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Abstract The accumulation of organic solutes was
investigated in the thermophilic bacteria Persephonella
marina and Marinitoga piezophila, two representatives of
the deepest lineages in the domain Bacteria. These
organisms grow optimally at around 70 °C in medium
containing 3 % NaCl. A new disaccharide, accumulating in
Persephonella marina, was identified as o(1-6)glucosyl-
a(1-2)glucosylglycerate (GGG), by nuclear magnetic res-
onance. This identification was validated by comparison
with the spectra of the compound obtained by chemical
synthesis. Besides GGG, the solute pool of Persephonella
marina comprised B-glutamate, di-myo-inositol-1,3’-phos-
phate and 2-O-o-glucosylglycerate. In contrast, amino
acids such as o-glutamate, proline and alanine were the
dominant components of the solute pool of Marinitoga
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piezophila and sugar derivatives were absent. The ability of
GGG to protect protein structure against heat denaturation
was assessed using model proteins. A genomic search for
the biosynthetic pathways of known ionic solutes in Aqu-
ificales and Thermotogales shows the inability of this
analysis to predict the nature of compatible solutes and
underlines the need for efficient cultivation techniques.
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Introduction

The adaptation of life to extreme environments is a fasci-
nating area that continues to attract the attention of the
scientific community as well as the wider public. Besides the
scientific curiosity stimulated by the apparent unconven-
tional behaviour of extremophilic microorganisms, they also
constitute a field of great biotechnological potential, as
sources of new metabolites and robust enzymes able to
operate under the harsh conditions often required by
industrial processes. Among these metabolites, are new
organic solutes from thermophiles and hyperthermophiles
(hereafter designated as hyper/thermophiles), which exhibit
protein protective properties (Scholz et al. 1992; Nunes et al.
1995; Martins et al. 1996, 1997; Ramos et al. 1997; Silva
et al. 1999; Lamosa et al. 2000, 2006; Borges et al. 2002;
Jorge et al. 2007). Although belonging broadly to the
chemical classes of compatible solutes of mesophilic origin,
i.e., polyols, sugars, amino acids and derivatives, osmolytes
from hyper/thermophiles clearly diverge insofar as they are
generally negatively charged (Miiller et al. 2005; Santos
et al. 2007). Moreover, solutes from hyper/thermophiles
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appear to have specialised roles in osmoprotection and
thermoprotection. In fact, while mannosylglycerate and di-
glycerol phosphate are primarily involved in osmoprotec-
tion, di-myo-inositol phosphate (DIP) and derivatives are
consistently associated with the heat stress response (Mar-
tins et al. 1996, 1997, Silva et al. 1999; Lamosa et al. 2006).

Recent research efforts have markedly expanded our
knowledge about the nature and accumulation profiles of
compatible solutes of hyper/thermophiles (Santos et al.
2011). However, the poor growth yields of such extremo-
philes and their demand for specialised culture conditions
have limited the number of organisms examined, and we are
still far from having a comprehensive picture of the
chemical diversity and physiological roles of compatible
solutes in organisms adapted to high temperatures. Geno-
mic and metagenomic approaches combined with high-
throughput technologies have had a tremendous impact on
the discovery of novel enzymes, or known enzymes with
improved properties, by circumventing the bottleneck
associated with organism cultivation. However, to our
knowledge, there is no way to avoid the need for culturing
microorganisms when the target is the discovery of novel
solutes. Therefore, the search for unknown solutes is limited
by the success of cultivation methods. As a result of col-
laboration with many colleagues over the past two decades,
we have examined many members of the hyper/thermo-
philic Archaea and Bacteria and this effort has led to the
characterisation of more than a dozen novel organic solutes.

In this study, we set out to examine members of the two
deepest bacterial lineages, i.e., the Thermotogales and the
Agquificales. There is already some information regarding the
nature of compatible solutes in representatives of both lin-
eages, namely in the genera Thermotoga, Thermosipho,
Fervidobacteruium and Petrotoga within the Thermotogales
(Martins et al. 1996; Jorge et al. 2007; Rodrigues et al. 2009;
Fernandes et al. 2010), and in the genus Aquifex in the Aqu-
ificales (Lamosa et al. 2006), but members of other genera
have not been examined thus far. Therefore, to extend our
knowledge on the strategies of osmo- and thermoadaptation in
thermophilic bacteria, we decided to study the organic solute
pools of Marinitoga piezophila and Persephonella marina,
members of the Thermotogales and Aquificales, respectively.
Both organisms were isolated from deep-sea vents and display
optimal growth temperatures in the range 65-75 °C in med-
ium containing 3 % NaCl (Alain et al. 2002; Gotz et al. 2002).

Materials and methods
Bacterial strains and growth conditions

Two deep-sea thermophilic bacteria Marinitoga piezophila
(DSM 14283) and Persephonella marina (DSM 14350)
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were obtained from the Deutsche Sammlung von Mikro-
organismen und Zellkulturen GmbH, Braunschweig, Ger-
many. M. piezophila, supplied as an active liquid culture,
was cultured on DSMZ medium 945 according to the
method of Alain et al. (2002). Growth was investigated in
the presence of elemental sulphur (sterilised by tyndalli-
zation) and in an alternative medium containing 20 mM
maltose. Both media were initially prepared in 30 ml ali-
quots and filter sterilised into 160 ml serum bottles. The
optimal conditions for growth were: pH 6.0, temperature
65 °C, and gassing with oxygen-free nitrogen to 1 bar
overpressure. Biomass was produced by batch culture
using 3 1 of culture medium in 5 1 Duran bottles on either
the sulphur or maltose-based medium. Cells were harvested
by centrifugation (10,000xg, 20 min), transferred to stor-
age tubes and stored frozen below —70 °C until the
extraction of organic solutes.

Persephonella marina, supplied as an active liquid
culture, was cultured according to methods modified from
Gotz et al. (2002). Initial cultures were grown in 30 ml
aliquots of medium filter sterilised into 160 ml serum
bottles. A microaerophilic growth medium was prepared by
gassing the basal salts medium with hydrogen/carbon
dioxide (80:20) and pressurising to 1 bar overpressure.
Oxygen was added to approximately 2 % (vol/vol) by
injection of an appropriate volume (~25 ml) of filtered
atmospheric air. An anaerobic growth medium was pre-
pared as for the microaerophilic growth medium with the
exception of the addition of sodium nitrate, 2 g/l as an
electron acceptor. This medium was then gassed with
hydrogen/carbon dioxide (80:20) and pressurised to 1 bar
overpressure. Cultures were scaled up using the anaerobic
growth medium as above. In each case, the volume of
medium was kept in proportion to the bottle size, e.g.,
800 ml in 51 Duran bottles fitted with 4-valve PTFE
screw-threaded caps (Omnifit).

Biomass samples for solute extraction were produced by
preparing 4 1 quantities of medium in 20 1 polypropylene
bottles (Nalgene) modified to permit pH control (set point
pH 6.8) and gas exchange. Cultures were grown within a
high temperature oven (Sanyo Gallenkamp) at 70 °C and
growth was terminated when no further increase in cell or
optical density was observed. Cells were harvested by
centrifugation (10,000x g, 20 min), transferred to storage
tubes and frozen below —70 °C until the extraction of
organic solutes.

Extraction and quantification of intracellular solutes
and cell protein determination

Organic solutes were extracted twice with boiling 80 %
ethanol as described in Santos et al. (2006). Freeze-dried
ethanolic extracts were cleansed of lipid components
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through chloroform addition and subsequent centrifugation
of the organic phase. The resulting aqueous extracts were
freeze-dried and re-suspended in D,O for NMR analysis.
Quantification of organic compounds was performed by
"H-NMR using formate as an internal concentration stan-
dard. However, resonance overlapping precluded the use of
this method for quantification of amino acid levels, which
were determined by high performance liquid chromatog-
raphy using a Pico-tag amino acid analysis system (Waters,
Milford, MA), and the data processed by Waters Millen-
nium 32 System Software. The protein content of the cells
was determined by the Bradford assay (Bradford 1976),
after treatment with 1 M NaOH (100 °C, 10 min) and
neutralisation with 1 M HCI.

Purification of glucosylglucosylglycerate

Cell extracts containing an unidentified compound were
combined and applied to an anionic exchange resin (QAE-
Sephadex A-25, Pharmacia, Uppsala, Sweden) and devel-
oped with a linear gradient of sodium carbonate/bicar-
bonate buffer (5 mM-1 M, pH 9.8). Sugar-containing
fractions, as observed by the colorimetric assay of Dubois
et al. (1956), were pooled, freeze-dried, and desalted in an
activated cation exchange resin (Dowex 50W-X8, Bio-
Rad), eluted with distilled water, after which, samples were
degassed under vacuum, and the pH adjusted to 5 with 1 M
KOH. The fractions containing the unknown solute, as
determined by "H-NMR, were further purified by gel fil-
tration (G10-Sephadex, Pharmacia, Uppsala, Sweden). A
partially purified sample, containing the desired solute,
di-myo-inositol-1,3’-phosphate and vestigial amounts of
glucosylglycerate (GG) was freeze-dried and re-suspended
in D,0 for structure characterisation by NMR.

Chemical synthesis of glucosylglycerate
and glucosylglucosylglycerate

GG and o(1-6)glucosyl-a(1-2)glucosylglycerate (GGG)
were synthesised as described in Lourenco et al. (2009).
The compounds were further purified by anionic exchange
chromatography with a QAE-Sephadex A25 column
(Amersham Pharmacia Biotech), run with sodium carbon-
ate/bicarbonate buffer, pH 9.8 (from 5 mM to 1 M con-
centration). Fractions containing the pure compounds were
pooled, lyophilised and loaded onto an H™-activated
Dowex 50W-X8 column (BioRad) eluted with distilled
water. Fractions containing the compounds were degassed
under vacuum and the pH was adjusted to approximately
5.0 with ultra-pure potassium hydroxide (Fixanal, Riedel-
de Haén, AG).

Enzyme stabilization assays

The effect of GG and GGG on the melting temperature of
nuclease A from Staphylococcus aureus (SNase) and
mitochondrial malate dehydrogenase (MDH) from pig
heart was studied by differential scanning calorimetry
(DSC). Recombinant SNase was overproduced and purified
as described previously (Faria et al. 2004). MDH was
purchased from Roche and used without further purifica-
tion. Protein stock solutions were prepared by extensive
dialysis at 4 °C against 10 mM sodium phosphate buffer
pH 7.5. A protein final concentration of approximately
5 uM was typically used for MDH and approximately of
20 uM was used for SNase in the DSC assays. All solutes
were used at a final concentration of 0.5 M for both pro-
teins, with the exception of the GGG assay with MDH
where a concentration of 0.4 M was used due to the low
availability of this compound. DSC assays were performed
on a MicroCal VP-DSC Microcalorimeter. After degassing
under vacuum for 8 min, samples were heated from 25 to
95 °C with a heating rate of 1 °C/min.

NMR spectroscopy

All spectra were acquired on a Bruker DRXS500 spec-
trometer (Bruker, Rheinstetten, Germany). 3C-.NMR
spectra were recorded at 125.77 MHz using a 5 mm
carbon selective probe head. Typically, spectra were
acquired with a repetition delay of 1.5 s and a pulse
width of 5 ps corresponding to a 60° flip angle. Proton
decoupling was applied during the acquisition time only.
Chemical shifts are referenced to the resonance of
3-(trimethylsilyl)propanesulfonic  acid designated at
0 ppm.

For quantification purposes, 'H-NMR spectra were
acquired with water presaturation, 6 ps pulse width corre-
sponding to a 60° flip angle and a repetition delay of 60 s.
Chemical shifts are relative to 3-(trimethylsilyl)propane-
sulfonic acid (sodium salt) designated at 0.015 ppm. For-
mate (5 mM) was added as an internal concentration
standard.

Two-dimensional (homonuclear COSY, NOESY and
TOCSY and heteronuclear 'H-'*C HMQC and HMBC)
spectra were acquired using standard Bruker pulse pro-
grams with presaturation of the solvent water resonance in
a phase-sensitive mode. A delay of 3.57 ms was used for
evolution of 'Jey in the heteronuclear multiple quantum
coherence spectra (HMQC), while 73.5 ms was used for
evolution of long range couplings in the heteronuclear
multiple bond connectivity (HMBC) spectrum.
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Results
Identification and quantification of organic solutes

The identification of organic solutes in the cell extracts
of M. piezophila and P. marina was accomplished by
'"H-NMR analysis. Whenever necessary, these identifica-
tions were confirmed through the acquisition of *C-NMR
spectra and subsequent comparison of the observed and the
published chemical shifts. NMR analysis of cell extracts is
a very useful method to identify and quantify organic
compounds potentially involved in osmo- or thermoadap-
tation. These compatible solutes accumulate often to levels
above 50 mM and in extreme conditions can reach the
molar range of concentration. Their abundance in the cell
extract gave rise to strong resonances in the NMR spectra,
immediately distinguished from the low intensity signals
due to extractable, minor metabolites in the cell.

In M. piezophila extracts, we found o-glutamate, proline
and alanine at concentrations of 0.44 = 0.04, 0.23 + 0.03
and 0.23 + 0.06 umol/mg of protein, respectively, as
quantified by HPLC. Growth on maltose as a carbon source
or on sulphur as an electron acceptor had little effect on the
type or quantity of the accumulated solutes.

In P. marina, several compounds were readily identified
as  P-glutamate, di-myo-inositol-1,3’-phosphate, and
glucosylglycerate. However, we also found a set of signals
in the '"H-NMR spectrum that could not be assigned to a
known compound. This set comprised two doublets in the
region of the "H-NMR spectrum where the anomeric res-
onances of sugars typically occur. Suspecting two possible
variants of glucosylglycerate, we carried on to purify these
putative compounds following the course of the purifica-
tion with '"H-NMR analysis of the eluted fractions. We
concluded that the resonances were actually due to a single
compound, containing two glycosyl moieties. A partially
purified sample of this compound was used to acquire two-
dimensional NMR correlation spectra. The "H homonu-
clear COSY and TOCSY spectra allowed us to identify
three spin systems belonging to two glycosyl and one
glyceryl moieties, and the position of all the proton fre-
quencies in the compound (Table 1). Also, from the anal-
ysis of chemical shifts and coupling constants of the
glycosyl signals, these were unequivocally identified as
glucosyl residues, (G and G’) (Table 1). The 1JCH coupling
constants of the two anomeric sugar carbon signals (173.4
and 174.9 Hz) proved that the glucose residues had the
a-configuration. The resonance at 177.2 ppm in the carbon
spectrum (typical of carboxyl groups) confirmed the pres-
ence of the glycerate moiety. Therefore, the unknown
compound was identified as a-glucosyl-a-glucosylglycer-
ate. To determine the position of the glycosidic bonds, a
NOESY spectrum was recorded. This revealed a clear
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correlation between protons 1 of glucosyl moiety G and
proton 2 of the glycerate moiety, thus establishing an
a(1-2) glycosidic bond between glucose G and the gly-
cerate group. A correlation was also observed between
proton 1 of the glucosyl moiety G’ and a highly complex
region of the spectrum containing the signals of protons 6
and 3 of the glucosyl moiety G. The final structure of the
molecule was established through a combination of *C—"H
correlation spectra. The '*C-'H correlation spectrum
(HMQC) allowed the assignment of all carbon signals
belonging to the glycerate and sugar groups (Table 1). This
information enabled the interpretation of the '*C—'H mul-
tiple bond correlation spectrum (HMBC). In this spectrum,
we observed signals correlating carbon 6 of the glucosyl
moiety G to proton 1 of the glucosyl moiety G’ and carbon
1 of the glucosyl moiety G’ to protons 6a and 6b of the
glucosyl moiety G (Fig. 1). The structure of the new
compound was thus established as a(1-6)glucosyl-
a(1-2)glucosylglycerate (GGG) (Fig. 2). This conclusion
was firmly confirmed by spiking the natural compound
with an authentic sample produced by chemical synthesis.

The levels of the solutes accumulated by P. marina, a
microaerophile that requires hydrogen to grow, were diffi-
cult to assess precisely because the organism grows poorly
and to relatively low yields (0.1-0.3 g wet weight per litre),
displaying long and variable lag times. This growth
behaviour makes it difficult to determine the growth phase

Table 1 NMR parameters of the novel compound o(1-6)glucosyl-
o(1-2)glucosylglycerate

13¢ IH
§ (ppm) 8 (ppm) Juu (Hz)

a(1-6)Glucosyl moiety

C 98.3 4.94 3.66

C, 72.0 3.54 11.0

Cs 73.5 3.73 9.46

Cy 70.0 3.41 9.46

Cs 72.3 3.72 ND

Coab) 60.8 3.76/3.84 ND
o(1-2)Glucosyl moiety

C, 98.0 5.02 3.81

C, 71.9 3.56 10.1

Cs 73.9 3.80 9.54

Cy 69.9 3.51 9.54

Cs 71.1 3.98 ND

Coab) 66.0 3.74/3.96 ND
Glyceryl moiety

C 177.3 - -

C, 79.7 4.19 3.05/6.10

Ciab) 63.6 3.81/3.89

ND Not determined
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Fig. 1 Heteronuclear multiple quantum correlation (HMQC) (left)
and heteronuclear multiple bond correlation (HMBC) (right) spectra
of a partially purified sample of a P. marina extract. Signal arising
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Fig. 2 Molecular representation of o(1-6)-glucosyl-o(1-2)-glucosyl-
glycerate. The first and second glucosyl moieties are labelled as G and
G, respectively, while the glycerate moiety is labelled Y

and to establish reproducible growth conditions, thus
influencing the amount of internal compatible solutes at
harvesting point. Nevertheless, it was possible to conclude

T
5.0

4.5 3.5 'Hppm

from the glucosyl moiety which is linked to the glycerate moiety are
labelled G, the signals arising from the other glucosyl moiety and
from glycerate are labelled as G’ and Y, respectively

that B-glutamate was always the major compatible solute
with values ranging from 0.85 to 1.27 pmol/mg of protein.
The levels of the other solutes displayed greater variability.
GG was present in the range of 0.04-0.86 pmol/mg of
protein, while di-myo-inositol-1,3’-phosphate and the new
compound, GGG, were present in amounts up to 0.13 and
0.35 pmol/mg of protein, respectively.

Effect of GG and GGG on the melting temperature
of model enzymes

GG (at 0.5 M), produced by chemical synthesis, caused an
increase in the melting temperature of SNase and MDH of
8.0 °C and 8.8 °C, respectively, while GGG (at 0.5 M for
SNase and 0.4 M for MDH) caused increases of 7.9 °C and
12.5 °C, respectively (Fig. 3). The ability of GG and GGG
as stabilisers compares roughly with the stabilization
conferred by mannosylglycerate and di-myo-inositol-1,3'-
phosphate, while glycerol at the same concentration
produced only modest increases (Faria et al. 2008). GGG
was by far the best stabilizer of MDH, but when compared
with GG and MG, the degree of stabilization per unit mass
is not as impressive, meaning that the extra glucosyl unit in
GGG brings no clear benefit.
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Fig. 3 Effect of solutes on the melting temperature of staphylococcal
nuclease (SNase) and pig heart malate dehydrogenase (MDH). All
solutes were added at 0.5 M concentration, with the exception of
GGG, which was added at 0.4 M in the MDH assay. The results for
trehalose, o-mannosylglycerate, DIP, glycerol and KCl1 were collected
from Faria et al. (2008). MG o-Mannosylglycerate, DIP di-myo-
inositol-1,3’-phosphate, GG glucosylglycerate, GGG o(1-6)glucosyl-
o(1-2)glucosylglycerate

Discussion

Despite the long phylogenetic distance between Marini-
toga piezophila and Persephonella marina, both organ-
isms were isolated from deep-sea hydrothermal vents
around a depth of 2600 m in the Pacific Ocean, and they
require similar salinity, temperature and pH conditions for
growth (Alain et al. 2002; Gétz et al. 2002). However,
while M. piezophila is a thermopiezophilic organism,
displaying a maximal growth rate at around 40 MPa, the
growth of P. marina is not stimulated by pressure (Alain
et al. 2002; Gotz et al. 2002). Interestingly, these two
organisms present very distinct solute pools. While
M. piezophila uses mainly amino acids, a-glutamate, proline
and alanine, P. marina accumulates a variety of solutes
such as DIP, B-glutamate, GG and the newly discovered
compound GGG. The amino acids o-glutamate and pro-
line are commonly used in osmoadaptation of mesophilic
bacteria (Santos and da Costa 2002; Saum and Miiller
2007; Brill et al. 2011), and the accumulation of o-glu-
tamate is also very frequent within hyper/thermophiles.
This negatively charged amino acid has been found to
accumulate in the two species of Aquifex and in all marine
Thermotogales examined thus far: Thermotoga maritima,
Thermotoga neapolitana, Petrotoga spp. and Thermosipho
africanus (Martins et al. 1996; Lamosa et al. 2006; Jorge
et al. 2007; Rodrigues et al. 2009; Fernandes et al. 2010).
In contrast, proline is an uncommon solute among hyper/
thermophilic organisms and has been detected only in
Thermosipho africanus, Palaeococcus ferrophilus and
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Petrotoga miotherma (Martins et al. 1996; Neves et al.
2005; Jorge et al. 2007). Alanine is an unusual solute
encountered in a few bacteria and archaea (e.g., Haloba-
cillus halophilus, Rhizobium UMKL 20 and Palaeococcus
ferrophilus) (Hua et al. 1982; Neves et al. 2005; Saum and
Miiller 2007), but its role as a true compatible solute has
been demonstrated only in Methanosarcina mazei Gol
(Saum et al. 2009).

The role of compatible solutes in adaptation to high
pressure remains unclear as the number of studies reported
is very limited. Our data on M. piezophila refer to cells
grown at low pressure, 0.1 MPa, hence a definitive role for
solutes in adaptation to high pressure cannot be ascribed.
Interestingly, in the cold adapted piezophilic bacterium
Photobacterium profundum strain SS9, the pools of
B-hydroxybutyrate and oligomers of B-hydroxybutyrate
increased in response to hydrostatic pressure (Martin et al.
2002). Moreover, the level of these solutes also increased
with osmolarity, and hence they were called “piezolytes”
(Martin et al. 2002). In contrast, in Thermococcus baro-
philus, the pool of mannosylglycerate appeared to decrease
with pressure (Cario et al. 2010). More studies are defi-
nitely needed to clarify the role of organic solutes in
piezophilic organisms.

In contrast with the amino acid nature of the solutes
found in M. piezophila, the solute pool of P. marina
comprised primarily sugar derivatives, such as the newly
identified solute, a(1-6)glucosyl-a(1-2)glucosylglycerate
(GGG), glucosylglycerate (GG) and DIP. The only amino
acid present was [B-glutamate, which accumulates in the
three members of the Agquificales examined thus far and
also in Thermotoga spp., in which accumulation occurs in
response to osmotic shock (Martins et al. 1996; Lamosa
et al. 2006; Rodrigues et al. 2009) (Table 2). B-Glutamate
is a relatively rare solute, more commonly found in
methanogens with either mesophilic or thermophilic life-
styles (Martin et al. 1999). In most cases, the accumulation
of this compound is clearly dependent on the salinity of the
medium, which relates to the osmoprotective function
usually ascribed to B-glutamate (Robertson et al. 1990,
1992; Martins et al. 1996; Roberts 2005; Lamosa et al.
2006; Rodrigues et al. 2009). The accumulation of DIP was
first detected in the hyperthermophile Pyrococcus woesei
and is restricted to marine hyper/thermophiles (Scholz
et al. 1992; Santos et al. 2011). The organisms known to
accumulate DIP are mainly distributed within the domain
Archaea with a few exceptions, i.e., the Aquificales, two
species of Thermotoga and Rubrobacter xylanophilus
(Martins et al. 1996; Rodrigues et al. 2009; Empadinhas
et al. 2007) in the domain Bacteria. DIP and derivatives
accumulate primarily in response to heat stress, an obser-
vation that led to the view that they play a role in cell
thermoprotection.
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Table 2 Distribution of compatible solute accumulation in members of the lineages Thermotogales and Aquificales

Organisms Top [NaCl]o, DIP MDIP GPI GG GGG MGG B-Glu o-Glu Pro GB Ref.
(°C) (wt/vol%)
Thermotogales
Thermotoga martima 80 3 + + + + Rodrigues et al. (2009)
Thermotoga neapolitana 80 3 + + + + Martins et al. (1996)
Thermosipho africanus 75 2 + + Martins et al. (1996)
Thermotoga thermarum 70 0.3 Martins et al. (1996)
Fervidobacterium islandicum 65 0 Martins et al. (1996)
Marinitoga piezophila 65 3 + + This work
Petrotoga miotherma 55 3 + + + Jorge et al. (2007)
Petrotoga mobilis 58-60 3-4 + + + + Fernandes et al. (2010)
Aquificales
Aquifex pyrophilus 85 3 + + + + + Lamosa et al. (2006)
Aquifex aeolicus 85 3 + + + + + Lamosa et al. (2006)
Persephonella marina 73 2.5 + + + + This work

DIP Di-myo-inositol phosphate, MDIP mannosyl-di-myo-inositol phosphate, GPI glycerophospho-myo-inositol, a-Glu a-glutamate, f-Glu B-glutamate, Pro proline,
GB glycine betaine, GG glucosylglycerate, GGG a(1-6)glucosyl-a(1-2)glucosylglycerate, MGG mannosylglucosylglycerate

The presence of GG in a thermophilic organism,
Persephonella marina, is curious. Although it possesses a
strong structural resemblance to mannosylglycerate (often
found in hyper/thermophiles), GG is a rare solute, to our
knowledge only detected in the archaeon Methanohalo-
philus portucalensis and some halophilic bacteria, such as
Chromohalobacter salexigens, Dickeya dadantii strain
3937, Synechococcus sp. PCC 7002, Prochlorococcus
marinus strains SS120 and NATL2A, and Streptomyces
caelestis, and never encountered in hyper/thermophiles
(Robertson et al. 1992; Canovas et al. 1999; Kollman et al.
1979; Goude et al. 2004; Pospisl et al. 2007; Kldhn et al.
2010). The role of GG as a compatible solute is contro-
versial, since only in a few cases does it respond to salinity
fluctuations of the medium. In Dickeya dadantii, GG 1is
used for adaptation at low salinity, while glutamine is the
main compatible solute (Goude et al. 2004). In Synecho-
coccus sp. PCC 7002 and Prochlorococcus marinus, GG
also responds to increased medium salinity, but the major
osmoprotectants are glucosylglycerol and sucrose, respec-
tively (Kléhn et al. 2010). Nitrogen limitation appears to be
the primary factor that triggers GG accumulation. In fact, the
GG level is consistently higher in nitrogen-poor conditions
and this behaviour was recently confirmed in Mycobacte-
rium smegmatis (Behrends et al. 2012). In this bacterium,
GG accumulates only in nitrogen limiting conditions and its
level is unrelated to the medium salinity. These results
corroborate the view that GG is a stress metabolite mainly
associated with nitrogen deprivation (Behrends et al. 2012).

The detection of GG in P. marina becomes even more
interesting if we consider its structural relationship to the
newly found solute GGG. Since these solutes share the
same glucosyl-a(1-2)-glycerate moiety, it is tempting to
speculate that GG could serve as a precursor for GGG

synthesis. The accumulation of disaccharide heterosides is
extremely rare. To our knowledge, only two thermophilic
bacteria, Petrotoga miotherma and Petrotoga mobilis,
accumulate  mannosyl-o(1-2)-glucosyl-o(1-2)-glycerate
(MGG), a disaccharide that is involved in low-level
osmotic adaptation in Petrotoga miotherma and the
response to hyperosmotic conditions and supra-optimal
temperatures in Petrotoga mobilis (Jorge et al. 2007;
Fernandes et al. 2010). Two pathways were proposed for
the synthesis of MGG in Petrotoga mobilis, but the
synthesis of GGG remains elusive (Fernandes et al. 2010).

The distinct nature of the solutes accumulating in
M. piezophila and P. marina has a genomic background.
M. piezophila accumulates amino acids only, and indeed,
it has no genes for the synthesis of the polyol and sugar
derivatives that are found in P. marina (Table 3). Besides
glutamate, the following ionic solutes have been detected
in members of the orders Thermotogales and Aquificales:
DIP, MDIP, GG, MGG and GGG. With the exception of
GGG, the biosynthetic genes for these solutes have been
identified (Rodrigues et al. 2007, 2009; Fernandes et al.
2007, 2010). An extended analysis of the genomes avail-
able for Thermotogales and Aquificales showed that the
presence of these pathways is not a general trait. For
example, genes for DIP synthesis are present only in
marine Thermotoga spp., Aquifex aeolicus, Hydrogenivirga
sp. 128-5-R1-1, and P. marina, suggesting that those genes
were acquired by horizontal gene transfer, probably from
hyperthermophilic archaea (Gongalves et al. 2012). Curi-
ously, genes for MDIP synthesis are present only in marine
Thermotoga spp. and Aquifex aeolicus, i.e., only in the
hyperthermophilic members.

With respect to glycerylglucosides (GG and MGG), the
profiles of gene distribution are more interesting since
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Table 3 Distribution of the biosynthetic genes of ionic compatible solutes in the genomes of the Thermotogales and the Aquificales

Organisms Habitat Top (°C) DIP MDIP GG MGG
Ipct/Dipps  Mdips  Ggps Ggs  Mggps  Mggs
Thermotogales
Thermotoga neapolitana DSM 4359 M 80 + + + +
Thermotoga maritima MSBS8 M 80 + + + +
Thermotoga naphthophila RKU-10 M 80 + + + +
Thermotoga petrophila RKU-1 M 80 + + + +
Thermotoga sp. RQ2 M 80 + + + +
Thermosipho melanesiensis B1429 M 70 +
Kosmotoga olearia TBF 19.5.1 M 65 + +
Marinitoga piezophila KA3 M 65 + +
Petrotoga mobilis SJ95 M 58-60 + + + +
Mesotoga prima MesG1.Ag.4.2 M 37 + +
Thermosipho africanus TCF52B F 75 +
Thermotoga thermarum DSM 5069 F 70 + +
Fervidobacterium nodosum Rt17-B1 F 70
Fervidobacterium pennivorans DSM 9078 F 65
Thermotoga lettingae TMO F 65 + +
Aquificales
Aquifex aeolicus VF5 M 85 + +
Thermovibrio ammonificans HB-1 M 75
Hydrogenivirga sp. 128-5-R1-1 M 73 + +
Persephonella marina EX-H1 M 73 + + +
Desulfurobacterium thermolithotrophum DSM 11699 M 70
Hydrogenobacter thermophilus TK-6 F 70
Sulfurihydrogenibium yellowstonense SS-5 F 70
Thermocrinis albus DSM 14484 F 70
Sulfurihydrogenibium azorense Az-Ful F 68
Sulfurihydrogenibium sp. YO3AOP1 F 67
Hydrogenobaculum sp. YO4AAS1 F 58

The following sequences of functionally characterised proteins involved in the synthesis of the compatible solutes present in Aquificales and
Thermotogales were used for BLASTP searches: Ipct/Dipps inositol-phosphate cytidylyltransferase/di-myo-inositol phosphate synthase of
Agquifex aeolicus (Accession no. NP_213943.1), Mdips mannosyl-di-myo-inositol phosphate synthase of Thermotoga maritima (Accession no.
AAD35446), Gpgs glucosyl 3-phosphoglycerate synthase from Persephonella marina (Accession no. YP_002731348.1), Ggs glucosylglycerate
synthase from Persephonella marina (Accession no. YP_002731347.1), Mggps mannosyl glucosyl-3-phosphoglycerate synthase from Petrotoga
mobilis (Accession no. YP_001568185.1), Mggs mannosyl glucosylglycerate synthase from Thermotoga maritima (Accession no. NP_229035.1)

The symbols in bold indicate that the presence of the solute has been confirmed experimentally

DIP Di-myo-inositol phosphate, MDIP mannosyl-di-myo-inositol phosphate, GG glucosylglycerate, MGG mannosylglucosylglycerate, empty cell

gene absent, 4+ gene present, M marine, F' freshwater

these solutes can be synthesised via two alternative path-
ways which show very different prevalences. The two-step
pathways are rare while the single-step pathways are nearly
ubiquitous within the Thermotogales. Interestingly, the
presence of the two-step pathways correlates with the
accumulation of GG or MGG. In view of this feature, we
postulate that the single-step pathway is unrelated to
osmolyte synthesis. This is further supported by the prev-
alence of the single-step pathway in organisms isolated
from freshwater habitats, which naturally are less equipped
to cope with changes in osmolarity.

@ Springer

Many members of the Aquificales and Thermotogales do
not possess biosynthetic genes for ionic solutes such as
DIP, MDIP, GG and MGG and this raises the question
about the nature of solutes used in thermo- and osmoad-
aptation by these organisms (Table 3). Also, the genes
encoding proteins for the synthesis and/or uptake of typical
solutes from mesophiles such as glycine betaine or treha-
lose are not present in the majority of the Aquificales and
Thermotogales genomes available, indicating that those
organisms may rely on other compatible solutes and/or
strategies to cope with osmotic and heat stress. Therefore,
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the in silico analysis of genomes is insufficient to provide a
comprehensive picture on stress protectors of hyper/ther-
mophiles, thereby leading to the conclusion that microbial
fermentation must not be neglected and further efforts
should be directed to the development of novel cultivation
techniques.
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