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Fatty acid biomarker analysis coupled with gas chromatography-isotope ratio mass spectrometry was used
to confirm the presence of methanotrophic and thiotrophic bacterial endosymbionts in the tissues of a
hydrothermal vent mussel (Bathymodiolus sp.), collected from the Menez Gwen vent field on the mid-Atlantic
ridge. Monounsaturated (n-8) fatty acids, which are diagnostic of methanotrophic bacteria, were detected in all
three types of tissues examined (gill, posterior adductor, and mantle), although levels were highest in gill
tissues where the bacteria were found. Stable-carbon-isotope compositions (d-13C per mille relative to that of
Peedee belemnite) of fatty acids for all three tissues ranged from 224.9 to 234.9‰, which encompasses the
range predicted for both thiotroph- and methanotroph-based nutrition. The data suggest that these thio- and
methanotrophic bacterial endosymbionts are equally important in the nutrition of the vent mussel at this
particular vent site.

Symbioses between deep-sea bivalves and either thio- (4, 18)
or methanotrophic bacteria (5, 8, 18) have been widely re-
ported. More recently, it has been established that some bi-
valves from hydrothermal vents on the mid-Atlantic ridge
(MAR) contain both types of symbiotic bacteria in their gills
(6), and this has been interpreted as being advantageous for
the bacteria in colonizing a wider range of geochemical envi-
ronments (17).

Fatty acid biomarkers, diagnostic for thio- and methanotro-
phic bacteria, have proven to be a useful tool in the study of
host-symbiont relationships in deep-sea faunas (33–35). When
such analyses are coupled with isotope ratio mass spectrometry
(IRMS), the technique becomes even more powerful and it
may be possible to identify both the source of carbon and
trophic transfer within chemoautolithotrophic ecosystems (1,
16, 28, 33, 36).

In contrast to deeper MAR sites (3,000 to 3,650 m), where
alvinocaridid shrimps tend to dominate (38, 41), the Menez
Gwen (850 m) and Lucky Strike (1,650 m) vent fields at the
Azores triple junction are dominated by an undescribed bi-
valve mussel, Bathymodiolus sp. (14, 21, 42). Stable-carbon-
isotope (d-13C) values of 224.1‰ for the mussels at Lucky
Strike led to speculation that methanotrophic metabolism
could be a significant source of nutrition (17). In the present
study we conducted gas chromatography (GC)-IRMS analysis
of various tissue types in the mussel species from Menez Gwen
in an attempt to establish, from the stable-isotope composi-
tions of their fatty acid biomarkers, the relative importance of
thio- and methanotrophic bacterial endosymbionts in its nutri-
tion.

Station location and description. Three specimens of Bathy-
modiolus sp. were collected from the same locality by using the

IFREMER submersible vessel Nautile, during the DIVA 2
cruise (dive PL 16), in June 1994 from the Menez Gwen hy-
drothermal vent field at 37°509N, 31°319W (850 m) on the
MAR. As with other vent sites, the mussels at Menez Gwen
were found in areas typified by diffuse-flow, low-temperature
venting. A full description of the Menez Gwen site and ecology
is given in references 14, 21, and 22. Mussels were frozen at
270°C shortly after collection. Specimens were measured
(greatest anterior-to-posterior-shell lengths) and weighed in
the laboratory before removal of mantle, gill, and posterior
adductor tissues. Thin films of dark-brown epibiotic material
which coated the outside of the shells were scraped off with a
scalpel for analysis.

Lipid analyses. Immediately after dissection, mussel tissue
samples and epibiotic material were homogenized in chloro-
form-methanol (2:1, vol/vol) before being filtered through a
prewashed (chloroform-methanol [2:1, vol/vol]) Whatman no.
1 paper filter. Total lipid was extracted by following the
method of Folch et al. (20) and dried under nitrogen. Aliquots
of total lipid were transesterified in methanol containing 1.5%
(vol/vol) sulfuric acid for 16 h at 50°C (9), and the fatty acid
methyl esters were purified by thin-layer chromatography.
Component fatty acid methyl esters were analyzed by GC on a
Canberra 436 GC fitted with a BP20 fused silica capillary
column (50 m by 0.32 mm, inside diameter; SGE) with hydro-
gen as a carrier gas.

GC-MS. To reduce coelution of fatty acids, methyl esters
were first separated into saturated fatty acid (SFA), monoun-
saturated fatty acid (MUFA), diunsaturated fatty acid
(DUFA), and polyunsaturated fatty acid (PUFA; three or
more double bonds) fractions by argentation high-perfor-
mance thin-layer chromatography with hexane-diethyl ether
(90:10, vol/vol) (43). MUFA positional isomers were deter-
mined with dimethyl disulfide adducts (30) and the double-
bond positions of DUFAs and PUFAs as both diethylamide
(31) and picolinyl (10) derivatives with a Fisons MD 800 GC-
MS. The GC was fitted with a DB-5MS column (15 m by 0.25
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mm, inside diameter; J & W Scientific) and the MS was oper-
ated in the electron-impact-negative mode with helium as the
carrier gas.

GC-IRMS. Stable-carbon-isotope ratios (13C/12C) were
measured by GC-combustion IRMS with a VG Isochrom II
instrument equipped with a column similar to that described
above (15). Conventional quartz closed-tube combustion (39)
was employed to determine the d-13C composition of the meth-
anol used to prepare the methyl esters, and the contribution of
derivatized carbon to specific fatty acids was calculated as
described previously (33).

The three mussels used in this study had wet masses, includ-
ing their shells, of 17.5, 12.6, and 10.3 g. Maximum anterior-
to-posterior-shell dimensions of these same specimens were
6.7, 5.4, and 4.9 cm, respectively.

Fatty acid composition. Overall, the fatty acid compositions
of gill, mantle, and posterior adductor tissues were similar and
dominated by the SFA 16:0 and (n-7) MUFAs (Table 1; Fig.
1). Lesser amounts of 16:1(n-9) and 16:1(n-8) MUFAs were
also detected, although these could not be adequately resolved
for accurate quantification by GC and hence had to be com-
bined (Table 1). Notably, there were significantly higher pro-
portions of 16:1(n-91n-8) and 20:1(n-13) MUFAs in the gill
tissue fractions than in mantle and adductor tissue fractions
(analysis of variance [ANOVA], P , 0.001 and P , 0.01,
respectively) (Fig. 1). Gill tissue also contained a significantly
lower proportion of 18:1(n-7) than mantle and adductor tissues
(ANOVA, P , 0.001 and P , 0.003, respectively).

The non-methylene-interrupted dienes (NMIDs) 20:2 D5,
11; 20:2 D5, 13; and 22:2 D7, 15 were moderately abundant in
all three tissues and, when combined, accounted for 8.2 to
11.4% of the total fatty acids (Fig. 1). Gill tissue contained
significantly higher proportions of the triunsaturated fatty acid
18:3(n-7) than mantle and adductor tissues (ANOVA, P ,

0.001, and P , 0.004, respectively) (Table 1), while 20:3(n-7)
was only significantly higher in gill tissue than in mantle tissue
(ANOVA, P , 0.03). The PUFAs 20:5(n-3) and 22:6(n-3) were
detected only in posterior adductor tissue in very small
amounts (Table 1; Fig. 1).

Compared to the mussel tissues, epibiotic material from the
shell surfaces contained larger amounts of SFAs (14:0, 16:0, and
18:0) and smaller amounts of NMIDs and 20:3(n-7) (Table 1;
Fig. 1). When combined, the (n-13) and (n-91n-8) MUFAs
were present in proportions comparable to those observed in
mussel tissue and accounted for approximately 16% of both
mussel tissue and epibiotic fatty acids. 20:5(n-3) was also de-
tected in the epibiotic fatty acids, although in very small
amounts (Table 1).

Stable-isotope composition. The methanol used to prepare
methyl esters had a d-13C value of 241.8‰ relative to that of
Peedee belemnite (PDB), and GC-IRMS values of fatty acids
were corrected (33). Mean stable-carbon-isotope compositions
(d-13C per mille relative to that of PDB) of fatty acids in the
mussel tissues ranged from 224.9‰ for the NMID 20:2 D5,11
to 234.9‰ for 14:0 (in gill tissue), although the majority of
fatty acids were in the general range 228.5 to 232.0‰ (Table
2). Although stable-isotope ratios for specific fatty acids in the
three tissue types were similar, the gill SFAs 14:0, 16:0, and
18:0 were all significantly 12C enriched compared to the cor-
responding fatty acids from mantle and adductor tissues
(ANOVA, P , 0.05) (Table 2).

Stable-isotope compositions of epibiont fatty acids were
within the range of values determined for the mussel tissues
(226.0 to 230.1‰) (Table 2). The fatty acids 14:0, 16:1(n-
91n-81n-7), and 18:1(n-7) had significantly higher levels of
d-13C in epibiotic material than in all mussel tissues, while 16:0
was only significantly 13C enriched compared to gill tissue
(ANOVA, P , 0.01).

TABLE 1. Fatty acid compositions of various tissues and epibiotic material from hydrothermal vent mussels

Fatty acid Biomarker
designationa

Mean weight % (range) fatty acid compositionb of:

Mantle tissue Posterior
adductor tissue

Gill tissue
including

endosymbionts
Epibiotic material

14:0 T 0.5 (0.4–0.8) 0.6 (0.5–0.8) 2.0 (1.8–2.4) 5.4 (3.5–9.2)
14:1 Tr.
15:0 1.6 (1.0–2.6)
16:0 T 1 M 12.2 (11.1–13.4) 13.7 (13.2–14.0) 12.7 (11.1–15.0) 21.3 (16.6–27.6)
16:1(n-91n-8) M 2.3 (1.9–2.7) 2.6 (2.2–3.0) 16.3 (13.4–17.7) 5.0 (2.8–7.7)
16:1(n-7) T 1 M 39.7 (37.5–44.4) 34.5 (31.5–37.6) 27.6 (24.4–29.3) 28.9 (19.8–35.5)
18:0 T 1.5 (1.2–1.6) 1.9 (1.8–2.0) 2.4 (2.2–2.6) 5.7 (4.4–8.0)
18:1(n-131n-91n-8) M 5.4 (4.8–6.2) 5.1 (4.8–5.3) 2.8 (2.1–3.0) 8.0 (6.6–8.7)
18:1(n-7) T 8.2 (7.5–8.7) 7.4 (6.7–8.8) 2.4 (1.9–3.1) 6.8 (6.1–7.6)
18:2(n-6) T 1 M 1.0 (0.8–1.1) 1.0 (0.8–1.1) 0.6 (0.6–0.8) 2.7 (1.0–3.8)
18:3(n-7) T 3.6 (3.2–4.3) 4.7 (4.3–5.2) 6.5 (6.3–6.8) 2.0 (0.7–2.7)
20:0 Tr. Tr. Tr. 0.4 (0–0.8)
20:1(n-13) M 2.5 (2.1–3.1) 3.4 (2.8–4.2) 5.3 (4.6–6.2) 1.6 (0.6–2.4)
20:1(n-91n-8) M 4.5 (3.9–4.8) 3.7 (3.4–4.1) 1.5 1.8 (0.7–2.7)
20:1(n-7) T 7.7 (7.1–8.4) 7.1 (6.1–8.5) 5.5 (5.1–5.7) 2.7 (0.7–4.1)
20:2 D5,11 T 1 M 2.6 (2.5–2.8) 3.1 (2.8–3.7) 3.5 (3.2–3.7) 1.2 (0.3–1.8)
20:2 D5,13 T 1 M 3.6 (2.8–4.1) 4.0 (3.6–4.2) 5.4 (5.3–5.7) 1.9 (0.5–2.9)
20:3(n-9) M 0.8 (0.6–0.8) 1.0 (0.9–1.1) 1.2 (1.0–1.3) 0.4 (0.2–0.6)
20:3(n-7) T 1.8 (1.5–2.1) 2.3 (2.1–2.5) 2.8 (2.4–3.2) 1.0 (0.4–1.4)
20:5(n-3) 0.5 (0.2–1.3) 0.7 (0.5–1.0)
22:2 D7,13 Tr.
22:2 D7,15 T 1 M 2.0 (1.4–2.5) 2.6 (2.4–3.0) 2.5 (2.3–2.8) 1.0 (0.2–1.5)
22:6(n-3) 0.6 (0.2–1.5)

a T, thiotrophic fatty acid; M, methanotrophic fatty acid.
b n 5 3. Tr., trace (,0.1%).
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In order to gain further information on the contribution of
the thiotrophic and methanotrophic endosymbionts to the nu-
trition of the mussel, the stable-carbon-isotope composition of
total free fatty acids of mantle tissue was measured; the value
was determined to be 228.3‰ by closed-tube combustion.
Mantle tissue is not known to contain endosymbionts, and all
fatty acids contained in this tissue can be attributed to the
mussel.

Discussion. The occurrence of deep-sea invertebrate-bacte-
rium symbioses has previously been well-established by tech-
niques such as electron microscopy (6, 18, 40), enzyme assays
diagnostic of particular bacterial symbionts (6, 17, 18), and
analyses of bulk-carbon-isotope ratios (6, 19). However, these
techniques offer limited quantitative information and do not
discriminate between material derived from the host, bacterial
endosymbiont(s), and exogenous sources. By contrast, analyses
of fatty acid biomarkers often allow a fuller evaluation of
host-symbiont energy relationships and carbon sources (23, 26,
33, 34, 36).

Electron microscopy of gill tissues from mussels at the ad-

jacent Lucky Strike site has indicated the presence of endo-
symbiotic bacteria with stacked intracellular membranes,
which are characteristic of type I methanotrophs (17). Mussels
at Menez Gwen also appear to have endosymbiotic bacteria
with stacked intracellular membranes, as was confirmed by the
detection of 16:1(n-8), a fatty acid which is considered to be a
definitive marker for this bacterial group (3, 29). Furthermore,
the occurrence of this same fatty acid in all tissues, gill, mantle,
and adductor muscle, confirmed that (i) methane-oxidizing
metabolism is active in the mussel and (ii) the type I meth-
anotroph-derived fatty acids contribute directly to the overall
nutrition of the bivalve host. It is notable that the 18:1(n-8)
fatty acid, which is diagnostic of type II methanotrophic bac-
teria (3, 29), was also detected in all the three tissue types. It is
established that 16:1(n-7) is a major component of thiotrophic
bacteria, and hence this fatty acid has been used as a marker
for the presence and abundance of thiotrophic bacteria both in
sediments and deep-sea invertebrates (24, 35). However, as
16:1(n-7) can also be a major component of both type I meth-
anotrophs and conventional heterotrophic bacteria (3, 29, 37),

FIG. 1. Proportions of different groups of fatty acids from gill tissue containing endosymbionts (a), mantle tissue (b), posterior adductor tissue (c), and epibiotic
material (d). Thiotrophic and methanotrophic fatty acid markers comprise only those fatty acids considered to be specific to either group (Table 1).

372 POND ET AL. APPL. ENVIRON. MICROBIOL.



its use as a marker for thiotrophs is not definitive. Similarly,
18:1(n-7) has been reported as indicative of the presence of
thiotrophic bacteria (24), but this fatty acid is also a substantial
component of type II methanotrophs (3). Thiotrophic bacteria
have been detected previously in the gill tissues of mussels
from the adjacent Lucky Strike vent field (6, 17, 41) and are
likely to be present in the animals analyzed in the present
study, but the low proportions of 18:1(n-7) in the gill tissues of
the Menez Gwen mussels (2.4%) does allow the conclusion
that type II methanotroph fatty acids contribute in only a
limited way to the overall nutrition of the mussel. The larger
amounts of 18:1(n-7) in mantle and adductor tissues (7 to 8%)
may indicate active elongation of 16:1(n-7) by the host species,
although the presence of a functional gut (28) makes an exog-
enous bacterial source also a possibility.

The exceptionally low levels of the PUFAs 20:5(n-3) and
22:6(n-3) in all samples implies that (i) there is not a significant
source of these compounds at Menez Gwen, either from the
endosymbionts or from suspended particles, and (ii) these are
not essential fatty acids for the mussel, as they are for higher
marine vertebrates and possibly hydrothermal vent shrimps
(32–34). It has been proposed that animals whose diets pre-
dominantly consist of bacteria, i.e., diets rich in 16:0, 16:1(n-7),
and 18:1(n-7) fatty acids, while being relatively deficient in
(n-3) PUFAs, produce NMIDs from monenoic fatty acids (2,
27) which effectively substitute for the low levels of (n-3)
PUFAs. The presence of circa 10% NMIDs in mussel tissues is
consistent with this hypothesis. The higher levels of the triun-
saturated fatty acids 18:3(n-7) and 20:3(n-7) in gill tissue sug-
gest that bacterial symbionts may be the source of these com-
pounds. Several studies have demonstrated that thiotrophic
bacteria are capable of synthesizing polyunsaturated fatty acids
(25, 34), although this ability has not been identified to any
extent in methanotrophs (3, 29).

The fatty acid profile of the epibiotic material, while exhib-
iting large amounts of (n-8) MUFAs, contained substantially
higher levels of the SFAs 14:0, 16:0, and 18:0. This is consistent
with the epibiotic samples comprising predominantly detrital
material, since these fatty acids are least prone to auto-oxida-
tion and tend to accumulate in marine sediments. Further-
more, the detection of (n-8) and NMID fatty acids, albeit in
small amounts, suggests this detrital material is derived from
the mussel, most probably via feces and pseudofeces. However,
it is possible that some of the epibiotic fatty acids originated

from bacteria living on the shell, a substratum which is known
to be colonized by methanotrophs (12).

Different groups of chemolithotrophic bacteria (thio- and
methanotrophs) associated with hydrothermal ecosystems uti-
lize different carbon sources with distinct carbon isotope ratios.
Furthermore, these different bacterial groups utilize different
enzyme systems for carbon fixation which discriminate by var-
ious degrees against 13C. Thiotrophic bacteria oxidize hydro-
gen sulfide and utilize the energy released to fix carbon dioxide
into organic compounds. Similarly, methanotrophs also use a
reduced compound as an energy source, in this case methane,
which they also use as a carbon source (18). Thus, the isotope
signatures in specific carbon-containing compounds can give a
valuable indication as to the nature of the original carbon
source and the organism(s) responsible for their synthesis.

The carbon isotope ratio of methane in the seawater at
Menez Gwen has recently been determined to be circa 213‰
(7), a value which is also within the range reported for thio-
trophs (11). Methanotrophic bacteria in deep-sea bivalves dis-
criminate against 13CH4 by approximately 6 to 12‰ (8), and
as lipid is isotopically lighter than total organic carbon by 3‰
(due to discrimination against 13C during the synthesis of
acetyl coenzyme A by pyruvate decarboxylase [13]), we can
predict that fatty acids derived from a methane carbon source
would have isotope values in the range 222 to 228‰. This
range agrees well with the value of 224.1‰ determined pre-
viously from a total carbon analysis of mussels from Lucky
Strike, which also contain methanotrophic and thiotrophic en-
dosymbionts (17). In contrast, the carbon isotope ratio of hy-
drothermal bivalves containing only thiotrophic endosymbi-
onts is usually somewhat lower, with d-13C values typically in
the range 230 to 236‰ (6, 11, 19).

If first we consider gill tissue, where the endosymbionts are
known to be located (17), it is apparent that the fatty acids
14:0, 18:0, 18:1(n-7), 20:1(n-7), 18:3(n-7), and 20:3(n-7) are
comparatively depleted of 13C, which is consistent with a thio-
trophic source for these compounds. By contrast, the fatty
acids which are markers for methanotrophs, i.e., 16:1(n-91n-
81n-7) and 18:1(n-131n-91n-8), are relatively enriched with
13C and are at the top end of the range predicted for a meth-
anotrophic carbon source. Unfortunately, it was not possible to
distinguish the individual MUFAs, as the GC-IRMS technique
necessitates the use of helium as a carrier gas, thus reducing
resolution. Therefore, the slightly higher than predicted iso-

TABLE 2. d-13C values of fatty acids in various tissues and epibiotic material of the hydrothermal vent mussel Bathymodiolus sp.

Fatty acid
Mean d-13C value (range)a of:

Mantle tissue Posterior adductor tissue Gill tissue including endosymbiots Epibiotic material

14:0 229.7 (229.7 to 229.7) 226.4 (226.3 to 226.4) 234.9 (234.5 to 235.6) 226.0 (225.7 to 226.2)
16:0 227.5 (226.7 to 228.8) 225.9 (225.3 to 226.7) 229.5 (228.7 to 230.3) 226.9 (225.3 to 227.9)
16:1(n-91n-81n-7) 228.8 (228.0 to 230.3) 228.2 (227.3 to 229.1) 228.5 (227.7 to 229.2) 226.2 (224.9 to 227.4)
18:0 227.5 (226.0 to 229.0) 228.1 (227.6 to 228.3) 231.1 (227.8 to 233.0) 229.0 (227.1 to 231.4)
18:1(n-131n-91n-8) 228.6 (225.8 to 230.8) 229.3 (228.1 to 230.2) 228.8 (225.3 to 233.7) 229.0 (227.6 to 230.7)
18:1(n-7) 230.2 (227.7 to 232.1) 228.7 (228.4 to 229.2) 231.5 (229.3 to 234.6) 226.4 (225.9 to 227.1)
18:2(n-6) 228.7 (227.6 to 229.8) 228.7 (228.5 to 228.8) 228.9 (228.3 to 229.5)
18:3(n-7) 228.6 (227.1 to 230.0) 231.9 (229.7 to 233.7) 234.5 (234.1 to 234.8) 230.1
20:1(n-131n-91n-8) 28.6 (224.7 to 230.9) 231.3 (228.9 to 235.3) 230.8 (230.4 to 231.0) 228.8
20:1(n-7) 229.7 (228.1 to 231.7) 229.3 (228.0 to 230.6) 231.3 (230.0 to 232.5) 230.1
20:2 D5,11 224.9 (219.8 to 228.3) 229.7 (229.1 to 230.1) 227.9 (226.5 to 230.5)
20:2 D5,13 225.9 (221.3 to 230.2) 228.7 (228.4 to 229.0) 228.6 (226.3 to 230.2)
20:3(n-7) 230.4 (230.2 to 230.6) 230.5 (229.3 to 231.7)
22:2 D7,15 228.4 (223.7 to 231.0) 230.3 (228.6 to 231.8)

a All values are corrected for the 241.8‰ d-13C value of the derivatization reagent. n 5 3.
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tope ratios for MUFAs suggest that at least a proportion of the
(n-7) and (n-9) fatty acids are synthesized by the thiotrophic
endosymbionts. The isotopically light values for the fatty acids
18:3(n-7) and 20:3(n-7) support the earlier assertion that these
compounds are of thiotrophic origin.

Although some fatty acids are characteristic of either a thio-
or a methanotrophic origin, others are synthesized by both
types of bacteria and hence their isotope ratios should reflect
dual biosynthetic pathways. Based on information from the
literature (3, 6, 17, 28, 29) and data from the present study,
each fatty acid was assigned a biomarker designation in accor-
dance with its origin (Table 1). It was then possible to calculate
the potential minimum and maximum percent contributions of
the two symbiont pathways to the overall host-symbiont fatty
acid pool (Table 3). Minimum estimates include only fatty
acids which are recognized specific thio- or methanotroph
markers and also those fatty acids whose isotope ratios are
typical of one group only. Maximum estimates for each group
were based on these same fatty acids, plus those capable of
being produced by both symbiont types. Clearly, the maximum
value may exaggerate the contributions of those fatty acids
which are synthesized by both symbionts. Given that the car-
bon isotope composition for total fatty acids in mantle tissue is
228.3‰, i.e., a value midway between the range expected for
thio- and methanotroph metabolism, it is reasonable to con-
clude that the two types of symbiont are more or less equally
important for the nutrition of the mussel host at this particular
vent site. Such nutritional plasticity clearly facilitates the col-
onization of more than one type of chemical environment (17).
It may explain the dominance of mussels at both Menez Gwen
and other “shallow” sites on the MAR (e.g., Lucky Strike at
1,700 m), where vent effluent is richer in methane than it is at
deeper sites and where thiotrophic bacteria-shrimp symbioses
dominate (33, 38, 41).

We thank Anne-Marie Alayse (IFREMER, Brest, France), chief
scientist of the DIVA 2 cruise, for providing the mussel specimens. We
also thank C. Taylor for conducting GC-IRMS analysis and J. R. Dick
for GC-MS analysis of fatty acids.
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