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ABSTRACT

Extremely therrnophilic naicrobial communities associated ,,,,'ilia the siliceous vent walls and

outflow charmel of Octopus Spring, Yellowstone National Park, have been examined for lipid

biornarkers and carbon isotopic signatures. These data were compared with that obtained from

representatives of three Aquii&'ales genera. Thermocri_is ruder. "The_w_ocri_Us sp. HI",

Hydrogenobacter thermol)hiIus TK-6, Aqu([ex t_yrophiIus and Aqu(/ex aeoIicus all contained

phospholipids composed not only of the usual ester-linked fatty acids, but also ether-linked

alkyls. The fatty acids of all cultured organisms were dominated by a vel 3, distinct pattern of n-

C2o:l and (3"-C21 compounds. The alkyl glycerol ethers were present primarily as C_s:0

rnonoethers with the expection of the Aquifex spp. in which dia]kyl glycerol ethers with a

boarder carbon-number distribution were also present. These Aquificales biomarker lipids were

tile major constituents in the lipid extracts of the Octopus Spring rnicrobial samples. Two

natural sarnples, a microbial biofih-n growing in association with deposition of arnorphous silica

on the vent walls at 92°C, and the well-known 'pink-streamers community' (PSC), siliceous

filarnents of a rnicrobial consortia growing in the upper outflow channel at 87°C were analyzed.

Both the biofilm and PSC samples contained mono- and dialkyl glycerol ethers with a

prevalence of Cls and C:,o alkyls. Phospholipid fatty acids were cornprised of both the

characteristic Aquificales n-C-,0:_ and (_3'-C21, and in addition, a series of iso-branched fatty acids

from/-CI5:O to/-C2t:o, with i-C_7:o dominant in the PSC and/-C19:o ill the biofilrn, suggesting the

presence of two major bacterial groups. Bacteriohopanepolyols u ere absent and the mirmte

quanlities of archaeol detected showed that Archaea were only minor constituents. Carbon
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isotopic compositions of lhe PSC yielded infor:nalion about conamunily structure and likely'

physiology. Biomass was i_C-depleted (10.OC_<) relalivc to available COz from Ihe source walcr

inorganic carbon pool \vith lipids further depleted by 6.3g< relati\c Io biomass. The C__0zi

Aqu(li'cah's fatty acids of the PSC were somewhat heavier (average .c_xsi3cco_,= -18.45,_c) than
13

the iso-branched fatty acids (average A8 Cco2 = -22.6_<). The carbon isotopic signatures of

lipid biornarkers were also explored using a pure culture, 7". ruher, previously isolated fiom the

PSC. Cells grov<n Oll CO2 with O2 and both H: and thiosulfale as electron donors were only

slightly depleted (3.3_c) relative to the C-source while cells grown on formale wilh O, showed

a major discrimination (19.79;(), possibly the result of a melabolic branch point invohing the

assimilation of C-formate to biomass and the dissimilation to COz associated with energy

production. 7. ruher lipids were slightly, heavier than biomass (+1.3_<) whether cells were

grown using CO_, or formate. Fatty acids from CO-, grown T. rut)er cells were also slightly

heavier (average = +2. IC/cc)than biomass. The relatively depleted PSC C20_21 fatty acids suggest

that any associated fhermocrinis biomass would also be similarly depleted and much too light

to be explained by growth on CO> The C-fractionations deterrnined with the pure culture

suggest that growth of Thermocrinis in the PSC is more likely' to occur on formate, presunlably

generated by geothermal activity. This study points to the value of the analysis of the structural

and isotopic composition of lipid biomarkers both in pure culture studies, and in establishing

conamunity structure and physiology, as a complement to genomic profiles of microbial

diversity. This is especially so when the members of the microbial community are novel and

difficult to cultivate in the laboratoly'.

INTRODUCTION

Based on phylogenetic analysis of small subunit rRNA sequences, hyperthermophilic

organisms proliferate in the deepest branches of the Bacterial and Archaeal domains. The

branch lengths of these hyperthermophilic lineages tend to be short which further suggests that

such organisms are the closest known extant descendants of the Last Common Ancestor and

retain many ancestral phenotypic properties [63]. The recent discovery of probable filamentous

microfossils preserved in a submarine, volcanogenic massive sulfide deposit that ,,,,'as dated at

3,235 Ma lends considerable weight to the theory that hydrothermal vent organisms have had a

vei T long history on Earth and to proposals for a hypertherrnophilic chemolithotrophic origin of

life [54]. Hyperthermophilic microbes are also attracting astrobiological and biogeochemical

interest. This is because of their potential roles in the formatiol_ of many kinds of mineral

deposits, and the generation of rock textures and mineral assemblages thai may be diagnostic

fox extant or extinct life beyond Earth [6, 14, 68].
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A well known example of a cllemolithotrophic ecos)'stcm composed of filanacntous

slrcamcrs is found at Octopus Spring, Ycllowslonc Nalional Park, LSA.. The 'pink streamers"

were first described by Brock in 1965 [5]. Similar streamer communities were first described

by Selchcll in 1903 [59] and have been described in neutral to alkaline springs in geothermal

areas in Iceland, Japan and Kamtschatka, Russia [26, 62, 70], and more recently as distinc!

black streamers at Calcite Springs in Yellowstone [55]. The Octopus Spring communities were

noted for their propensity to rapidly form rnacroscopically visible pink streamers o13 strings or

biofilms on glass slides immersed in source waters [4]. Molecular analysis of the small

subunit 16S rRNA sequences of the filamentous pink streamer community (PSC) suggests

dominance of the domain Bacteria, and in particular tv,'o deeply dixerging phy]otypes affiliated

with the AqMfiicales and Thermotogales [56].

The Yellowstone PSC appear as gelatinous, filamentous masses attached to rocky

flagments and small twigs in the swift upper outflow channel, closel\ adjacent to the \ent source

of Octopus Spring [4]. The masses are imbued with amorphous silica deposiling fiom the

SiOz-rich vent fluids [2, 4]. From the PCS. the first 'pink streamer' isolate, Thermocrinis

ruber, has been otained recently in pure culture [23]. T. tuber forms a separate lineage within

the order Aquificales, and shares many features with the two previously isolated genera, ,4quifi,x

and Hydrogenobacter [27, 35, 37], including chemolitho-autotrophic growth with hydrogen,

sulfur or thiosulfate in the presence of oxygen. However. T. tuber also grows

chemoorganoheterotrophically, a previously undescribed metabolic property for this group

[27]. Various molecular studies of microbial strearners have identified a number of other novel

sequences of yet uncultivated organisrns [56, 62]. Genomic and microscopic analysis of

Octopus and other siliceous springs indicate that similar bacterial communities readily colonize

the vent walls of these thermal pools [6, 28].

The ability, of microorganisms to survive adverse temperature changes depends on a

thermoadaptative compensation largely determined by the nature of the hydrocarbon chains that

fill the hydrophobic core of their cellular membranes. Numerous studies have shown the

predominance of iso- and anteiso-branched fatt3 acids and the lack of unsaturated fatty acids in

most thermophilic bacteria [39]. However, some thermophiles arc now recognized for a variety

of novel lipids which can serve as valuable biomarkers. Thermomicrol)imn roseum contains

internally methyl-branched Cls fatty acid and long-chain 1,2-diols as major components [51].

The core lipids of members of the order Thermotogales are cornposed of unusual dicarboxylic

fatty acids and a new ether lipid, 15,16-dimethyl-30-glyceroloxytriacontanoic acid [25]. Other

novel mono- and dialkyl glycerol ether (GME and GDE, respectively) lipids have been

described in Thermodestdfobacterium commune [38] and A. IWOl#zilus [27] which differ only

in the nature of the hydrocarbon chain. The predominant ether Iipids in T. commune are
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composed of iso-and anteiso-branched chains, while in ,4.1_3rrqUHh_s, they are straight chains.

Also, given tile rarity of tnls;.lturalcd fatty acids in thcrmophilcs, the presence of high alllOUlllS of

a monounsaturated, straight chain C2o in the H3drogenobacter genus I35] is of particular

importance as described below.

Lipid analyses of natural therrnophilic streamer rnals are quite limited. Bauman and

Sirnrnonds [2] reported on the fatty acid composition of 'pink streamer' samples fi-om Fireholc

Pool and Pool 'A' (Octopus Spring) of the lower Geyser Basin in Yellowstone. Their lipid

extracts showed a fatty acid distribution comprised of a series of normal C_4 Io C> members

and iso-Cl5 to iso-C>. The rn;tjor fatty acids appeared somewhat influenced b) temperature;

the Firehole Pool {8UC) sarnplecontained a rnonounsaturate C:_, and iso-Civ as the rnalor

acids, while in Pool 'A't87"C), a cyclopropyl C:l and iso-C1,) were more abundant.

In addition to can3,ing distinctive structures, lipid biornarkers also encode the stable

isotopic signature that provides information about the physiologies of the source organisms

[15, 32]. Interpretation of these isotopic signatures requires knowledge of the inherent C-

isotopic discriminations associated with the flow of carbon from natural sources through the

biochemical pathways involved in carbon fixation and lipid synthesis. Data that constrains the

pCO2 and its isotopic composition are accessible for the Octopus Spring vent waters. On the

other hand, only ave U limited amount of information is available on the bulk isotopic

flactionation factors for some cultured therrnophiles and, to our knowledge, nothing has been

reported on the isotopic composition of lipids.

In this study, we initially set out to exalnine the microbial cornposition of the Octopus

Spring PSC and nearby vent biofihns through a cornprehensive analysis of signature lipids. The

resultant data revealed a rnore complex situation than was indicated by genornic analysis alone

and suggested the need for appropriate support data from pure culture studies. A comparison

of the lipid profiles of several genera within the AquOqcales, as ,,,,ell as, rneasurements of the

carbon isotopic fractionation associated with autotrophic and heterotrophic growth of the only

available PSC isolate, T. ruber, formed a flarnework for understandirlg the population structure

of the Octopus Spring 'pink streamer' community.

METHODS AND MATERIALS

Sample collection and preparation. Biomass consisting of the "pink streamers" comrnunity

tPSC) attached to rock surfaces was collected using forceps fiorn an 87°C, pH 8.3 site in the

main outflow just below the source pool vent of Octopus Spring in May 1997. The filarnents

were phlced ill glass tubes, sealed with teflon lined caps and frozen on dry ice v,ithin 3 hi-s, and
3

maintained so in transit to Ames. A vent wall geyserite sample approxirnately 25 crn- was
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removed from a site closely adjacent lo the main Octopus Spring pool source al 92_C. Working

in a glove box, the lop I-2 111111of tile surface area of tlle _eyserite-biofilm was carefully removed

by scrapping with a spatula, transferred to glass vials arid frozen. P.qJC alld vent geyserite samples

were lyophilized and then ground to a powder in a glass mortar prcx-iousl 3 cleaned with sequential

solvent washes of dichloromethane, methanol and acetone. All glassware and metal implements

used in our procedures were baked at 450°C for a minimum of 4 h. Only teflon stoppers and/or

teflon-lined screw caps were used in analyses.

Strains and culture conditions. Thermocrinis tuber OC I/4 (DSM 12173), Aqui.fi,.v

pyrophiht,r Kol5a (DSM 6858), ttwlrogenohacter lhermoldHlu._ TK-6 (IAM 12695), Aquifi,.v

aeolicus VF5 [26] and Thennocrinis sp. HI 11/12 [23] were obtained from the culture collection

of the Lehrsmhl fth Mikrobiologie, Universit',it Regensburg, Germany. Cell masses of the

Aqu(fi'cah's strains were grown at 85°C (70°C for- H. thermophiht.s and 80°C for T. tuber \vith

formate) with stirring (up to 400 rpm) in a 300-liter enamel-protected fermenter (Bioengineering,

Wald, Switzerland) as described in Table I. For growth of 7". ruher in experiment 1 (isotope

study), the cell titer was monitored and the culture was gassed with increasing flow rates (2, 5, 7.5

and 10 I/rain) to maintain growth rate. At harvest, a titer of I.I x l0 s cells/ml had been reached

from which a biomass dry wt equivalent to 2.1 x 10-La gin/cell was recovered.

Phylogenetic analyses. For the analyses, an alignment of about 11.000 homologous full primary

sequences available in public databases (ARB project, [40, 41]) was used. The Aqu(ficales 16S

rRNA gene sequences were fitted in the 16S rRNA tree by using the respective automated tools

of the ARB software package [41]. Distance matrix (Jukes and Cantor correction), maximum

parsimony and maximum likelihood (fastDNAml) methods were applied as implemented in the

ARB software package [42]

Lipid extraction, separation and analysis. Lipids were extracted from lyophilized ground

,,l_: Bligh and Dyer procedure,sinter or Aqu_'cales biomass using a single phase r,-nodification of _ "

and water-soluble contaminants removed as previously reported [29]. Elemental sulfur was

removed by passing the total lipid extract over activated copper powder. The total lipid extract

(TLE) was dried under nitrogen, therl maintained in a vacuum dessicator over Drierite until

reaching a constant weight.

A portion of the PSC total lipid was used for an oxidation-reduction procedure to convert

bacteriohopanepolyol to its hopanol derivative [58] and analysis as previously reported [30].

Fatty acid methyl esters (FAME) and glycerol ethers (GME and GDE) were prepared by two

procedures. In procedure I, FAME were prepared by treating a poction of TLE by a mild alkaline

methanolysis procedure [47] modified by heating at 37°C for 1 h. FAME were separated flom
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the renlaining polar other lipids (GME and GDE) by thin-layer chromatography (TLC) using a

nlclhylene chloride mobile phase as prcviou._ly reported [291. The FAME (Rf 0.80) were

recovered by eluting thc silica gel with methylene chloride, and the ciher-linkcd componcnls were

recovered from the origin of the TLC plate b\ gligh and Dyer exlraction of the silica gel zone.

The polar ether components were then hydrolyzed ila 1 rnl of chloroforrn-nleihanol- conc. HC1

(1:10:1) by heating to 100°C For2 hr [47], and the glycerol cihers were separated by TLC rising

hexane-dielhyl ether-acetic acid (70:30:1) into nlonoalkvlglycerol ethers tRf 0.04). dialkylglyccrol

ethers (,Rf 0.40), and diphytanylglycerol ether (Rf 0.49) rising reference compounds; l-O-

hexadecyl-glycerol and 1,2-di-O-hexadec,,i-glycerol (Sigma, St. Louis, MO), and

diphytanylglycerol ether isolated from Halol_acteriuln sp. [67].

Procedure II was used in an attempt to analyze small sanlples such as the OS vent geyserite.

In this procedure, TLE was directly hydrolyzed with acid as described above, followed by

trinlethylsilyl (TMS) derivatizatiori of the resulting free glycerol ethers, and gas chromatography-

mass spectrornetry (GC-MS) of the treated TLE. Some of TLE samples were also analyzed for

free fatty acids arid glycerides by preparation of TMS delivatives. Quantilation ,,,,'as based on

comparison of peak areas to standards; rnethyl tricosanoate (C_,._) for FAME and cholestariol for

glycerol ethers.

Some of the PSC arid T. tuber (exp. 1) total lipid was also preparatively separated into a polar

lipid (phospholipids) and a neutral lipid (glycolipids and diglyceridesj flaction by precipitation in

cold acetone [34]. The components of the polar and neutral fractions were then separated by thin

layer chromatography on Silica gel G plates (Merck) using acetone-benzene-water (91:30:8) [50]

or, in some cases, chloroform-methanol-water (65:25:4) [34]. Prelimhmry characterization of

TLC zones was made based on migration of standard diacyl compounds (phosphatidylcholine,

phosphatidylethanolanline, digalactosyl diglyceride and rnonogalactosyl diglyceride) and staining

with specific detection reagents for phosphate (phosphonlolybdic acid), for amino-lipid

(ninhydrin), and for glycolipids (o_-naphthol) [34]. TLC zones for lipid analysis were detected by

UV fluorescence after spraying with rhodamine 6G, and recovered by eluting the silica gel by the

Bligh and Dyer procedure above. FAME and glycerol ethers were prepared frorn each of these

fractions as described above.

The double bond positions of the monounsaturated FAME were determined by preparing the

dimethyl disulfide adducts [7 I]. TMS derivatives of the glycerides were prepared rising N,O-bis

(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosilane (1:1 in pyridine).

Alkyl moieties were released flom the glycerol ether compounds by reaciion with BBr_ as

reporled previously [65].
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Gas chromatographic analyses. FAME \vcre analy'zed I,\ using a Pcrkin-Elmer Sigma 3B

gas chromatograph equipped with a flame ionization detector and 3f)-m mcgaborc columns (] &

\¥ Scientific), cilher a DB-5ms progranmled to increase al 4::Clmin from 160:'C to 280_'C, or a

DB-27 I)rogrammed to increase al 4_C/min from 120_C to 220_C. Compound idcntificalion was

based on ietention limes on the non-polar and the polar columns, and on mass spectral analysis

(see below).

GC-MS analyses of fatty acids as FAME or TMS, and glycerol ethers as TMS

derivatives were performed using a HP 6890 gas chromatograph equipped with a J&W DB-5

(60-rn x 0.32 ram, 0.25-_urn fihn) capillary column and a HP 5973 mass-selective delector

operated at 60°C for 10 rain, tllen programmed at 2°C/rain to 320 C and held for 60rain. The

bond positions of the monounsatured FAME were determined by analyzing their dimethyl

disulfide adducts as previously described [31].

Isotopic measurements. The dissolved inorganic carbon (DIC) was measured by taking

approximately 40-ml water samples flom the outflow site usin,g a syringe and immediately

filtering through Whatman GF/F filters into preevacuated 130-m] serum bottles sealed with

silicon stoppers and containing approximately 0.1 ml of saturated HgC12 to inhibite bactel-ial

growth. The bottles were kept chilled until analysis. At Ames, sarnples were withdrawn, acidified

and tile CO2 gas collected on a vacuurn line for isotopic analysis on a Nuclide 6-60RMS mass

spectrometer modified for small samples [11. 18]. Analysis of tlle DIC composition of the

Thelwiocrinis culture medium was similar except samples were collected by filling glass tubes

with the gassed culture medium prior to inoculation, and irnrrlediatelx stoppering v,ith crimp-seals

before shippment by air to Ames flom Germany. Biomass and total lipid were determined at

Ames using a Carlo Erba CHN EAII08 elemental analyzer interfaced to a Finnigan Delta Plus

isotope ratio mass spectrometer.

Compound specific isotope analyses were done at AGSO as previously described using a

Finnigan MAT 252 mass spectrometer equipped with a CuO/Pt microvolume combustion furnace

and a Varian 1400 gas chromatograph with DB-5 column [31]. Reported 8 values have been

corrected for the presence of carbon added during derivtization.

RESULTS

Comparison of pink streamer community and vent biofilm lipids. The total organic

carbon (TOC) recovered from tile \'eat geyserite surface was onl\ 0.24% as compared v,ith

7.2% for PSC and 36.7%, for T. rtU_er biomass (exp. I). Procedu:e II, direct acid hydrolysis,

was used to minimize loss of material during preparation of tke vent sample, and allow
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conlparison with PSC and 7-. r,U_er samples (Fig. I). Ahhough ihis mclhod clocs result in the

destruction of the cyclopropyl FAME plesent in those cxtfacls [2, 7]. il providcs valuable

comparative information.

Tile fatty acids of vent and PSC were predominantly Civ to C___, chuin lengths,

distinguished by iso- homologucs of the Ci+, to Cei acids and, although diminished, Q\'-C2t. The

TMS derivatives of the free laity acids present in the vent TLE confii-nlcd that high itlllOtlnls of

cy-C21 (25% of total) were also characteristic of the OS vcnl biofilm con'mlunity. The FAME

cornposition of vent and PSC extracts while qualilatively similar diffeied quantitatively (Fig. I ).

Sit-camels ]lad more ;.ibtlndallt branched chain FAME (4197 in PSC vs ]3c7 ill OS vent) with it

sornewhat shorler chain distribution: the ratio of i-Civ:olo i-Ci,j:o was 1:2.1 in PSC bul 1:3.7 in

(-,,OS vent. The ante�so analogues, a-Cl>o and a-Cim0 were present in PSC tl.3 ,,<). but allllosl

absent in OS vent. The OS vent TLE also contained small amounts of even carbon chain

FAME, n-22:0 to 1>30:0, and a mid-chain branched octadecanoic acid (1%), possibly 10- or

12-methy]-Cl_:0. The mono- and dialkyl glycerol ethers were abundant in vent and PSC lipids,

and a significant peak for an Archaeal biomarker, diphytanylglvcerol ether (archaeol), was

present in the vent biofihn (Fig. 1). Together the GME and GDE were rnore abundant than

FAME in both vent and PSC lipids. BBr._ cleavage of the ether alkyl chains detected only

straight chain compounds with carbon numbers supporting GC-MS characterization of the

intact glycerol moieties. Cis chains dominated both GME and GDE.

Pink streamer community and Aquificales polar lipids. The acid hydrolysate of the T.

ruher TLE (procedure II) ,,,,'as composed primarily of saturated and monounsaturated C:o

FAME and a C_s-GME (Fig. l). No /so-branched FAME or GDE were detected. Additional

analyses of the lipid using an alkaline methanolysis procedure (I), confiNned the high

proportion of Ce0 FAME with Cz0:l which together comprised oxer 49% of the total for T.

tuber OC1/4 (Table 2, experiment 1). High amounts of cy-C_,l were also recovered in T. tuber

and PSC by this procedure, and further FAME analyses were carried out v,ith this procedure

(Table 2 & 3).

T. tuber biomass from a variety of growda conditions were analyzed (Table 1). In

experiment 1, T. ruber was grown using thiosulfate with a constant gassing of H:-COo-O, to

maintain high substrate levels for rneasurernent of the carbon isotopic discrimination associated

with CO2-fixation (results below). This growth condition resulted in accumulation of relatively

large amounts of intracellular sulfur (- 15% of dry wt). S ° accumulation was not apparent in T.

ruher grown with thiosulfate, but without H: (experiment 2) or in PSC extracts. The lipid

cornposition of additional ,4quilTcales cultures (Table I) was also analyzed lo assess the potential

use of ThermocrinLr-like lipids as group biomarkers and aid in characteriztion of the pink
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streamer community (Table 2). All Aqltilk'alc._ cultures containcd GME and no iso-lnanchcd

FAME werc detected (Table 2). GDE were o1113,present in Ihc lipids of the PSC and the tv,'o

nmrine Aqttit<v culturcs. A. aeolicHs VF5 and k. pyrotUfilHs Kol 5a. BBr_ clca\agc of Ihc

kqtt(licrUe._ glyccxol ethers showed only straight chain alkyls with chain length distributions

similar to Ihose characterized for the intact molecules.

Using the methocts of Rohmer et a1.[58] no hopanoids were detected in the PSC total lipid

extract, either as the polar bacteriohopanepolyol, or as Ihe free lipids, diplopterol or diploptcne.

A preliminary attempt was made to separate the polar lipids of the PSC exlract to aid in

biomarker identification and as a preparative step to carbon isotope analysis. Isolation ol

individual polar lipids was not possible using one-dimensional thin layer chromatography,

because of the complex lipid cornposition which resulted from both the diversity of polar head

groups and the occurrence of both diacyl and dialkyl moieties. Five zones were isolated that

accounted fox most of the FAME and dialkyl ethers. With the chloroform-methanol-water

systern, three phospholipid zones, PL-2 (Rf 0.35 to 0.25), PL-3 (Rf 0.40 to 0.48 ) and PL-4 (Rf

0.60 to 0.56) which roughly co-rnigrated with diacylphosr_hatidylcholine (Rf 0.33),

diacylphosphatidylglycerol (Rf 0.49) and diacylphosphatidylethanolamine (Rf 0.66), accounted

for 39%, 4% and 12% of the total FAME, respectively. All three PL zones showed the presence

of multiple components and PL-4 was dominated by an arninolipid similar to ,4. l_yrolUfilHs

[27]. TLC of the neutral lipid with the acetone-benzene-water system separated a glycolipid

zone that migrated closely with a digalactosyl diglyceride standard /Rf 0.43) and contained an

additional 6% of the FAME, and a fast rnigrating cornponent (Rf 0.95), a probable frce

glyceride flaction designated NL-2, that accounted fox an additional 36q of total FAME. The

GDE were recovered in PL-3, PL-4 and NL-2 (15, 60 and 25%, respectively). While recovery

of FAME and GDE were in good agreement with analyses rnade using the TLE, recovel T of

GME were poor and gave no indication whether these compounds were present as

unsubstituted l-O-alkylglycerols or substituted at C-2 with an ester-linked fatty acid.

Lipid fl'actions as described above were also prepared flom the total lipid of T. ruder

(experirnent 1). In this case, most of the FAME were recovered from tv,'o fractions equivalent to

PL-2 and PL-4 with 24% and 70%, respectively. A small amount of FAME was also recovered

from the glycolipid and glyceride zones as described above. No GDE ,,,,'as detected in any of the

isolated fractions, and although most of the recovered GME (88_.) was also recovered in PL-2

and PL-4, the recovery was not significant (195 nrnol/gm dry wt) relative to the amount measured

by the direct acid hydrolysis procedure (Table 2). This discrepancy appears to be associated v,.'ith

the use of TLC to separate the polar compounds and not procedure I. as relatively large amounts

of GME were recovered during analysis of the additional Aqu(ficales cultures using this

procedure.
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Carbon isotopic composition. Tile water of lhc Octopus Spring oulflow was rclativeh rich

in dissolved inorganic carbon (DIC) measuring 5.3 mM with a 8_C of-I.55;_. A1 the

temperalure and pH of ihe 'pink strearner' site, a dissolved COn of 71 I-xM and 8__C of -4.7/_r

can be calculated based on a pKa for bicarbonate-CO__ at 90°C of -6.42 and the equation of

Mook et al [46] where the discrimination between dissoh'ed CO: (d_ and dissoh'ed bicarbonate

(b) can be expressed E_j/h = 24.12¢'/cc. - 9866/T with T as the absolulc temperature. The
1"t

streamer biomass and TLE from lhis site exhibited C-depletmns relative to the dissoh'ed CO2

with values for ,A8t3cc-_: of-10.gg¢_ and -I 7.291c fox biornass and lipid, respectively (Table 3).

Fox the C-isolope experiment, T. ruber was grown by continous l]ow of a gas mixture

containing 20% CO: through the fermenter vessel. The culture media sample removed prior to

inoculation measured 14.1 mM DIC with a 81_C of-25.5%c. At the temperature and pH of the

culture fluid, a value fox the dissoh'ed CO, of 6.2 mM and a 8taC of -27.4_c was calculated as

above. The carbon available from the high flow rates far exceeded the carbon recovered m

biomass assuring maintenance of an open system. The T. ridder culture was much less depleted

than the PSC (Table 3) with A 81SCco2 for biomass and lipid extract of -3.35;( and -2.1gq

respectively.
1_ ....

The apparent C-discrimination was much greater when T. ridder was grov,'n v,ith 0.1%

formate with a 19.7c7cc depletion for biomass relative to carbon source (Table 3). The biomass

yield fiom 250-1 of nledium was 2.5 g dry wt (39.2% carbon) which accounted for 0.18% of

available carbon.

Growth on either carbon substrate resulted in a similar depletion pattern for the total lipid

relative to biomass, a slight enriched of 1.2%c for CO2 and 1.7c7c, for formate growth.

Carbon isotopic composition of several individual lipid biomarkers was also determined

(Table 4). The FAME in the PSC fractions appeared to be composed of two isotopically

distinct groups. Among the peaks with sufficient material for isotopic measurement, the iso-

branched FAME (i-Cl-z:0, i-Cls:0, i-C_,):o) in PL-2, PL-4 and NL-2 were distinctly more depleted

in I_C than the longer chain C__ and c3'-C21 FAME with A,5 CFA-c_.,_- averaging -22.6_e _+ 0.4

(n=8) for iso-branched vs. -18.4 g c _+ 1.4 (n=8) fox C2o-',l. Likexvise, those fiactions having

higher iso-branched content (PL-2 and NL-2) were more depleted than PL-4 v,i-fich had a high

c3'-C2_ content.

DISCUSSION

Microbial communities are composed of organisms living in close association, dominated

by a few microorganisms well adapted to their environment, with physiologies compatible with

10
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available energy and cart-,on sources. Since tile cllemolithoaut<_trophic origins and early

divelsification of micloorganisnas in a hot environment [33, 63], thc evohition of microbial lifc

on Earth has been intimately linked to these ecosystems. Numcr_ms mcHccular _ludics thai

depend on small suhunit rRNA sequences allcst to the microbigd di\crsily lhal persists in

globally dispersed thermal ecosystems today, and provide a winclox_ on our past. These studics,

together with physiological information gained fl-om culture isolates, arc often used to infer

ecosystem function [13]: however, molecular techniques that rely on organic and stable isotope

composition can also aid in establishing slructural and functional relationships.

A pre\ious study of the "pink stleamers' of Octopus St)ling using molecular techniques

based on 16S rRNA sequences, identified three phylogenetic type,,, EM3, EM 17 and EMI9,

fl-orn amplification of the mixed population DNA [56]. All three sequences diverge deeply

within the domain Bacteria. A phylogenetic tree constructed taking advantage of a current, more

extensive sequence data base (Fig. 2) confirms that the EM 17 gene sequence clusters among

the Aqt_ifi'cales and is closely related (99% sequence identity) to the pink streamer isolate,

Tl_ermocrinis tuber [23]. while the EM3 sequence is related to tl_e Ther,_otogede,v. E.MI9,

however, forrns a separate more deeply diverging lineage, well outside the ,4quil%ales and

Therntotogales. In Reysenbach's study [56], the EMI7 sequence represented the majority of

examined clones (26 out of 35), and a fluorescently labeled oligonucleotide probe

cornplernentary to EMI7 hybridized in situ to the pink filaments. However, no hybridization

\vas noted for EM3 or EM 19 probes.

Lipid analysis of the pink strearners of the Octopus Spring outflow channel were

characterized by high levels of /so-branched and cyclopropane e,ter-linked fall\ acids, and

straight chain ether-linked alkyl lipids (Table 2). Similar lipids were associated with the biofilrn

growing on the siliceous sinter walls of the vent pool (Fig. l). The isolation of one polar

fraction enriched in iso-branched and another enriched in _3'-C2_ fa:ty acids (Table 3), together

with the analysis of T. fuller lipids (Table 2) suggested the presence of at least two distinct

bacterial populations.

To date, 7". ruder OC I/4 is the only cultivated isolate flom H-_ePSC [23, 26]. The fatty

acid composition of T. rM_er is similar to that reported prexiously for a number of

Hydrogenobacter Ulennophilus strains [35], and to the additional .4ql_ili'cales cultures analyzed

here (Table 2). The fatty acids of these Aql_(fi'cales are dominated bx n-Cls:o, n-C_>:l and e3'-C_,i

(Table 2). Two sets of monourlsaturated isomers were detected, C:_:_a<j and C_s:i_ll and their

chain elongation products, C_,0:i.xii and C__0:l±i3, with either a cis or trans configuration. As

cyclopropane fatty acids are formed by' the addition of a n-_ethylene group fl'orn S-

adenosylmethionine across the double bond of a monounsaturated fatty acid. the two cy-Cei

isorners are probable homoiogues of the n-C20:i isolners. Cyclopropane and tran._- fatty acids

11
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are synthesized by a wide variety of bacteria :is an poslsynthctic in rive modificaiions of

membrane phosptaolipids in response to growlh condition and/or :is a stralcgy for adaptation to

cnvJronnlenla] slress [12, 36, 43]. Direct conversion of highl._ fluid Hs unsaluralcd fatty acids

to a nloro rigid cyclopropane ring or :tans configuralioil tire Jmporlai_t shorl-lcrm adaptive

mechisnls to maintain menlbrane inlegrily particularly for lllicroorganisnls living in a thcrnlal

enviionnlenl. C2o fatty acids are rare in bacleria, and the presence of largo amounts of the n-

C2o:i and cy-C__, with lcssel- anloulllS to n-C20:n, n-C21:o, n-C2z<_ and n-C:2 i in respresenlatJxes

of fotlr distinct subclustcrs within tile Aqufiicale.v (Fig. 2, Table 2) suggest thai these fatty acids

T t

can serve as a taxononiJc signature for this order. Nolabl), the "pink slreanlers also COlllainod

similar C2o, C2i and C__2FAME. Based on a value for T. ruher of 2.1 x l0 --13 gnl dry wl cell -_

and an average value of 57 t.imo] C20.22 FAME gnl -i dry wl in T. r,her cultures (Table 2), the

amount of the C__o._,2FAME present in the PSC suggest a population of -1.6 x I0 _ T. ruher-

like cells gm -_ dry wt. No sirnilar calculation is possible for tile population(s) represented by the

:so-branched FAME, although the fatty acid abundance suggests a Nomass similar to that of tile

Aqu(fi'cales compollellt ill this COlllnlUnity.

The importance of non-isoprene:d, alkyl glycerol ethers :is membrane lipids among

nlembers of the domain Bacteria is becoming increasingly appreciated. In many respects, these

non-isoprenoid alkyl ethers are similar to the glycerol diphytanyl ethers found in the dornam

Archaea. In addition to the GME and GDE with the n-Ci6-_8 alkyl chains previousl.v described

in A. 1urophilus [27], GME and GDE with :so- and ante:so-branched chains have also been

identified as major membrane lipids in two anaerobic thermophiles, a sulfate reducer,

Thermodesulfotohacteritmt commune [38], and a novel nitrate reducer, ,4mntotz_/Fx degensii

[24]. An unusal glycerol monoether with a dirnethyltriacontanoic acid chain has been identified

in another therrnophile, Thermotoga maritima [8]. Additionally. small anaounts of glycerol

monoethers having normal- or methylbranched-chains have been detected in mesophilic and

therrnophilic clostridia where the}, are most probably found as l-O-alkyls substituted at carbon

2 v,ith an ester-linked fatty acid [39]. Environrnental analyses have identified srnall arnounts of

n-Cts and br-C_7 l-O-alkyl ethers and a Cis:Ct5 1,2-O-alkyl ether in hot spring cvanobacterial

mats [72, 73], and more recently, relatively abundant n- and Dr-C__._:,, I-O-alkyls in association

with anaerobic methane-oxidizing consortia in marine sediments [20].

All of the Aqu(lgcales cultures in our studs' (Table 2) synthesize alkyl ether lipids to

sorne degree although with the exception of A. I_yrophihts and A. aeoIicus, these alkyls were

present tit much lower abundances than the ester-linked fatty acyls. Only srnall amounts of the

GME was detected in H. thermophihes and the "Thermocrinis sp.HI'" which was isolated

fiorn a greyish-white streamer mat in Iceland. While the T. ruher cuhures contained somewhat

higher amounts of the monoethers, there was only a suggestion of the presence of the diether

12
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Cis in two oflhe cultures (Table 2). Bolh A. lOrnlUlilus and ,4. aerdiczcs conlaincd GME and

GDE. Thc A. lO'rolUUlus ether lipids most closely approxirrmlcd tlac dislribution of the PSC

and vent ellmr alkyl lipids. To dale, however, the only idcntificd Aqui/i'.v spl_, are marine

bacteria. The presence of a similar dicther alkyl cllairl dislribulion in _11cPSC, and the aHmrcnl

lack of dictllers in T. tuber suggest dial lhe syrntlcsis of d_e',e diclhers is under some

environmenlal control not readily expressed in the laboralory grov,'n ctfllures, or lhat an

additional Ac/u_/i,x-like organism was present in the streamer and veto biofilm communities.

Although our hlfornlaiion abel.If tile OS vent community is solllewhal limiled by tile

biomass available in this study, otlr analysis suggests that those organisms repleseitled by the

iso-branched FAME are less abundant than the Aqu_ficales in the biofihn population, a possible

result of a lower fllermal growth range for the iso-group, l.s'o-Ci7:,,. /.vo-Cis:0 and /.so-C19:0 are

abundarit in the PSC, and while present in the vent biofihn, the iso-C_9:o is now the only rrl:tjor

branched acid and is present in much lower amounts relative to the C>_-,2 FAME and the

glycerol ethers representing the Aquificales-like community member>.

An increase in growth temperature can result in a higher l_roportiori of /so-branched

fatty acids and/or acyl chains with greater length. Most of the known bacierial groups with

thermophilic representatives contain methylbranched fatty acids [39]. Growth of moderate

ihermophiles such as T]lt?IIlllIs aqttatictt._ at higher temperatures has been shown to result in a

shift from synthesis of iso-C15 to the longer chain iso-Ci7 [19]. and in the more extrerrlely

therrrlophitic Thc, rmtcv UlermolUlihml grovcn, the brarlched-Ci7 ;.lrld CI<j account for 82¢zc of the

fatty acid [49]. Similar results have been recorded for the extremeh therrrlof_hilic Bac'illus spp.

[69], suggesting that tt_e relatively high levels of iso-C_v:_ detected in the PSC and vent biofih-n

may be a consequence of higher environmental growth ternperature and an attempt by the

organisms to maintain membrane integrity.

Little is know about the magnitude of the carbon isotopic fractionation associated with

growth of thermophiles in laboratory pure cultures or natural environments. Most of the

information available is limited to characterization of the enzymes of the various COx fixation

mechanisms in thermophiles and analogy to C-isotopic studies with their mesophilic

counterparts. Four CO2 fixation fmthways have been described. Three of these, the reductive

pentose phosphate or Calvin cycle, the reductive citric acid cycle, and the reductive acetyl

coenzyme A (CoA) pathway, have been reviewed by Fuchs [16]. The fourth, the 3-

hydroxypropionate cycle, has only recently been elaborated [21,64].

Carbon isotopic discrimination varies widely depending on tlae mechanism responsible

for CO2 assimilation. Generally, the enzymes of the reductive acet\ 1 CoA pathv,'ay express the

strongest 13C discriminations with ASi3c values for biomass relatixe to COz ranging from -20

13
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to -36g< [ 16.52]. Organisms using the Calvin cycle and ribulosc- I .Sd-fisphost_hale carboxvlasc

(Ribisco) for CO2 incorporation display somewhat less discrimination and depending on

wllelher the bacleriunl cxpresses Form 1 or I1 Ribisco [57]. k6t_C_ ci.i. will range from -11 to

-267_¢ [16, 17, 52, 53, 61]. A broad range of values has also bccn reported lor the diverse

metabolic group of organisms known to use the reverse citric acid cycle having A81_Ccv_u_ of

-3.5 _o -1 _ 2%e [16, 52, 53, 61]. For the 3-hydroxypropionale c3c)c, on)y onc va/uc of , -_ ,c,

is available for a phototroph, Chtoro./lexus aurantiacus, grown autotroI_hic,dly at 55_C [22].

The presence of the enzymes of the rcduclive citric acid c\cle have been identified in

three Aqlti/icafes, A. Iurophihfs. A. aeolicus and H. therm_q#Tih4._ [3. 9. 60]. however, no

information Ims been ax'ailable about the C-isotopic discrimination associated with groxvth of

these autotrophic bacteria. Our results suggest that the C-&scrlmmatlon expressed by Y.

Sotuber cells grown autotrophicaJly at 8. C is -3.3Vcc. Aldmugh this discrimalion seems low, the
I';' , - •

carbon available during growth does not suggest a -C-lmlHlng or closed-system effect (ref.),

and it does approach some values previously reported for Chlorohiztm spp. using the reverse

citric acid cycle [53].

The carbon isotopic composition of the PSC with a A C1_1,,,,i:,_ of -10.89,;c relative to

CO,_ is much more depleted than suggested by the depletion measured for growth of T. rtdwr (-

3.3%,3, even though the available CO2 level in the culture vessel was almost lwo orders of

magnitude higher than in the alkaline outflow waters. This conclusion is supported by the

highly depleted PSC lipids. In particular, the PSC 8f_C values for the Aquiiqcah's biomarker,

( ,_, 13r-, -,the C__o-el fatty acids t.'_ '-_FA-co, of--18.4c/cc), suggest a relatively depleted Thermocrinis

biomass (perhaps AI3Cgto.xl_co 2 - -25e/ce), which based on the results of our pure culture work,

is more likely a consequence of growth on formate (Table 3, Fig 3).

The geothermal outgassing of Octopus Spring vent provides a relatively nutrient-limited

environment. Hydrogen is thought to be a primary electron source and to support this

ecosystem [56]. Oxygen would be limited by its solubility at these high temperatures, and

indeed, T. tuber is a microaerophile, growing optimally with 3% O- [23J. Small amounts of

sulfide (9,uM), sulfate (240,uM) and nitrate (5_M) a,e also present [4]. Formic acid has been

identified ill )nan 3, hydrothermal and geological fluids, where it ma\ form at high temperatures

from CO__ and H2 [44], and could provide an alternate carbon source in the Octopus Spring vent

waters. T. ruher is the only member of the kqu(flicales to grow either autotrophically with H2

and O2, or as a chemoorganoheterotroph with On [23]. It is of interest that initial PSC

enrichment attempts vdth hydrogen were unsuccessful, and that T. tuber ,,,,as isolated from a

mixed organic acid enrichment [23]. Growth with organic substr,_tes is, hovcever, limited to

formate or formamide suggesting a relatively specific metabolic potential. The nature of this

,.-)_metabolic capacity is unknown [__].
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The PSC is characterized by high amounts of phospholipids with rclati\cl\ _C-dcplctcd

i.vo-branchcd fatty acids \vhich presunlably represent the non-Th_,rm_crini,_ PSC poln.ilation tFig.

3 iso-biornass). No hyl_erihermophilcs have been descrihcd v,:ith such a lipid composition.

Thermu.s spp., which ha\'e been identified in amorphous silica deposits in gcolhcrmal water in

Japanese power stations [28], are known to contain principally /.rr)-branched fatty acicts [49];

however, these bacteria are heterotrophs. Some of the more exircmeI.y thernqol_hilic Bacillu.s spp.

also contain appropriate i.so-branchcd fatty acids and at least some of these may be

chenlolithoaulotrophs [1, 69]. Other thermophiles \vhich are chcnlolithoautolrophs, such as

Theln,oUlrix spp., contain only straight chain fatty acids [48].

This putative i.so-group would also be somewhat unusual in the isotopic relationship

between its biomass and fatty acids. An alternate heavy source of organic carbon must be

present in the PSC in order to isotopically balance the 'light' Thern,.ocrini.v(Fig. 3). From the

lipid cornposition, an estimate of 'i.ro-biornass' abundance would be from 40 to 50% with

Tllermocrinis representing the remaining carbon. If Thennocrini._ has a 8i_c of - -25V¢c, an

is,-)-biornass with a ¢3i_c of-I to-6%c results (Fig. 3). The iso-falty acids, however, were much

rnore depleted with a 81_C of -27.3%c (Fig 3). Fatty acid synthesis irl bacteria which use

pyruvate dehydrogenase for synthesis of acetyl CoA generally resu]ts in fatty acids depleted

relative to biornass by about 3V¢c [I0, 45]. Exarnples of larger relative depletions associated

with fatty acid synthesis have been reported for bacteria using the serine pathway and a lyase

rnechanisrn for synthesis of acetyl CoA. In Shewa_zella putre.fociens grown anaerobically a

AS I3CcELL_FA of as much as -I0%-c can result, while in the type II metharlotroph, k,lethvlosinus

trichoslJorium, as rnuch as-139{< has been reported [32, 66]. The difference between the i.ves-

fatty acids and the calculated ,513C for associated biomass appears too great, and suggests the

presence of a novel heavy component associated with the PSC and/or the iso-biomass.

Unfortunately our knowledge of the consequences of isotope discrimination associated

with the biosynthesis of metabolic pools and lipid biornarkers is limited. Such information,

when available, is normally acquired under optimal laboratory grovcth conditions and may not

be appropriate for extrapolation to growth in natural environments. Explanations of the isotopic

profile associated with the cornponents of the 'pink streamer community' based on our pure

culture work with T. fuller are not necessarily cornpeling. Information is needed about the

nature of a formate source in Octopus Spring water, the potential nature of a 'heavy

component' associated with the PSC filarnents, the apparent lack of dialkyl glycerol ethers in 7".

fuller, and the physiological mechanisms leading to the novel fractionations associated with its

growth on CO__ and formate in order to fully assess the PSC on physiological, slructural and

ecosystern levels. What is apparcnl from our study is that the combination of lipid biornarker

and stable carbon isotopic analysis can provide semi-quantitati\'e information on lhe
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conlposition of microbi,tl ecosystems. Gene probes are nol quantitative and do nol reveal

everything abotil the slrucltlle of microbial comnmnities. A conlprchcnsivo lipid bionlarkcr

profile can contribute cnormotlsl.y to ideniif)ing tile presence alld llaltlre o1 uncuhivaicd

organisms. Therefore. lipid data, including slructural and isotopic features, is an exlromely

valuable tool for establishing comnlunity structure and physiology, alld a useful supplement and

complenlent to genomic profiles of microbial diversity.
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TABLE I. Growth conditions for Aquificales cultures.

Organism Medium

Aquifex aeolicus VF5

Aqu/TEr pyrophilus Kol5a

Hydrogenobacter

thermophilus TK-6

Thermocrinis ruber OC 1/4

(Exp. 1)

Thermocrinis ruber OC 1/4

(Exp. 2)

Thermocrinis ruber OC I/4

¢,Exp. 3)

Thermocrinis ruber OC 1/4

(Exp. 4)

Thermocrinis sp. HI I 1/12

SME*-mediun3

+ 0.2c_ thiosulfate

+ 0.1% NaHCQ

SME*-medium

+ 0.2% thiosulfate

+ 0.1% NaHCQ

TK-6-medium

+ 0.1% thiosulfate

OS-medium

+ 0. 1% thiosulfate

OS-medium

+ 0. l _ NaHCO3

+ 0.1Q thiosulfate

OS-medium

+ 0.1% NaHCO3

OS-medium

+ 0.1% Na formate

OS-medium

+ O.1% thiosulfate

Gasphase

(300 kPa, h_¢vo umcl

H2-CO2-O: = 79:20:1

(gassing)

N:-CO_,-O., = 79:20:1

(gassing)

H,-CO,-O, = 79:20:1

H2-CO2-O_. = 79:20:1

(gassing)

N_,-O2 = 97:3

N:-O:-H2 = 94:3:3

N2-Oz = 99:1

H__-CO_,-O,'= 78:19:3

pH Reference

6.5 [Huber, 1'992 =888]

6.5 [Huber, 1992 =888]

7 [Ishii, 1987 #1294]

6.5 [Huber, 1998 #1073]

6.5 [Huber, 1998 =I073]

6.5 [Huber. 1998 #1073]

6.5 [Huber, 1998 #1073]

6.5 [Huber, 1998 #1073]



TABLE 2. Comparison of cstcr-linkcd fairy acid and glycerol ether composilion of C)_.h_pus Spring Pink Streamer

Community (PSC)and Aquificah,._ cultures '.

Di.sln butlon (c;.)

Compound OC I/4 OC I/4 OC I/4 H1 !I/12 Kol5a VF5 TK-6

PSC ,Exp I) rExp2) +Exp_

Fatlv Acid"

14:0 <0 I 0 I nd ()I <0 I .:01 I) 4 <0 I

I I 5:0 tl 2 nd nd nd nd nd nd nd

15:0 <0.1 nd nd nd <0 I 0. l 0 I <01

il6:0 I I ml nd nd nd nd <0 I nd

16: Ic 2,7 0. I 02 0.4 0.4 0.4 0.6 0.5 0.3

16:1c 2_9 01 nd nd nd 01 0.1 01 <0 I

16:0 I _) 0.4 1.0 12 06 2.7 1.2 0 5

i 17:0 209 nd nd nd nd nd nd nd

a17:0 0.8 nd nd nd nd nd nd nd

17:0 03 <0 [ <0.1 <0 t <0. l 02 nd <0 I

c 17 0 I nd nd nd nd nd nd nd

i18:0 4.7 nd nd nd nd nd nd nd

18:1 c,59 0.6 2.4 4.3 2.3 2.3 4.t 3.7 3.7

I8:lc&ll 0.1 2.6 1.9 0.1 1 1 1.8 24 2.6

I 8: It A9 0.1 0.4 0.3 0.2 0,6 0.7 nd 0.2

18:0 13.6 129 272 33.4 15.3 27.3 15 2 1"77

i19:0 16.6 nd nd nd nd nd nd nd

a19:0 0.6 nd <0.1 <0.1 <0. I 0. I nd nd

cvl9 (2 isomers) 1.8 2.2 0.7 3.9 4.8 2.6 18 0.6

19:0 1.3 <0 1 <O.l 0,1 0.1 0.3 nd <0. I

i20:0 06 nd nd nd nd nd nd nd

20:leA11 3.5 22.6 41.9 8.8 10.6 18.0 t7 3 4S.7

20:1cA13 0.3 14.0 15 1.1 8.2 I 2 3.7 l l.l

20:lt_ll 0.3 9.2 nd 1.1 5.4 5.4 I I 1 nd

20: I r,5,13 nd 3.7 nd nd 3.5 nd nd nd

20:0 6.6 3.8 5 1 6.9 4.5 5.5 34 3.1

i21:0 0.7 nd nd nd nd nd nd nd

c','21 (2 isomers) 21.4 23. I 14.6 39.S 40.4 27.8 38.4 109

21:0 0.8 <0. I <0. l 0. I 0.1 0 1 0.1 nd

22:tc A I 3 0.4 0.6 ' 0.3 0.4 ' 0.8 04 03 0.3

____O .................. 0,._. ............... j "t <0.1 <0. I <0. I 0 I <0 I <0 I

t.Jmol FA/g dwt 5.5 92.2 123.7 926 103.5 138 35.3 38.s

Glycerol Etheff

GME- 18:1 nd 1.8 nd 1,9 )r:lce 3.9 2.2 2.7

GME-I8:0 62.4 -5.2 90.6 867 785 573 73.0 827

GME- 19:0 11.5 ml nd 0.9* Irate 2 5" 02" nd

GME-20:I nd 132 7.0 2 9 17.6 14.4 139 III

GME-20:0 24. I 4.1 2.5 5. I 2.0 13.8 I0 3 3.5

GME-21:1 nd 3.8 nd 2.6 1.9 8 I 0.5 nd

pmol GME/g dwt 3.0 5.9 1.7 4.5 0.9 3.1 19.3 1.2

G DE- 17:0. I 7:0 0.7 nd nd nd nd 8.9 nd nd

GDE- 17:0,18:0 0.8 nd nd nd nd 2 I nd nd

GDE- 18:0, i 8:0 33.0 nd trace trace nd 345* 32.2 nd

GDE- 18:0,t 9:0 7.7 nd nd nd nd I 0 0 25 nd

GDE-18:0,20:0 I6.2 nd nd nd nd ] 3 5 9.1 nd

GDE- 18:0,2 l: I 33. [ nd nd nd nd 23.4 44.9 nd

GDE-20:0,20:0 3. I nd nd nd nd 7.7 112 nd

GDE- 19:0_ I : I 3.5 nd nd nd nd nd nd nd

umol GDE/g dwt 1.2 nd trace trace nd I. I 0.6 nd

' For culture identification and growth cofidition see Table 1.

_' FAME prepared by procedure I as described in methods. Acyl-alkyl chain nomenclature designates carbon number as

saturated t:O) or monounsatured (:1) with double bond of cis (c) or lrans !t_ configuration and position relative [o carboxyl

end (A); or cyclopropyl ring (cy), with iso- (i) and anteiso- (a) methyl branching.

GIME, GDE results for PSF and Thennocrinis t I) from procedure II. remaining samples from procedure I.

* Designates inclusion of a minor, unresoh'ed peak with unsaturated mass spectrum (:1 or cy

1



Table 3. The C-isotopic composition of isolated components from the Pink Streamer

Community' (PSC) and Thermocrinis tuber grown as a lithoautotroph with thiosulfate-H,-O,-

CO, and as a chemoorganotroph with formate and O,.

Sample Carbon ,5_'C Component .X8 _'C .....p,,,,,.,........_.

Source (%c) (f4c)

PSC CO, -4.7

T. ruber CO-, -27.4

7". ruber Formate -23.3

Biomass - 10.9

Extracted Residue - 10.5

Total Lipid - 17.2

Biomass -3.3

Extracted Residue na

Total Lipid -2.1

Biomass -19.7

Extracted Residue -21.0

Total Lipid - 17.9



TABLE 4. Stable carbon isotopic composition (..Xc'5_'Crelative Io CO.,, ,r, r' and the disnibution 1"4) of t'attx acids in

the major lipid tracIions isolalcd trom "Pink Streamer Cnmrnunity' PSC_ and ThcrmocrhtLr rutwr.

Fatty Acid PSC E ru/wr

PL- 2 PL-4 NL-I PL-4

AS_'C Distribution A8_3C Distribution ASPIC Di,tribution AS_'C Distribution

i- 17 -22.9 24.9 -22.5 3.2

i-18 -23.2 6.4% nm h 0.2

18:1 nm 0.5 nm 1.5

18:1 nd nd

18:0 -20.0 12.9 - 18.5 20.9

i-19 -22.5 18.9 -22.5 2.7

cyl9 nm 1.5 -18.5 2.7

19:0 -19.0 2.0 -17.8 4.2

20:1 -16.9 3.0 -15.7 7.6

20:0 - [8.9 5.5 - 18.6 8.9

cy21 -19.8 19.1 -19.1 40.6

22:1 nm 0.2 nm 0.7

-22.7 28.6 nd"

-22.5 5.5 nd

nm 0.8 -1.9 3.8

nd -2.5 2.9

-20.2 10.4 -2.0 12.5

-21.9 26.2 nd

nm 1.0 +3.5 2.3

nm 1. I nm <0.1

nm 2.1 -3.2 51.2

-19.0 6.6 -2.9 3.1

-19.5 8.4 +2.2 22.5

nm 0.4 -2.5 0.6

Average -20,4%e - 18.7c7cc, -21.5_c - 1.2_c

Composition _

_' Pink Streamer site at main vent outflow of Octopus Spring was g7°C, pH 8.3 with a total dissolved inorganic

carbon (DIC} of 5.4 mM and 8_C of-1.5_c (CO: = --4.7%c). Thermocrinis culture was grown at 85°C, pH 6.5,

constantly gassed with 20% CO, under a 300 KPa headspace pressure: DIC measured 14.3 mM with a ,5_JC of

-25.5%,. (CO., = -27.4_, ).

h Abbreviations: nd, not detected: nm, insufficient material for measurement.

AS:_C calculated by mass balance for each fraction based on relative abundance and _aC/t-'C ratio for individual

fatty acids where 8z_C FAME = (Ratio FAME - Ratio PDB) / Ratio PDB x 1000 = per rail.



Figure legend

Figure I. GC-MS analyses of dcrix'atized total lipid extracls of the Octopus Spring PSC, a

biofilm on siliceous sinter from within the vent and T. rttDer. The data illustrate lhe ma.jor

compositional differences between the na{ural and cultivated biornass samples with respect to the

presence of dialkyl glycerol diethers and more complex distributions of FAME in the Octopus

Spring sarnples. S\mbols designale FAME (n- or i-18); isoprenoid lipid (I-): monoalkyl glycerol

(C..,); dialkyl glycerol (CIs, is).

Figure 2. 16S rRNA gene based phylogenetic tree of the Aqz_ifi'cales based on the results of a

rnaxirnum-likelihood analysis. Reference sequences were chosen to represent the broadest

diversity of Bac'teHo. Only sequence positions that share identical residues of 50% or more of all

available bacterial 16S rRNA sequences were included for tree reconstruction. Accession

numbers for the sequences are indicated. The scale bar represents 0.10 fixed mutations per

nucleotide position.

Fig. 3 Proposed carbon isotopic profile for 'Pink Streamer Con3rnunity' showing

measured 8_3C values for isolated PSC components on the left copen boxes). On the

right, an assumed value of _25_c for Tl;er;_;ocrinis biornass is based on the PSC

biomarker C20 fatty acids and the established relationship betv, een T. r;U_er biornass and

fatty acids (solid box). Growth of Tt;ernTocrinis on formate would require dissimilation

of -80% of formate-C for energy production resulting in release of heavy CO:. Isotopic

value of formate and CO x (thatched boxes) and associated fractionations are unknown.

In this scenario, mass balance between PSC, TllermocHnis and Lvo-biomasses requires a

relatively heavy composition for Iso-biornass (thatched box) and leaves unresolved

relationship of PSC/so-fatty acids to l.ro-biomass.
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