity of rsw occuring during the tests are caused primarily by activities of marine 
bacterial populations. These activities may involve excretion of harmful metabolic by- 
products as well as competitive food consumption. 
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Several findings obtained during the present investigation indicate that growth 
of marine bacteria, even if accelerated by solid-surface effects, does not cause increased 
kill of test bacteria as a general principle. Such results throw doubt on the predominant 
role of inimical marine bacterial excretes. The doubts are supported by the observation 
of anticoli and anti-staphylococcal activity of f sw which increased after inactivation 
of respective test bacteria in this medium (Fig. 2). 

In sterile sea water, it is to be expected that harmful biogenic matter present before 
inoculation is used up, at least in part (unless circulation of such toxic compounds 
between killed and viable cells must be taken into account). Provided circulation does 
occur, it could not account for the increase of bactericidal capacity of fsw, which was 
found to be correlated with rising numbers of inactivated tests bacteria. At present, 
these observations can best be interpreted according to the theory of nutrient-depend- 
ent antibacterial activity of sea water (MoEuxss 1972b) which, in principle, also is 
applicable to all other findings reported in this paper. This theory is based on the 
observation of great differences in inactivation of test bacteria at various nutrient 
concentrations below about 10 -4 mg/ml of organic matter. Two critical nutrient con- 
centrations causing maximum inactivation efficacy of sea water were found. Therefore, 
depending on the initially present food level, reduction or enhancement of the nutrient 
concentration results either in increased or decreased test bacterial kill. 

Lysis of inactivated test bacteria certainly brings about nutrient enrichment of sea 
water. This statement is supported by the establishment of fairly constant numbers of 
colony-forming marine bacteria/ml during incubation of successive inocula in rsw 

(Fig. 1), suggesting continuous supply of nutrients. Otherwise - after the initial in- 
crease - a drop in bacterial number/ml should have occurred, as usual, during long- 
term incubation of rsw. Hence the stronger inactivation of successive inocula of Esche- 

richia coil and Staphylococcus aureus in f sw is attributed to a gradual increase in the 
nutrient concentration available for each inoculum. Seemingly, this conclusion is con- 
tradicted by the findings obtained from repeatedly inoculated asw (Fig. 2), since in 
this medium the assumed increase of the food level resulted in decreased antibacterial 
activity. However, the difference between the results obtained must be ascribed to the 
influence of autoclaving which causes destruction of possibly present bactericides and 
produces precipitation of inorganic compounds. The precipitates contain considerable 
portions of heavy metaIs present in sea water, which are thought to be an important 
factor in bactericidal capacity (JONES 1964, 1967). Hence it is assumed that the 
decrease in antibacterial activity of asw was due mainly to reduced amounts of inimical 
constituents of sea water. 

In rsw the effect of killed test bacteria on antibacterial capacity is superimposed 
by activities of marine bacteria. This becomes obvious by comparing the findings pre- 
sented in Figures 1 and 2. During the experiment in question considerable variations 
in inactivation of successive inocula in rsw were found. The observation made on the 
second inoculum of Staphylococcus aureus strictly contradicts possible effects of inimi- 
cal compounds released by marine bacteria during incubation of the first inoculum. 
This finding is of special interest, since this strain was often inactivated more rapidly 
in f sw  than in rsw (MorBuS 1972a, c). Most probably, beneficial effects of marine 
bacterial activities in rsw are responsible for such findings. Results obtained for second 
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inocula of Escherichia coli and Serratia rnarinorubra also are peculiar in that, despite 
initially increased inactivation rates, nearly the same kill was attained finally as had 
been found for the first inocula. If bactericides, produced by marine bacteria during 
the first incubation period, were responsible for the initially accelerated inactivation 
qf the second inocula, the reduced kill, observed a~er more than 2 days of incubation, 
would indicate that harmful substances were used up for the most part at that time. 
The results found for the third inoculum of E. coli agree with such an assumption since 
its inactivation was reduced initially. However, the findings obtained for S. rnarino- 
rubra cannot be explained in this way. The nearly identical inactivation curves found 
for inocula 2 and 3 of this strain may be due to the maintenance of the same nutrient 
level during strong inactivation of large numbers of cells/mI, until attainment of a 
higher nutrient concentration/viable cell which caused reduced bacterial kill/unit time. 

The involvement of bactericidal excretes of marine bacteria is contradicted also 
by stronger inactivation of Escherichia coli and Staphylococcus aureus in fsw than in 
rsw (Figs. 3, 4 and 5). It should be noted that such observations were made more 
frequently during tests performed at enlarged surface/volume ratios, i. e. in correlation 
with accelerated marine bacterial growth, than under standard conditions. It is 
assumed that, at least during the respective experiments, nutrient consumption by 
marine bacteria was more important than release of inimical products. However, 
according to the theory of nutrient-dependent antibacterial activity of sea water 
(MorBus 1972b), this assumption also may hold true in regard to experiments during 
which inactivation was stronger in rsw than in fsw. The important role of competitive 
food consumption is especially supported by findings obtained for Serratia rnarino- 
rubra. This strain was inactivated to considerable degrees in rsw only; but its survival 
in this medium was never negatively affected by marine bacterial growth intensified 
at increased surface/volume ratios. The other results obtained during the investigation 
of solid-surface effects on inactivation of test bacteria also can be interpreted according 
to the above mentioned theory. 

In general, a dominant importance of harmful metabolic by-products of marine 
bacteria is questioned by the present results. Considerable variations in the influence 
of indigenous populations on inactivation of test bacteria in rsw must be expected, due 
to changes in predominant bacterial species as well as to differences in nature and con- 
centration of the nutrients present. This statement is supported by this investigation 
and by results of experiments performed with pure cultures of marine bacteria in sea 
water, sampled at different seasons. These problems are still under investigation. 

SUMMARY 

I. The antibacterial activity of raw sea water varied considerably during incubation 
of successive inocula of Escherichia coli, Staphylococcus aureus, and Serratia rnarino- 
rubra. In most cases inactivation of second inocula was stronger than that of first 
ones. However, with S. aureus, contradictory results were obtained also. 

2. The bactericidal effect of filter-sterilized sea water was strengthened by inactivated 
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cells of Escherichia coli and Staphylococcus aurcus. Contradictory findings were 
obtained from autoclaved sea water. 

3. Inactivation of test bacteria was greatly influenced by solid surfaces. In most cases, 
the kill of Escherichia coli and Staphylococcus aureus in raw and sterile-filtered sea 
water  was stronger at  increased surface/volume ratios than under s tandard condi- 
tions. More rapid inactivation of these test strains in sterile-filtered, than in raw, 
sea water  occurred more oiten at enlarged ratios of solid surface per unit volume. 
The survival of Serratia marinorubra was positively affected by solid surfaces. 

4. I t  is concluded that  changes in nutri t ive conditions occurring during the experiments 
are more important  in regard to antibacterial act ivi ty of sea water than production 
of harmful matter  by marine bacteria. 
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