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Abstract. Two haptophyte algaeEmiliania huxleyiand tion of ca. 171%o. in the primary photosynthate (Yakir and
Gephyrocapsa oceanicavere cultured at different temper- DeNiro, 1990). TheSD value of fossil bulk organic matter
atures and salinities to investigate the impact of these fachas sometimes been used to reconstruct changes in salini-
tors on the hydrogen isotopic composition of long chainties. For example, Krishnamurthy et al. (2000) suggested
alkenones synthesized by these algae. Results showed thitat Mediterranean sapropels were deposited under different
alkenones synthesized I6y. oceanicawvere on average de- surface salinities based on the differém of bulk organic
pleted in D by 30%. compared to those Bf huxleyiwhen matter in the sapropel. However, analysis of hydrogen iso-
grown under similar temperature and salinity conditions. Thetopic compositions of fossil organic matter is complicated by
fractionation factor,zaikenones-H,0, ranged from 0.760 to the large potential for exchange of hydrogen after deposition
0.815 forE. huxleyiand from 0.741 to 0.788 fdB. oceanica  of the initial organic matter (e.g. Schimmelman et al., 1999).
There was no significant correlation @fikenones-H,0 With Thus, thes D of bulk organic matter has rarely been used for
temperature but a positive linear correlation was observed bepaleoenvironmental reconstructions.

tweenaakenones H,0 and salinity with~3%. change in frac- A better method for reconstructing ancie¥id values of
tionation per salinity unit and a negative correlation betweenorganic matter is now available through some recent tech-
Qalkenones-H,0 and growth rate. This suggests that both salin-nical innovations, i.e. compound-specific hydrogen isotope
ity and growth rate can have a substantial impact on the staanalysis. Through this techniqée values of individual

ble hydrogen isotopic composition of long chain alkenonescompounds may be determined with an accuracy of 3—5%.
in natural environments. Recent investigations by Sessions et al. (2004) indicate that
exchange of hydrogen of alkanes and sterols after deposi-
tion of the compounds in the sediments will only have a rel-
atively small effect on short geological time scales. Thus,
compound-specific hydrogen seems to be a unique tool to re-

The oxygen and hydrogen isotopic composition of sea Watepon;truct gncien§ deut'erium con.tents of organic ma'tter and, if
mainly depends on the degree of evaporation and influx oithe ISOtOpIC fractionation factor is known, of water in which
freshwater. Hence, ancient recordssd and 5180 of ma- (€ Organisms grew. , .

rine waters can, for example, be used to estimate the salin- Similar to stable carbon |sot9pes, oo valugs of individ- ,

ity or to trace the relative influx of rivers. Th#80 of wa- ual compounds cannot be stralghtforwardIy.mterpreted with-
ters is recorded in the carbonate shells of foraminifera. Hy-Out knowledge of the effects of biosynthetic pathways and
drogen isotopic compositions may be recorded in the non_enqunmental parameters. Prehmmary r_esults using cultures
exchangeable hydrogen in organic matter although with aofadlversg set ofm!croorganlsms (Sessions et al., 1999) and
considerable “vital effect” (e.g. isotope fractionation related '€-€valuation of earlier work led Hayes (2001) to suggest that
to the biosynthetic pathways). This is due to the produc-the stable hydrogen isotopic composition of lipids in organ-

tion of NADPH from NADP*, leading to an initial deple- SMS are primarily a function of their biosynthetic pathways
' and not so much of the carbon acquisition mechanisms (in

Correspondence tdS. Schouten strong contrast td3C-contents of lipids). Acetogenic lipids
(schouten@nioz.nl) such as fatty acids are depleted by ca. 150 to 250%. compared

1 Introduction
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to culture water whilst isoprenoidal lipids are additionally de- metals and vitamins according to F/2 (Guillard, 1975) and
pleted in D by 10—-130%. depending on whether they are syn-sterile filtered using a 0.45m and 0.2um filter cartridge.
thesized in the cytosol (e.g. sterols) or in the plastid (e.g. phy-At each salinity/temperature combination (Table 1), 11 cul-
tol). The impact of growth conditions on the isotopic differ- tures were inoculated from pre-adapted stock cultures to
ence between lipids and culture medium has not yet beemprovide an initial cell density between 500 and 7000 cells
established in any great detail. However, Sauer et al. (2002jnl-1. Bottles were closed and incubated for 4-12 days de-
found a consistent difference 6f200%. betweer§ D val- pending on algal growth rate. Cell counts were measured
ues of sterols and that of surface waters in a diverse numeaily from 20 ml subsamples using a Beckman Coulter Mul-
ber of marine and lacustrine sediments. Huang et al. (2004)isizer 3 particle counter. Salinity measurements were per-
found a strong relation between th® values of palmitic  formed by using a conductivity meter (WTW Multi 340i)
acid and waters for several lakes. Sachse et al. (2004) anatombined with a Tetracd 325 sensor. Prior to the mea-
ysed lake surface sediments and found a consistent fractiorsurements, the cell constants were calibrated using a control
ation of~157%. between the {7 n-alkane and meteoric wa-  standard solution (0.01mol/l KCI). The internal reference
ters. This suggests that certain lipids can be used to trackemperature (Tref) was set to @5. Precision of the con-
the original isotopic composition of the water in which their ductivity measurements wasl% of the measured conduc-
parent organisms grew. tivity value. The meter translates conductivity into salinity
Potentially valuable biomarkers to reconstruct anckit  based on the international standard KCI solution (S=35.000,
values of water are long chain alkenones produced by hap€l=19.374%.) at 15C. The resulting accuracy i80.1 salin-
tophyte algae. Paul (2002) performed an initial investigationity units (http://www.wtw.con).
of the hydrogen isotopic composition ogfalkenones us- Average daily growth rates for the duration of the experi-
ing a culture ofEmiliania huxleyigrown in culture media of ments were estimated according to:
different stable hydrogen isotopic compositions. Fraction-
ation betweers D of Cz7 alkenones and culture media was ,, _ In (Ny) — In (No)
relatively consistent at-232%.. Recently, Englebrecht and t

Sachs (2005) found a similar fractionatione225%.. Using  \yhereNy and N are the cell densities at the beginning and
this, Paul (2002) was able to reconstruct ancitvalues  eng of the experiment and t is the duration of incubation in
of Mediterranean seawater during sapropel formation usingjays. The cultures were harvested when they were in expo-
thes D values of G7 alkenones. These values were 30-35%o nential growth phase and cell densitiesdfx 10P cells miL
depleted in D compared to today’s seawater suggesting sullyy filtration over a precombusted Qifn GF/F filter (What-
stantial freshening of the surface waters during sapropel deman). Filters were frozen immediately and stored-86°C
position, consistent with most depositional models of sapronj| analysis. Filtered waters were analysed by Elemental

pel formation. However, many factors affecting the relation Analysis/Thermal Conversion/ isotope ratio monitoring mass
between paleohydrology and stable hydrogen isotopic comgpectrometry (EA/TC/rmMS).

positions of Gz alkenones still remain unknown. Here we " rilters were extracted ultrasonically using methanol,
investigated some of these factors by analysing the stable iSQyethanol-dichloromethane  1:1 v'v  mixture  and

topic composition of @7 alkenones in cultures &. huxleyi  gichloromethane. The total extract was separated using

andGephyrocapsa oceanigrown at different temperatures  qjumn chromatography with AD3 as stationary phase and

and salinities. a mixture of hexane and dichloromethane (9:1, v:v) to elute
the apolar fraction, a mixture of hexane and dichloromethane
(1:1, v:v) to elute the alkenone fraction and a mixture of

2 Material and methods methanol and dichloromethane (1:1, v/v) to elute the residual

) polar fraction. The alkenone fraction was analysed by gas

2.1 Culturing chromatography (GC), GC/mass spectrometry (GC/MS) and
GC/TC/irmMS.

Monospecific cultures of the haptophyte algamiliania

huxleyi (strain PML B92/11) andsephyrocapsa oceanica 2.2 Hydrogen isotope analysis

(strain JSI) were acclimatized to different salinities for 10

days prior to the start of the experiments. Acclimatiza- The hydrogen isotopic compositions of the culture media in
tion was carried out at a constant temperature 6£219he  which the algae were grown were determined by Elemen-
incident photon flux density was 3@@nol photons m?2 tal Analysis (EA)/Thermal Conversion (TC)/irmMS with
s~1, provided by cool-white fluorescent lamps with a 16:8h a Thermo Electron EA/TC coupled to a Thermo Electron
light:dark cycle. In order to achieve salinities above 29, nat-DELTAP!US XL mass spectrometer. About.2 of water was
ural seawater was evaporated at®0Salinities below 29 injected into a ceramic tube coated with graphite at a temper-
were realized by adding ultrapure water to the medium. Sub-ature of 1450C. Hg-factors were determined daily on the
sequently, the seawater was enriched with nutrients, tracéotope mass spectrometer and varied between 3-4. Waters
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Table 1. Growth conditions and stable hydrogen isotopic composition of culture water gnand Gg alkenones in cultures &. huxleyi
andG. oceanica

Species S T Growth rate 8D Hy0 8D Cgy 8D Cag aCz7-Ho0
(°C) D) (%o vs. VSMOW) (%o vs. VSMOW) (%o vs. VSMOW)

E. huxleyi 24.9 10 0.51 —5.2+1.6 —213.3:0.6 —223.+0.9 0.791
24.9 15 1.42 —5.4+3.1 —245.3:5.8 —250.5+-2.7 0.760
25.0 21 1.20 —2.5+1.9 —229.9+1.3 —229.0+4.2 0.776
27.2 15 1.44 —0.7+£1.9 —212.8+4.9 —216.G+6.1 0.788
29.0 10 0.58 0.81.3 —207.0t2.1 —214.3:0.7 0.792
29.0 15 1.31 1419 —212.9+0.2 —219.8+-0.8 0.786
29.0 21 1.14 2518 —215.3:7.0 —209.4+5.0 0.783
324 15 1.29 9.82.1 —199.4+4.6 —209.4+3.8 0.793
35.1 10 0.40 1282.1 —174.5+6.1 —188.3+4.8 0.815
35.1 15 0.68 1221.1 —182.5+2.9 —189.8+1.6 0.808
351 21 0.56 1642.2 —176.2t4.1 —187.3t6.1 0.810

G. oceanica 24.8 15 0.63 —2.86+1.8 —244.5+2.6 —254.8+3.3 0.758
247 21 1.02 —-3.6+0.9 —261.3:0.7 —269.746.1 0.741
27.3 15 0.66 —1.142.2 —240.2+1.1 —257.A3.0 0.761
29.0 15 0.64 341.6 —220.144.1 —229.5+5.7 0.777
29.0 21 1.03 481.4 —246.6£6.2 —257.4+2.4 0.751
325 15 0.59 941.7 —210.5+14 —219.A40.4 0.782
35.1 15 0.58 11R1.4 —203.G+0.1 —205.6+0.4 0.788
351 21 0.79 1081.8 —220.7#1.1 —221.3t6.2 0.771

were analysed with at least 6 replicate analysesgds with 3 Results and discussion
known isotopic composition was used as reference and the
isotope values were calibrated against in-house lab standardsvo haptophyte alga&. huxleyiandG. oceanicawere cul-
(North Sea water: +5%0 and bidistilled water:76%o., cali- tured at salinities ranging from 25 to 35 and temperatures
brated using Vienna Standard Mean Ocean Water (VSMOWYanging from 10 to 2AC (Table 1). Due to these differ-
and Greenland Ice Sheet Precipitation (GISP) standards) ent conditions average growth rates also varied between 0.4
and 1.4d1 (Table 1). Analysis of the stable hydrogen iso-
topic composition showed that tli® values of the water of
the algal growth medium varied from5 to +16%.. TheS D
value of the water is linearly correlated with salinity reflect-
Compound-specific hydrogen isotopic compositions of theing the fractionation due to evaporation towards more saline
n-alkanes were determined by GC/TC/irmMS with a Thermomedia and the mixing line between the stock F/2 medium
Electron DELTA'YS XL mass spectrometer using high tem- (salinity of 29,58 D=~2%., Table 1) and the ultrapure water
perature conversion. GC conditions were similar to condi-(§ D=—454-1.9%o) (Fig. 1a). Thé D values of the alkenones,
tions for GC and GC/MS analysis except that the film thick- i.e. the combined hydrogen isotopic composition of theL
ness of the CPSil 5 column was Quh and that a constant and the G7.3 alkenones, were considerably depleted in D
flow of He was used at 2ml mit. Compounds were py- compared to thé D values of the water in which they were
rolyzed in an empty ceramic tube heated at T45@hich synthesized and varied from175 to—261%o. (Table 1). As
was pre-activated by injectingudl of n-hexane. i1 gas with  the hydrogen for the long chain alkenones was ultimately de-
known isotopic composition was used as reference and aived from the water in which they grew, isotopic mass bal-
mixture of Ge-Csz2 n-alkanes with known isotopic compo- ance dictates that the stable hydrogen isotopic composition
sition (ranging from—42%. to —256%. vs. VSMOW) was  of alkenones should be correlated to the stable hydrogen iso-
co-injected and monitored during analysis. The average offtopic composition of water. If a single constant fractionation
sets between the measured hydrogen isotopic composition aftep would be responsible for the isotopic depletion in D of
the Ge-Csz2 n-alkanes and their values determined off-line long chain alkenones compared to water then the following
were generally 5%o or less. Analyses were done at least irequation applies (cf. Sessions and Hayes, 2005):
duplicate and the reproducibility was always better than 7%.
(Table 1). 8 Dalkenones= & X 8 Dyater+ (@ — 1) x 1000 Q)
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wherea = the isotopic fractionation factor:

medium E cell

a = (D/H)alkenoned (D /H )water (2) B0 : sl o 8Os

H,0 edium —Mafs oty H,O —_NADPH, Photosynthate
Plotting thed D values of the alkenones against #e val- _—
ues of the water should, thus, according to Eg. (1), yield a i lsmetabolic o ‘
linear correlation. Indeed, this is observed for bBthhux- H,0,oimoic ~ lipid synthesis
leyi and G. oceanicawith different slopes in the regression NS
lines (2.9 vs. 2.6) and different intercepts (215 vs. 242%o) Alkenones
(Fig. 1b). The fact that two different regression lines are ob- 8. lkenones

tained shows that the two haptophyte algae fractionate dif-
ferently compared to each other, i(&. oceanicasynthesizes Fig. 3. Conceptual scheme of hydrogen fluxes during the biosyn-
alkenones which are30%. more depleted in D compared to thesis of alkenones.
E. huxleyiunder similar growing conditions (Table 1).

If the hydrogen isotopic composition of alkenones only
depends on the hydrogen isotopic composition of cul-is observed betweem and salinity for bothE. huxleyiand
ture medium then the fractionation factercan be calcu-  G. oceanicaFig. 2b); with increasing salinity there is a lin-
lated from either the slope or the intercept of the equa-ear increase in the isotopic fractionation faatoof ~0.003
tions in Fig. 1a (cf. Sessions and Hayes, 2005, Eq. 8:or ~3%. per salinity unit during the synthesis of alkenones.
Sproduce=a X 8source+ €). For instance, when the data of Paul As mentioned abovés. oceanicdractionates more strongly
(2002) and Englebrecht and Sachs (2005) for the d- thanE. huxleyibut the slope of the correlation line between
unsaturated alkenone &f. huxleyiare plotted (Fig. 1c), the « and salinity is similar folE. huxleyiandG. oceanicasug-
fractionation factor calculated using Eqg. (1) from the slope gesting that the same process in both species is responsible
(0.724) is relatively similar to that calculated from the inter- for reducing fractionation with increasing salinity. Thus, our
cept (0.774). However, the fractionation factarsalculated  results suggest that salinity has a substantial impact on the
from the slopes of the regression lines (2.9 and 2.&fdux-  isotopic fractionation factar during synthesis of alkenones.
leyiandG. oceanicarespectively) are much larger than those The strong correlation between salinity ahb of the wa-
derived from the intercepts (0.785 and 0.758 Eorhuxleyi  ter (“meteoric water line”) results in a strong correlation be-
andG. oceanicarespectively) suggesting that more than one tween thes Djkenonedwith salinity with a slope of 4-5%. per
process is responsible for the fractionation between hydrosalinity unit (Fig. 1d). This is much larger than expected if
gen in the culture medium and that in the alkenones. In factthe fractionation factos would have remained constant and
in our experiments the values derived from the slope of the the slope would be primarily determined by the change in
regression lines are 1 suggesting fractionation of H rather §Dyater with salinity (1.7%. per salinity unit in our experi-
than D which is highly unlikely. Hence, the fractionation of ments; dashed line in Fig. 1d) and explains why the linear
hydrogen during the synthesis of alkenones must have variedorrelation betweefDakenones@NdS Dwater has slopes much
during our experiments and, therefore, the method for analylarger than 1 (Fig. 1b).
sis of hydrogen isotopic fractionation descriped by Sessions The final factor which varied in our experiments is the
and Hayes (2005) does not apply here as this assumes a CORyerage growth rate which varied from 0.4 to 124*qTa-
stant fractionation factor. ~ ble 1). Interestingly, a negative correlation is observed be-

Three factors must be considered as they have varied igyeen growth rate and the isotopic fractionation factpes-
our experimental set up, i.e. temperature, salinity and QVOW”becially for G. oceanica(Fig. 2c). This correlation is only
rate. To correct for the change in the isotopic composition Ofpartly caused by a weak negative correlation between growth
the culture water we calculatedfor every experiment: rate and salinity (R=0.24). In fact, whem is plotted against
o= 1000+ 3D 1000+ S0uad () S0 8 LT Sy o oo o
Whena is plotted against temperature for experiments whereSuggests that salinity and growth rate have opposite effects
E. huxleyiwas grown at constant salinity no clear correla- 0N the isotopic fractionation of hydrogen. The magnitude of
tion is visible (Fig. 2a). For example, alkenones synthe-these effects is different for the two species, i.e. thg slope
sized byE. huxleyigrown at a constant salinity of 35 and Of the correlation lines is much steeper wigh oceanica
at temperatures of 10, 15 and°Zlhave similaw values of ~ (—1.8d per salinity unit) then witte. huxleyi(—0.8d per
0.815, 0.808 and 0.810, respectively (Table 1). The saméalinity unit). Notably, however, the intercepts for the corre-
is observed for the culture experiments@®f oceanicaTa-  lationlines are nearly identical at 0.81 and 0.82, respectively.
ble 1). This suggests that temperature is not substantially The reasons for the different hydrogen isotopic fraction-
affecting isotopic fractionation of hydrogen during the syn- ation of E. huxleyiand G. oceanicaand the dependence
thesis of alkenones. In contrast, a strong positive correlatiorof the fractionation on salinity and growth rate must lie in
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the isotopic fractionations which occur during the synthe-there is also an increasing fractionation8%. per salinity

sis of alkenones. Figure 3 shows the major fluxes and fracunit which amplifies the change D of alkenones due to
tionations of hydrogen from water to the covalently-bound changing salinity. For example, in our experiments a change
hydrogen of alkenones. Water enters the cell and is therof 1 salinity unit led to a 4-5%. change &D of long chain
used to transfer NADP to NADPH and H which is sub-  alkenones for both haptophytes whilst the of the water
sequently fed into the Calvin cycle and used to reduce 3-only changed by 1.7%.. Hencé&D of long chain alkenones
phosphoglyceric acid and synthesize hexoses. These hexnay potentially be a good tool to reconstruct large scale vari-
oses are subsequently transformed into acetate and, finallgtions in paleosalinity provided that the effect of growth rates
into long chain alkenones. One of the main factors determincan be constrained and the source organisms are known. In
ing the hydrogen isotopic fractionation during biosynthesispractice, the latter two variables will be difficult to constrain
of lipids, and thus of long chain alkenones, is the reductionin paleostudies. In addition, there is a considerable diver-
of cellular metabolites by NADPH and'as this is the origi-  sity in alkenone-producing organisms which may all have
nal main source of hydrogen in lipids. The fractionation from their specific fractionation patterns. Further culture experi-
water via NADPH and Fi is thought to lead to an initial de- ments using different conditions and especially field exper-
pletion in deuterium of the primary photosynthatexdf71%.  iments are needed to verify the relation betweenstbeof
(Yakir and DeNiro, 1990). Fractionation will also likely oc- alkenones and environmental parameters such as salinity and
cur during the biosynthesis of alkenones from the originalgrowth rate.
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