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Abstract
We studied the controls on the fractionation of hydrogen isotopes during lipid biosynthesis by Haloarcula marismortui, a
halophilic archaea, in pure culture experiments by varying organic substrate, the hydrogen isotope composition (D/H) of
water, temperature, and salinity. Cultures were grown on three substrates: succinate, pyruvate and glycerol with known
hydrogen isotope compositions, and in water with diﬀerent hydrogen isotopic compositions.
All culture series grown on a particular substrate show strong correlations between dDarchaeol and dDwater. However, correlations are distinctly diﬀerent for cultures grown on diﬀerent substrates. Our results indicate that the metabolic pathway of
substrate exerts a fundamental inﬂuence on the dD value of lipids, likely by inﬂuencing the D/H composition of NADPH
(nicotinamide adenine dinucleotide phosphate), the reducing agent that contributes hydrogen to carbon atoms during lipid
biosynthesis. Temperature and salinity have smaller, but similar eﬀects on dDlipid, primarily due to the way temperature
and salinity inﬂuence growth rate, as well as temperature eﬀects on the activity of enzymes.
Ó 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
An important aspect of paleoclimate research is the
determination of hydrological conditions during periods
of rapid global change or distinctively diﬀerent climate
states. Changes in hydrological conditions can be expressed
by changes in the hydrogen isotopic composition of precipitation (D/Hprecip) given that D/Hprecip is determined by the
source-water D/H (Dansgaard, 1964; Craig and Gordon,
1965; Gat, 1996), the distance and route of vapor transport
(Yamanaka et al., 2004), humidity at the source of evaporation (Craig and Gordon, 1965; Merlivat and Jouzel, 1979),
and the temperature at the site of evaporation and precipitation (Dansgaard, 1964; Jouzel et al., 1987). There are several ways to approach the reconstruction of hydrologic
signals in the geologic record (Savin and Epstein, 1970; Peteet et al., 1990; Stern et al., 1997; Barker et al., 2001; Shuman et al., 2002). Recently, proxy records of D/Hprecip have
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been reconstructed from the hydrogen isotopic compositions of lipids (D/Hlipid) of algae (Huang et al., 1995; Sauer
et al., 2001) and higher-plant waxes (Xie et al., 2000; Huang
et al., 2002; Yang and Huang, 2003; Sachse et al., 2004,
2009; Schefub et al., 2005; Hou et al., 2006; Shuman
et al., 2006; Smith and Freeman, 2006).
D/Hlipid of plants and other photoautotrophic organisms is dependent on the hydrogen isotope composition of
source water used during photosynthesis, but lipids are signiﬁcantly D-depleted compared to water, due to biosynthetic eﬀects. However, environmental conditions of
growth that impact growth rate of the organism, enzyme
activity, and rate of metabolism can also alter isotope
fractionations during lipid synthesis. For example, cultures
of marine haptophyte algae, Emiliania huxleyi and
Gephyrocapsa oceanica, show that alkenone dD values decrease with higher growth rates, and increase with higher
salinity (Schouten et al., 2006). Alkenones in E. huxleyi became D-depleted with temperature increase from 10 °C to
15 °C but became D-enriched with further temperature increase from 15 °C to 21 °C (Schouten et al., 2006), possibly
because of 15 °C being the optimal growth temperature
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(Zhang et al., 2009b), and in G. oceanica, alkenones became
D-depleted with temperature increase from 15 °C to 21 °C
(Schouten et al., 2006). A decrease in dDlipid with increasing
temperature was also observed for two strains of freshwater
algae, Eudorina unicocca and Volvox aureus (Zhang et al.,
2009b). Further, isoprenoid lipids (sterols) of marine diatom Thalassiosira pseudonana were substantially more Denriched when grown in nitrate-limited cultures, whereas
D/H ratios of fatty acids were similar under nitrate-limited
and nitrate-replete conditions (Zhang et al., 2009b).
In addition to source-water hydrogen and environmental conditions, distinct hydrogen isotope fractionations
are associated with the biosynthesis of fatty acids and isoprenoids, including the mevalonate (MVA) and non-mevalonate (non-MVA) pathways (Sessions et al., 1999, 2002;
Zhang and Sachs, 2007; Zhang et al., 2009a,b). Diﬀerences
in carbon chain-length and the degree of saturation are also
known to contribute to hydrogen isotope signatures (Chikaraishi et al., 2004; Zhang and Sachs, 2007). Further,
the same lipid synthesized by diﬀerent families of freshwater
algae exhibit signiﬁcantly diﬀerent hydrogen isotope compositions (Zhang and Sachs, 2007). This variability cannot
be explained by changes in source water, environmental
conditions or biosynthetic pathways (Zhang and Sachs,
2007), and point to the isotopic inﬂuence and proportion
of hydrogen derived from the reducing agent nicotinamide
adenine dinucleotide phosphate (NADPH), as well as the
potential for diﬀerent pools of NADPH with distinct isotopic signatures (Zhang et al., 2009a). Importantly, NADPH
and acetate contribute the majority of all carbon-bound
hydrogen in lipids. While the dD value of acetate is determined by the metabolism of the available organic substrate,
NADPH is generated by various reactions in various metabolic pathways, including glycolysis, pentose phosphate
pathway, and the tricarboxylic acid (TCA) cycle (Csonka
and Fraenkel, 1977), with widely diﬀerent D/H fractionations associated with each (Zhang et al., 2009a).
Compared to photoautotrophs, few studies have focused
on the hydrogen isotopic composition of lipids from heterotrophic prokaryotes, and in particular the isotopic nature of
archaeal lipids. Zhang et al. (2009a) observed a wide range
of elipid–water in four strains of heterotrophic bacteria: Cupriavidus oxalaticus, Cupriavidus necator, Escherichia coli and
Rhodopseudomonas palustris, cultured on various organic
substrates. They reviewed evidence suggesting that
NADPH is the most important factor controlling the magnitude of elipid–water and contributes 50% of all carbonbound hydrogen, while water and hydrogen associated with
the substrate each contribute 25%.
Kaneko et al. (2011) analyzed D/H compositions of isoprenoid biphytane chains from glycerol dialkyl glycerol tetraethers (GDGTs) by ether-bond cleavage with HI followed
by hydrogenation with H2/PtO2. Their results demonstrate
that isoprenoid biphytane chains from GDGTs synthesized
by Sulfolobus shibatae are D-depleted compared to the
growth water. The magnitude of D-depletion was larger
than algal fatty acids, but less than phytol, whereas biphytanes from marine sedimentary GDGTs had similar D/H
range as eukaryal and bacterial isoprenoids. Isotopic diﬀerences between biphytanes from Sulfolobus cultures and

marine sediments potentially arise from thermophilic
growth in freshwater for Sulfolobus and mesophilic growth
in seawater for marine crenarchaea (Kaneko et al., 2011).
D-enrichment was also observed with formation of cyclopentane rings (Kaneko et al., 2011). However, the D/H
fractionation during lipid biosynthesis by archaea is yet to
be thoroughly studied and understood.
For this study, we cultured the halophilic euryarchaea
Haloarcula marismortui to assess hydrogen isotope fractionations associated with the biosynthesis of archaeol (an
isoprenoidal diether lipid). H. marismortui is heterotrophic,
providing the opportunity to study eﬀects of organic substrate on D/Hlipid, as well as temperature and salinity.
Archaeol is a common lipid observed in both euryarchaea and crenarchaea (Boucher, 2007), but, in hypersaline
environments, halophilic archaea are the dominant source
of archaeol. Stiehl et al. (2005) found archaeol in three
strains of halophilic archaea, including H. marismortui
which was initially isolated from the Dead Sea by Oren
et al. (1990) and subsequently grown in pure cultures.
Diether lipids were the dominant lipids observed in these
cultures, and indeed, halophilic archaea were reported to
be the only source of archaeol in Dead Sea sediments (Stiehl et al., 2005). Our ﬁndings, therefore, may also be of
interest in paleoclimatological research.
2. MATERIALS AND METHODS
2.1. Culture experiments
We performed pure culture experiments to test the impact of carbon source, temperature, and salinity on the
hydrogen isotopic fractionation associated with lipid biosynthesis in H. marismortui. The H. marismortui strain
was provided by P.B. Moore at Yale University. H. marismortui was grown in 200 ml batch cultures in 1 L Erlenmeyer ﬂasks, in a growth media consisting of 184 g/L
NaCl, 23 g/L MgCl26H2O, 26.845 g/L MgSO47H2O,
5.369 g/L KCl, 0.5635 g/L CaCl2, 5 l/L 1 M NH4Cl, and
trace amounts of K2HPO4, MnCl24H2O, ZnSO47H2O,
FeSO47H2O, CuSO45H2O, thiamine and biotin (DyallSmith, 2009). Three diﬀerent organic substrates for growth
were used: Na-Succinate hexahydrate (8.3 g/L), Na-Pyruvate (5 g/L), and Glycerol (5 ml/L). For all experiments
where organic substrate was varied, the pH of the media
was maintained at 7.5. The cultures were grown in incubators and shaker baths for controlling temperature. Light
availability was not systematically controlled and the cultures were shaken once in an hour throughout the incubation period. The ﬂasks were not sealed and were covered
with aluminium foils. Cultures were grown for 4 days at
45 °C, and extracted during the stationary phase.
For salinity experiments, cultures were grown at 45 °C
under three salt concentrations: 23%, 25% and 30%. Compositions of these culture media are presented in Table 1.
Cultures for temperature experiments were grown in 23%
salinity at 32, 40 and 45 °C. The compositions of the media
used for temperature experiments are also shown in Table 1.
All cultures were grown for 4 days and extracted during the
stationary phase.
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Table 1
Composition of media and growth conditions for the cultures grown at diﬀerent temperatures and salinities.
Temperature
(°C)

NaCl
(g/L)

MgCl26H2O
(g/L)

MgSO47H2O
(g/L)

KCl
(g/L)

CaCl2
(g/L)

Oxoid
Peptone
(g/L)

Yeast
Extract
(g/L)

Temperature experiments
HMa_Ia
55
23
HMa_Ib
32
23
HMa_IIa 55
23
HMa_IIb 32
23
HMa_IIIa 55
23
HMa_IIIb 32
23

32
32
40
40
45
45

184
184
184
184
184
184

23
23
23
23
23
23

26.85
26.85
26.85
26.85
26.85
26.85

5.37
5.37
5.37
5.37
5.37
5.37

0.56
0.56
0.56
0.56
0.56
0.56

5
5
5
5
5
5

1
1
1
1
1
1

Salinity experiments
HMa_IIIa 55
HMa_IIIb 32
HMa_IVa 55
HMa_IVb 32
HMa_Va
55
HMa_Vb 32

45
45
45
45
45
45

184
184
200
200
240
240

23
23
25
25
30
30

26.85
26.85
29.18
29.18
35.00
35.00

5.37
5.37
5.84
5.84
7.00
7.00

0.56
0.56
0.61
0.61
0.74
0.74

5
5
5
5
5
5

1
1
1
1
1
1

Sample
name

dDwater
(&)

Salinity
(%)

23
23
25
25
30
30

Deuterium-enriched growth media was produced by
adding aliquots of 99%-pure D2O to the media. After preparation, all media were sterilized by autoclaving prior to
inoculation. A 5–6 ml starter culture was grown in unlabeled media for 3 days (early stationary phase) and 100 ll
aliquots of the starter culture were used to inoculate all
the cultures. The starter culture and all the cultures were
checked for purity by microscopy.
Growth curves were obtained with a spectrophotometer
(DU 640, Beckman Instruments Inc.) by measuring optical
density (i.e. absorbance) at 600 nm (Fig. S1). Growth rate
(Divisions day1) was calculated as follows (Zhang et al.,
2009b):
k ¼ log2 ðN 1 =N 0 Þ=ðT 1  T 0 Þ

ð1Þ

where k is growth rate, N0 and N1 denote respectively
the optical density at the beginning and the end of the exponential growth phase, T0 and T1 denote respectively the
time at the beginning and the end of the exponential growth
phase.
2.2. Lipid extraction and analysis
For lipid extraction, cultures were centrifuged and
freeze-dried. Lipids were extracted by sonication using
1:1(v/v) dichloromethane:methanol followed by 2:1(v/v)
dichloromethane:methanol. Basic hydrolysis was performed on total lipid extracts (TLE) by adding 5 ml of
2 N potassium hydroxide dissolved in a 9:1(v/v) mixture
of water:methanol to TLEs and keeping the mixture at
80 °C for 2 h, subsequently cooled, and 5% sodium chloride
aqueous solution (5 ml) was added. The neutral lipid fraction was then extracted with dichloromethane and separated into three fractions by silica–gel chromatography
with 2 ml of hexane, followed by 4 ml of dichloromethane,
and ﬁnally 4 ml of methanol. Methanol fractions were concentrated under a stream of nitrogen, dissolved in hexane,
and examined for archaeol using a ThermoFinnigan Trace
GC-FID ﬁtted with a Restek RxiÒ-1 ms column (60 m,

0.25 mm ID, 0.25 lm df). Methanol fractions were not
derivatized prior to analysis. The injector (programmable
temperature vaporizer or PTV) temperature program was
80 °C for 0.30 min, and heating to 320 °C at a rate of
14.5 °C/s. The oven temperature program was 60 °C for
1 min, increasing to 320 °C at a rate of 7 °C/min, and maintaining 320 °C for 30 min. Archaeol (underivatized) eluted
at 39 min (Fig. S2).
2.3. Hydrogen isotope analysis of water, substrates and lipids
Hydrogen isotope compositions of the growth media
were measured at the beginning of the culture experiments
on aliquots (4 ml) collected prior to inoculation in duplicate using a Thermo Finnigan MAT 253 isotope ratio monitoring mass spectrometer coupled to a Thermo H-Device.
The dDwater values were corrected using in-house water
standards normalized to VSMOW-SLAP scale and are expressed relative to VSMOW. Analytical precision for
dDwater measurements was ±3&. In order to decipher dD
values of the non-exchangeable hydrogen in the substrates,
they were equilibrated with two diﬀerent waters with diﬀerent dD following the protocol described by Qi and Coplen
(2011). Following the equilibration experiments, substrates
were analyzed using a Thermo Delta Plus XP coupled to a
TC/EA. dD values of the non-exchangeable C-bound
hydrogen of pyruvate, succinate and glycerol were 97&,
382& and 61&, respectively. dD values of Oxoid Peptone and Yeast Extract used in temperature and salinity
experiments were 65& and 95&, respectively. However,
a signiﬁcant amount of uncertainty may be associated with
these calculations (up to ±20&; Zhang et al., 2009a). dD
values of lipids were measured by isotope ratio monitoring
Gas Chromatography–Mass Spectrometry using a Finnigan MAT 253 stable isotope mass spectrometer coupled
to a Thermo Trace2000 GC with a high temperature conversion system. The H3+ factor for the GC-IRMS was measured daily prior to dD analysis, with a mean value for the
measurement periods of 16.12 ± 0.39 (1r). We used n-al-
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kane isotope standards (Mix A, Indiana University Biogeochemical Laboratory) and an in-house standard consisting
of three long chain n-alkanes: octatriacontane (C38), hentetracontane (C41), n-tetratetracontane (C44), to monitor
instrument accuracy and stability. The in-house mixture
was run separately with the samples. Elution times for
C41 and C44 bracketed the archaeol peak. Archaeol dD values were corrected using known isotopic values of C41 and
C44. Analytical precision of isotopic analyses for the C41
and C44 alkane standards were ±3.1& and ±2.9&, respectively. All lipid samples were measured in duplicate.Hydrogen isotope data were calculated as follows:
dD ¼ Rsample =Rstd  1

ð2Þ

where
Rsample = (D/H)sample.
Rstd = (D/H)VSMOW,
VSMOW represents Vienna Standard Mean Ocean Water.
aAB ¼ ðdDA þ 1Þ=ðdDB þ 1Þ

ð3Þ

eAB ¼ aAB  1

ð4Þ

where A and B represent lipids (archaeol) and water or substrate, respectively.
3. RESULTS
3.1. Growth rates of H. marismortui
Growth rates of H. marismortui did not show signiﬁcant
variations when grown on diﬀerent substrates (Fig. S1).
Growth rates were 1.32, 1.26 and 1.24 divisions day1 for
cultures grown on pyruvate, succinate and glycerol, respectively. Growth rates were diﬀerent for cultures grown at different temperatures and salinities (Fig. S1). For cultures
grown at 32 °C, 40 °C and 45 °C, growth rates were respectively 1.87, 2.81 and 2.7 divisions day1. Cultures grown at
23%, 25% and 30% salinities showed growth rates of 2.7,
2.95 and 1.54 divisions day1, respectively.
3.2. Hydrogen isotopic composition of lipids
Archaeol was abundant in all cultures of H. marismortui. This agrees with previous culture experiments with halophilic archaea, where archaeol was found to be a major
lipid constituent of halophilic archaea (Stiehl et al., 2005).
In all cultures, archaeol was substantially D-depleted relative to environmental water and varied depending on the
carbon source used for growth (Table 2). For cultures
grown on pyruvate (dD: 97&), with dDwater values ranging from 29& to 183&, dDarchaeol ranged from 131& to
32&. In cultures grown on succinate (dD: 382&),
dDarchaeol ranged from 89& to 37& and on glycerol
(dD: 61&), dDarchaeol ranged from 227& to 113&.
In all cultures, strong correlations are observed between
the D/H composition of archaeol and growth water
(R2 = 0.97 to 0.99), although slopes and intercepts of correlations were diﬀerent depending on the organic substrate
used for metabolism (Table 2, Fig. 1).
We calculated e values (Eq. (3)) between archaeol,
water, and substrates in order to estimate the D/H fractionation between archaeol–water and archaeol–substrate (Table 2). Average earchaeol–water values were 122& for H.

marismortui grown on pyruvate, 103& for cultures grown
on succinate and 228& for cultures grown on glycerol.
Distinct temperature eﬀects on the magnitude of earchaeol–water were also observed, with archaeol D-depleted
compared to growth water for all temperature experiments.
For dDwater values of 55& and 32&, dDarchaeol values
were: 177& and 128& at 32 °C, 191& and 150&
at 40 °C, and 181& and 141& at 45 °C (Table 3,
Fig. 2a).
Archaeol was D-depleted compared to the D/H of water
in all the cultures grown at diﬀerent salinities. For dDwater
values 55& and 32&, dDarchaeol values were: 181&
and 141& at 23% salinity, 191& and 168& at 25%
salinity, and 189& and 152& at 30% salinity (Table 3,
Fig. 2b).
4. DISCUSSION
4.1. Cultures grown on diﬀerent substrates
Lipid hydrogen of heterotrophic archaea can derive
from water, the organic substrate, and reducing agents such
as NADPH (Sessions et al., 2002; Zhang et al., 2009a). Our
experiments show that the D/H composition of archaeol
correlate well with dDwater in all cultures, indicative of a
ﬁrst-order control by water on lipid dD (dDlipid) values
(Fig. 1). Our results also show that dDlipid values are also
substantially inﬂuenced by the type of carbon source used
during growth. However, a simple substrate D/H inheritance cannot explain our results. Archaeol is consistently
D-enriched relative to succinate, but D-depleted relative
to glycerol and range from slightly D-depleted to D-enriched (depending on the dDwater) relative to pyruvate (Table 2), in contrast to the relative hydrogen isotope
compositions of the substrates (Table 2, Fig. 1). Interestingly, archaeol is always D-depleted relative to water, irrespective of the substrate used, and the value of earchaeol–water
with glycerol (e = 228&) was greater than earchaeol–water
using pyruvate (e = 122&) or succinate (e = 103&).
Ultimately, these results point to substantial D/H fractionation associated with the metabolism of substrates that result in the formation of the acetyl CoA precursor, and most
importantly, to processes that aﬀect the hydrogen isotopic
composition of NADPH. Indeed, other cultures of heterotrophic bacteria have indicated that diﬀerences in the
hydrogen isotope composition of NADPH associated with
the metabolism of diﬀerent organic substrates is potentially
the most important factor controlling D/H ratios of their
lipids (Zhang et al., 2009a).
Comparison of our results (Table 2) with other heterotrophic bacterial cultures (Table 4) shows both consistent
and contrasting fractionation patterns. For example, C.
necator grown on pyruvate produced fatty acids D-enriched
relative to source water, whereas E. coli produced fatty
acids D-depleted relative to water when grown on pyruvate
(Zhang et al., 2009a). In contrast, for this study, H. marismortui grown on pyruvate produced archaeol that was Ddepleted relative to water. Metabolism of pyruvate by H.
marismortui involves decarboxylation to acetyl CoA, and
then a major portion of acetyl CoA (90%) enters the
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Table 2
Hydrogen isotope data from cultures grown on diﬀerent substrates.
Name

Substrate

dDsubstrate (&)

dDwater (&)

dDarchaeol (&)

St. dev. (r)

earchaeol–substrate (&)

earchaeol–water (&)

HMa_py_I
HMa_py_II
HMa_py_III
HMa_py_IV
HMa_suc_I
HMa_suc_II
HMa_suc_III
HMa_suc_IV
HMa_gl_I
HMa_gl_II
HMa_gl_III
HMa_gl_IV

Pyruvate
Pyruvate
Pyruvate
Pyruvate
Succinate
Succinate
Succinate
Succinate
Glycerol
Glycerol
Glycerol
Glycerol

97
97
97
97
382
382
382
382
61
61
61
61

29
69
126
183
30
69
125
179
29
69
126
183

131
69
15
32
89
49
8
37
227
175
133
113

0.6
0.5
2
1.8
0.1
0.6
2.4
1.7
1.9
0.3
0.5
2.4

38
31
91
143
473
537
604
678
177
122
77
56

105
129
125
128
61
111
118
120
204
228
229
251

100
50

y = 0.5993x - 78.816
R = 0.96687

0

Darchaeol

-50 GL

y = 0.7736x - 113.09
R = 0.99204

-100 PY
-150
-200

y = 0.5537x - 210.22
R = 0.98759

-250

Pyruvate
Succinate

-300

Glycerol

-350 SUC
-400
-50

0

50

100

150

200

Dwater

Fig. 1. Data from the culture experiments on diﬀerent substrates,
dDarchaeol plotted against the dDwater. dD values of glycerol (GL),
pyruvate (PY), and succinate (SUC) are represented by three
dashed lines.

TCA cycle (Falb et al., 2008). When grown on succinate,
both C. necator and C. oxalaticus fatty acids were D-enriched compared to water (Zhang et al., 2009a), while our
cultures of H. marismortui produced archaeol that was Ddepleted relative to water. Succinate is an intermediate
compound in the TCA cycle (Fig. S3). Finally, when carbohydrates were used as substrates for bacteria (Zhang et al.,
2009a), and glycerol was used as substrate for H. marismortui, lipids from all cultures were D-depleted relative to
water. Glycerol metabolism by H. marismortui involves
conversion to pyruvate that subsequently participates in

the TCA cycle (Fig. S3). (Note: we assume results for carbohydrates and glycerol are comparable as glycerol metabolism partly follows the glycolytic pathway (Fig. S3), which
is also followed during carbohydrate metabolism).
Processes that aﬀect the D/H ratios of NADPH are crucial in controlling the hydrogen isotope ratios of lipids, as
previous culture experiments demonstrate that NADPH is
the dominant source of hydrogen in lipids (Zhang et al.,
2009a). During reduction of NADPH, H+ is transferred directly from the reactant molecule to NADP+ (Zhang et al.,
2009a), which is associated with a large, normal isotopic
fractionation (Zhang et al., 2009a). In spite of that, we observe D-enrichment of lipids compared to the organic substrate and in some cases compared to the growth water
(Zhang et al., 2009a). Zhang et al. (2009a) proposed two
mechanisms that could account for the observed isotopic
enrichment. The ﬁrst mechanism involves two reactions in
the TCA cycle accompanied by NADPH reduction which
include (i) conversion of isocitrate to a-ketoglutare (or 2oxoglutarate) and (ii) malate to pyruvate, catalyzed by isocitrate dehydrogenase and malic enzyme, respectively
(Fig. S3), during which H in NADPH is obtained from
an OH–C–H group in the reactant molecule, which contains only one H. These OH–C–H groups are D-enriched
and H+ transfer from these OH–C–H groups to NADP+
can potentially result in D-enriched NADPH (Zhang
et al., 2009a and references therein). This proposed
mechanism for heterotrophic bacteria is also relevant for
halophilic archaea because all the enzymes involved in

Table 3
Hydrogen isotope data from cultures grown at diﬀerent temperatures and salinities.
Sample name

T (°C)

Salinity (%)

NaCl (mol/L)

dDarchaeol (&)

St. dev. (r)

dDwater (&)

earchaeol–water (&)

HMa_Ia
HMa_Ib
HMa_IIa
HMa_IIb
HMa_IIIa
HMa_IIIb
HMa_IVa
HMa_IVb
HMa_Va
HMa_Vb

32
32
40
40
45
45
45
45
45
45

23
23
23
23
23
23
25
25
30
30

3.15
3.15
3.15
3.15
3.15
3.15
3.42
3.42
4.1
4.1

177
128
191
150
181
141
191
168
189
152

3
0.8
0.8
3.3
0.5
0.6
2.2
0.6
8.9
1.3

55
32
55
32
55
32
55
32
55
32

126
156
143
176
133
167
143
193
141
178

-200

Water 1
Water 2

25

-100

35

40

45

50

e16:1-substrate
(&)

(b)

-125
-150

Water 2

81
38
206
104
126
109
128
72
17
124
228
350
420
474
291
358
442
38
97
169
70
124
56
128
169
170
196
185
171
144
96
120
94
72
101
26
89
3
178
120
180
128
44
57
109
219
282
331
166
226
302
65.5
64.4
68.6
68.6
61.9
68.1
60
49.9
152
314
64.3
41.1
121.1
214.1
41.1
121.1
214.1
22
12
97
97
60
12
60
60
60
60
97
97
97
97
97
97
97
Fructose
Pyruvate
Succ-1 (succinate)
Succ-2 (succinate)
Glucose
Pyruvate
Glucose
Glucose
Glucose
Glucose
Succinate
Succinate
Succinate
Succinate
Succinate
Succinate
Succinate

Table 4
Hydrogen isotope data from three strains of heterotrophic bacteria studied by Zhang et al. (2009a).

NADPH-reducing reactions are observed in halophilic archaea (Falb, 2005). A second mechanism that could lead
to lipid D-enrichment involves the conversion of NADPH
to NADH catalyzed by the enzyme transhydrogenase,
which is a mechanism for controlling the amount of
NADPH (Zhang et al., 2009a and references therein). This
process also involves signiﬁcant isotope fractionation and
can make dDNADPH signiﬁcantly D-enriched (Zhang
et al., 2009a). However, this mechanism seems unlikely to
explain our observations, as known transhydrogenase enzymes are not found in H. marismortui (Anderson et al.,
2011).
Glycerol metabolism, on the other hand, follows the glycolytic pathway that involves only one NADPH reducing
reaction (Fig. S3) – the conversion of glyceraldehyde-3phosphate to 1,3-bisphosphoglycerate catalyzed by glyceraldehydes-3-phosphate dehydrogenase. H+ is transferred
in this reaction from a terminal CHO group in the reactant
molecule to NADP+. Unlike the TCA cycle reactions mentioned previously (Zhang et al., 2009a), this CHO group
does not undergo D-enrichment in the previous steps of
the pathway (Fig. S3). Therefore, the resulting NADPH
from this reaction should be D-depleted, possibly resulting
in the lipids synthesized by H. marismortui grown on glycerol being more D-depleted than ambient water.
Growth on pyruvate yields diﬀerent fractionations in
this study and in two heterotrophic bacteria investigated
by Zhang et al. (2009a). C. necator fatty acids are up to
97& D-enriched, E. coli fatty acids are up to 60& D-depleted (Zhang et al., 2009a; Table 4) and archaeol in the
current study is 122& D-depleted compared to growth
water. It is surprising that pyruvate metabolism in three
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Fig. 2. Data from the cultures grown at diﬀerent temperatures and
salt concentrations. (a) dDarchaeol plotted against temperature. (b)
dDarchaeol plotted against salinity. Water 1 and 2 represent growth
waters with dD values of 55& and 32&, respectively.
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heterotrophic organisms would lead to formation of significantly diﬀerent dDNADPH and dDlipid values. One possible
explanation could be that the portion of pyruvate (or acetyl
CoA generated from pyruvate) utilized for various biochemical pathways (e.g. TCA cycle, gluconeogenesis, and
synthesis of lipid, formate, lactate, alanine) vary for diﬀerent organisms. As a result, the dD of the pool of pyruvate
(or acetyl CoA) utilized for lipid synthesis could be diﬀerent, as reﬂected by variations in dDlipid. Alternatively, even
though these organisms are grown on the same organic substrate (pyruvate), the rates of diﬀerent reactions aﬀecting
hydrogen isotopic composition of NADPH are diﬀerent,
leading to distinctly diﬀerent dDNADPH, and consequently,
diﬀerent dDlipid. Unfortunately, determination of the exact
mechanism leading to the observed variations associated
with growth on pyruvate is not possible with the currently
available information and further studies with isotopically
labeled pyruvate could shed light on this issue.
4.2. Cultures grown at diﬀerent temperatures and salinities
Cultures were grown at diﬀerent temperatures and salt
concentrations using media that contained yeast extract
and peptone, both of which are mixtures of various compounds (e.g. carbohydrates, amino acids, proteins, etc.).
These culture media can be expected to contain various carbohydrates and other compounds that can potentially be
used as organic substrates. Therefore, only dD values of
bulk yeast extract (95&) and peptone (65&) were measured. Therefore, these cultures are distinct from the cultures grown on deﬁned substrates.
Previous studies with marine haptophytes (Schouten
et al., 2006) and freshwater green algae (Zhang et al.,
2009b) have shown that lipid dD values decrease with higher growth temperatures below the optimal growth temperature, and in the haptophyte E. huxleyi, lipid dD values
increase again with further increase in temperature above
the optimal growth temperature (Schouten et al., 2006;
Zhang et al., 2009b). Changes in growth temperature aﬀect
organisms and their metabolism in multiple ways. For
example, growth rates change with temperature (Schouten
et al., 2006). Enzyme activities are also temperature dependent (Zhang et al., 2009b). In some cases, increasing temperature forces speciﬁc enzymes to be replaced by other
higher temperature-tolerant enzymes (i.e. isoenzyme) that
catalyze the same reaction (Zhang et al., 2009b). Organisms
have also been observed to adopt diﬀerent mechanisms of
NADPH reduction (e.g. photosynthesis, pentose phosphate
pathway), and other processes that aﬀect the hydrogen isotope composition of NADPH such as hydrogen tunneling,
in response to temperature change (Zhang et al., 2009b and
references therein). All of these processes could be responsible for the observed inﬂuence of growth temperature on
dDlipid (Zhang et al., 2009b), which makes it diﬃcult to
decipher the speciﬁc inﬂuence of any one parameter. Moreover, temperature eﬀects are also species dependent. For
example, freshwater green algae show little change in
growth rate with temperature change (Zhang et al.,
2009b), whereas growth rates of marine haptophyte algae
are substantially impacted along with their metabolic and
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enzymatic activities (Schouten et al., 2006; Zhang et al.,
2009b).
Our results for H. marismortui demonstrate that archaeol becomes more D-depleted (20.4&) as temperature increases from 32 °C to 40 °C (Fig. 2a). This observation
supports previous results, although the degree of D-depletion in our study is smaller compared to freshwater green
algae (Zhang et al., 2009b) and marine haptophytes (Schouten et al., 2006). However, a reversal in the trend of Ddepletion with increasingly higher temperature is observed
above 40 °C with archaeol becoming D-enriched (11&) at
45 °C compared to 40 °C (Fig. 2a). Growth rate of H.
marismortui increases from 32 °C to 40 °C, and then slightly
decreases again with further temperature increase to 45 °C,
indicating that 40 °C is probably near the optimal growth
temperature, which is also supported by previous studies
(Camacho et al., 2009). This observation points towards
changes in growth rate being the dominant factor resulting
in the observed dDarchaeol variations with temperature. Indeed, the pattern of archaeol D/H variation with temperature change in our experiments with H. marismortui is
similar to the patterns measured for C37 and C38 alkenones
from Emiliania huxleyi (Schouten et al., 2006), where alkenones became increasingly D-depleted as growth temperature was increased from 10 °C to 15 °C, and then became
more D-enriched from 15 °C to 21 °C, 15 °C probably
being the optimal growth temperature (Zhang et al.,
2009b). However, it should also be mentioned that enzyme
activities in H. marismortui do not mimic this pattern of
growth rate with temperature, with esterase activity
decreasing and lipase activity increasing with temperature
increase (Camacho et al., 2009). Basic metabolic pathways
(glycolysis, TCA cycle and the MVA biosynthetic pathway)
involve many enzymes that can behave diﬀerently with temperature change and are thus not comparable. Due to a
paucity of studies on H. marismortui enzyme responses with
temperature and other growth conditions, it is diﬃcult to
ascertain whether (and to what extent) changes in enzyme
activities also contribute to the observed temperature eﬀect
on dDarchaeol.
The impact of salt concentrations on D/H compositions
of lipids have been studied from marine haptophyte algae in
pure cultures (Schouten et al., 2006), cyanobacteria from
Christmas Island saline ponds (Sachse and Sachs, 2008),
and dinoﬂagellates from Chesapeake Bay (Sachs and
Schwab, 2011). In all cases, higher salinity leads to Denrichment of lipids. dDlipid showed positive correlations
with salinity, although diﬀerent organisms are characterized
with diﬀerent slopes (Schouten et al., 2006; Sachse and
Sachs, 2008; Sachs and Schwab, 2011). Sachs and Schwab
(2011) attribute the observed D-enrichment to three possible mechanisms: (1) higher salinity reduces the exchange
of water across the cell membrane. As a result, intracellular
water will be recycled and become progressively D-enriched
which will be subsequently reﬂected in lipids, (2) increased
salinity leads to an increase in the synthesis of osmolytes
(small organic compounds that help in balancing the external and internal salt concentrations), which would preferentially incorporate the H-isotope, leaving intracellular water
more D-enriched, and (3) increasing salinity can cause a
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decrease in growth rates resulting in reduced D/H fractionation between water and lipid and D-enrichment in lipids. It
was also observed that the inﬂuence of salinity change on
dDlipid for halophilic cyanobacteria occurs during the metabolic processes that produce a precursor molecule, possibly pyruvate, and thus prior to the onset of lipid synthesis
(Sachse and Sachs, 2008). Therefore, salinity change aﬀects
dD of pyruvate, which in turn is recorded by dDlipid, but
salinity change does not aﬀect the lipid biosynthetic process
itself (Sachse and Sachs, 2008).
Our results stand in contrast to previous observations.
Archaeol synthesized by H. marismortui was more D-depleted (27&) with increasing salinity from 23% to 25%
(increasing NaCl concentration from 3.15 M to 3.4 M) with
a reversal toward more D-enriched signatures (16&) as
salinity increased from 25% to 30% (NaCl concentration
increasing from 3.4 M to 4.1 M; Fig. 2b; Table 3). Growth
rates of H. marismortui increased with increasing salinity
from 23% to 25% and decreased again with further salinity
increase to 30%, indicating that 25% salinity is optimal for
H. marismortui growth. Indeed, Optimal NaCl concentration for H. marismortui occurs from 3.4 to 3.9 M, and
can grow in NaCl concentrations ranging from 1.7 to
5.1 M (Kletzin, 2007). Therefore, our results point towards
changes in growth rate being the dominant factor resulting
in the observed dDarchaeol variations with salinity. However,
the other mechanisms proposed by Sachs and Schwab
(2011) should also be considered. If decreasing water exchange across the cell membrane was the dominant response to salinity change, we would expect archaeol to
become consistently more D-enriched with increasing salt
concentration, similar to the patterns observed in other
studies (Schouten et al., 2006; Sachse and Sachs, 2008;
Sachs and Schwab, 2011). However, this was not observed
in our cultures. Further, production of osmolytes is not observed in halophilic archaea (Kletzin, 2007). Instead they
have a diﬀerent mechanism for adapting to high salinity
that involves changes in amino acid compositions (Kletzin,
2007), that we believe will not signiﬁcantly aﬀect dDlipid.
The pattern of dDarchaeol variation is consistent for both
temperature and salinity change and suggest an underlying
mechanism that links salinity and temperature to D/H fractionation. Importantly, temperature and salinity both aﬀect
growth rate of H. marismortui in a similar way as observed
in the current study and also supported by previous work
(Camacho et al., 2009) and thus suggest that growth rate
is the most important physiological factor impacting
dDarchaeol and D/H fractionation during lipid synthesis of
H. marismortui. Higher growth rate is accompanied by
greater D/H fractionation between water and lipids (Schouten et al., 2006; Zhang et al., 2009a; Sachs and Schwab,
2011). A probable mechanism by which growth rate aﬀects
dDlipid is through H-isotope exchange between NADPH
and water, which has been observed in vitro, resulting in
a partial loss of D/H signal of NADPH, and can potentially
occur in vivo (Zhang et al., 2009a). Previous experiments
with heterotrophs provide evidence that isotope exchange
between NADPH and water would be lower for faster
growing organisms compared to slower growing organisms.
Two heterotrophic bacteria studied by Zhang et al. (2009a)

grown on the same substrate produced lipids with markedly
diﬀerent dD, greater isotopic fractionation associated with
faster growing organisms. Our results from H. marismortui
cultures agree with this observation. However, isotope exchange between NADPH and water will depend on the
steady-state turnover time of cellular NADPH, and due
to a paucity of data on this turnover time, a deﬁnitive conclusion cannot be reached as to the exact mechanism by
which growth rate aﬀects dDlipid.
4.3. Using archaeol as a proxy for dDwater
Archaeol dD values show good correlations with the dD
of water in all cases, although the slopes and the intercepts
vary depending on the substrate. Observed slopes of linear
regressions of dDlipid–dDwater relationships are within the
range reported from previous culture experiments (Zhang
and Sachs, 2007; Zhang et al., 2009a). This indicates that
archaeol can be potentially used as a proxy for water if
arguments can be made that allow for the same organic
substrate through time. However, in a natural environment
diﬀerent substrates can be available and variations in the
proportions of available substrates (e.g. ratios of carbohydrates to TCA cycle intermediates) will cause dDarchaeol to
vary. Temperature and salinity also aﬀect dDarchaeol,
although on a smaller scale (20–30&) compared to substrates (100&). Therefore, caution must be taken when
using archaeol as a proxy for dDwater. Also, dDarchaeol–
dDwater relationships for other species of halophilic archaea
should be thoroughly investigated to determine variability
of this relationship among diﬀerent species of halophilic archaea. Finally, further investigation is necessary in order to
establish whether the isoprenoid chains released during diagenesis of archaeol, which can be preserved in sediments
(Grice et al., 1998), will retain the primary dD compositions
of the original archaeol molecule.
5. CONCLUSIONS
Our results indicate that the D/H composition of isoprenoid diether lipid archaeol synthesized by halophilic archaea correlates very well with the dD value of water in
cultures. The organic substrate used during growth plays
a critical role in determining the D/H fractionation during
lipid synthesis by altering the metabolic pathways necessary
to metabolize the speciﬁc substrate, and variations in the
dD values of NADPH lead to the observed variations of
dDarchaeol. Temperature and salinity also aﬀect dDarchaeol
primarily by inﬂuencing H. marismortui growth rates. As
a result, the most negative dDarchaeol values occur at the
optimal temperature and salinity conditions and subsequently increase under higher or lower temperatures and
salinities. This correspondence strongly implicates the inﬂuence of growth rate on dDarchaeol. Changes in enzyme activities with temperature could also play a role on the
expression of dDarchaeol in addition to growth rate eﬀects.
However, the impact of diﬀerent organic substrates on
dDarchaeol is approximately ﬁve times larger than the eﬀects
associated with temperature and salinity. Finally, while the
dD value of archaeol is well correlated with the dD of

S.S. Dirghangi, M. Pagani / Geochimica et Cosmochimica Acta 119 (2013) 381–390

growth water, the impact of diﬀerent organic substrates and
growth conditions need to be carefully considered if archaeol is applied as a proxy for dD of ancient waters.
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