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Abstract

Increases in the dissolved inorganic carbon (DIC) concentration are expected to
cause a decrease in the pH of ocean waters, a process known as ocean acidifica-
tion. In oxygen-deficient zones this will add to already increased DIC and decreased
pH values. It is not known how this might affect microbial communities and micro-5

bially mediated processes. In this study, the potential effects of ocean acidification
on chemolithoautotrophic prokaryotes of marine oxic-anoxic transition zones were in-
vestigated, using the chemoautotrophic denitrifying ε-proteobacterium “Sulfurimonas
gotlandica” strain GD1 as a model organism. This and related taxa use reduced sul-
fur compounds, e.g. sulfide and thiosulfate, as electron donors and were previously10

shown to be responsible for nitrate removal and sulfide detoxification in redox zones of
the Baltic Sea water column but occur also in other oxygen-deficient marine systems.
Bacterial cell growth within a broad range of DIC concentrations and pH values was
monitored and substrate utilization was determined. The results showed that the DIC
saturation concentration for growth was already reached at 800 µM, which is well below15

in situ DIC levels. The pH optimum was between 6.6 and 8.0. Within a pH range of 6.6–
7.1 there was no significant difference in substrate utilization; however, at lower pH val-
ues cell growth decreased sharply and cell-specific substrate consumption increased.
These findings suggest that a direct effect of ocean acidification, with the predicted
changes in pH and DIC, on chemolithoautotrophic bacteria such as “S. gotlandica” str.20

GD1 is generally not very probable.

1 Introduction

The report of the Intergovernmental Panel on Climate Change (IPCC) includes predic-
tions for numerous climate-related scenarios, e.g. “business as usual” and an increase
in the dissolved inorganic carbon (DIC) concentration of the oceans (Houghton et al.,25

2001). According to this scenario, a decrease of 0.3 pH units is predicted by the year
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2100 and a decrease of 0.77 pH units by the year 2300 (Caldeira and Wickett, 2003).
The lower oceanic pH will cause a shift in DIC speciation, to higher concentrations of
hydrogen carbonate and CO2. However, these forecasts are relevant to the surface
layers of the oceans, not for their deeper waters. Though, Karstensen et al. (2008) as-
sume that changes of surface water might reach the deeper parts of the oceans but5

only with a time delay of decades or a century. Evidence of ocean acidification has al-
ready been obtained regarding the harmful effects of high CO2 partial pressure (pCO2)
on calcifying organisms, e.g. foraminifera and pteropods (Riesebell et al., 2000; Fabry
et al., 2008), and of its stimulating effects on CO2-fixing organisms (Iglesias-Rodriguez
et al., 2008).10

Another predicted consequence of global warming is an extension of the hypoxic ar-
eas of the oceans, i.e. where the oxygen concentration is less than 2 mLL−1 (Stramma
et al., 2008; Conley et al., 2011). It has been shown that ocean acidification is amplified
in the hypoxic regions, where pCO2 are already at much higher values than in surface
waters (Melzner et al., 2012). The most severe form of anoxia, with fatal consequences15

for higher life, constitutes the development of hydrogen sulfide containing bottom wa-
ters. These so called “dead zones” have expanded due to eutrophication in coastal
ecosystem (Dı́az and Rosenberg, 2008) but occur also in semi-enclosed basins with
reduced water circulation such as the Black Sea, Cariaco Basin and the Baltic Sea.
The Baltic Sea is one of the largest hypoxic marine systems and it is intensely influ-20

enced by anthropogenic activities (Conley et al., 2011). The DIC concentration of the
deeper anoxic zones in the central Baltic basins is already around 2 mM and the pH
is 7.1 (Beldowski et al., 2010; Schneider et al., 2011). Due to the slow ventilation and
pre-existing high pCO2 and low pH values of anoxic zones, the impact of ocean acid-
ification at these depths is expected to be minimal and gradually occurring (Hutchins25

et al., 2009). However, although expanded zones of oxygen deficiency occur nearly
permanently in the deep central basins, they appear periodically also in many shallow
coastal areas (Conley et al., 2011, Melzner et al., 2012) where changes in surface
conditions propagate more rapidly to the bottom layer.
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At the interface between hydrogen sulfide and oxygen and/or nitrate, different groups
of sulfur oxidizing bacteria play an important role in the detoxification of hydrogen sul-
fide (Lavik et al., 2009). Bacterial chemolithoautotrophic denitrification occurs when
there is an interface between sulfide and nitrate and has been shown to be an im-
portant process for removal of both nitrogen and hydrogen sulfide (Lavik et al., 2009;5

Jensen et al., 2009; Grote et al., 2012; Bruckner et al., 2012), Although chemoau-
totrophic denitrification is a widely distributed metabolic route, carried out by mem-
bers of the β-, γ- and ε-proteobacteria and across a wide range of habitats (Shao
et al., 2010), ε-proteobacteria seem to dominate in marine pelagic redox zones (Brettar
et al., 2006; Grote et al., 2007), but are also widespread in hydrothermal vents (Camp-10

bell et al., 2006). In fact, these species are responsible for the majority of chemoau-
totrophy in the redox zones, as they carry out 70–100 % of the CO2 fixation in the
pelagic redox gradients of the Baltic and Black Seas (Grote et al., 2008; Glaubitz
et al., 2009). Different groups of ε-proteobacteria have been found globally distributed
in marine anoxic/sulfidic areas (Grote et al., 2012) and probably are also widespread in15

coastal anoxic zones with a sulfide-nitrate interface. In the Baltic Sea redox zones, ε-
proteobacteria mainly belong to the Sulfurimonas gotlandica GD17 cluster (Grote et al.,
2007). Grote et al. (2012) recently isolated a representative of this Sulfurimonas clus-
ter, named “Sulfurimonas gotlandica” strain GD1, and used genomic and physiological
investigations to demonstrate high metabolic versatility and adaptations to pelagic re-20

dox zones of this strain. This group of ε-proteobacteria fulfils an important ecological
role in the oxic-anoxic interface of the Baltic Sea, being primarily responsible for hy-
drogen sulfide detoxification and nitrate removal (Grote et al., 2012; Bruckner et al.,
2012).

The important role of chemolithoautotrophic ε-proteobacteria in the sulfur and nitro-25

gen cycle led us to ask whether and how these bacteria are able to cope with ocean
acidification. Although the impact of ocean acidification on microbial communities has
been examined in several studies, mainly with respect to the response to elevated
pCO2, there occur direct and indirect effects simultaneously and we do not have a
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consistent picture yet (see review by Liu et al., 2010). Only few studies have examined
the impact of pH and DIC on growth of chemolithoautotrophic bacteria, mostly with fo-
cus on carbon concentrating mechanisms, and using isolates derived from hydrother-
mal vent habitats (Scott and Cavanaugh, 2007; Dobrinski et al., 2005). However, the
effects of DIC and pH were generally not investigated separately, and representative or-5

ganisms of pelagic anoxic zones were not available until now. Therefore, in the present
work we first investigated whether there is an influence of both aspects of ocean acidi-
fication, increasing DIC concentration and decreasing pH. Second, in order to deduce
single regulating factors, we examined the influence of these two factors for growth and
substrate utilisation of “S. gotlandica” str. GD1 separately.10

2 Material and methods

2.1 Cultivation

“S. gotlandica” str. GD1 was grown in anoxic artificial brackish water with the follow-
ing components: 95 mM NaCl, 11.23 mM MgCl, 2.28 mM CaCl2, 2.03 mM KCl, 10 mM
HEPES, 192 µM KBr, 91 µM H3BO3, 34 µM SrCl2, 91 µM NH4Cl, 9 µM KH2PO4 and15

16 µM NaF. Resazurin served as the redox indicator. To remove oxygen from the
medium, the deionized water used in medium preparation was boiled for at least 10 min
and then purged with N2 for at least 45 min. After autoclaving the medium, vitamins
(Balch et al., 1979), trace elements SL10 (Widdel et al., 1983), selenite, and tungstate
(Widdel and Bak, 1992) were added as supplements. Nitrate (1 mM) was added as20

electron acceptor and thiosulfate (1 mM) as electron donor. Although hydrogen sulfide
is an important substrate in situ and was shown to be utilised by this strain (Grote et al.,
2012), thiosulfate provides high growth as well and is better suitable for controlled ex-
perimental investigations (Grote et al., 2012; Bruckner et al., 2012). The substrate con-
centrations were added in saturation for “S. gotlandica” str. GD1, allowing exponential25

growth for several days. As carbon source bicarbonate (sterile-filtered), was provided at
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a concentration of 2 mM. The culture was grown in the dark at 15 ◦C and at a pressure
of 2.5 bar. Cell growth was quantified by counting DAPI (4′,6-diamidino-2-phenylindol)-
stained cells by epifluorescence microscopy.

2.2 Chemical analysis

The pH was measured with a WTW microprocessor pH meter pH 3000 and a WTW5

SenTix 61 pH electrode and calibrated with standard buffer solutions (pH 4.01 and
6.87). All pH measurements are reported on the National Bureau of Standards (NBS)
scale. Nitrate was quantified colorimetrically at a wavelength of 540 nm according to the
spongy cadmium method, as described by Jones (1984). Sulfate was determined tur-
bidimetrically by Ba-precipitation in a procedure modified from that of Tabatabai (1974).10

Here, to avoid the formation and precipitation of thiosulfate-derived zero-valent sulfur,
the samples were not acidified by citric acid. Thiosulfate was analyzed with a modi-
fied method according to Zopfi et al. (2004). The samples were derivatized based on
3-(bromomethyl)-2,5,6-trimethyl-1H ,7H-pyrazolo[1,2-a]pyrazole-1,7-dione (also known
as (mono)bromobimane) and then measured by HPLC (Merck), consisting of a LiChro-15

sphere 60RP select B column (125×4 mm, 5 µm). The eluents were 0.25 % acetic
acid (v/v) and HPLC-grade methanol. The methanol gradient was established as fol-
lows: 0 min: 0 %, 1 min: 8 %, 4.5 min: 10 %, 7 min: 32 %, 11 min: 32 %, 18 min: 50 %,
22 min: 100 %, 24 min: 100 %, 25 min: 0 % and 30 min: 0 %. Thiosulfate was detected by
a fluorescence detector (excitation: 380 nm, emission: 480 nm). Standards and reagent20

blanks were prepared in N2-purged deionized water and analyzed as described for the
samples.

18376

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/18371/2012/bgd-9-18371-2012-print.pdf
http://www.biogeosciences-discuss.net/9/18371/2012/bgd-9-18371-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 18371–18395, 2012

Chemolithoautrophic
bacteria from
oxic-sulfidic
interfaces

K. Mammitzsch et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.3 Experimental design

2.3.1 Growth of “Sulfurimonas gotlandica” strain GD1 at different DIC
concentrations and pH values

“S. gotlandica” str. GD1 was grown in batch culture (250 mL cultivation bottles including
50 mL headspace) at different pH values (between 6.7 and 7.2) and two different DIC5

concentrations: 2000 µM (representing current value of Baltic Sea redox zones) and
2200 µM (expected increase following ocean acidification), respectively. A buffer was
not added in this experiment in order to allow DIC dependent shifts in pH. Controls
were made with the buffer HEPES at a pH of 7.5 and DIC concentrations of 2000 µM
and 2200 µM. After preparing the medium and adding the substrates and hydrogen10

carbonate, a 20 mL subsample was taken from the anoxic medium and its pH adjusted
to the desired value by addition of 0.1 M hydrochloric acid. The corresponding amount
of 1 M HCl was then calculated and added to the medium, which was then inoculated
with the bacteria. At the end of the incubation, the pH was controlled using the same
method.15

Previous experiments (Grote et al., 2012, Bruckner et al., 2012) had shown that
during growth in batch culture and under the conditions applied, “S. gotlandica” str.
GD1 reaches stationary phase after 10–14 days. Thus, final cell concentrations were
determined at 14 days of growth, with cell numbers quantified by DAPI staining.

2.3.2 Estimation of DIC saturation for growth (at constant pH)20

“S. gotlandica” str. GD1 was grown in batch culture (250 mL cultivation bottles includ-
ing 50 mL headspace) at bicarbonate concentrations ranging from 20 µM to 2000 µM
and at a pH between 7.0 and 7.5. Bicarbonate was not measured directly but instead
dissolved to yield a defined concentration and then added to the medium to obtain the
desired concentration. Since there is an equilibrium between the CO2-compounds in25

the medium and those in the headspace, it was calculated that a maximum of 1.8 %
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of the DIC compounds were converted into CO2 gas in the headspace. Bacteria were
grown for 14 days, with the final cell number determined as described above.

2.3.3 Effects of different pH values on chemolithoautotrophic growth
(at constant DIC concentration)

To identify the pH range allowing the chemolithoautotrophic growth of “S. gotlandica”5

str. GD1, the bacteria were cultivated in 250 mL cultivation bottles including 50 mL
headspace volume within a pH range of 6–9. The pH was set up as described above.
Accordingly, a pH range ±0.05 of the target pH was established. HEPES (10 mM) was
used as the buffer based on its optimum buffering capacity between pH 6.8 and 8.0.
The pH of the bacterial preculture medium was between 7.0 and 7.5. Bacteria were10

grown in batch culture for 14 days, with the final cell number determined as described
above. At the end of the incubation, the pH was controlled using the same methods
described above.

2.3.4 Substrate utilization during chemolithoautotrophic growth

After the pH range suitable for chemolithoautotrophic growth of “S. gotlandica” str. GD115

had been determined, substrate utilization was investigated at different pH values within
this range. “S. gotlandica” str. GD1 was grown under the same conditions as above,
but using 600 mL cultivation bottles with 100 mL headspace, and the pH was measured
at the beginning and end of the experiments. The experiments were conducted at pH
of 7.1 (the pH of the Baltic Sea redox zones), pH 6.9 (the pH expected following ocean20

acidification), and pH 6.6 (the critical point at which the influence of pH on growth
became visible before).

Cell numbers, nitrate and thiosulfate consumption, and sulfate production were quan-
tified daily for 14 days, although substrate utilization per bacterium was calculated
only during exponential growth. Nitrate was analyzed in 1 mL samples diluted 1 : 100,25

and sulfate in undiluted 1 mL samples. Thiosulfate was measured in 25 µL samples
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centrifuged and diluted 1 : 10 prior to derivatization with 50 µL of Monobromobimane-
HEPES-EDTA-buffer. The derivative was diluted again 1 : 10 to obtain a thiosulfate con-
centration below 20 µM, i.e. within the concentration range yielding the best linear re-
lationship. Sulfate was measured immediately whereas nitrate and thiosulfate samples
were stored at −20 ◦C until analysis. All vials used for the analyses were flushed with5

N2 to remove oxygen and to maintain the samples as oxygen-free as possible. Nega-
tive controls without bacteria had been previously performed and revealed that purely
chemical reactions can be ruled out for changes in substrate concentrations at different
pH (Bruckner et al., 2012).

Statistical tests were performed using an ANOVA and an error probability of 5 %.10

3 Results

3.1 Growth of “Sulfurimonas gotlandica” strain GD1 at different DIC
concentrations and pH values

The results of this experiment (Fig. 1) showed that the bacterium grew well at the dif-
ferent DIC concentrations of 2000 µM and 2200 µM (2.57×107 ±4.62×106 cellsmL−1).15

At lower pH of ∼6.8 a decrease of growth was observed and “S. gotlandica” str.
GD1 achieved only about a three times lower maximal cell number (9.33×106 ±1.8×
106 cellsmL−1) compared to the higher pH values (Fig. 1). During the incubation time
the pH decreased by 0.45±0.1 units. In the controls, where pH was adjusted at 7.5
and buffered with HEPES, the same cell number could be achieved (2.33×107 ±1.76×20

106 cellsmL−1) as in the experiment with a pH of about 7.1 at the beginning. Accord-
ingly, a decline of pH by 0.45 during the batch culture should have had no influence
on growth when the starting pH was 7.1. Based on these results we investigated the
two aspects of ocean acidification, increasing DIC concentration and decreasing pH,
separately.25
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3.2 Estimation of DIC saturation for growth (at constant pH)

“S. gotlandica” str. GD1 grew well at a large range of different DIC conditions. Final cell
densities increased with the supplied DIC until a saturation level was reached (Fig. 2).
Maximal cell abundances of ∼3×107 cellsmL−1 were achieved at a DIC concentration
of 800 µM. The calculated half saturation concentration was 132.6 µM, with a threshold5

concentration of 87.5 µM.

3.3 Effects of different pH values on chemolithoautotrophic growth (at constant
DIC concentration)

The optimum pH yielding maximal cell numbers of “S. gotlandica” str. GD1 was in the
range 6.6–8.0, with no significant differences in growth (ANOVA, p > 0.05) (Fig. 3).10

At pH values above 8.0 and below 6.5 no significant bacterial growth was observed
and cell numbers remained around the initial levels. Between pH 6.5 and 6.6, bacterial
cell numbers increased only slightly (3.3×106 ±1.5×106 cellsmL−1). At the end of
the experiment the pH was measured again. The pH between 6.5 and 8.4 remained
constant (±0.02) during the experiment, whereas above and below these points the pH15

decreased by about 0.18–0.25.

3.4 Substrate utilization during chemolithoautotrophic growth

For selected pH values within the pH optimum and at the lower pH limit determined
above, substrate utilization paralleled the growth of “S. gotlandica” str. GD1. The cho-
sen pH values were pH 7.1 (present pH in Baltic Sea redox zones), pH 6.9 (predicted20

due to ocean acidification), and pH 6.6 (the critical point, at which an influence of pH
on cell growth was previously demonstrated). Cell growth, substrate utilization, and cell
production by “S. gotlandica” str. GD1 showed no significant differences between the
three pH values (ANOVA, p > 0.05) (Fig. 4) and in all trials a cell abundance of about
1.5×107 ±7.8×105 cellsmL−1 was reached in 9 days.25
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“S. gotlandica” str. GD1 completely consumed 1 mM thiosulfate, transforming most
of it to sulfate within 9 days (1366.9±109.5 µM) whereas the same concentration of
nitrate was only partially consumed, as after 9 days 127.7±37.8 µM of nitrate was
still detected. As shown in Fig. 3, growth was strongly reduced at pH values below 6.6.,
resulting in maximal cell abundance of 3.8×106 ±4.1×105 cellsmL−1 on day 9 (Fig. 4d).5

Correspondingly, the bacteria used 742.5±391.8 µM of nitrate and 824.3±144.0 µM
of thiosulfate and produced 903.8±373.0 µM sulfate.

The exponential phase of bacterial growth was identified by following the
time-dependent development of cell numbers (Fig. 4). Exponential growth oc-
curred between days 6 and 9, during which “S. gotlandica” str. GD1 used10

68.4±9.8 fmol nitrate per cell−1 and 49.8±12.2 fmol thiosulfate cell−1 while producing
109.8±25.4 fmol sulfate cell−1 (Table 1). The generation time was 14.1±0.16 h. At pH
6.5, bacterial growth was somewhat slower, with a generation time of 15.7±0.08 h but
with strongly enhanced substrate turnover. In fact, the cells used six times more ni-
trate, five times more thiosulfate, and produced eight times more sulfate per bacterium15

than cultures maintained at a higher pH (Table 1). Chemical reactions of the substrates
caused by different pH values can be ruled out. The measurements of nitrate and thio-
sulfate at the beginning and after 24 h confirmed the added concentration of 1 mM of
the substrates.

4 Discussion20

The primary aim of this study was to examine the response of the ε-proteobacterium
“Sulfurimonas gotlandica” str. GD1 towards the predicted changes for DIC and pH as
a consequence of incremental ocean acidification. Thus, we firstly examined both as-
pects together and then secondly we investigated both factors, DIC concentration and
pH, separately, by keeping one of them constant. This was achieved sufficiently well25

with our experimental design to achieve clear results with regard to the influence of
these factors on growth of “S. gotlandica” str. GD1. Other studies have shown a rapid
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decrease in pH during thiosulfate oxidation (Trouve et al., 1998). In most of our exper-
iments, the pH was kept constant by using the buffer HEPES, which has an optimal
buffering capacity between pH 6.8 and 8.0, although the pH remains relatively stable
even below pH 6.8. However, at an initial pH in an unbuffered medium of either above
6.9 or below 8.4, the pH decreased during 14 days of growth, but there was no evi-5

dence that this had any influence on growth or substrate usage (see Fig. 1). When the
pH at the beginning was already below 6.9, the further decrease in the pH by 0.45±0.1
units during growth reduced the growth rate since the pH at the end reached already
values below 6.5 within 14 days. In cases where the pH at the beginning was already
out of the range between 6.5 and 8.4, a reduced rate of growth of “S. gotlandica” str.10

GD1 occurred also when the pH kept stable.
We are aware that the duration of the experiment was not sufficient to allow “S.

gotlandica” str. GD1 to adapt to the altered DIC or pH conditions examined in this
study. The bacteria were precultured in medium with a pH between 7.0 and 7.5 and
then shifted to conditions mimicking ocean acidification. Thus, the long-term adaptation15

potential of these bacteria to altered environmental conditions was not within the scope
of this study and should be examined in future studies.

Furthermore, the experiments were done with one isolated bacterial taxa and, though
it is a proven key player in marine pelagic redox zones, we have to be careful when gen-
eralising to marine chemolithoautotrophic communities. Joint et al. (2011) assumed20

that phytoplankton, bacteria and archaea are not influenced by ocean acidification be-
cause these organisms already have to cope with high seasonal variations in DIC and
pH which might be stronger than the consequences of ocean acidification. On the
other hand, Krause et al. (2012) could show that small pH changes can have effects
on bacterial community compositions, including a strong growth stimulation of the ep-25

silonproteobacterium Arcobacter at low temperature and low pH value.
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4.1 Estimation of DIC saturation for growth (at constant pH)

For phytoplankton, the growth-stimulating effect of increased DIC concentrations is well
known (Iglesias-Rodriguez et al., 2008) whereas for chemolithoautotrophic bacteria
only few data exist. According to our results, DIC concentrations of about 2 mM and
3.5 mM (Beldowski et al., 2010; Frey et al., 1991), present at the redox zones in the5

Baltic Sea and the Black Sea, respectively, are well within the broad saturation range
promoting the growth of “S. gotlandica” str. GD1, and any additional increase in DIC
would have no further effect. The balance between carbon dioxide, hydrogen carbon-
ate, and carbonate is pH-dependent such that at pH 7.1 88 % of the DIC speciation is
hydrogen carbonate while at pH 6.3 the balance shifts to 50 % carbon dioxide and 50 %10

hydrogen carbonate (Deffeyes, 1965). However, this shift in speciation should not influ-
ence growth since a DIC concentration of 800 µM proved to be already sufficient to sup-
port maximum growth (Fig. 2). Comparable saturation curves for increasing DIC con-
centrations also have been determined for other bacterial and phytoplankton species.
Dobrinski et al. (2005) showed that for the chemolithoautotrophic γ-proteobacterium15

Thiomicrospira crunogena, isolated from a hydrothermal vent, the half-saturation DIC
concentration is 220 µM. In that bacterial species saturation was reached at 1 mM hy-
drogen carbonate, which is comparable to the values estimated for “S. gotlandica” str.
GD1. Thus, a growth-stimulating effect on chemoautotrophic bacteria is unlikely even
if the predicted increase in DIC at the surface extends to include the deeper hypoxic20

water layers.

4.2 Effects of different pH values on chemolithoautotrophic growth (at constant
DIC concentration)

The pH range at which “S. gotlandica” str. GD1 grew well (pH 6.6–8.0) was rela-
tively narrow compared to that of other chemolithoautotrophic γ- and ε-proteobacteria.25

Brinkhoff et al. (1999) described several γ-proteobacterial Thiomicrospira species
from hydrothermal vents that grew at a pH range of 5.3–8.5 or 4.0–7.5. In other
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chemolithoautrophic ε-proteobacteria, such as Sulfurimonas paralvinellae and Sulfuri-
monas autotrophica, the pH range favorable for growth is 5.4–8.6 (optimum 6.1) and
5.0–9.0 (optimum 6.5), respectively (Takai et al., 2006; Inagaki et al., 2003). Sulfuri-
monas denitrificans, the closest cultivated relative of “S. gotlandica” str. GD1 (Grote
et al., 2012), has a pH optimum of 7.0 (Timmer-ten Hoor, 1975). Compared to “S.5

gotlandica” str. GD1, the more extended pH range of the above-mentioned bacteria
suggests that it is an adaptation to the extreme conditions of hydrothermal vents, the
habitat of most of these strains, and where pH changes are frequent and rapid. In
contrast, “S. gotlandica” str. GD1 was isolated from a water column with comparatively
stable conditions. Scott and Cavanaugh (2007) underline this statement with their ex-10

periments with a chemoautotrophic γ-proteobacterium, living as endosymbiont in sul-
fidic/oxic interfaces, which has also a relatively narrow range of pH optimum (between
pH 7.4–8.5), showing declines in growth sharply below and above these levels.

The stable substrate utilization, which did not significantly differ between pH 7.1 and
6.6, implies the ability of “S. gotlandica” str. GD1 to cope with a further pH decrease,15

such as would be imposed by ocean acidification. However, at a pH below 6.6 the im-
portant functional role of “S. gotlandica” str. GD1 in nitrogen and sulfur cycles would
most likely be lost, since despite the large increase in substrate utilization per bac-
terium at pH 6.55, there was a substantial decrease in the total amount of removed
nitrate and thiosulfate and in cell growth. While internal pH was not measured in this20

study, it is generally assumed to vary by approximately 0.1 units per unit change in the
external pH (Hackstadt, 1983), resulting in the inhibition of enzyme activity as well as
cell growth (Booth, 1985). The mechanism of internal pH regulation is not completely
understood but it apparently requires a high respiratory rate and is energy dependent
(Booth, 1985). This would at least partially explain the high substrate utilization per25

bacterium for regulating the internal pH outside the optimum pH observed at pH 6.55.
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5 Conclusions

The predicted reduction in the pH of ocean surface waters by about 0.3 units by the
year 2100 (Caldeira and Wickett, 2003) will probably reach the water layers of the
redox zones in a somewhat milder and delayed form (Karstensen et al., 2008). It is
also possible that changes in alkalinity will counteract a further decline in pH, thereby5

retarding any effects on the microbial communities in these hypoxic zones. Therefore,
even assuming a similar decline in pH in deeper waters as at the ocean surface, our
results suggest that the direct impact on “S. gotlandica” str. GD1 in Baltic Sea redox
zones should not be very strong.

However, the effects of ocean acidification are transferred more rapidly in relatively10

shallow hypoxic coastal areas such as lagoons and fjords (Melzner et al., 2012).
Chemolithoautotrophic denitrification has been also demonstrated in those habitats
when a hydrogen sulfide-nitrate interface occurs (Jensen et al., 2009) and most prob-
ably ε-proteobacteria, related to “S. gotlandica” str. GD1 are responsible as well. It
remains to be investigated how the more extreme changes in pH and DIC affect the15

performance of chemolithoautotrophic bacteria in those zones.
As demonstrated in previous work, this bacterium is a model organism for

chemolithoautotrophic ε-proteobacteria (Grote et al., 2012; Bruckner et al., 2012).
Thus, our conclusion that “S. gotlandica” str. GD1 will likely tolerate ocean acidifica-
tion can probably be extrapolated to other chemolithautotrophic ε-proteobacteria of20

pelagic redox zones. Caldeira and Wickett (2003) suggested that if the actions of hu-
mans either fail to decrease or even cause a further increase of CO2 emissions, the
pH at the surface of the oceans will decrease by about 0.77 units by the year 2300.
Since the effects of pH on the growth of “S. gotlandica” str. GD1 are dramatic within
a rather small decrease in pH (between 6.6 and 6.5), pH might have an effect on the25

competitive ability of this strain.
Previous reports concluded that ocean acidification will have no direct influence on

denitrifying bacteria, although a potential indirect influence was noted (Hutchins et al.,
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2009; Schmittner et al., 2008). Ocean acidification could induce a more efficient bio-
logical carbon pump, and thus an expansion of suboxic zones, which in turn would in-
crease denitrification rates (Riesebell et al., 2007; Conley et al., 2009). Indirect effects
on “S. gotlandica” str. GD1 might be more important than direct ones; for example,
there is evidence that nitrification is negatively influenced by both a decrease in pH5

and an increase in the pCO2 (Huesemann et al., 2002; Denecke and Liebig, 2003).
Thus, a reduction in nitrification will lower the availability of nitrate, which in denitrifying
bacteria serves as electron acceptor (Hutchins et al., 2009). It suggests that ocean
acidification is likely to have more indirect rather than direct effects on “S. gotlandica”
str. GD1 living in deeper redox zones.10
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Table 1. Substrate usage and production per formed cell of “Sulfurimonas gotlandic” str. GD1
during exponential growth (day 6–9), as determined at pH 7.1, 6.9, 6.6, and 6.55. Data for
pH 7.1, pH 6.9, and pH 6.6 and 6.55 are the means of three, four, two, and two replicates,
respectively.

Substrate usage pH 7.1 pH 6.9 pH 6.6 pH 6.55
and production
(fmolcell−1)

Nitrate 57.6±19.5 76.4±15.6 71.3±3.3 414±151
Thiosulfate 36.7±6.3 51.9±16.2 60.9±6.8 247±209
Sulfate 82.6±45.0 132.9±29.9 113.9±5.0 944±563
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Fig. 1. Cell growth of “Sulfuriomas gotlandica” strain GD1 at two different dissolved inorganic
carbon (DIC) concentrations (2000 µM and 2200 µM) and at different pH values (here the pH
values at the beginning of the experiment are shown). The replicates are shown separately. The
bacterium was grown for 14 days in batch culture. The pH declined by 0.45±0.1 units during
the incubation time.
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Fig. 2. Cell growth of “Sulfuriomas gotlandica” strain GD1 under different DIC conditions. The
three replicates at each DIC concentration are shown separately. The bacterium was grown for
14 days in batch culture. Data are shown as a rectangular curve (r2 = 0.96), corresponding to
a half-saturation concentration of 132.6 µM and a threshold concentration of 87.5 µM DIC.
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Fig. 3. Influence of pH on the growth of “Sulfurimonas gotlandica” str. GD1. The bacterium was
grown in batch culture at different pH values for 14 days. Values between pH 6.5 and 7.1 are
the means (±sd) of three replicates. Values below and above this pH range are single data.
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Fig. 4. Anaerobic chemoautotrophic growth of “Sulfurimonas gotlandica” str. GD1 in batch cul-
ture at pH 7.1 (A), pH 6.9 (B), pH 6.6 (C), and pH 6.55 (D). Cell growth and nitrate (electron
acceptor), thiosulfate (electron donor), and sulfate (formed by thiosulfate oxidation) concentra-
tions were quantified daily. (A), (B), (C), and (D) are the means of three, four, two, and two
replicates, respectively. Error bars are standards deviations.
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