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Introduction:  Life may have originated at hydro-

thermal vents, as thermophilic prokaryotes are closest 
to the root of the phylogenetic tree. Hot springs are 
common in terrestrial and marine environments 
through the Earth’s history. It it likely that they oc-
curred much more in the early stage of the Earth. 
Although modern prokaryote communities are restrict-
ed at extreme conditions including hydrothermal vents 
because of the absence of fauna, they had been ubiqui-
tous to play important roles in geochemical cycles as 
well as the evolution of the biosphere in the Precam-
brian age. 

Various chemical species are evolved from hot 
springs. Using the chemical substrates (e.g. NH3, H2S, 
CH4, and H2 as electron donors, and O2, NO3

-, SO4
2- 

and CO2 as electron acceptors), autotrophic prokaryo-
tes fix carbon with various enzymatic pathways includ-
ing the Calvin cycle, the reversed tricarboxylic acid 
(TCA) cycle, the 3-hydroxypropionate pathway, and 
the reductive acetyl-CoA pathway. Such distinctive 
metabolic pathways and carbon source should be re-
flected in the bacterial biomass, including membrane 
lipids. In this study, carbon and hydrogen isotopic 
compositions (δ13C-δD) of lipid biomarkers such as 
fatty acids and hopanoids are reported from terrestrial 
hot springs and deep-sea hydrothermal vents to inves-
tigate their metabolisms with respect to charactersitics 
of hydrothermal vents. 

Samples and analytical methods:  We studied 
two microbial mats from terrestrial hot springs in Ja-
pan: Naruko (Miyagi Prefecture) and Nakafusa (Na-
gano Prefecture) hot springs. Each filamentous 
streamer contained a few bacterial species. In addition, 
symbiotic mussels (Bathymodiolus sp.) at three deep-
sea hydrothermal vents in the north-western Pacific 
(Hatoma Seamont, Yonaguni Knoll IV, and Suiyo 
Seamount) were examined for gills, where symbiotic 
bacteria are abundant. 

Freeze-dried mat or gill was extracted with DCM/ 
CH3OH and saponified with KOH/CH3OH. After sepa-
ration into neutral and acid fractions, the latter was 
esterified with BF3/CH3OH to convert fatty acids to 
methyl esters. Compound-specific δ13C and δD analy-
ses were carried out using gas chromatography/isotope 
ratio mass spectrometry. The δ13C and δD values are 
reported ‰ relative to PDB and SMOW, respectively. 

Results and Discussion:  Lipid biomarkers from 
both terrestrial and deep-sea hot springs contain con-

tain specific fatty acids (FAs) and hopanoids with a 
wide range of δ13C and δD values as follows. 

Terrestrial hot spring mats. The Naruko microbial 
mat consists of even numbered FAs ranging from C12 
to C20 including saturated and monounsaturated com-
ponents, in which a monounsaturated C20 FA (C20:1) is 
the most abundant, followed by the saturated C16 FA 
(C16:0). While the double bond position of the C20:1 is 
Δ11 with a trace amount of C20:1Δ13, that of the C16:1 
acid is Δ9 with a trace amount of C16:1Δ7. In addition, 
the C18:1 FA is a mixture of nearly equal amount of Δ9 
to Δ11 isomers. The C20:1Δ11 has often been reported 
from thermophilic hydrogen-oxidizing bacteria such as 
Hydrogenobacter spp. [1] and Aquifex spp. [2], [3]. 
C16:1Δ9 is an uncommon FA, not found in hydrogen-
oxidizing bacteria but indicative of sulfur-oxidizing 
bacteria [4]. Therefore, the Naruko mat could be main-
ly composed by hydrogen- and sulfur-oxdizing bacte-
ria, which is consistent with phylogenetic analysis of 
16S rRNA [5]. 

As shown in Fig. 1, C20:1 (-0.5‰) is the most 13C-
enriched of all the FAs, followed by C12:0 (-3.6‰), 
C18:1 (-5.7‰) and C18:0 (-7.2‰) FAs, while C14:0 (-
41.2‰) and C16:1 (-36.8‰) are all similarly depleted in 
13C. The 13C-enriched group belongs to the D-depleted 
group (-469 to -356‰), while the 13C-depleted group 
belongs to the D-enriched group (-262 to -173‰). The 
δD difference is very large (> ~100‰), in spite of the 
same FA homologues being under the same water en-
vironment. Apparently the FAs are divided isotopically 
into two groups [6]. 

 
Fig. 1. δ13C-δD distribution of FAs from a microbi-

al mat from the Naruko hot spring. 
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The 13C-enriched FAs are biosynthesized by hy-
drogen-oxidizing bacteria which fix carbon via the 
reversed TCA cycle, while the 13C-depleted FAs have 
an origin of sulfur-oxidizing bacteria utilizing the 
Calvin cycle. The large δD difference by up to ~300‰ 
between hydrogen- and sulfur-oxidizing bacteria sug-
gests a D-depleted hydrogen pool as NADH or NAD-
PH in lipid synthesis for the hydrogen-oxidizing bacte-
ria. 

A bacterial mat at the Nakafusa hot spring also 
contains specific lipid biomarkers such as diploptene 
as well as unsaturated and branched FAs. There is a 
large variation in δ13C (ca. -34 to +1‰) and δD (-470 
to -160‰), which are divided isotopically into three 
groups. Each isotopic group indicates distinctive path-
way of carbon fixation and central metabolism. 

Deep-sea mussels at hydrothermal vents. Diplop-
tene with other trace of C30 hopenes is found only from 
B. platifrons of the Hatoma and Yonaguni vents, but 
not detected from B. septemdierum of the Suiyo vent. 
While diploptene is known to be present in most 
methanotrophs [7], sulfur-oxidizing bacteria contain no 
hopanoids [8]. The presence or absence of diploptene 
suggests that B. platifrons has methanotrophic bacterial 
endosymbiont, while B. septemdierum harbors no 
methanotrophic bacteria but sulfur-oxidizing bacteria, 
which is consistent with a previous study by transmis-
sion electron microscopic observation and phylogenic 
analysis [9]. Saturated and unsaturated FAs ranging 
from C14 to C22 are also identified in the three Bathy-
modiolus. Unsaturated FAs are more abundant than 
saturated FAs by a factor of two to five. The C19:1Δ12, 
C21:1Δ14 and C21:2 FAs are found in the Suiyo mussel, 
but are much less abundant in the Hatoma and Yona-
guni mussels. These unusual odd-carbon C19 and C21 
unsaturated FAs could be a specific biomarker of sul-
fur-oxidizing bacteria [10]. 

A δ13C-δD plot of biomarkers, including their bulk 
compositions, is shown in Fig. 2. A large isotopic dif-
ference is observed among the hydrothermal vents, 
indicating strongly site-dependent carbon and hydro-
gen sources as well as metabolic pathways. The δ13C 
value of diploptene (-62.8‰ for Yonaguni and -34.7‰ 
for Hatoma) reflects isotopically distinct hydrothermal 
CH4 (Hatoma: ca. -48‰, Yonaguni: ca. -26‰). FAs in 
the Suiyo mussel (-43 to -37‰) is consistent with bio-
synthesis by sulfur-oxidizing bacteria. All FAs are also 
depleted in 13C relative to their bulk gills by 0.7-6.6‰, 
but enriched in 13C relative to diploptene. 
 

 
Fig. 2. δ13C-δD plot of bulk, FAs and diploptene 

from three Bathymodiolus gills at deep-sea hydrother-
mal vents in the northwestern Pacific. 

 
 There is an apparent positive correlation between 

δ13C and δD values, showing isotopic covariance in C 
and H during the lipid synthesis. The correlation 
coefficient of the Suiyo mussel is higher than that of 
the Hatoma and Yonaguni mussels. This is due to a de 
novo synthesis of FAs in the Suiyo mussel in contrast 
to a mixing of bacterial biomarker and incorporation of 
other FAs (e.g. heterotrophic uptake of sedimentary 
organic matter) besides de novo synthesis in the Ha-
toma and Yonaguni mussels. It is likely that the Suiyo 
ecosystem is a highly closed endosymbiotic system, 
being maintained only by thioautotrophy as a primary 
producer. 
Conclusions:  Compound-specific δ13C-δD signa-

tures of prokaryotic biomarkers show very large varia-
tions at both terrestrial and marine hot springs, which 
are strongly dependent on carbon and hydrogen 
sources as well as metabolic pathways. The isotope 
signatures should be useful to deconvolute geochemi-
cal cycles associated with microbial ecosystems in the 
Earth history. 
References: [1] Stöhr et al. (2001) Int. J. System.  

Evol. Microbiol. 51, 1853-1862. [2] Jahnke et al. 
(2001) Appl. Environ. Microbiol. 67, 5179-5189. 
[3] Zhang et al. (2004) Geochim. Cosmochim. Acta 68, 
3157-3169. [4] Pond et al. (1998) Appl. Environ. Mi-
crobiol. 64, 370-375. [5] Mori et al. (2001) 9th Int. 
Symp. Microbial Ecol., Abstract P.04.031. [6] Naraoka 
et al. (2009) Org. Geochem. in press. [7] Rohmer et al. 
(1984) J. Gener. Microbiol. 130, 1137-1150. [8] Our-
isson et al. (1987) Annu. Rev. Microbiol. 41, 301-333. 
[9] Fujiwara et al. (2000) Mar. Ecol. Prog. Ser. 208, 
147-155. [10] Naraoka et al. (2008) Chem. Geol. 255, 
25-32. 

5053.pdfAstrobiology Science Conference 2010 (2010)


