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ABSTRACT. Since the early work of Sieburth (1960; Science 132: 676-677) acrylic acid has frequently
been mentioned a s inhibiting bacterial growth in the sea, although this has not been tested thoroughly.
Recent focus on dimethylsulfoniopropionate (DMSP) and its cleavage into equimolar concentrations of
dimethylsulfide (DMS) and acrylic acid has led to increased speculation that acrylic acid may retard
bactenal growth. In order to test the role of acrylic acid in controlling bacterial metabolism w e performed experiments with bactenoplankton originating from the upper mixed layer of the Adriatic Sea.
In short-term experiments (20 min incubation period) leuclne as well as thymidine incorporalon into
bactena were reduced by 2 50% at acrylic acid concentrations 2 1 mM while in long-term incubations
of seawater cultures (24 to 110 h) bacterial activity was retarded a t acrylic acid concentrations > 10 PM.
In order to test potential effects of pH deviations, experiments with seawater cultures amended with
10 mM acrylic acid and adjusted p H (8.0)were performed, indicating that in pH-adjusted cultures
bacterial production is reduced to ca 40% of the production rate in unamended cultures while bacterial
production in cultures with unadjusted pH is reduced to ca 2 % . Although few data a r e available, w e
assume that acrylic acid concentrations in natural waters a r e similar to those of DMS (in the nM range).
If this 1s true, then bacterioplankton will rarely expenence growth inhibition by acrylic acid in the
environment. Only under speclfic conditions when phytoplankton forms aggregates, e g . m a n n e snow
or Phaeocystis colonies, could acrylic acid play a role in reducing bacterial metabolism.
KEY WORDS: Bacteria . Acryhc acid . Metabolism

INTRODUCTION
Dimethylsulfide (DMS) in marine environments has
been recognized as a potentially important substance
in the global sulfur cycle (Barnard et al. 1982, Andreae
1990, Erickson et al. 1990, Malin e t al. 1992). This gas
has been suggested to influence the global climate due
to its potential role in stratospheric cloud formation
(Bates et al. 1987a, Charlson e t al. 1987). DMS may
also contribute to the formation of acid rain when it
becomes oxidized and forms sulfate aerosols in the
atmosphere (Charlson & Rodhe 1982). Thus, although
originating from the marine environment, DMS influences the composition of the atmosphere as well as life
in terrestrial systems. DMS is enzymatically cleaved
from dimethylsulfoniopropionate (DMSP) (Cantoni &
'Addressee for correspondence
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Anderson 1956). DMSP is produced by marine algae
and most likely acts as an osmoregulator in cells (Vairavamurthy et al. 1985, Dickson & Kirst 1986). Among
the phytoplankton organisms producing large amounts
of DMSP are dinoflagellates and prymnesiophytes
(Keller e t al. 1989a, b).
Besides DMS, acrylic acid is produced in equimolar
concentrations from DMSP; this reaction pathway is
mediated by microbial enzymes (Cantoni & Anderson
1956). Little is known, however, on the rates and
degradation pathways of DMS and acrylic acid in seawater (Kiene & Bates 1990). Brinlblecombe & Shooter
(1986) have shown that DMS is photo-oxidized in
sunlight at about the same rates as DMS is lost to
the atmosphere via the air-seawater interface. While
DMS concentrations and production rates have been
measured for a variety of environments (Holligan et al.
1987, Turner et al. 1988, Cooper & Matrai 1989, Fogel-
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qvist 1991), acrylic acid has so far received little attention. The most frequently cited paper dealing with the
influence of acrylic acid on marine life is that by
Sieburth (1960). In his study, several bacterial species
were tested using plating techniques for their ability to
grow on media with different concentrations of acrylic
acid. Nine out of 12 bacterial strains tested were
growth-inhibited at acrylic acid concentrations in the
media of 2 5 mg ml-' (equivalent to a concentration of
2 6 9 mM); 2 of the other 3 strains tested were not inhibited even at acrylic acid concentrations of >50 mg
ml-' (or > 690 mM). The lowest concentration of acrylic
acid provoking growth inhibition was detected for Pasteurella m ~ ~ l t o c i d(0.025
a
mg ml-' or 347 p M ) Obviously, there are large variations among different bacterial strains in their sensitivity to acrylic acid. The
concentrations used by Sieburth (1960),however, were
about 3 orders of magnitude higher than one would
expect in the euphotic zone of the sea based on the
concentrations of DMSP and DMS and, moreover, the
pH might have been significantly lower than in original seawater. Davidson & Marchant (1987) found
inhibitory effects of acrylic acid on bacterial abundance; however, they presented neither data on acrylic
acid concentrations nor data on bacterial metabolism.
The purpose of this study was to follow growth of
bacterial communities in seawater amended with different concentrations of acrylic acid and to differentiate the effects of acrylic acid and pH on bacterial
growth. The rationale was based on the finding that
those phytoplankton species which exhibit the highest
rates of DMSP production are also those which
respond most to eutrophication (Keller et al. 1989b);
especially dinoflagellates produce copious amounts of
DMSP. If w e assume that high concentrations of DMSP
ultimately lead to high concentrations of acrylic acid
too, we might expect retarded bacterial growth in
eutrophic waters due to the presence of elevated concentrations of acrylic acid. Retarded bacterial growth
rates in eutrophic waters might then be responsible
for the observed differences in the biomass ratio between phytoplankton and bacteria between oligo- and
eutrophic waters (Dortch & Packard 1989, Fuhrman et
al. 1989, Cho & Azam 1990). Frequently, bacterial
growth rates decline from oligotrophic to eutrophic
environments (Herndl 1991) although oligotrophic
bacteria are capable of growing fast if conditions are
favorable (Peduzzi & Herndl 1992). Bacterial growth
rates in marine snow were found to be similar to those
in ambient water even though organic nutrient concentrations are significantly higher in marine snow
(Herndl 1992, Miiller-Niklas et al. in press). This finding might point to the presence of growth-regulating
substances present in the mucoid matrix of marine
snow. Based on these considerations, we hypothesized

that the expected higher concentrations of acrylic acid
in eutrophic waters and in marine snow are responsible for the observed growth pattern of the bacterioplankton under eutrophic conditions.

MATERIAL AND METHODS

Water samples were collected in the Northern
Adriatic Sea, ca 1.5 km off the Center for Marine
Research (Institute 'Ruder Boskovic', Rovinj, Croatia)
and during a lagrangian study along 44'45' N in the
central Northern Adriatic in June 1992. Water was collected with acid-rinsed (0.1 N HCl) Niskin bottles from
about 2 to 5 m depth and used for experiments within
1 h at the Center for Marine Research or on board RV
'Vila Velebita' (during the lagrangian study). Additional experiments were performed at the Department
of Marine Biology of the University of Vienna; prefiltered water (65 pm mesh size) used for these incubation experiments was transported in 10 1 carboys at
near in situ temperature. For experiments performed
in Vienna, the water was used within 2 d of sampling.
Long-term incubations. Seawater amended with different concentrations of acrylic acid was incubated for
2 to 3 d at 20°C in the dark. Either unfiltered or 0.8 pm
filtered (Nuclepore polycarbonate filters) seawater in
precombusted (450°C for 4.5 h) 1 1 Erlenmeyer flasks
was used for the incubation experiments. Acrylic acid
(Sigma Chemicals) was added to the desired concentrations. One flask per experiment without acrylic acid
addition sewed as control. Thirty rnl subsamples were
withdrawn from the flasks at regular time intervals and
bacterial density and activity determined as described
below. In seawater amended with high acrylic acid
concentrations the pH dropped from ca 8 to 2.5 (at
100 mM acrylic acid conc.). To determine only the
potential inhibitory effects of acrylic acid and to
exclude the effect of pH deviations, we performed
experiments where one flask was spiked with 10 mM
acrylic acid (final conc., pH = 3.5), a second flask was
spiked with the same amount of acrylic acid but,
before addition, the acrylic acid was neutralized with
NaOH thereby preventing pH deviations and a third
flask was spiked with HCl so that the final pH was the
same as in the flask amended with acrylic acid only
(pH = 3.5); an additional flask without any addition
served as control. After 2 h, 30 m1 subsamples were
withdrawn and bacterial density and activity determined.
Short-term incubations. Seawater spiked with different concentrations of acrylic acid was incubated
(20°C in the dark) for 20 min to investigate potential
polymerization effects of acrylic acid since rapid polymenzation could have biased our long-term expen-
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ments. For this experiment, 1 1 of 0.8 pm filtered seawater was incubated in a precombusted Erlenmeyer
flask spiked with glucose (Merck, final conc. 10 FM) in
order to obtain a fast growing bacterial community.
From this culture, 30 m1 subsamples were taken and
amended with 0.01, 0.1, l , 10 and 100 mM acryllc acid
(final conc.) and both I3H]-thymidineand [14C]-leucine
were added to estimate potential short-term effects of
acrylic acid on bacterial metabolism. Again 1 flask
without addition of acrylic acid served as control.
We chose the acrylic acid concentrations for the
experiments according to reported natural DMS concentrations [a few.nmo1 1-' in the central and eastern
North Pacific (Bates et al. 1987b), ca 40 nM in the
Peru upwelling area (Andreae 1985); 290 nM in Antarctic coastal waters during a Phaeocystis pouchetii
bloom (Gibson et al. 1990)l and then raising the concentration stepwise (1 order of magnitude at a time)
to the concentration used in an earlier study
(Sieburth 1960).
Enumeration of bacterial density. Bacterial density
was determined by epifluorescence microscopy using
the direct counting method with acridine orange staining as described by Hobbie et al. (1977). A 5 m1 subsample from each flask was withdrawn and fixed with
0.5 m1 conc. 0.2 pm filtered formalin. A few drops of
0.2 pm prefiltered acridine orange solution were
added to the fixed sample and allowed to stain for
2 min. Thereafter the stained sample was filtered onto
a black 0.2 pm pore size polycarbonate filter (Millipore
GTBP, 25 mm diameter) with a suction pressure of
200 mb. The filter was placed on a slide, embedded in
paraffin oil and covered with a coverglass. Bacterial
density was determined with a Leitz Laborlux microscope with a lOOx Fluotar objective and Ploemopak
epifluorescence unit. The working field was adjusted
with a diaphragm in a way that 15 to 25 fluorescent
particles were counted per working field, and a total of
30 fields were counted per sample; the diameter of the
working field was determined by an ocular micrometer. Bacterial density was converted into carbon
equivalents using the factor 20 fg C cell-' (Lee &
Fuhrman 1987).
Bacterial volume. The biovolume of bacterial cells
was determined with an epifluorescence microscope
to which an image analyzing system (Jandels Java)
was attached. In order to obtain a better image of the
bacterial cells DAPI staining was used (Porter & Feig
1980). Two m1 from each sample was withdrawn and
fixed with 0.2 m1 concentrated prefiltered (0.2 pm)
formalin and stained with the DAPI solution for at least
15 min. After staining, the sample was filtered onto a
black 0.2 pm polycarbonate filter and placed on a
slide. Bacterial images from 9 working fields (each
covering an area of 1270.9 pm2) were counted and

measured by the image analyzing system. Using the
procedure described by Puskaric (in press) the average biovolume as well as the frequency distribution
of the volume of the bacterial community was determined.
Leucine and thymidine incorporation into bacteria.
[3H]-leucine(Amersham, specific activity 120 Ci mmol-l,
10 nM final conc.) incorporation into ice-cold trichloroacetic acid (TCA) precipitate was used to estimate bacterial biomass production (Simon & Azam
1989) as well as [3H]-thymidine (Amersham, specific
activity 85 Ci mmol-l, 10 nM final conc.) incorporation
into DNA to estimate cell production (Fuhrman &
Azam 1982). Three replicates and 2 formalin-killed
blanks (each 5 ml) were incubated in gamma-radiated
tubes (Falcon, Inc.) at 20°C in the dark. The blanks
were fixed with 0.5 m1 concentrated prefiltered formalin. Occasionally the dual labeling technique was
applied (Kirchman & Hoch 1988, Chin-Leo & Kirchman 1990) using [14C]-leucine (Amersham, specific
activity 319 mCi mmol-l, 10 nM final conc.) together
with 13H]-thymidine and incubating for 30 min. The
incubation was terminated by fixing the replicates
with formalin (4 O/o v/v final conc.) and all samples were
filtered onto 0.45 pm pore size cellulose membrane
filters (Millipore HA, 25 mm diameter) and rinsed with
10 m1 ice-cold 5 % TCA for 10 min. The filters were
placed into scintillation vials (polyethylene vials,
Packard), dissolved with 1 m1 ethyl acetate (RiedelDe-Haen) and after 10 min, 8 m1 of scintdlation cocktail
(Insta Gel, Packard) was added and the samples
counted after 12 h in a scintillation counter (TRI CARB,
Packard). Quenching was corrected by external
standard ratio.

RESULTS

Long-term incubations
In long-term incubations (2 to 3 d ) unfiltered seawater was spiked with different concentrations of
acrylic acid ranging from 0 to 400 nM. At these concentrations bacterial activity was not significantly
retarded (Fig. 1).During the course of incubation, bacterial density increased from 7.9 X 105cells ml-' (range:
5.6 to 9.6 X 105cells ml-'; n = 6) at the initial stage to a
mean value of 15.1 X 105 cells ml-l (range: 12.7 to
16.2 X 105 cells ml-', n = 6) within 38 h regardless of
the acrylic acid concentrations added (up to 400 nM).
Similarly, bacterial production increased from 1.3 pg C
1-' d-' (range: 1.2 to 1.4 pg C 1-' d-l, n = 6) during the
initial phase of the incubation to a mean of 30.6 pg C
1-' d-' (range: 27.1 to 32.2 ~g C 1-' d-l, n = 6) and bacterial growth rate from 0.08 d-' (range: 0.07 to 0.1) to
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Table 1. Influence of pH and acrylic acid concentrations on
leucine (Leu) and thymidine (TdR) incorporation h-' into bacteria given as % bacterial incorporation in unamended 0.8 km
filtered seawater; measurements were performed in duplicates; mean and range are given
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Fig 1. Leucine incorporation h-' in bacteria in raw seawater
(given a s % bacterial incorporat~onin unamended flasks) at
acrylic acid concentrations ranging from 0 to 400 nM (mean
T SD of 7 replicate measurements are presented). Flasks were
sampled over a 38 h period at 4 to 8 h intervals

120-

C

1.03 d-' (range: 0.84 to 1.26) after 38 h. As for bacterial
production, bacterial growth rates also did not differ
significantly among different acrylic acid concentrations (Wilcoxon, p > 0.2, in all cases). A second experiment with unfiltered seawater was performed over
46 h with higher acrylic acid concentrations than in the
former experiment (0, 1, 2, 4, 8, 16 FM). Despite the up
to 40 times higher acrylic acid concentrations used in
this experiment, again no significant differences were
detectable among the different treatments (Wilcoxon,
p > 0.2).
In subsequent experiments, 0.8 pm filtered seawater
was used. This seawater was amended with varying
concentrations of acrylic acid ranging from 0 to 100 mM
and incubated for 24 to 110 h (Fig. 2). Bacterial incorporation of leucine and thymidine was significantly
reduced at acrylic acid concentrations > 10 pM (Wilcoxon, p < 0.1, for all incorporation rates at acrylic acid
concentrations > 10 FM) and undetectable at 10 and
100 mM concentrations of acrylic acid (Fig. 2). Both
leucine and thymidine incorporations exhibited identical trends (Fig. 2). Neither bacterial density nor volume
changed among different treatments (Wilcoxon, p > 0.2
for both density and volume).
To determine whether the observed inhibitory effect
was due to acrylic acid or to the associated low pH
values (as shown in Fig. 2), incubation experiments
with 10 mM concentrations of acrylic acid without and
with adjusted pH (pH = 8) were performed. Acrylic
acid concentrations of 10 mM with the pH adjusted
caused a decline in bacterial metabolism to ca 42 % of
the original metabolic rate in untreated seawater
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Fig. 2. Thymidine (upper panel) and leucine (lower panel)
incorporation h-' in bacteria in 0.8 pm filtered seawater at
acryl~cacid concentrations of up to 100 mM; the pH deviated
from 8.1 in the unamended flask to 2.5 in the flask amended
with 100 m M acrylic acid (mean SD of 3 to 14 replicate
measurements are presented); values are given in % of unamended incubations in order to facilitate comparison among
experiments. Flasks were sampled over a period ranging from
24 to 118 h at 4 to 24 h Intervals
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Acrylic acid (PM)

Fig. 3. Short-term response of bacteria to acrylic acid addition. Acrylic acid at varying concentrations and both thymidine and leucine were added. Symbols represent mean SD
of 1 to 3 replicate measurements
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(Table 1). A pH of 3.5 caused a drastic reduction in
bacterial activity. In both leucine and thymidine incorporations the 10 mM acrylic acid addition led to a
further reduction in bacterial metabolism by 60 and
75 %, respectively (Table 1).

Short-term incubations
In order to evaluate possible short-term effects of
acrylic acid on bacterial metabolism, 20 min incubations were performed with ['4C]-leucine and 13H]thymidine added to seawater cultures amended with
various concentrations of acrylic acid. In contrast to
long-term incubations in which a significant reduction
in bacterial metabolism was detectable at acrylic acid
concentrations > 10 yM, in these short-term incubations a reduction was only observed at concentrations
> 100 yM (Fig. 3).

DISCUSSION

In this study we used seawater cultures and natural
bacterial consortia. Incubation of bacterioplankton over
a prolonged period of time under such confined conditions may potentially alter the community structure.
Our incubation experiments, however, did not show
significant alterations in the sensitivity of bacterial
growth to acrylic acid over time. Thus we are confident
that our data reflect the actual response of natural bacterial communities to acrylic acid concentrations.
The minimum concentration of acrylic acid reducing
bacterial metabolism significantly was found to be
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between 10 and 100 yM (Fig. 2 ) which is about 1 order
of magnitude lower than the minimum concentration
causing growth reduction in the study of Sieburth
(1960). At an acrylic acid concentration of 1 mM bacterial metabolism was reduced by about 50% (Fig. 2).
DMS concentrations in seawater are in the nM range
(Andreae & Barnard 1984, Turner et al. 1988, Cooper &
Matrai 1989, Gibson et al. 1990). Nanomolar concentrations of acrylic acid, however, did not produce any
significant reduction in bacterial metabolism (Fig. 1)
although acrylic acid has been frequently cited as a
potential inhibitor of bacterial growth (Guillard &
Hellebust 1971, Davidson & Marchant 1987, Wakeham
& Dacey 1989). None of these studies specifically investigated the influence of acrylic acid on bacterial
metabolism but refer to the work of Sieburth (1960,
1961) who used, however, plating techniques and
acrylic acid concentrations ranging from the yM to the
mM range. The question emerges now whether or not
such high concentrations do occur in the water column.
Commonly reported concentrations of DMS are < 10 nM
for oligotrophic and between 10 and 50 nM for
eutrophic waters (Andreae & Raemdonck 1983, Holligan et al. 1987, Cooper & Matrai 1989, Leck et al.
1990); only under specific bloom conditions can DMS
concentrations rise to 290 nM (Gibson et al. 1990).
Assuming that these concentrations of DMS are also
representative for acrylic acid in marine waters we
may conclude that bacterioplankton is hardly affected
by acrylic acid in the pelagic environment.
Phytoplankton can aggregate, however, either forming colonies such as Phaeocystispouchetii or becoming
embedded in mucoid material like marine snow
(Alldredge & Silver 1988, Kaltenbock & Herndl 1992).
Under such conditions phytoplankton biomass may be
enriched in marine snow by a factor of up to 1000 as
compared to ambient water. Assuming similar enrichment factors for acrylic acid, concentrations of approximately 10 to 50 yM could occur in marine snow. In
fact, Davidson (1985) found acrylic acid concentrations
in cultures of k? pouchetii of up to 70 PM, which is close
to our estimated acrylic acid concentration in marine
snow. At these concentrations acrylic acid would be
sufficient to retard bacterial metabolism as shown in
this paper (Fig. 2). It has to be considered, however,
that there are large variations in the production rates
of DMSP among marine phytoplankton species (Keller
et al. 1989a). Autotrophic flagellates are known to
release copious amounts of DMSP (Keller et al. 1989a)
and they are usually also a prominent autotrophic component in marine snow in the Northern Adriatic Sea
(Herndl1988, Revelante & Gilrnartin 1991).Low chlorophyll a : phaeopigment ratios in marine snow indicate
the predominance of senescent phytoplankton cells
(Herndl 1992); such senescent cells have been shown

Mar. Ecol. Prog. Ser. 105: 191-197, 1994

196

to release elevated amounts of DMSP (Nguyen et al.
1988, Turner et al. 1988). Low growth rates have been
observed for both bacteria and phytoplankton embedded in marine snow although nutrient concentrations
in marine snow are orders of magnitude higher than in
the ambient water (Kaltenbock & Herndl 1992, MiillerNiklas et al. in press). This phenomenon of low growth
rates of microorganisms inhabiting marine snow
despite the high concentrations of potentially available
nutrients is currently under investigation. Here particular attention is being paid to the possible role of
acrylic acid in regulating microbial growth rates in this
microenvironment (D. M. Slezak unpubl. data).
Although we have shown that acrylic acid does not
inhibit bacterial metabolism at concentrations usually
detected in situ, it might well be that acrylic acid
retards bacterial growth not only in environments
like marine snow but also on a much smaller spatial
scale - the phycosphere (Bell et al. 1974). Considering
that some phytoplankton species produce large
amounts of DMSP (Keller et al. 1989a),high concentrations of DMSP could occur around single phytoplankton cells before being cleaved into DMS and acrylic
acid by bacteria. Kiene (1990) isolated 2 strains of bacteria from coastal waters capable of growing on acrylic
acid as the sole carbon source. The extent to which this
occurs under in situ conditions remains to be investigated.
Based on the concentrations of DMS, nanomolar
levels of acrylic acid might be expected to occur in the
euphotic zone while significant reduction in bacterial
growth as determined in this study was detectable only
at concentrations > 10 FM; at concentrations of 1 mM
bacterial metabolism was reduced by 50 %. Concentrations > 10 pM can only b e expected to occur in aggregated phytoplankton such as marine snow. Methodological problems so far prevented measurements of
acrylic acid in natural marine waters as well as in
special environments like marine snow; nevertheless
such data are urgently needed to conclusively evaluate
the ecological role of acrylic acid in the sea.
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