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Lipid structures and distributions, especially those of fatty acids and sterols, can be used to
gain information about the ecological conditions and diets of various types of marine
organisms (e.g. Sargent and Whittle; 1981; Bradshaw et al., 1990). The vast majority of the.
studies on marine invertebrate lipids as related to diet have been upon coastal and estuarine
species which depend upon carbon derived from photosynthetic organisms, as such, the lipids
of these invertebrates are generally dominated by structures which can be related directly or
indirectly to correspondmg structures in the dietary lipids (Bradshaw, 1988). Recent
mvestigations on organisms which derive part of their diet from bacterial sources, such as
those which harbour endosymbiotic bacteria, demonstrate that corresponding structural
similarities can be observed b.etween host and symbionts {Conway and McDowell Capuzzo,
1991; Ben Mligh et al., 1992; Fang et al., 1993).

Primary production by chemosynthetic bacteria forms the base of food webs within deep-sea
hydrothermal vents and therefore a bacterial signature is expected in the lipids of vent
organisms, though, carbon derived ultimately from the photic zone may play an important role
(Dixon et al., 1994). Ecologically and biochemically interesting cases of eukaryotic
dependence on bacterial primary production are found in associations between endosymbiotic
chemoautotrophic bacteria and invertebrate hosts, with vestimentiferan tubeworms (e.g. Rifiia
pachyptila, the giant tubeworm from hydrothermal vents on the East Pacific Rise (EPR))
providing the most extreme example of this kind of association. R. pachyptila and other
species within the Vestimentifera have lost all vestiges of a digestive system in the adult and
rely almost exclusively on their endosymbionts for nutrition, although some uptake of
dissolved organic material from the surrounding seawater may make a contribution to the diet

of these worms. In Bathymodiolid mussels (e.g. Bathymodiolus thermophilus from eastern

Pacific hydrothermal vents), a functional gut is present and nutrition from endosymbiotic
bacteria in the gills is apparently supplemented by suspension feeding (Le Pennec and Prieur,
1984). Of equal interest to host/symbiont associations are the myriad species of grazing
invertebrates at hydrothermal vents (small crustaceans, polychaetes, molhuscs, etc.) that are

ultimately dependent on chemoautotrophic production. From the same region where Riftia

pachyptila and Bathymodiolus thermophilus specimens were abundant, we sampled several



Abstract
Lipid compositions are reported for three distinctive deep sea hydrothermal vent invertebrate

species collected around 99N East Pacific Rise; Riftia pachyptila Jones, a vestimentiferum

tubeworm, Bathymodiolus thermophilus Kenk and Wilson, a mussel, and Halice hesmonectes

Martin et al., an amphipod crustacean. The lipid compositions of all these organisms were
dominated by components characteristic of diets based upon bacteria, with only very minor
contributions from carbon derived from the oceanic photic zone. In all the organisms studied,
large abundances of n-7 fatty acids, polyunsaturated fatty acids with unsaturations separated by
more than one methylene bond, and sterol distributions dominated by cholesterol were
observed. Branched fatty acids were generally of low abundance, whilst polyunsaturated fatty
acids separated by single methylene groups were either absent, as in the case of R. pachyptila

or in very low abundance as in the case of B. thermophilus and H. hesmonectes.

Monounsaturated fatty actds were the most abundant component of R. pachyptila lipids, whilst
non-methylene interrupted fatty acids were particularly abundant in the lipids of B,

thermophilus (up to 45 % of total fatty acids). The lipids of li. hesmonectes were dominated

by storage lipids (e.g. wax esters).

Stable carbon isotope analyses of individual sterols from the organisms examined allows
specific sources to be proposed for these biochemicals. The §°°C values of sterols from R.
pachyptila were consistent with de novo biosynthesis, whilst that of cholesterol from B.
thermophilus corresponded to that from marine phytoplankton. The 8"C values of sterols

from H. hesmonectes fell into two different groups and suggest at least two distinct sources of

sterols are available to these crustacea in the vent ecosystem one of which derives from
phytoplankton. Overall, the combination of the interpretation of lipid structure and distribution
with compound specific isotope analyses can lead to valuable insights into trophic relationships
within the deep sea hydrothermal ecosystem.

-end of abstract-




Samples
Sites; Samples were collected from four geographically distinct locations along the East

Pacific Rise, and designated sites A to D as indicated in Table 1, a guide to the organisms
sampled is as follows;

Tubeworms; The tubeworm samples were of Riftia pachyptila Jones (Phylum Vestimentifera,
Class Axonobranchia). Tissues analysed were vestimentum (which harbours no symbionts)
and trophosome (where sulphur oxidising bacteria live). All tissues were from single
Organisms.

Mussels: The mussel samples were all of Bathymodiolus thermophilus Kenk and Wilson

(Phylum Mollusca; Class Bivalvia). Tissues examined were foot and adductor muscles, both of
which are symbiont free, and gill which harbours sulphur oxidising bacteria. All tissues were
from single organisms.

Amphipods; The amphipods were all of Halice hesmonectes Martin et al. (1993) (Phylum
Arthropoda; Class Crustacea). For analyses, approximately 10 - 30 organisms were pooled
(individual organisms being 1-3mm length) and so amphipod analyses represent 'snapshots of
the feeding behaviour of a larger population.

Lipid Extraction

Two main isolation procedures were used for the preparation of fipids, the first being the
preparation of total fatty acids and total sterols. A second procedure was used so that fatty
acids could be separated into biochemically distinct classes, ie. those bound as neutral (storage)
and polar (structural/membrane) lipids.

Total lipid (TL) samples were extracted by sonication of dried samples in 2:1
dichloromethane/methanol, TL extracts were subsequently saponified in saturated
KOH/methanol following the method of Bradshaw (1990). Total lipid fatty acids (TLFA) and
total lipid neutrals were separated using aminpropyl phase cartridges (Bond Elut;
Analytichem), eluting total lipid extracts with 2:1 dichloromethane/isopropanol for neutral lipid
fractions (including sterols) and 2 % acetic acid in ethyl ether for fatty acid fractions. Prior to

GC analyses total lipid fractions were derivatized using BSTFA.



populations of an amphipod crustacean, Halice hesmonectes (Martin et al., 1993), which

swarms in the outflow area of warm water vents, most often above mussels or tubeworms but

also above areas of bare rock (Van Dover et al. 1992; Kaartvedt et al. 1994).

Halice hesmonectes has been presumed to ingest suspended microorganisms flowing out from
subsurface reservoirs (Van Dover et al. 1992), though ingestion of detritus, as is common for
pelagic amphipods is also likely to be important. Therefore, additional to looking for bacterial
signatures in the lipids of the amphipods, we have been interested in identifying lipids that
might be derived from vent organisms or from carbon derived from the oceanic photic zone.
Amphipods, and crustaceans in general, are held to be unable to synthesize sterols de novo

(Goad, 1978; Kerr and Baker, 1991), and since H. hesmonectes seem to lack symbiotic

bacteria (Martin et al., 1993), they must assimilate sterols either directly from their diet or from
modification of dietary sterols. In order to help assign sources of individual sterols, compound
specific isotope analyses (CSIA) have been employed (e.g. Hayes et al., 1990; Rieley, 1991).
Stable carbon isotope compositions (813C values) are useful because of the distinctive

fractionations imparted due to carbon source and metabolic effects (Hayes, 1993).

Experimental

Sampling

The organisms in this study were collected at active venting sites along the East Pacific Rise at
9°N during December 1991, using the DSRV Alvin (Support ship; RV Atlantis I¥, Chief

Scientists; Mullineaux and Van Dover), Vestimentiferum tubeworm (Riftia pachyptila) and

mussel (Bathymodiolus thermophilus) samples were collected using the manipulator arm of the

submersible. Amphipods (Halice hesmonectes) were collected using a2 vacuum pump system.

On board ship, these samples were individually sorted, and oven dried at 60°C for 12 hours.
On reaching the surface these samples were dissected on board ship and either dried {(Add and
Vest) as for the amphipods or stored at -70°C until further analysis on land (Gill, Foot and

Troph). A key to the samples examined is given in Table 1.



. Results
Fatty Acid Compositions

Fatty Acid Nomenclature
Fatty acids are conventionally written as a:b(n-c), where a is the carbon number of the fatty
acid, b the number of double bonds, and ¢ the number of carbons to the first double bond from
the terminal methyl. Unless otherwise noted, all double bonds are separated by one methylene
group. The prefixes i and a indicate methyl branching at positions 2 and 3 respectively from
the terminal methyl.

Tubeworm (Riftia pachyptila);

The fatty acid compositions of the tubeworm samples were characterised by very high
abundances of (n-7) fatty acids with up to 84 % of the total fatty acids of the tubeworm
trophosome storage lipids having unsaturations seven carbons from the terminal methyl (Tables
2to 5) The major (n-7) fatty acids identified in all lipid extracts were 16:1(n-7) and 18:1(n-7)
(Taﬁf;s 3to 5). Only minor amounts of (1-9) fatty acids were observed, with a maximum of
2% of trophosome structural lipids being of this type (Table 2). Small amounts of non;
methylene interrupted (NMI) dienoic fatty acids were observed in all the tubeworm samples, at
around 3 to 4 % of total fatty acids {Tables 2 to 5). No single-methylene intexmpted.(SMI)
polyunsaturated fatty acids were detected in the tubeworm samples. Only very small
abundances of branched fatty acids (0.1 to 0.5% of total fatty acids; Table 2) were observed in
the lipids of all the tubeworm: tissues examined, the most abundant component generally being

i19:0 (Tables 3 to 5).

Mussel (Bathymodiolus thermophilus)

The fatty acids of the mussel samples were characterised by very large abundances of non-
met]iylene interrupted (NMI) polyunsaturated fatty acids, as can be observed upon the gas
chromatogram displayed in Figure 1. This class of fatty acid represented up to 45 % of total
fatty acids identified in the nussel tissues (Tables 2 to 5). The most abundant components
observed were 20:2(n-7, n-15) and 22:2(n-7, n-15). Fatty acids with n-7 unsaturations were

by far the most dominant type observed, being up to 45 % of total identified (Table 2), this



For the separation of structural and storage lipids, dried samples were extracted using a
modified Bligh/Dvyer method (Bligh and Dyer, 1959; Rieley, 1993). The resultant extract was
separated into the required lipid extracts using silicic acid column chromatography,
sequentially eluting with chloroform, acetone and methanol to give neuntral lipid (NL) from the
chloroform elution sterp and polar lipid (PL) fractions from the methanol elution step (Hedrick
et al, 1991). |

Neutral lipids; NL fractions were saponified as for total ]ipi& (TL) samples, as outlined above,
though instead of derivatizing free fatty acids with BSTFA, the acids were converted to neutral
Iipid fatty acid (NLFA) methyl esters using BFy/Methanol (Bradshaw et al., 1990).

Polar lipids; Fatty acids were released from the polar lipids by heating PL fractions at 100°C
for 1 hin 0.05 N KOH in methanol giving polar lipid fatty acid (PLFA) methyl esters {Hedrick
et al., 1991).

Lipid Characterisation

GC / GC-MS; Lipids were analysed by gas chromatography (GC) using a 50m bonded methyl
silicone phase capillary cohmmm (CP Sil 5CB; Chrompack), 0.12 pm thickness, 0.32 mm
internal column diameter. Fatty acid samples were also analysed upon a Supelco Omegawax
320,30 mx 0.32 mmi.d., 0.3 pm phase thickness capillary column. Hydrogen was used as
carrier gas. Lipids were identified using GC- mass spectrometry (GC-MS), using a GC system
as above, except using helinm as carrier gas. The GC was attached to a Finnigan Mat 4500
mass spectrometer (70eV ionisation voltage, scan time 1s). Temperature program for the
methyl silicone column was 40 - 150°C at 10°min-! 150 - 300°C at 4°min-!, isothermal for 25
min. Temperature program for the Omegawax 320 column was 40 - 150°C at 10°min-! 150 -
240°C at 4°min-1, isothermal for 10 min.

Positions of fatty acid unsaturation were determined by the formation of dimethyl disulphide
(DMDS) adducts of fatty acid methyl esters, followed by GC-MS identification (Yruela et al.,
1990).

GC-IRMS; Isotopic compositions of sterols were determined using a Finoigan MAT delta-S
isotope ratio mass spectrometer as described by Rieley et al. (1993). Values reported are

corrected for the addition of trimethyl silyl groups (cf. Rieley, 1994).



Mussel (Bathymodiolus thermophilus)

A variety of sterols were observed in the mussel samples (Table 6), the most abundant
component being cholesterol (68 % of total sterols; Table 6). As well as cholesterol, a wide
variety of minor sterols were observed (Table 6), such as cholesta-5,22-dienol, Sa-cholestanol

and cholest-7-enol. The §°°C value of cholesterol from B. thermophilus was -26.5 %o as

compared to a bulk tissue §°C value of -33 %o (Table 7).
Amphipods (Halice hesmonectes)

A large variety of sterols were also observed in the amphipod samples (Table 6), their
distribution being similar to those of the mussel samples (Table 6). The sterol distributions
were dominated by cholesterol in accord with distributions observed in other marine crustacea
(Kerr and Baker, 1991). High abundances of 5a-cholestanol were observed in one of the
amphipod samples (A160; Table 7).

813C values of the amphipod cholesterol fell into two categories one around -16 %o the other
around -21 %o (Table 7), these categories correspondiﬁg to two sets of bulk tissue 513C values

(-14 %o and -24 %o; Table 7).

Discussion

Fattv Acid Compositions

Tubeworm (Riftia pachyptila);

Vestementiferum. tubeworms provide a striking example of eukaryotic dependence on carbon
fixed by chemoautotrophic bacteria. Adults have no digestive systems and rely almost
exclusively upon their endosymbionts for nutrition, though uptake of carbon gained from
dissolved organic carbon may also make a minor contribution (Childress and Fisher, 1992).
Riftia pachyptila, the giant tubeworm associated with East Pacific vent sites, is representative
of this dependence, being fixed at sites of expulsion of warm vent water rich in dissolved
sulphide.

The dependence of R. pachyptila upon carbon fixed by endosymbiotic bacteria is apparent in
the lipid compositions identified in this study, and especially in the fatty acid compositions.
Very high abundances of (n-7) fatty acids (Table 2), and corresponding minor amounts of (n-9)



befng in contrast to the low abundance of n-9 fatty acids (around 5 to 13 %; Table 2). Small
amounts of the single methylene interrupted polyunsaturated fatty acid arachidonic acid
20:4(n-6) were detected (0.7 % of structural PLFA; Table 5).

Minor abundances of branched fatty acids were observed (around 1 to 3 %, Table 2), the most
abundant component being i19:0 (Tables 3 to 5}. Greater abundances of branched fatty acids

were observed in the gill tissues than in the foot and adductor tissues (Table 2).

Amphipods (Halice hesmonectes)

The fatty acids of FL. hesmonectes were characterised by high abundances of 'storage' fatty

acids (NLFA; Table 2) indicating high concentrations of wax esters m these organisms as
observed in many deep sea crustacea (Sargent et al., 1976). As with the mussel samples, NMI
fatty acids were observed in relatively high abundance (up to 25 %; Tables 2 to 5). NMI fatty
acids were present in high abundance in the structural fatty acids (PLFA) of the amphipod
samples (up to 11 % of total fatty acids; Table 2). In general, greatér abundances of NM{ fatty
acids were identified in the amphipod storage lipids (NLFA) as compared to that in the
structural fatty acids (Table 2). As for the mussel samples, minor amounts of the 20:4(n-6)
SMI fatty acid were detected in the amphipod samples (up to 1% of total; Tables 3 to 5).
Branched fatty acids constituted up to 5 % of total fatty acids (Table 2), i17:0, i19:0 and 219:0
were the most abundant components (Tables 3 to 5). In general, branched fatty acids were in

greater abundance in the storage NLFA lipids than in the structural PLFA (Table 2).

Sterol Compositions

Tubeworm (Riftia pachyptila)
The major sterols identified in the R. pachyptila tissues were cholesterol, cholesta-5,24-dienol,

and 24-methylcholesta-5,24(28)-dienol (Table 6), the major tubeworm sterols had §13C values
of -15.1 %o, -15.4 %o and ~16.4 %o for cholesterol, cholesta-5,24-dienol, and 24-
methylcholesta-5,24(28)-dienol respectively, compared to a total tissue value of -11 %o (Table
7), a difference of 4-5 %o, which is well within that observed for lipids isolated from

autotrophic organisms (Abelson and Hoering, 1961; Park and Epstein, 1961).



" Tndeed, the occurrence of NMI fatty acids is widely reported for bivalves which contain
endosymbiotic bacteria, though the abundance of these lipids observed in this study is much
larger than previously observed (eg. Klingensmith, 1982; Berg et al,, 1985; Zhukova and
Svetashev, 1986; Zhukova et al., 1992). The presence of the SMI polyunsaturated fatty acid
20:4(p-6) in the mussel samples (Tables 3 to 5), albeit in very low abundance, demonstrates the
assimilation of phytoplankton derived carbon in the deep sea vent ecosystem.

Branched fatty acids are indicative of a wide variety of bacteria, and have been proposed by
Zhukova et al. (1992) to be markers for symbiotic bacteria in bivalves. In this study minor
abundances of this lipid type were observed (around 1 to 3 %; Table 2) and indicate direct
incorporation of bacterial lipids by the bivalves examined. Greater abundances of branched
fatty acids were observed in the gill tissues than in the foot and adductor tissues (Table 2), this

observation may be due to a combination of two factors; the gills harbour the endosymbiotic

bacteria associated with B. thermophilus and also filter particulate bacteria from the water

colurmm. (Cavanaugh, 1985; Le Pennec and Prieur, 1984; Page et al., 1991).

_Amphipods (Halice hesmonectes)

The fatty acid compositions of ail the L hesmonectes samples were remarkably consistent
given that they were all taken fom geographically distinct vent sites within the Venture
hydrothermal fields (9°N EPR; Tables 1 and 2; Figure 2), which suggests similar food sources

for this crustacean in all sites examined. The fatty acids of H. hesmonectes were characterised

by high abundances of ‘storage’ fatty acids (NLFA; Table 2) indication high concentrations of
wax esters as observed in many deep se crustacea (Sargent et al., 1976). Wax esters have been
proposed to provide both bouyancy and energy storage in such organisms (ibid). As with the
mussel and tubeworm samples, NMI fatty acids were observed in relatively high abundance (up
to 25%) and may indicate a trophic link between the pelagic amphipod species and the benthic

mussel species, i.¢. detrital feeding by the amphipod, however, de novo biosynthesis may be a

factor. The generally greater abundance of NMI fatty acids in storage lipids (NLFA) than in
the structural fatty acids (Table 2) reinforces the contention that these acids are predominately

derived from diet (fatty acids surplus to membrane structural requirements being stored). The



fatty acids were observed (Table 2). Bacteria generally have high abundances of (n-7)
monounsaturated fatty acids, and studies of marine organisms largely dependent upon bacteria
for food reflect the assimilation of this class of fatty acid (Conway and McDowell Capuzzo,
1991; Ben-Mligh et al., 1992; Fang et al., 1993). Small amounts of non-methylene interrupted
(NMI) dienoic fatty acids were observed in all the tubeworm samples, at around 3 to 4 % of
total fatty acids. No single-methylene interrupted (SMI) polyunsaturated fatty acids were
detected, which indicates the lack of filter feeding as a food source for vestimenferum
tubeworms. Only very small amounts of branched fatty acids, usually considered bacterial
markers, were observed in the lipids of all the tubeworm tissues examined, and indicates that
branched fatty acids are only minor components of the sulphur oxidising symbiotic bacteria
associated with R. pachyptila (c.f£ Conway and McDowell Capuzzo, 1991 who did not identify
branched fatty acids in a thiotrophic bacterium isolated from a deep sea hydrothermal vent).

Mussel (Bathymodiolus thermophilus)

The fatty acids of the mussel samples were characterised by very large abundances of non-
methylene interrupted (NMI) polyunsaturated fatty acids (Table 2). In the hydrothermal vent
mussels examined this large abundance of NMI fatty acids apparently replaces single-methylene
interrupted (SMI) polyunsaturated fatty acids which are observed in similarly large abundances
in coastal and estuarine bivalves (Joseph, 1982; ¢.f Fang et al., 1993), e.g. arachidonic acid;
20:4(n-6). The significance of these observations is that SMI fatty acids are characteristic of
marine algae, and the abundance of these acids in marine invertebrates are mdicative of a diet
based primarily upon carbon fixed by phytotrophs (eg. Bradshaw, 1988). In contrast, SMI
fatty acids are very rare in bacteria and therefore invertebrates which depend upon a diet based
upon bacteria appear to desaturate bacterially derived monounsaturated (n-7) fatty acids which
are extended and desaturated by the mvertebrates to produce non-methylene interrupted
polyunsaturated fatty acids (c.f Zhukova, 1986; Fang et al., 1993). The high abundance of
NMI fatty acids identified in this study are in accord with the findings of Fang et al. (1993)
who reported NMI fatty acid abundances of 14 to 22 % of total fatty acids in bivalves

contaming endosymbiotic bacteria living around hydrocarbon seeps of the Guif of Mexico.



© seép mussels from the Gulf of Mexico a product/precursor relationship between bacterially
produced 4-methyl sterols and 4-methyl sterols observed in the mussels was proposed (Fang et
al., 1992). However, only methylotrophic bacteria have been demonstrated to have the ability

to biosynthesise sterols and since B. thermophilus has thiotrophic symbiotic bacteria, additional

evidence other than sterol distribution and structure is needed to heip assign particular sources

of sterols in these organisms, such as stable carbon isotopic analyses. Solemya velum a coastal

clam, containing symbiotic bacteria, was reported to contain sterols with 513C values around -
38.5 %o compared to a tissue §13C value of -33 %o (Conway and McDowell Capuzzo, 1991)
and as discussed carlier this is within the range expected if de novo biosyhthesis is being

undertaken. However, cholesterol isolated from B. thermophilus adductor tissues in this study

had a 813C value of -27 %o compared to a tissue §13C value of -34 %o (Table 7). The 7 %o
higher 813C value for the mussel cholesterol compared to total tissue rules out de novo
biosynthesis as a major source and thus requires that the mussel studied derive sterols from
filter feeding (Goad, 1978). Dixon et al. (1994) have demonstrated that phytoplankton are a
significant proportion of the detritus associated with deep sea hydrothermal vents.
Furthermore, electron microscopic studies on the gut of a mytilid from 120N EPR showed that

phytoplankton are present, and a source for the B. thermophilus sterols from phytodetritus is

proposed, this proposal being reinforced by published §13C values for marine phytoplankton
(Abelson and Hoering, 1961; Park and Epstein, 1961) which are in the range of -23 %o (ibid).

Amphipods (Halice hesmonectes)
The large variety of sterols observed in the amphipod samples (Table 6), had a distribution
similar to those of the mussel samples and to those of marine crustacea from coastal and
estuarine habitats (Goad, 1978; Bradshaw et al., 1990; Kerr and Baker, 1991). The
significance of the sterol distributions in a trophic context is that crustacea are held to be

unable to biosynthesise sterols de novo and must assimilate these vital biochemicals from their

diet {Goad, 1978; Kerr and Baker, 1991). In more conventional marine settings, crustacean
sterols derive from algae which are rich in a variety of sterols (ibid). However, in deep sea

hydrothermal vents phytoplankton are unable to exist, and bacteria replace them as the base of



presence of NMI fatty acids in high abundance in the structural fatty acids (PLFA) of the
amphipod samples (up to 11 % of total fatty acids; Table 2) demonstrates that this class of
fatty acid plays a vital structural role in the amphipod cellular membranes. As for the mussel

and tubeworm samples, SMI fatty acids were not detected in the amphipod samples.

Sterol Commpositions

Tubeworm (Riftia pachyptila)

The major sterols identified in the R. pachyptila tissues were the sterols cholesterol, cholesta-
5,24-dienol, and 24-methylcholesta-5,24(28)—dien01 (Table 6). The presence of these sterols
suggests de novo biosynthesis by the tubeworm symbiosis (most likely biosynthesis by the
tubeworm proper rather than thiotrophic endosymbiotic bacteria), the latter steréls being
intermediates in the conversion of the sterol precursor lanosterol to cholesterol (Lehninger,
1978; Kerr and Baker, 1991). Stable carbon isotopic analyses of the R. pachyptila sterols
provides strong evidence that this tubeworm species does indeed biosynthesise sterols de novo. -
The 813C values of the major tubeworm sterols were 4-5 %o lower than that of the total tissue
value of -11 %o (Table 7), in the range for that observed for lipids isolated from autotrophic
organisms (Abelson and Hoering, 1961; Park and Epstein, 1961; Hayes, 1993). Ifthe
tubeworm sterols were derived from marine phytodetritus (or from phytoplankton derived
organic matter), a value of around -27 %o may be expected (ibid). Minor sterols were also
observed, such as 24-ethylcholesterol (Table 6), which have known phytoplankton sources
(Kerr and Baker, 1991) and may indicate the assimilation by the tubeworm of a small amount

of dissolved organic carbon.

Mussel {Bathymodiolus thermophilus)

The most abundant sterol identified in the mussel samples was cholesterol (Table 6), in line
with observations on other bivalves collected from coastal environments (Goad, 1978; Conway
and McDowell Capuzzo, 1991). As well as cholesterol, a wide variety of minor sterols were
observed (Table 6), including a number of sterols which are indicative of algae, such as
cholesta-5,22-dienol (Goad, 1978; Kerr and Baker, 1991). Biosynthesis of sterols by bivalves

is controversial (Conway and McDowell Capuzzo, 1991), and in the case of cold hydrocarbon



" have at least two sources in the vent system examined, one possibly deriving ultimately from

the photic zone of the ocean.

This work was supported by fiunds from the Natural Environment Research Council (Grant
numbers GR3/2951, GR3/3748 and GR3/7731) and by funds from the National Science
Foundation (USA).



the food chain. Bacteria are generally devoid of sterols and therefore the sterol distributions
and the stable carbon isotopic composition of those sterols in vent crustacea are of particular
mterest.

$13C values of the amphipod cholesterol fall into two categories one around -16 %o the other
around -21 %. {Table 7), these categories corresponding to two sets of bulk tissue 513C values
(-14 %o and -24 %o; Table 7). The separation of the amphipod bulk tissne and cholesterol
513C values into two classes is presumably determined by diet, and suggests that at least two
sources of dietary sterols are available to the amphipods, one which is similar to tﬁat observed
in the tubeworm sample (i.e. most likely to derive from vent organisms) and one similar to that
observed in the mussel sample (i.e. most likely derived from phytoplankton). Different

proportions of these dietary sources will lead to the §13C values observed in this study.

Overview

Overall, of all lipid types fatty acids give the greatest indication as to the main diet of
hydrothermal vent organisms. In this study a diet based primarily upon bacteria is associated
with high abundances of (n-7) fatty acids, low abundances of (n-9) fatty acids, high abundances
of NMIP fatty acids and low abundances of MIP fatty acids. These findings are in accord with
similar studies upon cold hydrocarbon seep organisms, and studies upon molluscs which
contain symbiotic bacteria. The relative abundance of NMI to SMI in marine organisms gives
a measure of the relative contributions of bacteria and phytoplankton in their diet. The deep
sea hydrothermal vent organisms analysed in this study from 9°N East Pacific Rise are an
extreme example of almost total dependence upon bacterially fixed carbon which is reflected
by very high abundances of NMI fatty acids and correspondingly low abundances of SMI fatty
acids.

In contrast to the fatty acids, sterols, due to their absence in the majority of bacteria and due to
limitations on de novo biosynthesis in certain invertebrates, provide an indication of
assimilation of carbon from organisms from the photic zone of the ocean. Stable carbon
isotopic analyses of individual compounds can provide additional evidence in order that the

source of individual lipids can be assigned. For example, cholesterol has been demonstrated to
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“Sample  A158 A162  A160  A202  A214  A187  Add  Vesi

Site B C C D D A A ]
TLFA

Total 41761 40253 28455 35534 31022 25872 9728 21867
sats 21.4 17.7 16.9 17.4 21.3 16.9 30.3 17.0
unsats 78.6 823 83.1 82.6 78.7 83.1 69.7 80.1
polyuns 9.2 12.6 8.9 17.2 8.5 9.1 40.0 3.8
monouns 69.3 69.7 74.2 65.4 72.2 74.0 29.7 76.3
n-7 60.8 60.3 66.5 60.6 58.9 66.6 38.1 78.7
n-g 3.4 3.9 9.2 12.0 8.9 8.9 4.8 0.7
NMI 8.9 12.2 8.2 17.0 6.5 9.1 40.0 3.8
branched 1.1 2.6 2.0 1.2 1.7 2.0 1.0 0.4
Sample A158 A162 A180 A202 A214 Gill Foot Troph
Site B C C D D D D C
NLFA

Total 9208 22259 13487 21498 21718 1453 1861 11280
sats 31.3 3.7 20.4 18.4 12.4 21.8 38.2 107
unsats 68.7 6.3 79.7 816 87.6 78.1 63.8 86.2
polyuns 14.1 4.4 24.8 22.7 18.9 42 4 31.8 3.0
monouns 547 g1.9 549 58.9 68.7 357 32.3 83.2
n-7 43.5 89,0 36.8 345 48.8 37.0 25.8 84.4
n-9 8.71 34 19.1 32.0 22.5 7.6 6.2 0.5
NMI 14.0 4.0 225 22.5 17.0 42.4 31.5 30
branchéd 0.8 1.1 5.1 1.7 1.8 1.9 1.1 0.5
Sample A158 - A182 A160 A202 A214 Gill Foot Troph
Site B C C D D D D C
PLFA

Total 8497 8413 8147 9562 5040 1001 2074 2857
sats 34.3 21.2 16.0 20.6 18.1 21.0 20.7 17.9
unsats 65,7 78.9 84.0 79.4 80.9 79.0 79.3 82.1
polyuns 57 10.5 12.5 13.8 11.7 445 452 7.6
monouns 60.0 68.4 71.5 65.5 69.2 345 34,1 74.5
n-7 52.7 62.1 57.5 54,7 56.4 421 44.8 73.2
9 2.2 3.0 7.7 8.5 4.9 13.0 11.2 2.4
NMI 53 9.6 10.7 11.9 10.2 43.8 44 5 4.4
hranched 0.7 0.3 0.7 0.5 0.4 3.8 1.3 0.1

Table 2 Total fatty acid concentrations, in pg g-! total extract, and relative
concentrations for different classes of fatty acid, as % of total fatty acids identified,
for total lipid (TLFA), neutral lipid (NLFA) and polar lipid fatty acid (PLFA) fractions
of the organisms studied. Sites refer to geographical Jocalities given in Table 1a.



Sites Samples Latitude Longitude

Site A Al23 0048.40' 104017.16
A187
Add

Site B Al58 9049.86' 104°17.41

Site C Al60 ' 9950.56' 104017.49
Al162
Vest
Troph

Site D A200 9030.88' 104014.67
A202
A214
A216
Gill
Foot

Table 1. Sample key to hydrothermal vent organisms studied, by site. Axxx indicate

amphipod (Halice hesmonectes) samples; Foot = mussel (Bathymodiolus

thermophilus) foot; Add = mussel adductor; Gill = mussel gitl; Vest = tubeworm

(Riftia pachyptila) vestimentum; Troph = tubeworm trophosome




GC  Fatty Acid A158  A162  A180  A202  A214 Gill Foot  Troph
#' B C C D D D D C
- 14:0 0.61 0.66

1 15:0 0.11 0.39

3 160 19.40 1.95 5.43 9.49 8.29 6.99 16.17  9.47
6 170 '

12 180 8.58 0.51 4.23 473 2.29 8.98 1669  0.80
- 19:0 0.14 0.10

22 200 2.44 0.17 5.62 2.47 0.19 2.17 0.34

29 220 0.95 0.74

- i14:0

4  H70 0.28 0.26 0.31 0.09 0.25 0.47

- ai7:0 0.44 0.42

14 i119:0 0.23 0.16 1.17 0.32 0.97 0.37 0.45
14  a18:0 0.06 0.58 1.80 0.68 0.94

- i21:0 0.31 0.36

- 14:1(n-7)

2 16:1n-7) 9.43 76.84 13.02  8.01 11.83 415 4.49 61.69
5 17:1(n-7) 0.25 0.10 1.78 0.94 0.10

- 18:1(n-5)

1 18:1(n-7) 26.94 1049 1539 2095 2885 2.32 2.01 19.71
10 18:1(n-9) 3.64 2.29 9.12 8.71 8.94 0.76 0.76 0.50
10 8:1(n-13) 0.91 0.13 0.62 0.45 0.49 1.56 1.71 0.30
15 A9:4{n-T7) 5.14 2.75

21 "20:Hn-T) 9.76 0.97 6.34 5.21 5.97 9.20 8.53 0.45
20  20:1(n-9) 1.22 0.55 5.76 10.35  7.72 2.63 2.20

20 #20:1(n-13) 2.76 0.57 4.61 5.21 4,94 6,41 7.77 0.57
- 21:1(n-7) 0.71 0.48

28 .22:1(n-7) 0.19 0.09

- 22:1(n-9) 2.18 1.13

9  18:2(n-7,13) 0.22 1.01 0.71 0.12 1.12 0.14 0.32 0.80
g9 18:2(n-7,15) 0.48 0.13 0.93 0.46

8  18:2(n-9,15) 2.90 0.26 1.13 0.90 1.43 0.51 0.34

19 20:2(n-7,13) 2.90 0.06 0.35 0.36 1.20

19 20:2(n-7,15) 0.03 0.55 0.28 1.50 11.79 7.40 1.39
18 20:2(n-9,15) 1.52 0.18 1.29 1035 223 3.69 2.84

24 21:2(n-7,14) 2.28 0.30 3.68 3.81 0.25 1.59 1.40

24  21:2(n-7,16) 2.12 1.02

- 21:2(n-?) 0.45 0.78

27  22:2(n-7,15) 1.25 0.23 2.15 0.93 1.61 8.5 5.53 0.83
27  22:2(n-9,15) 0.43 0.16 1.84 1.70 2,14

- 24:2(n-7) 1.08 0.48 1.53 2.85 0.55

7 183 0.05 0.77 0.12 0.45 7.26 7.53

- 18:3 0.96 1.15 6.87 1.10 2.64

17 20:3 0.03 0.69 1.36 5.32 3.31

25 223 0.80 0.44

26 223 0.16 0.53

16 20:4(n-6) 0.08 0.36 2.30 0.17 1.93

Table 4. Relative concentrations of neutral lipid fatty acids, as % total neutral lipid
fatty acids identified as their methyl esters (NLFAME). Unidentified isomers are
given in order of elution (CP Sil 5CB, 50m). 'Numbers refer to GC peaks in Figure 1.



GC  Fatty Acid A158 Ate2 Al60 A202 A214 A187 Add Vest

#! B c [ D D A A C

- 14:0 0.85 6.39 0.17 1.01 0.97 0.78 0.65 3.23
1 15:0 0.23 0.07 0.23

3 160 14.11 7.49 12.1 10.74 1549 12,07 1510 1235
8 170 0.67 0.15 0.13

12 18:0 2.49 0.33 1.75 1.86 2.31 1.77 12.35 1.03
- 19:0 0.70

22 200 2.85 0.20 2.36 0.03 0.31

28 220 0.97

- i14:0 1.67

4 170 0.27 0.46 0.22 0.36 0.47 0.46

- ai7:0 0.25

14 i19:0 0.87 0.94 1.12 1.02 0.43 1.14 0.96 0.38
14 a19:0 0.42 0.62 0.43

- i21:0

- 14:1(n-7) 0.51 0.32 0.38 0.29 0.36

2 16:1(n-7) 15,74  33.50 23.3 1927 2599 23.35 5.31 54.27
5  A7:A(-7) 0.78 0.13 0.49 0.19

- 18:1(n-5) 1.10 3.93 1.15 0.70 1.15

11 18:1(n-7) 3424 2181 3216 2391 2595 32.08 2.91 20.19
10 18:1(n-9) 287 6.79 6.37 6.00 6.42 0.87 0.74
10 18:1(n-13) 4.71 2.35 0.92 0.95 0.40 1.04 1.03
15 19:1(n-7) 0.14 3.53

21 20:1(n-7) 5.34 3.07 5.236 5.00 5.61 5.43 4.05 0.45
20 20:1(n-9) 1.84 0.34 1.57 4.06 2.39 2.70 2.02

20 20:1(n-13) 4.41 1.92 2.65 4.98 5.32 7.61 0.62
- 21:4(n-7) 0.49

28  22:1(n-7) 0.50 0.63

- 22:1(n-9) 1.21

g9 18:2(n-7,13) 0.15 0.41 0.81
9  18:2(n-7,15) 0.85 1.98 0.87 0.32

8  18:2(n-9,15) 0.87 0.71 0.21 0.45 0.72 2.10

19  20:2(n-7,13) 0.23 1.02

19 20:2(n-7,15) 0.75 1.13 3.86 1.80 0.56 3.94 10.16 2.04
18 20:2(n-9,15) 0.85 0.77 2.99 2.23 0.79 2.98

24 21:2(n-7,14) 1.81 0.24 3.56 0.03 1.48

24 21:2(n-7,16) 1.32

- 21:2(n-7) ' 0.69

27 22:2(n-7,15) 1.1 0.38 0.61 1.21 0.10 0.62 7.28 0.85
27 22:2(n-9,15) 0.72 0.93 018 1.38 0.10 0.19 0.03

- 24:2(n-?) 0.69 0.29 2.74 0.02

7 18:3 1.04 9.19 0.24 0.67 0.25 0.e8 8.38
- 18:3

17 20:3 0.94 1.01 0.20 0.51 1.03 3.43
25 223 1.78 0.35
26 22:3 0.17
16 20:4(n-6) .29 0.39 0.20 0.04

Table 3. Relative concentrations of fatty acids, as % of total lipid fatty acid extract
(TLFA). (ldentified as fatty acid silyl esters). Unidentified isomers are given in order
of elution (CP Sil 5CB, 50m). ‘Numbers refer to GC peaks in Figure 1.



sterol A158  A162  A180  A202 A214  A187 Add  Vest
B C C D D A A C

C27 A5,221 0.52 0.59 0.45 11.55

C27 A222 0.61 0.53 .

C27 ASR 80.22 40.04 94.16 9243 9091 90.14 6753 30.73

C27 AD? 0.14  32.37 1.06 2.22 1.91 8.68

C27 A5,24° 1.04 8.49 0.81 0.60 0.62 1.65 1.18  37.06

C27 A248 6.41 0.08 0.03 0.08 0.49

C27 A7 4.68 1.13 0.81 1.20 1.13 0.68 .22 1.02

C28 A5,248 4.42 1.12 0.23 15.48

C28 A249 5.24

C28 AS1C 4.21 1.93 1.01 1.20 0.35 1.86 158  2.21

c28 AQ! 0.89 0.10 0.91

C28 A5,2212 0.33 0.37

C29 A513 6.66 1.00 2.34 1.86 1.31 148  3.50

C29 A5,2414 1.92 0.19 1.76 1.1 0.35 0.41 1.01

Total 2044 1291 7833 6914 5272 4096 225 5805

Table 6. Relative abundances of sterols, as % of total identified. Total

concentrations given are ug total sterols / g sample.

1cholesta-5,22-dienol; 2cholest-22-enol; 3cholesterol; 45a-cholestanol;

Scholesta-5,24-dienol; 8cholest-24-enol; 7cholest-7-enol;

824.methylcholesta-5,24(28)-dienol; 924-methylcholest-24(28)-enol;

1024-methylcholesterol; 1124-methyl-5c—cholestanol;

1224-methyicholesta-5,22-dienol; 1324-ethylcholesterol;

1424-ethylcholesta-5,24(28)-dienol



-GC  Fatty Acid A158  A162  A180 A202  A214 Gili Foot  Troph
#! B C c D D D D c
- 14:0

1 15:0 0.17 0.07 0.06 0.06 0.08 0.08 0.13 0.02
3 160 2430 1719 1152 1524 1619  5.82 9.53 16.30
& 170 _

12 18:0 5.91 2.55 2.75 3.05 1.75 9.99 9.29 1.37
- 19:0 0.02 0.05 0.03 0.02 0.02 0.15 0.07

22 20:0 2.89 0.79 0.78 1.24 0.56 0.91 0.46 0.14
29 220 0.12 0.04 0.14 0.36 0.06 0.32 0.26 0.04
- i14:0

4 70 0.42 0.18 0.22 D.24 0.22 0.15 0.21 0.02
- al7:0

14 {19:0 0.12 0.08 0.49 0.29 0.19 3.40 0.70 0.03
14  a19:0 0.19 0.04 0.02 0.30 0.42 0.04
- i21:0

- 14:1(n-7)

2 16:1(n-7) 9.93 15.51 8.97 1359 1421 4.81 952 4276
5  A7A(N-T) 0.73 0.39 0.22 0.32 0.23 0.30 0.24 0.01
- 18:1(n-5) 1.03 0.43 0.46 0.23 0.18 0.16 0.12
11 18:1(n-7) 29.08 3483 3465 2598 29.18 1.72 183  27.98
10 18:1(n-9) 1.11 0.70 0.61 0.59 0.63 0.07 0.15 0.03
10 18:1(n-13) 5.28 8.22 10.91 8.75 11.91 2.69 2.10 1.60
15 19:1(n-7) 0.19 0.57 1.37 1.42 1.27 3.43 1.95

21 20:1(n-7) 9.92 4.26 4.09 5.32 3.59 7.04 5.26 0.45
20 20:1(n-9) 0.48 0.57 5.00 3.03 2.97 2.24 1.25 0.01
20 20:1{n-13) 1.61 2.64 472 6.19 5.51 9.72 10.28 1.36
- 21:1(n-7) _

28  22:n-7) 0.71 0.18 0.12 0.12 0.06 0.10 0.11 0.03
- 22:1{n-9)

¢ 182(n-7,13) 059 0.80 0.76 0.63 1.08 0.02 0.08 0.83
8  18:2(n-7,15)  0.58 1.20 0.64 1.73 0.41 0.34 0.32 0.04
8  18:2(n-9,15) 1.68 1.46 0.73 0.76 0.64 0.37 0.36 0.08
19  20:2(n-713)  0.02 0.20 0.83 0.55 0.60 4.92 5.46

19 20:2(n-7,15) 0.99 3.75 5.20 3.15 4.84 15.18  13.14 224
18  20:2(n-9,15) 0.03 0.81 1.06 2.55 1.08 5.37 3.90 0.09
24  21:2(n7,14)  0.07 0.03 0.09 0.11 0.50 0.78

24 21:2(n-7,16) 0.05 0.18 0.15 1.31 0.88

- 21:2(n-7)

27  22:2(n-7,15)  0.22 0.72 1.13 0.90 0.99 6.54 9.96 1.02
27  22:2(n-9,15) 0.07 1.61 0.27 0.08 0.27 0.02
- 24:2(n-?)

7 183 0.92 0.18 0.43 1.51 0.31 8.00 8.00 0.01
- 18:3

17 203 0.03 0.19 0.25 0.06 0.36 0.14 0.10

25 223 0.10 0.08 0.05 0.01 0.02 0.14 0.44 0.10
26 2233 0.06 0.14 0.11 0.20 0.11 0.85 0.75 0.02
16 20:4(n-6) 0.40 0.89 1.00 0.25 0.71 0.72 0.73 3.16

Table 5. Relative concentrations of polar lipid fatty acids, as % total polar lipid fatty
acids, identified as their methyl esters (PLFAME). Unidentified isomers are given in

order of elution (CP Sil 5CB, 50m). 'Numbers refer to GC peaks in Figure 1.



Figure Legends;

Figure 1. Gas Chromatogram of the fatty acid methyl esters of the polar lipids isolated from
the hydrothermal vent mussel B. Thermophilus. 50m CPSil 5CB, 0.32mm i.d., 0.1pm film,
temperature program 40 - 150°C @12°Cmin™ 150-240°C @4°Cmin™". Peak numbers refer to
those given in Tables 2 to 5.

Figure 2 Relative abundances of different amphipod lipid classes as a percentage of total fatty
acids identified for neutral lipid fatty acids (NLFA) and polar tipids fatty acids (PLFA). A=
n-7 fatty acids, B =n-9 fatty acids, C = saturated fatty acids, D = unsaturated fatty acids, E =
monounsaturated fatty acids, F = polyunsaturated fatty acids, G = non-methylene interrupted
polyenoic fatty acids, H = branched fatty acids. Fatty acids were identified as fatty acid methyl
esters.
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Neutral Lipid Fatty Acids Polar Lipid Fatty Acids

100 100

A158 | A158

A B C D
Figure 2 Relative abundances of different amphipod lipid classes as a percentage
of total fatty acids identified for neutral lipid fatty acids (NLFA) and polar lipidsfatty
acids (PLFA). A = n-7 fatty acids, B = n-8 fatty acids, C = saturated fatty acids, D =
unsaturated fatty acids, E = monounsaturated fatty acids, F = polyunsaturated fatty

acids, G = non-methylene interrupted polyenoic fatty acids, H = branched fatty acids.
Fatty acids were identified as fatty acid methyl esters.
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