
ABSTRACT: The effect of different con-
centrations of mercury on the number and
respiratory activity of neustonic and planktonic
bacteria derived from estuarine Lake Gardno
(Baltic Coast, Poland) was studied. The labora-
tory experiments demonstrated that mercuric
ions (Hg2+) exhibited toxic effects on abun-
dance and oxygen uptake of neustonic and
planktonic bacteria. Bacterioneuston and bac-
terioplankton showed different responses to
the mercuric ions. The neustonic bacteria sho-
wed higher levels of tolerance to various con-
centrations of Hg (10–15 mg dm–3) in the
culture medium than the planktonic ones
(<10 mg dm–3). It was found out that the
bacteria isolated from freshwater zone of Lake
Gardno were more tolerant to the increasing
concentration of mercury ions (10–20 mg
dm–3) than bacteria isolated from the seawater
and mixed zones of lakes. Non-pigmented bac-
teria from all layers and zones were more tore-
lant to the higher Hg2+ concentrations than
pigmented ones. High concentrations (above
8 µg cm–3) of mercury chloride in the respirato-
ry substrate blocked completely oxygen uptake
by neustonic and planktonic bacteria.

KEY WORDS: estuaries, bacterioneu-
ston, bacterioplankton, mercury, abundance,
respiratory activity

1. INTRODUCTION

Interactions of bacteria with heavy-
metal ions have aroused considerable inte-
rest in recent years. Studies of these inter-
actions have focused especially on conver-
sions of mercury in aquatic ecosystems
(Barkay et al. 1990, Farrel l et al. 1993,
Cursino et al. 1999, Reyes et al. 1999).
Mercury is an extremely hazardous chemi-
cal element because of its volatility in the
metal state and ability to form numerous
toxic volatile organic compounds under the
action of bacteria present in aquatic eco-
systems (Ostrovski i et al. 2000). Mercu-
ric ions (Hg2+) and organic forms (org-
Hg) are cytotoxic to bacteria because they
are liposoluble and strongly bind sulphy-
dryl groups with membrane proteins and
in effect then inhibit bacterial macromole-
cule synthesis and enzymes action (Foster
1983, Curs ino et al. 1999). However,
many bacteria have developed several diffe-
rent and efficient mechanisms for tolera-
ting the mercury compounds. These
mechanisms include five ways by which the
bacteria defend themselves from action of
mercury: (1) the lowering of the cell wall
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permeability to mercury, (2) the formation
of insoluble mercury sulphides, (3) the
conversion of mercurial compounds into
metal mercury, (4) the conversion of non-
volatile mercurial compounds to volatile
ones by means of methylation, and (5) the
rapid excretion of mercury from cells into
the medium (Osborn 1999). These
mechanisms allow the bacteria to carry out
reactions that transform mercury between
its three major forms; Hg0, Hg2+ and
org-Hg (Barkay et al. 1992).

The reduction of Hg2+ and degradation
of org-Hg are detoxification processes allo-
wing bacterial growth in the presence of mer-
cury. The enzyme that catalyses the reduc-
tion of Hg2+ is the intracellular cytoplasmic,
FAD-containing mercuric reductase, which
is a soluble cytoplasmic protein about
63.000 molecular weight. Strains, which
detoxify organomercurials specify a second
cytoplasmic enzyme, organomercurial lyase.
This cleaves C-Hg bonds to  release Hg2+,
which is in turn volatilised by the reductase
(Foster 1983, Barkay et al. 1992).

Because microorganisms in aquatic
ecosystem are involved in many basic ecolo-
gical processes such as organic matter
degradation, biogeochemical cycling and
detoxification of toxic contaminants (Mar-
t inez et al. 1991) the object of the present
study was to determine the influence of
mercury ions on the numbers and respira-
tory activity of neustonic and planktonic
bacteria inhabiting the estuarine lake.

2. MATERIALS AND METHODS

2.1. Study area

The studies were carried out in an estu-
arine Lake Gardno situated in the World
Biosphere Reserve – S∏owiƒski National
Park (Baltic Coast, Poland). The lake is very
shallow (1.3 m average depth) but covers
a large area (2.500 ha). The shallow depth
and large area as well as the lack of shielding
winds make possible a full mixing of water
in both vertical and horizontal profiles. As
a result, the lake can be regarded as a poly-
mictic basin in which no thermal or oxygen
stratification is observed. The emergent
macroflora covers 4% of the Lake Gardno
surface forming a 20–100 m wide offshore
belt, which constitutes home to many bird
species. The main species of macrophytes

are: Typha angustifolia, Phragmites australis,
Scirpus lacustris and Schoenoplectus lacustris.

Lake Gardno is characterised by inter-
mediate conditions between marine and
inland environment. On one hand it is sup-
plied by the water of the River ¸upawa, on
the other hand via a 1.3 km channel it is
connected with the Baltic Sea (Fig.1) whose
large volumes of sea water abundantly pene-
trate into the lake. Therefore, the water of
the lake, or its part acquires seawater pro-
perties, resulting in 2–5‰ salinity. Consi-
stently with the Venetian system, Lake
Gardno can be classified as mixo-oligohali-
ne type (0.5–5.0‰) (Dethier 1992).

2.2. Sampling

Water samples were taken during June
2000 from three stations (Fig.1): one near
the River ¸upawa inflow (freshwater zone)
(station 1), one in near-sea part (seawater
zone) (station 3) and at one station in mid-
lake (mixed zone) (station 2). Water sam-
ples for bacteriological analyses were taken
from three layers. Film layer (FL) samples
(thickness of 90 ± 17 µm) were taken with
a 30 ¥ 30 glass plate (Har vey and
Burzel l 1972), surface layer (SL) samples
(thickness of 242 ± 40 µm) were collected
with a 40 ¥ 50 cm Garrett net (24 mesh net
of 2.54 cm length) (Garrett 1965). Glass
plate and polyethylene net were rinsed with
ethyl alcohol and distilled with sterile
water prior to sampling. The water from
subsurface layer (SUB) was sampled from
the depth of about 10–15 cm. The all water
samples were collected into sterile glass
bottles and stored in an ice-box, where the
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Fig. 1. Sampling stations location in Lake
Gardno (Baltic Coast, Poland).



temperature did not exceed 7ºC until they
were taken for analysis. The time between
sample collection and performance of the
analyses usually did not exceed 6–8 h.

2.3. Determination of the influence of
mercury on the numbers of neustonic

and planktonic bacteria

In order to study the effect of mercury
ions (HgCl2) on the numbers of neustonic
and planktonic heterotrophic bacteria an
iron-peptone agar (IPA) medium was used
(Ferrer et al. 1963). The final concentra-
tions – of mercury chloride ions (Merck
AG) in IPA medium were as follows: 0.0,
10.0, 15.0, 20.0, 50.0, 100.0, 200.0 mg dm–3

(Hermansson et al. 1987). The collected
surface (FL and SL layer) and subsurface
(SUB) water samples were diluted with ste-
rile buffered water (Daubner 1967) and
inoculated by the spread method in three
parallel replicates on IPA medium with
various concentrations of mercury chloride.
IPA medium containing no HgCl2 was used
as controls. After a 7 day-cultivation at
20ºC, the colonies of neustonic (Fl, SL)
and planktonic (SUB) bacteria were coun-
ted and the results were calculated as
a number of bacteria per cm3 water. Subse-
quently, nine bacterial colonies from each
water layer and station growing on media
without heavy metal were picked from the
plates and were transferred to semiliquid
IPA medium (5.0 g of agar dm–3 of
medium). The cultures maintained on this
medium, after purity control were kept at
4ºC and used for further investigation in
order to determine the influence of mercu-
ry on respiratory activity of these bacteria.

2.4. Estimation of the influence of mercu-
ry chloride on bacteria respiratory activity

The influence of mercury chloride on
respiratory activity of neustonic and plankto-
nic bacteria was determined as oxygen upta-
ke by these organisms using Clark’s electro-
de (Rank Brothers Ltd. Model 10) (Kono -
pka and Zakharova 1999). The respira-
tory activity of nine bacterial strains from
each water layer and station was determi-
ned. Pure cultures of bacteria were multi-
plied on IPA agar slants for 48–72 h at
20ºC. Subsequently, they were washed off

from the slants with phosphate buffer
(0.01 M, pH 7.0), centrifuged at 15.000
rpm for 15 min and washed twice with the
buffer. The washed bacteria were resuspen-
ded in the same buffer and adjusted to the
turbidity of 4 Mac Farland standards. Typi-
cally, 1 cm3 of such a suspension contained
109 bacteria. Casein hydrolyzate (Casami-
no acids vitamin-free – Difco) was used as
a respiratory substrate in this study. This
substrate (0.5 mg cm3) was dissolved in
phosphate buffer containing different con-
centrations (0.0, 1.0, 2.0, 4.0, 8.0, 20.0,
30.0, 50.0 µg cm–3) of mercury chloride.

Before measurements, the respiratory
chamber of Clark’s electrode was calibrated
with sodium dithionate at the polarizing
voltage of 6.0 V. After calibration, 1.5 cm3

of the bacterial suspension and 30 µl of
respiratory substrate were put into the re-
spiratory chamber. Changes in voltage on
the electrode were recorded by an analogue
XY Line Record TZ 5000 recorder and sto-
red in a computer program BS81x –
BS51x Data Recording System Ver. 3.3.05.
The number of measurements was set at
30, taken every 6 seconds.  During the
measurements, the Clark’s electrode was
connected to a flow stabilizer of temperatu-
re, which ensured thermal stability in the
respiratory chamber. Respiratory activity of
each strain of bacteria was measured in
triplicates. Data were corrected for endoge-
nous respiration and the oxygen uptake was
converted into µl O2 h–1 per 109 cells.

3. RESULTS

Figure 2A presents the results on the
impact of mercury chloride on the number
of bacteria inhabiting film layer (FL),
surface layer (SL) and subsurface (SUB)
water layers in Lake Gardno. The given da-
ta show that a low (10–15 mg dm–3) mer-
cury chloride concentrations in the
medium caused the increase in the num-
bers of bacteria inhabiting the film layer.
However, the same HgCl2 concentration in
a culture medium caused the decrease in
bacteria numbers in the surface layer. At
concentration 20 mg dm–3 of mercury chlo-
ride, the bacteria inhabiting both (FL, SL)
surface water layers decreased in number.
A dramatic drop in the number of neusto-
nic bacteria (FL, SL) was recorded in the
presence of 50–200 mg dm–3 mercury chlo-
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ride. However, at such great HgCl2 concen-
tration in the culture medium, low number
of neustonic bacteria were able to survive
under the same conditions. In the subsur-
face water layer (SUB), the plankton bacte-

ria numbers dropped with the increasing
mercury ions concentration in the culture
medium. Even the lowest (10 mg dm–3)
tested concentration of mercury ions cau-
sed a two-fold reduction in the number of
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those microorganisms. No growth of plank-
tonic bacteria occurred in media with con-
centration above 20 mg dm–3.

The data presented in figure 2B shows
that the bacteria isolated from particular
parts of Lake Gardno exhibited various
levels of tolerance to the presence of mer-
cury in the culture medium. It was found
out that the bacteria isolated at station

1 close to the River ¸upawa outflow into
lake Gardno were most tolerant to the
increasing concentration of mercury ions.

Figure 3 presents the results concer-
ning mercury effect on the growth of pig-
mented and non-pigmented bacteria inhabi-
ting Lake Gardno. The data obtained indi-
cate that in all studied water layers (Fig. 3A)
and stations (Fig. 3B) non-pigmented bac-
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teria were most likely to tolerate the higher
mercury ions concentrations in culture
medium than the pigmented ones.

Figure 4A presents data on the influ-
ence of different concentrations of mercu-
ry chloride on the respiratory activity of
neustonic and planktonic bacteria. It was
revealed that even a low (1–4 µg cm–3) con-

centration of mercury chloride in the respi-
ratory substrate affected the amount of
oxygen uptake by bacteria, whereas a con-
centration of 8 µg cm–3 HgCl2 dramatically
hindered the process. Further increase in
this heavy metal concentration in the respi-
ratory substrate blocked completely the
respiratory process in neustonic and plank-
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tonic bacteria. The bacteria isolated from
the subsurface water proved to be most
tolerant to the increasing mercury concen-
trations in the respiratory substrate, while
those occurring in the film layer appeared
to be the least tolerant.

Following the data shown in Figure 4B,
one can note that the 8 µg cm–3 HgCl2 con-

centration in the respiratory substrate dra-
matically limited the process of oxygen
uptake by the bacteria isolated from the dif-
ferent parts of Lake Gardno. At the same
time, the concentration of 20–50 µg cm–3 of
mercury chloride hindered completely the
bacteria respiration. It was found out that
the bacteria isolated from the sea zone (sta-
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tion 3) were the least vulnerable to mercu-
ry present in the respiratory substrate.

4. DISCUSSION

Many studies (Hermansson et al.
1987, Niewolak et al. 1996, Donderski
et al. 1997, Lopez-Amoros et al. 1997)
show the toxic effects of mercury ions on the
number of aquatic bacteria. It has been
reported (Martinez et al. 1991) that Hg is
more toxic to bacteria than other frequently
occurring heavy metals in aquatic ecosys-
tems. Results of these studies, along with
data published in the present paper, reveal
a diminishing bacterial growth occurring
along with increasing concentration of mer-
cury chloride in culture medium. This
results from the fact that activity of many
bacterial enzymes, such as: proteases, pho-
sphatases, reductases, liases, ureases, dehy-
drogenases, arylosulphatases are inhibited
by mercury (Foster 1983, Bogdanova et
al. 1992, Diaz-Ravina et al. 1994).

Among the neustonic and planktonic
bacteria that inhabit Lake Gardno many
pigmented organisms were found (Mu-
dryk 1987). Therefore, it is interesting to
assess and compare Hg influence on the
number of pigmented and non-pigmented
bacteria. In Lake Gardno, non- pigmented
bacteria usually displayed greater levels of
tolerance to different mercury ions concen-
trations in culture medium than the non-
pigmented ones. These data do not corres-
pond in any way to the data obtained by
Nair et al. (1992), who showed that the
pigmented bacteria isolated from the Ara-
bian Sea displayed greater tolerance to
heavy metals than non-pigmented ones.

Donderski et al. (1997), who investi-
gated the effect of heavy metals on the num-
bers of bacterioneuston and bacterioplank-
ton inhabiting the eutrophic Lake Jeziorak
Ma∏y (north-eastern Poland) observed that
neustonic bacteria showed higher level of
tolerance to various concentrations of heavy
metals than planktonic ones. Also in marine
environments, mercury resistance occurs at
higher frequencies among air-water interface
bacteria than among the bulk community
(Kim 1985, Hermansson and Lind-
berg 1994, Lopez-Amoros et al. 1997).
The results presented in the paper corres-
pond to these data. Neustonic bacteria inha-
biting Lake Gardno showed greater toleran-

ce to Hg ions than the planktonic ones. The-
re are different possible explanations of this
observation. Large amounts of organic sub-
stance accumulated in surface water (Wil-
l iams et al. 1986) could limit the toxicity of
heavy metals to heterotrophic bacteria living
in this special biotope. Thus, in the surface
microlayer the toxic effects of heavy metals
are reduced or masked through the forma-
tion of complexes of metals with organic
compounds. The cations of these chemical
elements bind easily with small organic mo-
lecules (amino acids, simple sugar) and large
molecules (proteins, nucleic acids) creating
complex molecules (P iot rowicz et al.
1972, Albright and Wilson 1974, Lion
et al. 1982). Also heavy metals are probably
continuously present in the surface micro-
layer making the bacteria adapted to these
substances (Kim 1985).

Some previous papers (Farrel l et al.
1993, Fabiano et al. 1994, Perez- Garcia
et al. 1993, Konopka and Zakharova
1999) based on laboratory experiments,
showed that the short response to toxic
metals is connected with a large reduction
in metabolic-respiratory activity of aquatic
bacteria. According to Ranjard et al.
(1997) mercury exercises a particularly
great inhibitory influence on bacteria respi-
ration. Mil ls and Colwel l (1977) and
Mudryk et al. (2000) found that Hg inhi-
bited intensively glucose and casein hydro-
lyzate oxidation by marine bacteria.
Results presented in this paper also con-
firm the inhibitory influence of such heavy
metal as mercury on respiration processes
of estuarine neustonic and planktonic bac-
teria inhabiting Lake Gardno.

Barkay et al. (1992) and Cursino et
al. (1999) report that bacteria probably
play a key role in the recycling and detoxi-
fication of Hg in aquatic ecosystems. This
suggests that in the future the impact of
mercury contamination in these environ-
ments may be reduced by human interven-
tion in order to accelerate natural detoxifi-
cation processes by bioremediation based
on the introduction of genetically engine-
ered micro-organisms into ecosystems.

5. SUMMARY

The studies were carried out in an estuarine
Lake Gardno situated in the S∏owiƒski National
Park (Baltic Coast, Poland). Lake Gardno is cha-
racterised by intermediate conditions between
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marine and inland environment. On one hand it
is supplied by the water of the River ¸upawa,
on the other hand via – a 1.3 km channel – it is
connected with the Baltic Sea (Fig. 1) whose lar-
ge volumes of sea water abundantly penetrate
into the lake. Water samples were taken from
three zones (Fig. 1): freshwater zone (station 1),
seawater zone (station 3) and at one station in
mid-lake mixed zone (station 2). Water samples
for bacteriological analyses were taken from film
layer (FL) (thickness of 90 ± 17 µm), surface
layer (SL) (thickness of 242 ± 40 µm) and sub-
surface layer (SUB) (10–15 cm). Object of the
present study was to determine the influence of
mercury ions on the number and respiratory ac-
tivity of neustonic and planktonic bacteria inha-
biting this lake. In order to study the effect of
mercury ions (HgCl2) on the numbers of neu-
stonic and planktonic heterotrophic bacteria an
iron-peptone agar (IPA) medium with different
concentrations of mercury chloride ions was
used. The influence of mercury chloride on re-
spiratory activity of neustonic and planktonic
bacteria was determined as oxygen uptake by
these organisms using Clark’s electrode. The
neustonic bacteria showed higher levels of tole-
rance to various concentrations of Hg than the
planktonic ones (Fig. 2A). Bacteria isolated
from particular parts of Lake Gardno exhibited
various levels of   tolerance to the presence of
mercury in the culture medium (Fig. 2B). Non-
pigmented bacteria from all studied water layers
(Fig. 3A) and stations (Fig. 3B) were most like-
ly to tolerate the higher mercury ions concentra-
tions in culture medium than the pigmented
ones. High concentrations (above 8 µg cm–3) of
mercury chloride in the respiratory substrate
blocked completely oxygen uptake by neustonic
and planktonic bacteria (Fig. 4A). It was found
out that the bacteria isolated from the sea zone
were least vulnerable to mercury present in the
respiratory substrate (Fig. 4B).
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