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ABSTRACT. In some parts of the Baltic Sea, establishment of anoxia, H2S accumulation and reaeration 
of the water column are common processes which have a bearing on the heterotrophic microbial 
community. The influence of these conditions on natural aerobic bacteria populations was studied in 
24 h batch cultures. Measured parameters were: saprophyte number and total number of bacteria, 
active bacteria (leucine microautoradiography), heterotrophic substrate uptake ('y labelled glucose, 
leucine, lactate) extracellular enzyme activity (P-glucosidase, peptidase) and growth of bacteria ( 3 ~ -  
methyl thymidine incorporation). Anoxia established by N2 had a minor effect on these parameters and 
values approximated those from the oxic control within the incubation period. Addition of H2S led 
immediately to a strong but variable reduction in all the activity measurements and recovery was weak 
when H2S conditions were maintained over the experimental period. Re-aeration after 1 2  h of HIS 
incubation caused a progressive increase of the activity measurements which then by far exceeded 
those from the continuously oxic control. An exception was peptidase, which recovered only slowly after 
H,S depletion. Short-term application of H2S caused clear changes in the metabolic and community 
structure of the originally aerobic bacter~al population, which were also documented by a reduction of 
the spectrum of morphological cell characters. Cells which survived H2S stress developed vigorously 
alter H2S depletion. Values of bacterial production calculated from increases in active bacterial numbers 
and from thymidine uptake showed the same tendency; however, their absolute values differed 
considerably. This discrepancy may indicate that after H2S stress many of the surviving cells were 
reactivated, but only a fraction of these started reproduction. 

INTRODUCTION 

Considerable parts of the deeper zones of the Baltic 
Proper and also some isolated deep parts and trenches 
in coastal areas are permanently or temporarily 
depleted of oxygen. As a result of organic nutrient 
accumulation and stratification by a permanent halo- 
cline, microbial sulfate reduction may lead to H2S 
accumulation in restricted zones within these areas. 
This process starts from the sediments, mostly during 
late summer (Bansemir & Rheinheimer 1974). H2S con- 
ditions may be stable throughout the year, as in some of 
the deep basins, e.g. Gotland Deep, Faro Deep, or 
unstable due to the specific hydrographic regime in the 
shallow water fjords of the Baltic Sea (Ehrhardt & 
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Wenck 1984). Microbes in the chemocline may be 
subject to changing redox conditions, because the posi- 
tion of the chemocline in the water column is variable 
(Rheinheimer et al. 1989). 

These environmental events can be expected to be 
accompanied by drastic changes in the microbial com- 
munity (Gast & Gocke 1988) and its biochemical activ- 
ity, which in turn will have an  influence on the living 
biota and water chemistry. The effect of H2S on micro- 
bial populations may be studied in 2 contexts: (1) 
changes which occur when oxic waters are submitted 
to H2S, and (2) changes which occur when anoxic, H2S- 
containing waters together with their adapted micro- 
bial population are submitted to oxic conditions. In the 
present investigation the first aspect was studied in 
laboratory experiments. 

Since the establishment of anoxic environments in 
the Baltlc Sea is mostly a consequence of microbial 
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organic matter degradation, parameters investigated 
were closely related to heterotrophic properties of the 
bacterial population. Processes of chemoautotrophy 
inherent in oxygen depletion and the presence of H2S 
have been described in detail elsewhere (e.g. Fenchel 
& Blackburn 1979). Our interest was focussed on the 
influence of H2S on heterotrophic substrate uptake and 
extracellular enzyme activity and their relationship to 
microbial biomass and production patterns. The 
laboratory experiments were conducted for about 24 h; 
thus only the initial effects of H2S on microbial popula- 
tions and no effects of long-term adaptation were 
studied. It is, however, most likely that in many regions 
of the Baltic Sea, especially in the water layer above 
the sediment, conditions rapid change from oxic to 
anoxic and vice versa. 

In our experiments we attempted to simulate a 
natural process w h c h  cannot easily be followed in the 
natural environment, since it occurs at considerable 
depth and would require repeated sampling of exactly 
the same small body of water. The laboratory experi- 
ments presented were stimulated by field observations 
in the Gotland Deep of the Baltic, where a dramatic 
gradient of bacterial abundance was found in the tran- 
sient layer between oxic and anoxic water masses 
(Gast & Gocke 1988, Rheinheimer et al. 1989). Further, 
in the oxic/anoxic interface of a Norwegian estuary, 
total bacteria numbers were higher than in surround- 
ing waters (Indrebo et al. 1979). Contrary observations 
were made by Hobson (1983) and Juniper & Brinkhurst 
(1986), who did not find enhancement of microbial 
heterotrophic activity in the oxic/anoxic interface of the 
Saanich Inlet (British Columbia, Canada). 

The experiments were generally conducted with oxic 
brackish water from the fie1 Fjord. An experiment with 
water from a stratified lake is also included, to provide 
some information on whether the influence of H2S on 
brackish water and fresh water bacterial populations is 
principally the same. 

MATERIALS AND METHODS 

Four batch culture experiments were performed, 3 
with water from the Kiel Fjord and 1 with water from 
Lake Plul3see near Plon (Northern Germany). For each 
experiment 8 l aliquots of surface water (1 m) were 
transferred to three 10 1 Duran-glass experimental ves- 
sels (Batches 1 to 3). In all experiments the first vessel 
served as an oxic control and was continuously aerated 
w ~ t h  sterile air Th.e treatment of the third vessel was 
also the same in all experiments: it was deoxygenated 
with N2 for 30 min and then supplemented with Na2S, 
resulting in sulfide concentrations of 20 to 30 FM. In 
Expts 1 and 2 the second vessel was continuously 

bubbled with N2 leading to almost undetectable con- 
centrations of 02. In Expts 3 and 4 the second vessel 
was treated as described already for the third vessel. 
After 12 h, however, it was reaerated by bubbling with 
sterile air. Subsamples for measurements were taken 
after 0, 6, 12, 18 and 24 h of incubation, talung care not 
to alter the oxic/anoxic conditions. The water in the 
vessels was agitated by a magnetic stirrer and held at 
20 "C. 

The measured variables were: total numbers and 
biomasses of bacteria, by acridine orange staining and 
epifluorescence microscopy (Zimmermann 1977); 
saprophyte numbers, on ZoBell-agar; heterotrophic 
uptake of 14C labelled glucose, lactate, acetate and 
leucine (Gocke 1977); microbial extracellular enzyme 
activity of peptidases and u/P-glucosidases, as meas- 
ured by means of fluorogenic model substrates (Hoppe 
1983, Hoppe et al. 1988); bacterial production, as meas- 
ured by means of 3 ~ - m e t h y l  thymidine incorporation 
(Fuhrman & Azam 1982); numbers of actively 
metabolizing bacteria, by microautoradiography with 
leucine as a substrate (Hoppe 1976); and oxygen and 
H2S concentrations, by means of standard procedures. 

At each sampling time, 3 replicate measurements 
were made for heterotrophic substrate uptake, 3 ~ -  

methyl thymidine incorporation and plate counts; for 
the other measurements no replicates could be made. 
Incubations of the subsamples were carried out at 20°C 
for 3 h for heterotrophic substrate uptake, 3H-methyl 
thymidine incorporation and microautoradiography 
and about 4 h for extracellular enzyme activity determi- 
nations. The subsamples were kept exactly at the same 
oxic, anoxic or H2S-conditions as they were in the 
vessels from which they originated. 

For anoxic incubations all liquid reagents needed for 
the different procedures (e.g. radiotracers, fluorogenic 
model-substrates) were made oxygen-free by bubbling 
with NZ. Incubations for anoxic extracellular enzyme 
activity measurements were made In plastic syringes 
which were flushed with N2 before use. The substrate 
was then introduced through the socket for the needle 
and the needle was fixed to the syringe. Then the 
samples from the expenmental vessels were directly 
sucked into the syringe through the needle. Finally the 
needle was closed by a rubber plug. 

Anoxic subsamplings for heterotrophic substrate 
uptake measurements and bacterial production 
estimates were done according to the filling procedure 
of BOD-bottles. For this, water was released from the 
hermetically closed experimental vessels by N2 gas 
pressure. The required amount of radioactive liquid 
was then introduced into completely filled incubation 
bottles by means of a syringe equipped with a long 
needle. 

Anoxic incubations for subsequent autoradiography 
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were performed in 2 m1 test-tubes. The tubes were 
completely filled in the manner a.s described before 
and stoppered with a capillary-fitted rubber plug. The 
radioactive substrate (10 pCi 3H-leudne per m1 sample) 
was then introduced through this capillary which was 
fitted with a short silicon tube, so that surplus liquid 
could rise from the test-tube. Finally the silicon tube 
was closed with a small steel plug. 

Results were expressed in terms of bacteria ml-' and 
bacterial biomass 1-' (= pg C 1-'1. For heterotrophic 
activity maximum uptake velocity (V,, = pg C l-'h-') 
and turnover rate (TR = % h-'), and for extracellular 
enzyme activity maximum hydrolysis velocity (Vmh = 

pg C l-'h-') and turnover time (T, = h) were calculated. 
Bacterial production is presented .as increase of bac- 
terial carbon (BP = pg C l-'h-'). Factors used to convert 
thymidine incorporation to bacterial production were 

1.1 x 10' cells nmol-' (Riemann et  al. 1987), 3.5 x 10-7 
pg C (Bjmnsen 1986) and 0.054 p.m3 measured as 
a mean cell volume. Bacterial production on the basis 
of active bacteria (microautoradiography) was calcu- 
lated by using increase of active bacteria counts per 
unit time. 

RESULTS 

The first 2 experiments were run, respectively, with 
surface brackish water from the Kiel Fjord (March 
1983) and Lake PluBsee (May 1983). Conditions of 
incubation were oxic, anoxic with nitrogen and anoxic 
with H2S. Subsamples for analysis were taken after l h 
of conditioning and after 24 h. Results of these experi- 
ments are presented in Tables l and 2. 

Table 1. Expt 1 Effect of anoxic con&tions on natural bacterial populations from oxic braclush water (Kiel Fjord), immediately 
after exposure and after 24 h of incubation 

Parameter Batch l (oxic) Batch 2 (anoxic; NZ) Batch 3 (anoxic; H2S) 
oh 24 h O h  24 h O h  24 h 

Saprophytesa 570 22 400 7240 40 600 6400 14 920 
AODC ( X  1 0 ~ ) ~  3 -06 4.59 2.91 4.28 2.84 2.31 
Active bacteria ( X  103)" 14 3 622 20 575 6 2.6 
V, ( g l ~ c o s e ) ~  0.54 2.03 0.29 2.23 0.01 0.03 
O/O mineralization 27.4 31.3 36.9 30.4 39.3 27.8 
PeptidaseC 2.17 3.37 2.15 3.85 0.81 0.67 
a-GlucosidaseC 0.62 0.90 0.48 1.25 0.13 0.18 
P-GlucosidaseC 0.55 0.88 0.39 1.13 0.18 0.19 
N-acetyl-glucosaminidaseC 0.53 0.59 0.39 0.65 0.37 0.39 
PhosphataseC 1.57 1.04 1.89 1.67 1.38 0.87 

Bacteria numbers ml-' 
h 119 Cgl"COSE 1-l h - l  
C Relative fluorescence units, increase of fluorescence h-' 

Table 2. Expt 2. Effect of anoxic conditions on natural bacterial populations from oxic fresh water (Lake PluRsee), immediately 
after exposure and after 24 h of incubation 

Parameter Batch l (oxic) Batch 2 (anoxic; NZ) Batch 3 (anoxic; H2S) 
Oh 24 h O h  24 h O h  24 h 

Saprophytesa 78a 1562 954 1498 974 2892 
AODC ( X  106)' 20.3 28.7 18.3 21.4 16.7 17.8 
Active bacteria ( X  1 0 ~ ) ~  619 - 320 450 3.4 22.1 
V, ( g l ~ c o s e ) ~  0.61 0.94 0.59 0.87 0.006 0.056 
% mineralization 33 .O 31.2 36.2 30.3 38.5 29.4 
PeptidaseC 5 -38 5.42 5.13 5.54 1.55 1.20 
a-GlucosidaseC 0 .?g 0.81 0.70 0.64 0.25 0.23 
P-GlucosidaseC 0.79 0.84 0.76 0.70 0.29 0.29 
N-acetyl-glucosaminidaseC 0.61 0.64 0.54 0.54 0.23 0.21 
PhosphataseC 2.56 2.87 2.41 3.13 1.99 1.75 

a Bacteria numbers ml-L 
Cg~ucose 1-' h-' 

C Fluorescence units, increase of Iluarescence h-' 
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Experiment 1: anoxia and H2S in brackish water 

In the fjord experiment saprophyte numbers were 
similar in the 3 batches after 1 h of conditioning. They 
increased considerably after 24 h; in the H2S batch, 
however, the increase was only 51 % of that found in 
the oxic control (Table 1). Total numbers of bacteria 
were also very similar at the beginning; after 24 h they 
increased considerably in the oxic and anoxic (nitro- 
gen) batchers. In the H2S batch they decreased, being 
now only 50% of the oxic control. With respect to 
microbial numbers and activity the influence of anoxic 
conditions could be monitored best by micro- 
autoradiography. In the oxic batch after 1 h of incuba- 
tion 4.7 % of the total bacteria number was metaboli- 
cally active. After 24 h this increased to 13.5 %. In the 
batch which was made anoxic with N2, initially only 
0.7 O/O of the cells were active, whereas after 24 h as 
many as 13.4 '70 - almost as many as in the oxic control 
- were active. This indicates an adaptation of the bac- 
teria to anoxic conditions. In the H2S batch the ratio 
between total bacteria number and metabolic active 
bacteria dropped drastically to 0.2 and 0.1 % after 1 
and 24 h of incubation, respectively. 

Heterotrophic glucose uptake (V,) in the 3 batches 
was closely related to the findings with the active 
bacteria. V, of glucose in the N2 batch was initially 
about half that of the oxic control and was nearly 
negligible in the H2S batch. After 24 h of incubation 
glucose uptake in the N2 batch adjusted to the oxic 
control (as also found for the active bacteria number). 
In the H2S batch is recovered very slightly. Turnover 
rates of glucose (not shown in the table) were signifi- 
cantly correlated with uptake velocities. They varied 
between 3 and 9 % h-' in the oxic and the N2 batch; in 
the H2S-batch they were extremely low (0.1 to 0.2% 
h-'). Extracellular enzyme activities were also reduced 
by H2S; however to a much lesser degree than the 
uptake process. Compared with the values from the 
oxic control, peptidase as well as cc- and P-glucosidase. 
activities in the H2S batch were about 20 to 37%, 
whereas glucosaminidases (chitinases) were about 
70 O/O and phosphatases 85 to 90 %. In the batch which 
was made anoxic with N2 only minor reductions occur- 
red after 1 h of incubation; after 24 h extracellular 
enzyme activities fully recovered or even exceeded the 
values from the oxic control. 

Experiment 2: anoxia and H2S in fresh water 

The second experiment was done with fresh water 
from Lake PluDsee in order to test whether substantial 
differences exist between the response of brackish and 
fresh water bacterial populations towards anoxic condi- 

tions. The experiment was therefore designed exactly 
as that described above. In contrast to the findings with 
brackish water, the increase of saprophyte counts after 
24 h in the H2S batch compared with the oxic batch was 
not reduced (Table 2). Total numbers of bacteria did 
not show such a strong increase in the oxic and N2 
anoxic batch after 24 h as was observed in braclush 
water. In the H2S batch they increased slightly, while 
they decreased in the brackish water experiment. 
Numbers of actively metabolizing bacteria in fresh 
water were initially very strongly affected by H2S con- 
ditions: they decreased to 0.02 % of total numbers, but 
after 24 h recovered slightly, to 0.1 O/O of total bacterial 
numbers. Heterotrophic glucose uptake values, com- 
pared to the total numbers of bacteria, were much 
lower in freshwater than in brackish water. H2S had a 
very strong effect on glucose uptake, as already indi- 
cated by the numbers of active bacteria. In fresh water, 
as for braclush water, the effect of oxygen depletion by 
NZ was low on all the extracellular enzyme activities 
measured. In fresh water H2S also caused a strong 
reduction in substrate hydrolysis. However, this reduc- 
tion was somewhat less for cc- and P-glucosidases. 
Glucosaminidases (chitinases), on the other hand, were 
reduced much more strongly (about 35 % of the value 
from the oxic batch) than in brachsh water. 

Experiment 3: anoxia, H2S and reaeration in brackish 
water 

The last 2 experiments were again carried out with 
brackish water from the h e 1  Fjord. In this case, the 
effect of reaeration on bacteria exposed to H2S condi- 
tions was also investigated. Therefore, in addition to 
the oxic control, two H2S batches were run, one of 
which was reaerated after 12 h of H2S incubation. 

The third experiment (first reaeration experiment) 
was run in October 1985. The oxic and the continuously 
anoxic H2S batches showed nearly the same develop- 
ment with respect to extracellular enzyme activities 
and glucose uptake as in the first brackish water 
experiment (Fig. 1). This was also true for the second 
HpS batch before reaeration. Only the reduction of P- 
glucosidase activity in the H2S batches was generally 
somewhat lower than in the first brackish water experi- 
ment. Reaeration of the second H2S batch after 12 h 
caused only a weak increase and slow recovery of 
extracellular enzymes. In contrast to this, glucose 
uptake rapidly increased after reaeration, exceeding 
by far the values from the oxic control. Later on glucose 
uptake in the reaerated batch adjusted to the oxic 
control. Lactate, which is believed to play a major role 
in anoxic environments, showed in principle the same 
uptake pattern as found for glucose, however there 
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Fig. 1. Acbvities of (a,  b) extra- , 
cellular enzymes and (c, d) sub- 2 
strate uptake of brackish water 
bacteria in batch cultures; g 
results from the first reaerabon *\ 
experiment (Expt 3).  (-) oxlc .......... \! 

conditions; ( m - - -  - 0 )  HzS condi- -- 
bons for 12 h, then reaeration --a 

and immediate subsampling; 
0 

(&---g) HZS conditions for 24 h 0 6 12 18 h 2r 

were some specific deviations. Lactate uptake was far 
less inhibited by H2S condtions than glucose uptake, 
which was nearly completely reduced. Reaeration of 
short-time H2S-adapted bacteria populations caused at 
first a decrease of lactate uptake and then an extremely 
strong increase. 

Experiment 4: anoxia, H2S and reaeration in brackish 
water 

The fourth experiment (second re-aeration experi- 
ment) (October 1987) was designed as Expt 3. How- 
ever, for the first time bacterial production measure- 
ments were also included. H2S was not renewed in the 
2 anoxic batches (renewal always proved to be neces- 
sary for the maintainance of stable H2S conditions) and 
thus it slowly &sappeared from them. Nevertheless 
anoxic conditions were maintained by the N2 atmos- 
phere in one of the H2S vessels. Therefore the results of 
this experiment give insight both into slow readapta- 
tion of originally aerobic bacteria populations after 
exposure to H2S, and also into the effects of pulse 
introduction of air, as occurred in the reaerated H2S 
batch. 

Total bacteria numbers, in t h s  experiment, behaved 
rather conservatively in the 3 batches (Table 3). During 
the 24 h incubation period in the oxic control, numbers 

63 ......... --*- 
lactate uptake Jc 

- 

$ 
3 

2 -  

............. 
I I I 

0 6 12 18 h 24 

remained nearly the same: there was a decrease of 
about 10% in the continuously anoxic batch and of 
about 20 O/O in the reaerated batch. 

The numbers of actively metabolizing bacteria were 
initially reduced in the anoxic batches. The reduction, 
however, was not as pronounced as found in the first 
braclush water experiment. In the oxic batch, an  
lncrease of 2.4-fold during the 24 h incubation was 
observed (Fig. 2b), though some oscillation in the val- 
ues occurred. T h s  oscillation was most likely due  to 
flagellate grazing as many of these were occasionally 
observed on the autoradiographic slides. In the con- 
tinuously anoxic and the reaerated batches the curves 
for active bacteria were rather similar. After 12 h of 
incubation numbers of active bacteria increased 
rapidly, becoming much higher than those from the 
oxic control. Obviously, after the H2S period bacteria 
activity was stimulated simultaneously in the pulse 
reaerated vessel and also in the vessel where H2S 
decreased continuously. This is indicated by the strong 
increase of the percent of active bacteria and active 
bacterial biomass of total bacteria and total bacteria 
biomass after 24 h (Table 3). 

The findings with the metabolically active bacteria 
were reflected by the heterotrophic substrate uptake 
measurements in the 3 experimental vessels (Fig. 3). In 
principal the uptake of the 2 substrates used for the 
experiments, glucose and leucine, behaved in the same 
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Table 3. Expt 4. Results from the second reaeration experiment. Only measurements from the beginning and the end of the 
experiment are given. Note strong increases of % of active bacteria and active bacteria biomass of total bacteria number and total 
bacteria biomass after 24 h. Active bacteria biomass was calculated on the assumption that mean carbon contents of active and 

total bacteria cells are similar 

Batch Conditions Tot. bact. Act. bact. % Act. Tot. bact. Approx. act. Bact. prod. 
no. (no. ml-l] (no. ml-l) bact biomass biomass (pg C I - '  h-') 

(pg C I-') (11s C 1-') 

Results immediately after establishment of ind~cated condt~ons 
1 Oxic 4.85 X 106 0.35 X 106 7.2 92.4 6.7 0.158 
2 H1S 5.31 X 106 0.24 X 106 4.5 101.1 4.6 0.035 
3 H2S 5.34 X 1O6 0.24 X 106 4.5 101.8 4.6 0.034 

I Results after 24 h under ~ndicated conditions 
1 Oxic 4.58 X 106 0.84 X 106 18.3 44.7 8.2 0.338 
2 Reaerated after 12 h 4.08 X 106 1.61 X 106 39.5 65.7 25.9 0.758 
3 Anoxic without H2S 4.87 X 106 2.13 X 106 43.7 92 8 40.6 0.943 

fa bacterial ~ roduct ion  heterotrophic substrate uptake 

leucine autoradiography 

active cells m l - '  

Flg. 3. Results of heterotroph~c substate uptake (X h - '  = 
turnover rate and V,,,) for glucose (e-) and leucine 
(-)from the second re-aeration experiment (Expt 4) .  Con- 
ditions were (a, b) oxic, H2S-anoxic, (c, d) re-aerated after 12 

h, and (e, f )  H2S/N2 anoxic 

Fig. 2 .  Results of bacteria production derlved from %-methyl- 
thymidine incorporation (a) and of active bacteria numbers 
derived from microautora.diography (b) from the second re- 
aeration expenment (Expt 4) .  conditions were oxic (-), 
H,S-anoxic and reaerated after 12 h (S-) and H,S/N2 

anoxic (a.. - a)  

way, showing initially a strong inhibition after applica- 
tion of H,S and a strong increase when the influence of 
H2S ceased or reaeration occurred. However, V, values 
reveal that there was a preference for glucose uptake in 
the oxic vessel, while in the anoxic ones leucine uptake 
dominated throughout the experiment. Turnover rates 
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of both substrates were extremely low during the H2S 
period of incubation. They recovered very strongly for 
leucine uptake after the H2S period, exceeding by far 
the values of the oxic control. Values for glucose turn- 
over recovered only slowly. 

The results from the 3H-thymidine incorporation 
measurements (Fig. 2a) are in line with those obtained 
from autoradiography and heterotrophic substrate 
uptake. Absolute values of bacteria production were 
initially low (0.16 pg C l-'h-' in the oxic batch; 0.035 in 
the anoxic batches) which corresponds with the low 
values for heterotrophic substrate uptake and active 
bacteria numbers. After 12 h of incubation bacteria 
production in the reaerated batch and also in the con- 
tinuously anoxic batch exceeded by far that in the oxic 
control, again the same tendency as for active bacteria 
and leucine uptake. After 24 h of incubation, bacteria 
production was 0.34 pg C l-'h-' in the oxic batch, 0.76 
in the anoxic batch and 0.94 in the reaerated batch, 
respectively (Table 3). 

The extracellular peptidase activity measurements 
deviated from these observations (Fig. 4a). Peptidase 

@ extracellular peptidase activity 

0 1 I I l 
0 6 12 18 h 24 

Fig. 4 .  Results of peptidase activities (V,, turnover time) from 
the second reaeration experiment (Expt 4). Conditions were 
oxic (W), H2S-anoxic and reaerated after 12 h (*A) and 

H2S/N2 anoxic (a......) 

activities in the oxic control were always above those 
found in the anoxic batches, whether they were re- 
aerated or not. Re-aeration in one of the H2S batches 
after 12 h caused a progressive increase in peptidase 
activities. In the other batch, where H2S slowly disap- 
peared but anoxic conditions were still maintained by 
NZ, peptidase activities did not recover during the incu- 
bation time. This is clearly different from the findings 
with the other activity parameters measured, and will 
be  discussed below. The results from V, of peptidases 
are reflected by the turnover time of peptides in the 
water (Fig. 4b). Turnover times in the anoxic batches 
were always much longer than those from the oxic 
control. After reaeration they decreased and 
approached the oxic control. In the batch where H2S 
deplition occurred, turnover times also decreased after 
12 h;  this is certainly for other reasons than the 
decrease in the reaerated batch, because the V, in this 
batch did not shift adequately. 

DISCUSSION 

The initial response of aerobic microbial populations 
from sea- and lakewater towards H2S was investigated. 
It is expected that no obligate anaerobic bacteria were 
among these populations though it is known that some 
sulfate-reducing bacteria can withstand oxygen stress 
for more than 3 h (Cypionka et al. 1985). However, the 
samples for the laboratory experiments were taken 
from surface water and had certainly had no contact 
with anoxic water for a considerable period of time. 
There may have been some facultatively anaerobic 
denitrifiers present, which switched over from 0 2  to 
nitrate-respiration during experimental H2S incubation 
(Rheinheimer 1985). The abundance of these micro- 
organisms in well-aerated marine surface waters in 
comparison to the total bacteria number is believed to 
be low. On the other hand there was sufficient nitrate 
(18 pm01 1-l )  present in the water for these organisms to 
develop under anoxic conditions, as long as  they were 
not negatively affected by H2S. Chemoautotrophic bac- 
teria may have been included in the total counts but 
less so in the quantitative activity measurements of our 
experiments, because obligately autotrophic bacteria, 
at  least, may not take up  organic solutes, e .g .  thymidine 
(Johnstone & Jones 1989). Also these bacteria are not 
abundant in seawater. From these considerations about 
the natural microbial community used in our experi- 
ments we conclude that the measured responses 
towards anoxia and  H2S were mainly due  to the pre- 
vailing aerobic heterotrophic microbial population. 

The results of the different measurements from the 4 
experiments show similar tendencies of which the most 
pronounced is the initial reduction of microbial 
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activities after establishment of H2S conditions and the 
subsequent recovery or stimulation of growth by re- 
aeration. With respect to bacteria numbers, substrate 
uptake and enzyme activity, the aerobic natural bac- 
teria populations were not strongly influenced by 
anaerobic or microaerobic conditions as established by 
flushing with NZ. Exposure to H2S, however, led 
immediately to a strong reduction of all these parame- 
ters, and also of bacterial production, except total num- 
bers of bacteria, where a distinction between living and 
dead or inactivated cells is not get possible. However, 
the degree of reduction for the different measurements 
varied considerably. 

Influence of H2S on substrate uptake 

Heterotrophic substrate uptake velocities of glucose 
and leucine as well as their turnover rates were 
reduced strongly at the beginning of the H2S influence 
and recovered only very slowly after 24 h under persist- 
ing H2S conditions. Lactate uptake was less influenced 
by these conditions, as this substrate is possibly more 
influenced by anaerobic metabolism of facultatively 
anaerobic bacteria in the water. Thus it seems that the 
behaviour of heterotrophic substrate uptake under 
these conditions is also a function of the substrate in 
question. Metabolically active bacteria numbers traced 
by 3H-leucine microautoradiography decreased drasti- 
cally in the H2S batches and there was also a reduction 
of the original diversity of morphological cell charac- 
ters. This agreed well with heterotrophic leucine and 
glucose incorporation, however it did not reflect the 
high capacity for lactate incorporation. It could be that 
the few remaining active bacteria had very high indi- 
vidual lactate uptake rates or that leucine, used as a 
substrate for active bacteria detection, was not adequ- 
ate for the substrate demands of bacteria developing in 
anoxic (H2S) waters. Previous experiments on acetate 
uptake revealed that a very low number of acetate- 
utdizing bacteria (5 to 20 % of the total active bacteria 
population; Hoppe 1978) caused very high uptake 
rates, resulting in extremely large spots on the X-ray 
film. 

Influence of H2S and reaeration on extracellular 
enzyme activity 

Another interesting point is the different behaviour 
of bacterial substrate uptake and extracellular enzyme 
activity towards H2S. The minor decrease of the latter 
suggests that exoenzymes are only partly inhibited by 
H2S, probably preferentially the heavy metal contain- 
ing enzymes (e.g. metalloproteases) and others which 

tend to establish disulfide bonds (Forth et al. 1984). 
This fraction is only slowly reactivated or re-estab- 
lished after expulsion of H2S by air. The remaining part 
retains its activity independently of the 02/H2S regime. 
However, the relationship between the active and the 
inactivated fraction varies with the different enzymes 
tested. In principle, enzymes from brackish water and 
freshwater populations were affected by H2S in the 
same range of inhibition. Only N-acetyl-glucosamini- 
dase and phosphatase were comparatively much less 
inhibited in brackish water from the Kiel Fjord (Tables 
1 and 2 ) ,  a difference which cannot be readily 
explained. 

Similar experiments were done by Reichardt (1986) 
with bacteria from braclush water sediments. It was 
found that protease activity on particulate protein 
model substrates (hyde powder azure) decreased dras- 
tically in the reduced zone of the sediment. Activities 
there were about 21 % of those found in the upper oxic 
zone. Chitinase activities were not affected by Eh of the 
sediments. Oxygen depletion in undisturbed oxic sedi- 
ments led also to a decrease in proteolytic activity. In 
homogenized s e l m e n t  samples there was no response 
to aeration or 02-depletion. This leads to the conclusion 
that there is a close relation between the microbial 
proteases and the physiological state of their produ- 
cers. Daatselaar & Harder (1974) found that the growth 
rate is an important parameter for the control of the 
synthesis of extracellular proteases. Pore water analysis 
(Rosso & Azam 1987) also revealed a 50 % decrease of 
the proteolytic activity in marine sediment in compari- 
son to the water sediment interface. Unfortunately no 
data on Eh or oxygen concentration in the sediment or 
on the conditions of incubation were supplied. 

Uptake systems for some important organic nutrients 
are obviously nearly totally inhibited by H2S, however 
they recover immediately after reaeration, if H2S is 
applied only for short periods. The uptake systems of 
bacteria operate less independently than the extracel- 
lular enzymes, which are located outside the cell mem- 
brane and which are not, or not as, closely coupled with 
the cell metabolism (Priest 1984). The uptake systems 
are energy dependent and related to metabolic reac- 
tions in the cell (Krambeck 1979); thus their inhibition 
may be hrectly affected by H2S or indirectly, e.g. when 
other cell functions (such as respiration) are affected. 

Effect of H2S and reaeration on bacteria production 

Under exposure to H2S, thymidine incorporation into 
bacterial DNA, used as a measurement of bacterial 
production, decreased to a lesser extent than uptake of 
glucose and leucine. Of course it cannot be expected 
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that this parameter would react immediately on nu- 
trient cut off, because internal storage pools may be 
used for further synthesis for a probably short period of 
time. In addition, the use of other types of substrates 
than glucose and leucine, e.g. lactate and/or acetate, 
may also be responsible for relatively high DNA-syn- 
thesis under anoxic conditions. The question of thy- 
midine incorporation by microbes from anoxic waters 
has been discussed by Pollard & Moriarty (1984) and 
McDonough et al. (1986). It was pointed out that 
despite their strict nutritional habits, at least some 
obligate anaerobic bacteria take up thymidine. 
McDonough et  al. (1986) exposed a microbial popula- 
tion from a n  anoxic hypolimnion to oxygen and found a 
reduction of 66 % for thymidine incorporation into DNA 
and of 42 % for incorporation into protein. Our experi- 
ments revealed a strong increase (Fig. 2a) for thy- 
midine incorporation into DNA after aeration of origi- 
nally aerobic bacterial populations which were 
exposed to H2S for a short time. A similar increase for 
thymidine incorporation was recorded in the batch 
where H2S disappeared slowly but anoxic conditions 
were maintained by NZ. The last reading at 24 h 
already shows a stabilisation or even decrease of bac- 
teria production rates, while active bacteria and 
leucine uptake were still increasing (Figs. 2b and 3). It 
is likely that when growth is approaching the station- 
ary phase, bacteria start to allocate energy more to 
protein synthesis, as indicated by the leucine uptake 
values, than to cell devision (DNA synthesis), causing a 
shift in the thymidineAeucine uptake ratio (firchman & 
Hoch 1988). In the oxic batch the increase of bacteria 
activity and also of the active bacteria fraction was 
much less than in the H2S batches. Probably due to 
grazing activities no clear relationships between the 3 
activity parameters could be observed in this batch. 

Recovery of microbial population after H2S-stress 

Disappearance of H2S had a pronounced stimulatory 
effect on growth, leucine uptake and percent of active 
bacteria of the originally aerobic bacteria population 
(Figs. 2a, b and 3; Table 3). This stimulation, however, 
did not result in increasing total bacteria numbers and 
biomasses; both measurements even decreased after 
the 24 h experimental period (Table 3).  The increase in 
substate uptake and growth is convincingly reflected 
by the increase of active bacteria and the dramatic 
change of the fraction of active bacteria from initially 
5 % to between 40 and 44 O/O at  the end. However, it is 
questionable whether this change in active bacteria 
numbers and biomass was due  to reproduction or 
whether it was only a consequence of reactivation of 
bacteria with respect to substrate uptake after H2S 
stress. The increase of active bacteria of nearly 2 X 106 
ml-' in the third vessel, for example, was not counter- 
balanced by an  increase in total bacteria numbers. 
Because grazing can be excluded in this continously 
anoxic batch and cell damage is unlikely to occur 
during the short period of H2S influence, an increase in 
total bacteria numbers should be expected if the 
increase in active bacteria was mainly due to reproduc- 
tion. It may therefore be assumed that the increase of 
active bacteria numbers is partially due  to reactivation 
of bacteria, which is documented by the strong gra- 
dient of leucine uptake. Nevertheless increasing values 
of thymidine incorporation suggest that reproduction 
also contributed to a certain extent. 

On the basis of active bacteria production rate and 
production rates calculated from thymidine uptake, we 
attempted to distinguish between metabolic activation 
of cells and cell reproduction (Table 4 ) .  Absolute values 
of biomass production rates calculated from the data of 

Table 4. Bacterial biomass production rates ($9 C 1-l per 6 h) calculated on the basis of active bacteria number increases (MAR) 
and thymidine incorporation (Thy). MAR production rates were calculated on the basis of active bacteria counts and average cell 
volume obtained from AODC preparations. Production rates on the basis of thymidine uptake were calculated from the mean Thy 

incorporation of the correspondng end point measurements 

Incubation Batch l (oxic) Batch 2 (H2S re-aerated) Batch 3 (H2S N2-anoxic) 
period MAR Thy MAR Thy MAR Thy 

0- 6 h 8.02 1.36 ni 0.44 ni 0.54 
6-12 h ni 1.71 6.08 1.19 6.65 1.42 

12-18 h 1.27 1.56 11.78 3.53 10.26 3.83 
18-24 h 3.92 1.75 10.26 4.95 19.76 5.67 

Biomass increase 13.21 6.38 28.12 10.11 36.67 11.46 
0-24 h 

ni, no increase of active cell numbers 
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active bacteria number increases and thymidine incor- 
poration were very dfferent. This suggests that the 
increase of active bacteria cannot be  explained only by 
production of bacteria cells but also by activation of 
resting cells in terms of substrate uptake. The 24 h 
production rates obtained from these 2 methodical 
approaches make this statement even more obvious. 
The ratios between the 2 production rates, calculated 
separately for each batch, show an  increasing tendency 
(2.1, 2.8, 3.2), suggesting that active bacteria increases 
are better documented by thymidine incorporation in 
the oxic batch, while activation of resting cells, not 
necessarily combined with reproduction, is more 
important in the H2S batches, especially in the third 
vessel, which was anoxic throughout the experimental 
period. 

tions of high numbers of flagellate bacteriovores have 
been made from the deeper layers of the Baltic Sea 
(Gocke unpubl.), suggesting the existence of a complex 
chemoautotrophic/heterotrophic foodweb. The exist- 
ence of such a foodweb at greater depths should 
encourage us to focus more intensive studies on growth 
rates and trophic interactions as well as bacterial sub- 
strate uptake mechanisms in these environments. This 
would lead to a better understanding of fluxes of 
energy and organic matter from surface waters to the 
bottom layers in the Baltic Sea and other border seas 
where anoxic conditions occur. 

Acknowledgements. This work was supported by DFG grant 
?15/3-2. We thank EvIrs R. Koppe and Mrs M. Mehrens for 
excellent technical assistance. 

CONCLUSIONS 
LITERATURE CITED 

This investigation shows that drastic changes in bac- 
terial metabolism occur when oxic waters are exposed 
to H2S conditions; oxygen depletion alone was much 
less effective. The substantial differences between sub- 
strate uptake, growth and extracellular hydrolysis sug- 
gest that the balance between these parameters as  it 
exists in oxic waters is initially decoupled in the H2S 
environment. The uptake of substrates which are most 
important in oxic waters is probably replaced by the 
uptake of other substrates which are better suitable for 
anaerobic metabolism. DNA synthesis and extracellu- 
lar hydrolysis of the bacteria behave more conserva- 
tively. Future investigations should study how these 
parameters stabilize after long-term adaptation to 
reducing conditions. Anoxic incubations with waters 
from anoxic zones have been mainly performed for 
denitrification and desulfurication measurements. 
McDonough et  al. (1986) claim that their study of bac- 
terial production in an anoxic hypolimnion is among 
the first to examine thymidine incorporation by mi- 
croorganisms in anaerobic waters. More information 
about bacterial response to changing redox-conditions 
is available from sediment studies. However, direct 
studies with corresponding situations in the water col- 
umn should be performed. 

The ecological importance of boundary layers such 
as  the oxic/anoxic interface in the Baltic Sea is clear. It 
has been pointed out that these boundaries may well 
serve as biotopes for active bacterial growth, supplying 
conditions for different types of energy metabolism and 
biomass growth as indicated by high total bacteria 
numbers and different uptake rates of substrates under 
varying environmental conditions (Rheinheimer et  al. 
1989). Moreover, it is likely that these boundaries also 
provide a favourable nutritional habitat for bacteria 
grazers and higher heterotrophic organisms. Observa- 

Bansemu, K., Rheinheimer, G. (1974). Bakteriologische Unter- 
suchungen iiber die Bildung von Schwefelwasserstoff in 
einer Vertiefung der inneren Kieler Forde. Kieler Meeres- 
forsch. 30: 91-98 

Bjernsen, P. K. (1986). Automatic determination of bacterio- 
plankton biornass by image analysis. Appl. environ. Mi- 
crobiol. 51: 1199-1204 

Cypionka, H., Widdel, F. ,  Pfennig, N. (1985). Survival of 
sulfate-reducing bacteria after oxygen stress, and growth 
in sulfate-free oxygen-sulfide gradients. FEMS Microbiol. 
Rev. 31: 3 9 4 5  

Daatselaar, M. C. C., Harder, W. (1974). Some aspects of the 
regulation of the production of extracellular proteolytic 
enzymes by a marine bacterium. Arch. Hydrobiol. 101: 
21-34 

Ehrhardt, M., Wenck, A. (1984). Wind pattern and hydrogen 
sulfide in shallow waters of the Western Baltic Sea, a cause 
and effect relationship? Meeresforsch. 30: 101-1 10 

Fenchel, T., Blackburn, J. H. (1979). Bacteria and mineral 
cycling. Academic Press, London 

Forth, W., Henschler, D., Hummel, W. (1984). Allgemeine und 
spezielle Pharmakologie und Toxikologie. Wissenschaftl. 
Verlag, Mannheim, p 649 

Fuhrman, J. A., Azam, F. (1982). Thyrnidine incorporation a s  a 
measure of heterotrophic bacterioplankton production in 
marine surface waters: evaluation and field results. Mar. 
Biol. 66: 109-120 

Gast, V., Gocke, K. (1988). Vertical distribution of number, 
biomass and size-class spectrum of bacteria in relation to 
oxic/anoxic conditions in the Central Baltic Sea.  Mar. Ecol. 
Prog. Ser. 45: 179-186 

Gocke, K. (1977). Comparison of methods for determining the 
turnover times of dissoIved organic compounds. Mar Biol. 
42: 131-141 

Hobson, L. A. (1983). Phytoplankton crops, bacterial metabo- 
lism and oxygen in Saanich Inlet, a fjord in Vancouver 
Island, British Columbia Srdiment. Geol. 36: 117-130 

Hoppe, H.-G. (19761. Determination and properties of actively 
metdbolizing heterotrophic bacteria in the sea  investigated 
by means of microautoradiography. Mar. Biol. 36: 291-302 

Hoppe, H.-G. (1978). Relations between active bactena and 
heterotrophic potential in the sea Neth. J Sea Res. 12: 
78-98 



Hoppe et  al.: Effect of H,S on bacteria 167 

Hoppe, H.-G. (1983). Significance of exoenzymatic activities 
in the ecology of brackish water: measurements by means 
of methylumbellifei-yl-substrates. Mar. Ecol. Prog. Ser 11: 
299-308 

Hoppe, H.-G.,  Kim, S -J , Gocke, K .  (1988) Microbial decom- 
position in aquatic environments: combined process of 
extracellular enzyme activity and substrate uptake. Appl. 
environ. Microbiol. 54: 784-790 

Indrebs, G.,  Pengerud, B., Dundas, I. (1979). Microbial 
activities in a permanently stratified estuary. 11. Microbial 
activities at  the oxic-anoxic interface. Mar Biol. 51: 
305-309 

Johnstone, B.  H., Jones, R. D. (1989). A study on the 
lack of (MethylL3H) Thymidine uptake and incorpora- 
tion by chemolithotrophic bacteria. Microb. Ecol. 18: 
73-77 

Juniper, S. K., Brinkhurst, R. 0. (1986). Watercolumn dark 
CO2 fixation and bacterial-mat growth in intermittently 
anoxic Saanich Inlet. British Columbia. Mar. Ecol. Prog. 
Ser. 33: 41-50 

Kirchman, D. L., Hoch, M. P. (1988). Bacteria production in the 
Delaware Bay estuary estimated from thymidine and 
leucine incorporation rates. Mar. Ecol. Prog. Ser. 45: 
169-178 

Krambeck, C. (1979). Applications and h i t a t i o n  of the 
Michaelis-Menten equation in microbial ecology. Arch. 
Hydrobiol. 12: 64-76 

McDonough, R. J . ,  Sanders. R. W., Porter, K. G., Kirchman, D. 
L. (1986). Depth distribution of bacterial production in a 

This article was presented by Professor G. Rhejnheirner, Kiel, 
F. R. Germany 

stratified lake with an  anoxic hypolimnion. Appl. environ. 
Microbiol. 52: 992-1000 

Pollard, P. C . ,  Moriarty, D.  J W. (1984). Validity of the tritiated 
thymidine method for estimating bacterial growth rates. 
measurement of isotope dilution during DNA synthesis. 
Appl. environ. hlIicrobiol 48- 1076-1083 

Priest. F. G. (1984). Extracellular enzymes. Aspects of mi- 
crobiology, No. 9. Van Nvstrand Reinhold, Wakingham 

Reichardt, W. (1986). Enzymatic potential for decomposition of 
detrital biopolymers in sediments from the Kiel Bay. 
Ophelia 26: 369-384 

Rosso, A. L, Azam, F. (1987). Proteolytic activity in coastal 
ocean waters: depth distribution and relationship to bac- 
terial populations. Mar. Ecol. Prog. Ser. 41: 231-240 

Rheinhe~mer,  G. (1985). Mikrobiologie der Gewasser. 4. Aufl. 
Fischer Verlag, Jena ,  p. 166-177 

Rheinheimer, G., Gocke, K., Hoppe, H.-G. (1989). Comparison 
of several microbiological and hydrographic-chemical 
parameters in different areas of the Baltic Sea. Mar. Ecol. 
Prog. Ser. 52: 55-70 

Riemann, B., Bjarnsen, P., Newell, S., F a h n ,  R. (1987). Calcu- 
lation of cell production of coastal bacteria based on mea- 
sured incorporation of 3 ~ - ~ h y m i d i n e .  Limnol. Oceanogr. 
32: 4 7 1 4 7 6  

Zimmermann, R. (1977). Estimabon of bacterial number and 
biomass by epifluorescence microscopy and scanning 
electron microscopy. In: Rheinheimer. G. (ed.) Microbial 
ecology of a brackish water environment. Ecological 
Studies 25. Springer Verlag, Berlin. p. 103-120 

Manuscript first received: Dezember 15, 1989 
Revised version accepted: March 30, 1990 




