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1 | INTRODUCTION

| Elizabeth B. Kujawinski® | Stefan M. Sievert!

Abstract

Chemoautotrophic bacteria belonging to the genus Sulfurimonas in the class
Campylobacteria are widespread in many marine environments characterized by redox
interfaces, yet little is known about their physiological adaptations to different envi-
ronmental conditions. Here, we used liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) in a targeted metabolomics approach to study the
adaptations of Sulfurimonas denitrificans to varying salt concentrations that are found
in its natural habitat of tidal mudflats. Proline was identified as one of the most abun-
dant internal metabolites and its concentration showed a strong positive correlation
with ionic strength, suggesting that it acts as an important osmolyte in S. denitrificans.
2,3-dihydroxypropane-1-sulfonate was also positively correlated with ionic strength,
indicating it might play a previously unrecognized role in osmoregulation. Furthermore,
the detection of metabolites from the reductive tricarboxylic acid cycle at high internal
concentrations reinforces the importance of this pathway for carbon fixation in
Campylobacteria and as a hub for biosynthesis. As the first report of metabolomic data
for an campylobacterial chemolithoautotroph, this study provides data that will be
useful to understand the adaptations of Campylobacteria to their natural habitat at

redox interfaces.
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fields (Han & Perner, 2015). Yet, their adaptations to the chemical con-

ditions in these different environments are not well understood.

Campylobacteria (formerly classified as Epsilonproteobacteria, Waite
etal., 2017) are globally abundant in many oxygen-deficient and
sulfide-rich marine and terrestrial environments where they contrib-
ute to chemolithoautotrophic production and the cycling of sulfur
and nitrogen (Campbell, Engel, Porter, & Takai, 2006; Labrenz, Jost,
& Jurgens, 2007; Sievert & Vetriani, 2012). In particular, the genus
Sulfurimonas is widespread and representatives have been found in a
variety of predominantly marine environments, including hydrother-

mal vents, sulfidic sediments, the redoxcline of euxinic basins, and oil

Thiomicrospira denitrificans (reclassified as Sulfurimonas denitrifi-
cans (Takai et al., 2006) was originally isolated from tidal mudflats of
the Dutch Wadden Sea using a nitrate-limited chemostat with thiosul-
fate as the electron donor (Timmer-Ten Hoor, 1975). These mudflats
are characterized by significant variations in salinity, requiring organ-
isms living in this environment to have osmoregulatory strategies to
cope with these changes. To adapt to high salt concentrations and
maintain osmotic equilibrium with the environment, microorganisms

use one of two fundamentally different strategies: either the so-called
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salt-in-cytoplasm mechanism or the compatible solute mechanism
(Sleator & Hill, 2001; Wood et al., 2001). For the salt-in-cytoplasm
mechanism, potassium chloride at molar concentrations accumulates
in the cytoplasm to adjust the osmolarity inside the cell to equal that
of the outside environment. This strategy also requires the adaptation
of the enzymatic machinery to the high internal salt concentration,
and is mainly observed in extremely halophilic bacteria and archaea.
In contrast, the compatible solute mechanism uses uncharged, highly
water-soluble organic compounds to cope with osmotic stress—com-
monly known as osmolytes. The production of osmolytes usually does
not require specific adaptations of the intracellular enzymatic machin-
ery, and microorganisms using this strategy are generally adapted to a
broader range of salt concentrations. Bacteria, for example, often use
the amino acid proline, which can be synthesized from glutamate or or-
nithine (Fichman et al., 2014), as an osmolyte in response to increased
external salt concentrations (Christian, 1955a,b; Fichman et al., 2014;
Sleator & Hill, 2001). However, at present the osmoregulatory mecha-
nisms in chemoautotrophic Campylobacteria are not known.

Targeted and untargeted metabolomics approaches (cf. Patti,
Yanes, & Siuzdak, 2012) have been used to gain information about
the metabolome of plants, phytoplankton, and heterotrophic bacte-
ria (Fiore, Longnecker, Kido Soule, & Kujawinski, 2015; Longnecker,
Kido Soule, & Kujawinski, 2015; Sawada et al., 2009), while studies of
chemolithoautotrophic bacteria are so far limited to acidophilic bacte-
ria used in biomining applications (Martinez et al., 2013). In this study,
we have used Sulfurimonas denitrificans as a representative model
organism to investigate the first metabolome of widely distributed,
neutrophilic chemolithoautotrophic Campylobacteria, complementing
and verifying biochemical pathways inferred from the genome and to
assess the adaptations of S. denitrificans to osmotic stress.

2 | MATERIALS AND METHODS

2.1 | Cultivation of Sulfurimonas denitrificans

Sulfurimonas denitrificans was grown in a triplicate chemostat setup
using an anaerobic saltwater medium based on Timmer-Ten Hoor
(1975). The chemostat was kept anaerobic using a N,:CO, (80:20) gas
mixture that was continuously supplied. The dilution rate of the che-
mostat was ~0.88 per day. One experiment started with no changes
in the ionic strength compared to the base medium (180 mM, 0 g/L
NaCl) and cells were harvested after 96 hr (Figure S1). Subsequently,
sodium chloride was added to the reservoir (20 g/L NaCl) to increase
the ionic strength in the medium to 520 mM. Cells were harvested
again when cell numbers stabilized after ~240 hr (Figure S1). An ad-
ditional experiment was carried out at an ionic strength of 350 mM
(containing 10 g/L NaCl) (Figure S2). All nine samples were prepared
for the targeted metabolomics analysis.

2.2 | Isolation and analysis of metabolites

Metabolites were extracted from approximately 10% cells using meth-
ods described in Kido Soule, Longnecker, Johnson, and Kujawinski

(2015). Metabolites were identified by running a triple quadrupole
mass spectrometer using positive (“pos”) and negative (“neg”) ion-
switching in selected reaction monitoring mode. The heatmap in
Figure 1 was calculated using R with Ward clustering and Euclidean
distance (Warnes et al., 2014, 2016). Concentrations of each metabo-
lite are given as log,, attomol per cell. For Pearson’s correlation of
metabolites to chloride concentration, samples were 1,000-fold di-
luted prior to the measurement of sodium chloride on an ion chroma-
tograph (ICS-2000, DIONEX) using a DIONEX ASRS 300 4-mm P/N
064554 column (Figure 2).

2.3 | lIsolation of lipids and lipid analysis

Intact polar lipids (IPLs) were extracted from S. denitrificans, grown at
different NaCl concentrations (0, 10, 20 g/L), using a modified Bligh
and Dyer extraction (Bligh & Dyer, 1959; Popendorf, Fredricks, &
Van Mooy, 2013) with 2,4-dinitrophenyl modified phosphatidyletha-
nolamine diacylglycerol (DNP-PE-C,, ./C, ,.,-DAG; Avanti Polar Lipids
Inc., Alabaster, AL) as internal standard. IPLs were analyzed by nor-
mal phase HPLC-MS on an Agilent 1200 HPLC (Agilent, Santa Clara,
CA, USA) coupled to a Thermo Q Exactive Orbitrap high-resolution
mass spectrometer (ThermoFisher Scientific, Waltham, MA, USA).
Chromatography was as described by Popendorf et al. (2013) and
mass spectrometry conditions were modified after Collins, Edwards,
Fredricks, and Van Mooy (2016). Lipid abundances were corrected for
response factors of adequate standards. The abundances of IPLs with
phosphatidylglycerol (PG) and PE head groups were corrected by the
relative responses of commercial DAG-C, .,,/C, ., standards with the
respective head group (Avanti Polar Lipids, Inc., Alabaster, AL, USA).
Individual PG- and PE-DAG lipids were identified by the total number

of acyl carbons and double bonds (C_._, where n indicates the number

n:m’
of carbon atoms and m the number of double bonds). The detailed
molecular structure of fatty acids cannot be identified by positive ion

HPLC-MS.

3 | RESULT AND DISCUSSION

3.1 | Detected metabolites

Using a chemostat we investigated the metabolome of Sulfurimonas
denitrificans under steady-state conditions in response to increasing
salt concentrations. Cultivation began with an artificial seawater me-
dium with an ionic strength of 180 mM (containing O g/L NaCl), and
ending with an ionic strength of 520 mM (containing 20 g/L NaCl).
Biomass was harvested when cell numbers stabilized (Figures S1
and S2, red arrows), indicating that steady-state conditions had been
reached and that cells had adapted to the respective ionic strength
(180, 350, and 520 mM). The targeted metabolomics approach al-
lowed us to connect metabolomics data with previous enzymatic
and genomic studies of S. denitrificans (Higler, Wirsen, Fuchs, Taylor,
& Sievert, 2005; Sievert et al., 2008) and thus to verify and predict
biochemical pathways. The seven most abundant metabolites iden-
tified among the 105 tested compounds were putrescine, glutamic
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acid, leucine/isoleucine, adenosine 5’-monophosphate, tyrosine,
succinic acid, and proline (Figure 1). These compounds were consist-
ently identified in all replicates and at all salt concentrations. Some
intracellular metabolites, however, were not always detected among
the replicates, likely reflecting their fast turnover inside the cell, as
their concentrations were generally low (Figure 1). In addition, one of
the three replicates at 180 mM ionic strength (chemostat 2) showed
a different profile compared to the other two, which we attribute to
biological variation. In general, the intracellular metabolites showed
less variation among replicates than the extracellular metabolites.
The concentration of extracellular metabolites were generally near or

Microbiol 3of7
icrobiologyOpen —WILEY——=

Open Access.

below detection limits (Table S1). Nevertheless, the excretion of me-
tabolites by actively growing cells has important implications for the
environment, where compounds synthesized by chemoautotrophs
could serve as substrates for heterotrophs or potentially facilitate
synergistic interactions (Azam & Malfatti, 2007; Durham et al., 2015;
Stokke et al., 2015).

The reductive tricarboxylic acid cycle (rTCA) is used for autotro-
phic carbon fixation in S. denitrificans and other chemolithoautotro-
phic Campylobacteria (Hugler & Sievert, 2011; Hugler et al., 2005;
Takai et al., 2006). The intracellular detection of four out of the five
standards that are part of the rTCA cycle (citric acid, malic acid, fumaric
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FIGURE 1 Heatmap showing the most abundant intracellular metabolites at three different sodium chloride concentrations (0, 10, and
20 g/L NaCl). C1, C2, and C3 corresponds to replicate chemostats run at each salt concentration. Concentrations of each metabolite are given as
log,, attomol per cell. Metabolites only detected in one replicate are not included
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FIGURE 2 Pearson’s correlation between the intracellular metabolite concentration in amol per cell and the measured chloride ion
concentration in g/L. Significant positive correlations were found for (a) proline (R? = .85, p < .001), and (b) 2,3-dihydroxypropane-1-sulfonate
(R? = .96, p < .001). While there was a positive trend for (c) tyrosine (R = .3, p = .12), the correlation was not statistically significant. A positive
correlation was also found for phenylalanine (R? = .68, p = .01) (d). Note: For one of the samples, the concentration of phenylalanine was above

the saturation of the detector and thus was not included in the analysis

acid, and succinic acid) underlines its central importance in S. denitrifi-
cans. While fumaric acid was present only at low concentrations, other
intermediates of the rTCA cycle, such as malic acid and succinic acid,
were present at higher concentrations. Another intermediate of the
rTCA cycle, a-ketoglutaric acid, could only be detected extracellularly,
suggesting a rapid turnover inside the cell to glutamic acid. These dif-
ferences in concentration among the rTCA cycle metabolites could
be explained by the various involved enzymes with different reaction
rates and substrate affinities (Hugler et al., 2005). Citric acid, which is
a central metabolite of the rTCA cycle, was detected intracellularly in
some, but not all samples. Because the concentrations of this metab-
olite were generally below the lowest standard level, citric acid could
not be reliably quantified and is thus not included in Figure 1. These
low levels of citric acid could be the result of its fast conversion into
oxaloacetate by the ATP citrate lyase, the key enzyme of the rTCA
cycle (Hugler et al., 2005).

Amino acids were also among the most abundant internal metab-
olites. Nine out of the 13 targeted amino acids were quantified (not
identified were arginine, cysteine, threonine, and serine). These include
proline, leucine/isoleucine, phenylalanine, tryptophan, tyrosine, aspar-
tic acid, glutamic acid, methionine, and glutamine (Figure 1). All these
amino acids are likely to be involved in protein synthesis, although
some may have additional functions as discussed below. Precursors
for amino acids like D(-)3-phosphoglyceric acid, which is part of the

methionine synthesis pathway, were also detected (Tong et al., 2014).
In addition, primary metabolites of DNA and RNA synthesis, including
thymidine, guanine, adenine, cytosine, and uracil were observed, in

line with active growth of S. denitrificans in the chemostat.

3.2 | Adaption to changes in salinity

S. denitrificans was originally isolated from tidal mudflats (Timmer-Ten
Hoor, 1975), which are subject to periodic changes in salinity, requir-
ing specific adaptations for osmoregulation. In line with this, we dem-
onstrate here that S. denitrificans grows over a relatively wide range of
ionic strengths from 180 to 520 mM (0-20 g/L NaCl). Furthermore,
several metabolites occurring at high concentrations inside the cell
also exhibited significant correlations with chloride concentration
(Figure 2), suggesting that they may play a role in osmoregulation.
Proline was among the metabolites with the highest internal concen-
tration and the strongest correlation with increasing salinity (Figures 1
and 2). This indicates that proline could serve as an osmolyte in S. den-
itrificans similar to what has been observed in other bacteria (Brill,
Hoffmann, Bleisteiner, & Bremer, 2011; Christian, 1955a,b; Fichman
et al., 2014; Liang, Zhang, Natarajan, & Becker, 2013; Sleator & Hill,
2001). Glutamic acid (glutamate) is a well-known precursor for proline
synthesis (Fichman et al., 2014). All genes required for the biosynthe-
sis of glutamic acid and further biosynthesis to proline are present in
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FIGURE 3 (a) Schematic diagram of the 1
proposed synthesis pathway for proline {

in Sulfurimonas denitrificans (black dashed

arrows; genes encoding for all involved l
enzymes are present in genome) and

(b) the known pathway for succinic acid
production from ornithine in heterotrophic
bacteria (solid arrows) and the hypothetical
pathway in S. denitrificans (gray dashed I
arrows; genes could not be confirmed in
genome)

S. denitrificans (Sievert et al., 2008), and it also exhibited relatively high
internal concentrations. Therefore, we suggest that the biosynthesis
of proline proceeds from glutamic acid (Figure 3a). Unlike proline,
however, glutamic acid concentration did not change with salinity.
This is in contrast to what has been previously observed in other mi-
croorganisms that exhibit an increase in proline at the expense of glu-
tamic acid with increasing sodium chloride concentrations (Saum &
Miuiller, 2007).

In addition to glutamic acid, ornithine is another potential precur-
sor to proline (Figure 3b). Putrescine, gamma aminobutyric acid, and
glutamic acid were all detected in this study, suggesting that S. denitrif-
icans may utilize multiple precursors for proline, which would facilitate
a rapid metabolic response to osmotic stress. Although ornithine con-
centrations measured here were low, metabolites involved in ornithine
synthesis were detected. Therefore, the synthesis of proline via orni-
thine via a reverse pathway that is known from heterotrophic bacteria
cannot be excluded, although it is unlikely as no homologous genes
could be detected in the genome of S. denitrificans (Feehily et al.,
2014; Schneider, Kiupakis, & Reitzer, 1998) (Figure 3b). However, fur-
ther work is required to assess the relative importance of the different
pathways, for example, by measuring fluxes and determining expres-
sion of genes and proteins.

Another key intermediate of the rTCA cycle, a-ketoglutaric acid,
also appears to play a role in the osmoregulation of S. denitrificans by
providing biosynthetic precursors for osmolytes (Fichman et al., 2014;
Schneider et al., 1998). Three enzymes are known to be able to con-
vert a-ketoglutaric acid. The rapid conversion of a-ketoglutaric acid
to isocitrate by the isocitrate dehydrogenase, with the fastest specific
activity in the rTCA cycle of S. denitrificans (Hugler et al., 2005), could
explain why a-ketoglutaric acid was not detected internally, though it
was detected in some cases among the extracellular metabolites. The
other two enzymes known to consume a-ketoglutaric acid are putres-
cine transaminase and glutamic acid-succinic semialdehyde transami-

nase, the latter of which converts a-ketoglutaric acid into glutamic acid

y-glutamyl phosphate
I

I
y-glutamyl ?emialdehyde
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(Schneider et al., 1998). This enzyme could convert a-ketoglutaric acid
into a large internal pool of glutamic acid to enable the organism to
react quickly to changes in the salt concentration by producing proline
(Brill et al., 2011; Fichman et al., 2014; Liang et al., 2013). However,
genes coding for either enzyme could not be identified in the genome
of S. denitrificans.

Another compound that showed a strong correlation with increas-
ing salt concentration is 2,3-dihydroxypropane-1-sulfonate (DHPS)
(Figure 2). DHPS is a known degradation product of sulfoquinovose
(Denger et al., 2014), which constitutes the headgroup of the sulfolipid
sulfoquinovosyldiacylglycerol from the membrane of photosynthetic
eukaryotes and bacteria and is also a component of the S-layer of ar-
chaea (Denger et al., 2014; Meyer et al., 2011; Van Mooy et al., 2009).
Heterotrophic bacteria are also able to degrade DHPS to pyruvate and/
or acetyl-CoA (Durham et al., 2015; Mayer et al., 2010). However, the
analysis of the genome of S. denitrificans revealed no evidence for the
presence of a pathway for the degradation or synthesis of sulfoquino-
vose, or for the ability to produce sulfolipids. This latter aspect was fur-
ther tested by analyzing the lipidome of S. denitrificans using HPLC-MS.
Phosphatidylethanolamine (PE) and the phosphatidylglycerol (PG) were
the only detected polar membrane lipids in S. denitrificans (Figure 4).
Furthermore, in response to increasing salt concentration, S. denitrifi-
cans increases the level of unsaturation of the fatty acids, which is shown
by a higher relative abundance of mono- and diunsaturated lipids and
lower abundance of saturated lipids at higher salinities (Figure 4). This
strategy is well-known from other bacteria (Russell, 1989). However, in
line with the genomic analysis, we were unable to identify any sulfo-
lipids in S. denitrificans. Future work is needed to address the origin of
DHPS in S. denitrificans and to assess its potential role in the adaptation
to osmotic stress or any other presently unknown function.

Phenylalanine also showed a significant correlation with changing
salt concentrations (Figure 2). However, at present there are no re-
ports indicating that bacteria might produce phenylalanine for osmo-

regulation or in response to any other stressors. In previous studies
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FIGURE 4 Relative abundance of dominant PE
(phosphatidylethanolamine) and PG (phosphatidylglycerol) lipids at
different NaCl concentrations (0, 10, and 20 g/L). Individual PG- and
PE-DAG lipids were identified by the total number of acyl carbons and
double bonds (C,...,, where n indicates the number of carbon atoms
and m the number of double bonds). The detailed molecular structure
of fatty acids cannot be identified by positive ion HPLC-MS alone

of cyanobacteria, phenylalanine was found at consistently higher lev-
els outside the cell (Fiore et al., 2015), but in this study extracellular
phenylalanine concentrations were near detection limits. Intracellular
tyrosine, which is formed from phenylalanine, also showed a positive,
albeit weak, correlation with increasing salt concentration. Further
studies are needed to investigate a novel function of phenylalanine and

possibly tyrosine in mechanisms for osmoregulation in S. denitrificans.

4 | CONCLUSIONS

A targeted metabolomics approach was used to investigate osmoregula-
tion in the chemolithoautotrophic campylobacterium Sulfurimonas deni-
trificans. The quantified metabolites highlight the central importance of
the rTCA cycle, not only for carbon fixation, but also as a hub for the
precursors of other anabolic pathways, including the production of the
osmolyte proline from a-ketoglutaric acid (via glutamic acid). Proline
was identified as the major osmolyte allowing S. denitrificans to adapt
to osmotic stress. In addition, the intracellular concentration of DHPS
was significantly correlated with increasing salt concentration, suggest-
ing that DHPS may also be involved in osmoregulation. However, no
genes could be identified in the genome of S. denitrificans that encode
enzymes known to produce DHPS via sulfolipid degradation. Possibly,
the excretion of metabolites by actively growing cells might facilitate
growth by heterotrophs or synergistic interactions in the environment.
Our metabolomics approach not only provides important baseline in-
formation to help inform future transcriptomic, proteomic, and metab-
olomic studies of Campylobacteria, but also underscores the utility of
metabolomics for revealing new biochemical information and adapta-

tions not readily apparent based on genome analysis alone.

ACKNOWLEDGMENTS

We thank Fabian G6tz and Georgy Manucharyan for assistance with R,

Emily R. Estes for helping with the chloride measurements using an ion

chromatograph in the laboratory of Colleen Hansel, and Benjamin A. S.
Van Mooy for access to HPLC/ESI-MS. Funding was provided by NSF
OCE-1136727 (SMS) and NSF OCE-1154320 (EBK and KL). Additional
financial support was provided by the Postdoctoral Program at Woods
Hole Oceanographic Institution and U.S. Geological Survey (KWB).

CONFLICT OF INTEREST

None declared.

ORCID

Jesse McNichol http://orcid.org/0000-0002-8870-7726

Stefan M. Sievert http://orcid.org/0000-0002-9541-2707

REFERENCES

Azam, F., & Malfatti, F. (2007). Microbial structuring of marine ecosystems.
Nature Reviews Microbiology, 5, 782-791. https://doi.org/10.1038/
nrmicrol1747

Bligh, E. G., & Dyer, W. J. (1959). A rapid method of total lipid extraction
and purification. Canadian Journal of Biochemistry and Physiology, 37,
911-917. https:/doi.org/10.1139/y59-099

Brill, J., Hoffmann, T., Bleisteiner, M., & Bremer, E. (2011). Osmotically
controlled synthesis of the compatible solute proline is critical for
cellular defense of Bacillus subtilis against high osmolarity. Journal of
Bacteriology, 193, 5335-5346. https://doi.org/10.1128/JB.05490-11

Campbell, B. J., Engel, A. S., Porter, M. L., & Takai, K. (2006). The versa-
tile e-proteobacteria: Key players in sulphidic habitats. Nature Reviews
Microbiology, 4, 458-468. https://doi.org/10.1038/nrmicro1414

Christian, J. H. B. (1955a). The influence of nutrition on the water relations of
Salmonella oranienburg. Australian Journal of Biological Sciences, 8, 75-82.

Christian, J. H. B. (1955b). The water relations of growth and respiration of
Salmonella oranienburg at 30 C. Australian Journal of Biological Sciences,
8,490-497. https://doi.org/10.1071/BI9550490

Collins, J. R, Edwards, B. R., Fredricks, H. F., & Van Mooy, B. A. S. (2016).
LOBSTAHS: An adduct-based lipidomics strategy for discovery and
identification of oxidative stress biomarkers. Analytical Chemistry, 88,
7154-7162. https://doi.org/10.1021/acs.analchem.6b01260

Denger, K., Weiss, M., Felux, A.-K., Schneider, A., Mayer, C., Spiteller, D., ...
Schleheck, D. (2014). Sulphoglycolysis in Escherichia coli K-12 closes
a gap in the biogeochemical sulphur cycle. Nature, 507, 114-117.
https:/doi.org/10.1038/nature12947

Durham, B. P,, Sharma, S., Luo, H., Smith, C. B., Amin, S. A., Bender, S. J.,
... Armbrust, E. V. (2015). Cryptic carbon and sulfur cycling between
surface ocean plankton. Proceedings of the National Academy of Sciences
of the United States of America, 112, 453-457. https://doi.org/10.1073/
pnas.1413137112

Feehily, C., Finnerty, A., Casey, P. G., Hill, C., Gahan, C. G. M., O'Byrne, C.
P., & Karatzas, K.-A. G. (2014). Divergent evolution of the activity and
regulation of the glutamate decarboxylase systems in Listeria monocy-
togenes EGD-e and 10403S: Roles in virulence and acid tolerance. PLoS
ONE, 9, 1-12.

Fichman, Y., Gerdes, S. Y., Kovacs, H., Szabados, L., Zilberstein, A., & Csonka,
L. N. (2014). Evolution of proline biosynthesis: Enzymology, bioinfor-
matics, genetics, and transcriptional regulation. Biological Reviews of the
Cambridge Philosophical Society, 90, 1065-1099.

Fiore, C. L., Longnecker, K., Kido Soule, M. C., & Kujawinski, E. B. (2015).
Characterization of metabolites within dissolved organic matter released
by Synechococcus elongatus CCMP 1631. Environmental Microbiology,
17,3949-3963. https://doi.org/10.1111/1462-2920.12899


http://orcid.org/0000-0002-8870-7726
http://orcid.org/0000-0002-8870-7726
http://orcid.org/0000-0002-9541-2707
http://orcid.org/0000-0002-9541-2707
https://doi.org/10.1038/nrmicro1747
https://doi.org/10.1038/nrmicro1747
https://doi.org/10.1139/y59-099
https://doi.org/10.1128/JB.05490-11
https://doi.org/10.1038/nrmicro1414
https://doi.org/10.1071/BI9550490
https://doi.org/10.1021/acs.analchem.6b01260
https://doi.org/10.1038/nature12947
https://doi.org/10.1073/pnas.1413137112
https://doi.org/10.1073/pnas.1413137112
https://doi.org/10.1111/1462-2920.12899

GOTZ et AL

Han, Y., & Perner, M. (2015). The globally widespread genus Sulfurimonas:
Versatile energy metabolisms and adaptations to redox clines. Frontiers
in Microbiology, 6, 989.

Hugler, M., & Sievert, S. M. (2011). Beyond the calvin cycle: Autotrophic
carbon fixation in the ocean. Annual Review of Marine Science, 3, 261-
289. https://doi.org/10.1146/annurev-marine-120709-142712

Hugler, M., Wirsen, C. O., Fuchs, G., Taylor, C. D., & Sievert, S. M. (2005).
Evidence for autotrophic CO, fixation via the reductive tricarbox-
ylic acid cycle by members of the ¢ subdivision of proteobacteria.
Journal of Bacteriology, 187, 3020-3027. https:/doi.org/10.1128/
JB.187.9.3020-3027.2005

Kido Soule, M. C., Longnecker, K., Johnson, W. M., & Kujawinski, E. B. (2015).
Environmental metabolomics: Analytical strategies. Marine Chemistry,
177(2), 374-387. https://doi.org/10.1016/j.marchem.2015.06.029

Labrenz, M., Jost, G., & Jirgens, K. (2007). Distribution of abundant pro-
karyotic organisms in the water column of the central Baltic Sea with an
oxic-anoxic interface. Aquatic Microbial Ecology, 46, 177-190. https:/
doi.org/10.3354/ame046177

Liang, X., Zhang, L., Natarajan, S. K., & Becker, D. F. (2013). Proline mecha-
nisms of stress survival. Antioxidants & Redox Signaling, 19, 998-1011.
https://doi.org/10.1089/ars.2012.5074

Longnecker, K., Kido Soule, M. C., & Kujawinski, E. B. (2015). Dissolved or-
ganic matter produced by Thalassiosira pseudonana. Marine Chemistry,
168, 114-123. https://doi.org/10.1016/j.marchem.2014.11.003

Martinez, P., Galvez, S., Ohtsuka, N., Budinich, M., Cortés, M. P,, Serpell, C.,
... Martinez, S. (2013). Metabolomic study of Chilean biomining bac-
teria Acidithiobacillus ferrooxidans strain Wenelen and Acidithiobacillus
thiooxidans strain Licanantay. Metabolomics, 9, 247-257. https://doi.
org/10.1007/s11306-012-0443-3

Mayer, J., Huhn, T., Habeck, M., Denger, K., Hollemeyer, K., & Cook, A. M.
(2010). 2,3-Dihydroxypropane-1-sulfonate degraded by Cupriavidus
pinatubonensis JMP134: Purification of dihydroxypropanesulfon-
ate 3-dehydrogenase. Microbiology, 156, 1556-1564. https:/doi.
org/10.1099/mic.0.037580-0

Meyer, B. H., Zolghadr, B., Peyfoon, E., Pabst, M., Panico, M., Morris,
H. R, .. Albers, S. V. (2011). Sulfoquinovose synthase—An im-
portant enzyme in the N-glycosylation pathway of Sulfolobus ac-
idocaldarius. Molecular Microbiology, 82, 1150-1163. https:/doi.
org/10.1111/j.1365-2958.2011.07875.x

Patti, G. J., Yanes, O., & Siuzdak, G. (2012). Metabolomics: The apogee of
the omics trilogy. Nature Reviews Molecular Cell Biology, 13, 263-269.
https:/doi.org/10.1038/nrm3314

Popendorf, K. J., Fredricks, H. F., & Van Mooy, B. A. (2013). Molecular
ion-independent quantification of polar glycerolipid classes in marine
plankton using triple quadrupole MS. Lipids, 48, 185-195. https://doi.
org/10.1007/s11745-012-3748-0

Russell, N. J. (1989). Adaptive modifications in membranes of halotol-
erant and halophilic microorganisms. Journal of Bioenergetics and
Biomembranes, 21, 93-113.

Saum, S. H., & Miiller, V. (2007). Salinity-dependent switching of osmolyte
strategies in a moderately halophilic bacterium: Glutamate induces
proline biosynthesis in Halobacillus halophilus. Journal of Bacteriology,
189, 6968-6975. https://doi.org/10.1128/JB.00775-07

Sawada, V., Akiyama, K., Sakata, A., Kuwahara, A., Otsuki, H., Sakurai, T.,
... Hirai, M. Y. (2009). Widely targeted metabolomics based on large-
scale MS/MS data for elucidating metabolite accumulation patterns in
plants. Plant and Cell Physiology, 50, 37-47. https:/doi.org/10.1093/
pcp/pcn183

Schneider, B. L., Kiupakis, A. K., & Reitzer, L. J. (1998). Arginine catabolism
and the arginine succinyltransferase pathway in Escherichia coli. Journal
of Bacteriology, 180, 4278-4286.

Sievert, S. M,, Scott, K. M., Klotz, M. G., Chain, P. S. G., Hauser, L. J., Hemp,
J., ... Lucas, S. (2008). Genome of the epsilonproteobacterial chem-
olithoautotroph Sulfurimonas denitrificans. Applied and Environment
Microbiology, 74, 1145-1156. https://doi.org/10.1128/AEM.01844-07

Microbiol 7 of 7
icrobiologyOpen —WILEY—

Open Access,

Sievert, S. M., & Vetriani, C. (2012). Chemoautotrophy at deep-sea vents:
Past, present, and future. Oceanography, 25, 218-233. https:/doi.
org/10.5670/oceanog

Sleator, R. D., & Hill, C. (2001). Bacterial osmoadaptation: The role of os-
molytes in bacterial stress and virulence. FEMS Microbiology Reviews,
26,49-71.

Stokke, R., Dahle, H., Roalkvam, I., Wissuwa, J., Daae, F. L., Tooming-
Klunderud, A., ... Steen, I. H. (2015). Functional interactions among
filamentous Epsilonproteobacteria and Bacteroidetes in a deep-sea hy-
drothermal vent biofilm. Environmental Microbiology, 17, 4063-4077.
https://doi.org/10.1111/1462-2920.12970

Takai, K., Suzuki, M., Nakagawa, S., Miyazaki, M., Suzuki, Y., Inagaki, F., &
Horikoshi, K. (2006). Sulfurimonas paralvinellae sp. nov., a novel me-
sophilic, hydrogen- and sulfur-oxidizing chemolithoautotroph within
the Epsilonproteobacteria isolated from a deep-sea hydrothermal
vent polychaete nest, reclassification of Thiomicrospira denitrificans as
Sulfurimonas denitrificans comb. nov. and emended description of the
genus Sulfurimonas. International Journal of Systematic and Evolutionary
Microbiology, 56, 1725-1733. https://doi.org/10.1099/ijs.0.64255-0

Timmer-Ten Hoor, A. (1975). A new type of thiosulphate oxidizing, ni-
trate reducing microorganism: Thiomicrospira denitrificans  sp.
nov. Netherlands Journal of Sea Research, 9, 344-350. https:/doi.
org/10.1016/0077-7579(75)90008-3

Tong, Z., Xie, C., Ma, L., Liu, L., Jin, Y., Dong, J., & Wang, T. (2014). Co-
expression of bacterial aspartate kinase and adenylylsulfate reduc-
tase genes substantially increases sulfur amino acid levels in trans-
genic alfalfa (Medicago sativa L.). PLoS ONE, 9, e88310. https:/doi.
org/10.1371/journal.pone.0088310

Van Mooy, B. A. S., Fredricks, H. F., Pedler, B. E., Dyhrman, S. T., Karl, D. M.,
Koblizek, M., ... Rappé, M. S. (2009). Phytoplankton in the ocean use
non-phosphorus lipids in response to phosphorus scarcity. Nature, 458,
69-72. https://doi.org/10.1038/nature07659

Waite, D. W., Vanwonterghem, |, Rinke, C., Parks, D. H., Zhang, Y.,
Takai, K., ... Woyke, T. (2017). Comparative genomic analysis of
the class Epsilonproteobacteria and proposed reclassification to
Epsilonbacteraeota (phyl. nov.). Frontiers in Microbiology, 8, 682. https://
doi.org/10.3389/fmicb.2017.00682

Warnes, G. R., Bolker, B., Bonebakker, L., Gentleman, R., Huber, W., & Liaw,
A., ... Venables, B. (2016) gplots: Various R programming tools for plotting
data. R package version 3.0.2. Retrieved from http://CRAN.R-project.
org/package=gplots

Warnes, G. R., Bolker, B., Gorjanc, G., Grothendieck, G., Korosec, A.,
Lumley, T., ... Rogers, J. (2014) gdata: Various R programming tools for
data manipulation. R package version 2.13.3. Retrieved from http:/
CRAN.R-project.org/package=gdata

Wood, J. M., Bremer, E., Csonka, L. N., Kraemer, R., Poolman, B., van der
Heide, T., & Smith, L. T. (2001). Osmosensing and osmoregulatory
compatible solute accumulation by bacteria. Comparative Biochemistry
and Physiology Part A Molecular Integrative Physiology, 130, 437-460.
https://doi.org/10.1016/51095-6433(01)00442-1

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the
supporting information tab for this article.

How to cite this article: G6tz F, Longnecker K, Kido Soule MC,
et al. Targeted metabolomics reveals proline as a major
osmolyte in the chemolithoautotroph Sulfurimonas
denitrificans. MicrobiologyOpen. 2018;7:586.
https://doi.org/10.1002/mbo3.586



https://doi.org/10.1146/annurev-marine-120709-142712
https://doi.org/10.1128/JB.187.9.3020-3027.2005
https://doi.org/10.1128/JB.187.9.3020-3027.2005
https://doi.org/10.1016/j.marchem.2015.06.029
https://doi.org/10.3354/ame046177
https://doi.org/10.3354/ame046177
https://doi.org/10.1089/ars.2012.5074
https://doi.org/10.1016/j.marchem.2014.11.003
https://doi.org/10.1007/s11306-012-0443-3
https://doi.org/10.1007/s11306-012-0443-3
https://doi.org/10.1099/mic.0.037580-0
https://doi.org/10.1099/mic.0.037580-0
https://doi.org/10.1111/j.1365-2958.2011.07875.x
https://doi.org/10.1111/j.1365-2958.2011.07875.x
https://doi.org/10.1038/nrm3314
https://doi.org/10.1007/s11745-012-3748-0
https://doi.org/10.1007/s11745-012-3748-0
https://doi.org/10.1128/JB.00775-07
https://doi.org/10.1093/pcp/pcn183
https://doi.org/10.1093/pcp/pcn183
https://doi.org/10.1128/AEM.01844-07
https://doi.org/10.5670/oceanog
https://doi.org/10.5670/oceanog
https://doi.org/10.1111/1462-2920.12970
https://doi.org/10.1099/ijs.0.64255-0
https://doi.org/10.1016/0077-7579(75)90008-3
https://doi.org/10.1016/0077-7579(75)90008-3
https://doi.org/10.1371/journal.pone.0088310
https://doi.org/10.1371/journal.pone.0088310
https://doi.org/10.1038/nature07659
https://doi.org/10.3389/fmicb.2017.00682
https://doi.org/10.3389/fmicb.2017.00682
http://CRAN.R-project.org/package=gplots
http://CRAN.R-project.org/package=gplots
http://CRAN.R-project.org/package=gdata
http://CRAN.R-project.org/package=gdata
https://doi.org/10.1016/S1095-6433(01)00442-1
https://doi.org/10.1002/mbo3.586

