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LOVDt‘ibhi) ABSTRACT: Despite the fact that lipid biomarker analysis is the most satisfietory single.
quantitative. -and comprehensive analysis of the fn-sim micrebial communizy viable blomass, compmity

somposition, and phvsialmiwi staws it is not universally utilized as this method i3 Rabor-mtensive and wkes 3.

days. The major drawback of the classical phospholipid farty acid analysis {PLFAJ analysis is the extraction and

separation process by which lmds are recovered from envivonmental samples. Here we show the application of

sequential accelerated solvent extraction coupled 1 awomateble HPLO/ES MS/MS and GCMS amalysis as o
papid 0~ 3 hours) and sensitive method for the analvsis of lipids from microbial vells. and of cavirommental
sediment samples from different dep{h:g from core {iners. dritled ata highly BTEX contamimated tost fiehd (Zelez.
Germany).

INTRODUCTION:

The fate of metal and organic poilutants in ground- and surface watels i aften largely determined by the
metabolic zotivities of microbial communities. Microbes may cataivze the accumulation, transformation,
immobilization or release of poliwanis by their acrivities as the key actors in remediadon and natursl attenuation
processes.  Consequentially  characterizadon of microbial community visble biomass. composition. and
mugritional statiss s important in defining metaboiic and degradation capsbiiifies. Spotial and emporal

biodiversity and activities influence poilutant fate. Uniortunotely conventionat cublttvanon-based anafvses of

commitaity biomass and community composition detect < 1-10% of the mivrobes idendtied microscopiealiv,
Therefore cultivaton-independent biomarker analysis is oritical o microbial ecofogy and remediation research,
Rapid exiraction and sensitive detection of the viable microbial community is helptui for an effective monnoring
of contaminated siles snd during remediation processes.

Rigmarker analysis fovuses on ubiguitous ceHular componenis with short residence times after cell-death,
Two biomarkers, DNA/RNA. and lipids are components in ali bacteris, fungl, sigase. and protozos, Together
anabvses of these two types of biomarkers are complementary and each has advontages. The DNARNA
- molecular methods require extreaction of the nucieic acids, which nead to be free of PCR inhibitors like tamning.
ane the uitlization of koown primer sequences to define the. speeificity of both rDNA or specifie funcuonal
Emﬁ;,. Estraceiluiar nugleic acids, especially DNA, are more persisrent than polar lpids. The reagenis for
moiecnlar methods are expensive and processing takes several davs. Most of the environmental identficatons
based on sequencing and piwlogenetic matching indicate heretofore-uncultured sirains. Quantitative analysis is
difficiit and the PCR ampliticazion is biased o specific sequences. Lipid blomarkers require extraction that both
concenjrates snd purifies the lipids. Since ail viable ¢ells require an immet cell membmne conmuiping
phospholipids and this phospholipid membrane is metabolically labile and does rot persist extracellularly, the
viable biomass is quantitatively measured by the extractable phosphoiipid. Neutral and phosphotipid fractons
contain components that can change sirucrare in specific ways depending on the micro-michie environment of the
microbes. Well-defined shifts in lipids reflect the sctivity towards terminat electron acceptors, the bioavaiisble
phosphate, the bioavailability of trace nuirients aHowing cell division, the exposure to toxic compounds. and the
stress of starvation. Phospholipids coniain fatty acids {PLFA} whose composition provides quantitagive insight
into the cormmunity composition. By matching community composizion with the degree of pollution. guantitative
toXicity assessments can be utilized 45 a rational end-point goal for bioremediation. Spedific microbial membaolic
activities can be determined utilizing specifically labelled substrates. Newly developed methodology utilizing
sequential high-pressure axtractions that can be coupled to sophisticated wandem or loa-trap rmass specometry
with pozem:al for automation, can greatly accelerate lipid biomarker analysis. All of these parameters may be
employed in PLFA-based community fingerprints, which show advantages over mokecular gensiic approaches,in
rapidity, quantitative analyses, and cost efficiency. Molecular genetic methods have much greater specificity ia
detection of taxononsc and functional microbial gene families. Lipid biomarker analysis should therefore be
considered as complementary 0 molecular genetic approsches along with activity and cultivation based
methods.

Using the aforementioned approach we looked at two contaminared sites. Site one represents smail streams
and ponds and their sediments that are heavily contaminated with heavy metals such as Cu and Cd, arising from
dump drainage waters at the former copper shale mining district of Mansfeld, Central Germany, These sediments
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© By & Dver methad {11 The sxiactad Hpids were then fractionated nw neuiral, glyeo- and padar fipid chassey
using sificsc acid columns [2} The modified Bligh and Dyer room-iemperature solvent extraction has heen uged
for direct quantification of Lpids 10 estimate viable microbial blemass. community composision, and autritional
“Ugtatus 7 i for over 1S vears. Desphie the thel thag lipid biomarker unalysis s the mest sarisaoony: shngle.

guantitative, and comprehensive anubysis of the i-site avicrobial gommitnity viable biomass. community
 domposition. and physiological siatus it is not wniversaily wiitized as this method s labor-intensive and.slow,

Separation aud fractionution needs 2-3 working davs by a skil edd tab assisteat, so we wied 1o replace them by an
tomated exeraction method..
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. Figure L Cﬁmpartsun of izpni extraction and fmmennum tmm sediment mmpies Hefty perfnrmed bv
Biigh&Dyer method, and  automated Accelerated Solvent Extraciion. Extraction cfficiency and
‘reproducibility ef ratty aezd extraction wnth both methods esnmated with Bm;zf!m métma. celis {r: e}

s\cc@iemte:d Saivenr Extracror (ASE ’OO DIONEX) was ased for a :;Lquexmal exfracuen i a rhasner
: regorted previously, where ASE recovered 3-fold and 2-fold more PLFA from Bacilluy sp. and AS;}ergziftex niger
spores than did the standardofie-phase- extraction system [3]. Weddvaneed the system o an automated
separation of neutzal and polar lipid biomarkers by sequential extraction. _The samples were added inte ASE
extraction vessels: (E1ih or 33ml volum{a) and méuckal tipids Were extracted using hexane ar 40°C and 1000psi
with 10 min static time ar-a Single s extraction ¢ycle, 'The' ‘palar lipid fraction was obuined with

e\ctracnon ef‘f' mem:y {data not shown). Extracts were: uona,emmted with'& stream of nitrogen and derivatized by
elerification. The 'whole prdidsscan be ueomiated it approximately 2-3 Hours and is much
faster thau the mnven‘ ional Bligh & Dyer method (Figure 1}, “The exiraction of ?y{;phzhzed ¢ells from the gram-
positive m;cmgmamsm Bauélm s;rb{g};s z,imwui an’ mcrtavs&d rcwverv of polar lipid faity "ucids. especially
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branched chains: with incressed reproducibility for the automated ASE method {Figure 13 Comparable positive
resuits were also-obtained {or the gramenegative Escherichia coll and the eukaryole Sdecarsmuces cerewisice a5
single culture extracts or as previously mixed in & wi-cufture {data not shown). The neutral lipid tractions were
successful analyzed for quinones as biomatkers for respiratory chains in these organisms and the respective
growth conditions by LC/ISAMSMS. The advaneage of measuring these compoutids wilt be discussed below.
The ASE method was also tested with environmental sediment samples from different depths from core
linets, drilled at a highly BTEX contminated test fleld (Zeitz. Germanyy. Samples (30 - 40g} from 3 different
wellsand 4 depths (L.35m to 29 m) were exiracted with ASE and fauty acids recovered from the polar lipid
fraction of afl depihs. The residues of 124700 (7.4 < 7.om depth) and AL (0.5 - 10.3m dept i
additionally by the Bligh & Dver method. which revealed extraetion efficiency greater 9%, for ASE (Fgure 1),
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Figure 2: Sediment samples from two welliner were extracted first with ASE followed by an exirsction of
the residue according to Bligh & Dyer {B/D} The ASE extraction effiviency was grenter 97% for hoth
sainples.

 The vishie biomass at different depths. estimated as polar lipid {atty acids (PLEA), showed changes mna
* range of 300 to T080 pmol ity acds o sediment, PLFA decreased with depth in weil 9B/00 (Figure J).

The hiomass and PLFA {microbial communiry) is determined by chemical and (hydrojgeological parameters of
the subsurface. Geologionl profiles revealed Huniee-clay lavers mnging from (3.4 10 149 and 17.7 10 207w
depth in well 14A/00 and from 11330 [2.1 and 18.3 1o 25m in weil 9BA0, Benzene concentrasions of sediments
at the depths shown i Fizure 3 (froin top o bottom) were 340, 14, (.08 and 4.2mg ke sediment (9B/00} and
0.05mg ke sediment { 14A/00). Groundwater derived from these wells had an approximately neubral pH and
were nearly anoxic (redox potential arotind ~200mV im [4A/00 and between -230 to -330mV in 98400
Benzene concentrazions in tiis groundwater were 33 and 4pg £ in 9RA00 and 14A/O0. respectively. The total
organjc hydrocarbon was 1.7 (9BAO00) and < O.lmg T {14A/00), indicaung that well 14AD0 was less
contamingted with 2 lower content of carbon. The microbial biomass in well 14A/0 was un order of magnitude
lower compared to well $B/00 with high benzene concentrations in groundwaser and sediments. Well 144400

showed the elevated proportion of normal saturated fatty acids {N-Sdrs} at the ~18m laver i well 14A00 wers
dominazed by fong-chain fatty acids (20:0 to 28:0). Sarated fatry dcids with more than 19:0 carbong are’

indicative of plant biomass and not-of microhial origin and were here extracted from compact brown coul depostt
at this subsuefice Inyer {data not shown). The PLFA of microbial origin were lass than 600pmol ¢ The'changes
in the PLFA composition (pie ploss i Figure 3) are an excellent mirror for the microbial community
composition in the chaoging sediments and properties of the subsurface.

The occurrence of polyunsaturated faity acids in the samples from -10 10 -13m core layers indicate eukaryotic
microorganisms {protoroa, fungi}. _ T :

The groundwater pumped from several depths in this ares contains up o 0.1mg " axvgen whereas the
redox potential (see above) showed & more anoxic subsurface environment, The oxygen levels in the sediments
itself are difficult to estimate. [n monitoring acceferated attenuation during biorerediation processes it could be
very helpful to know if there are serobic or anwerobic savironments or are micro-niches established

{Ubiquinones {L47) are a biomarker for the aciugl br-site redox-state a3 Gram-negative bacteria form respiratory

ubiquinones (1Q) when the ®rminal electron acceptor i oxygen [4]. Under anaerobic growth conditions Gram-

negative bacteria may form respiratory menaguinones (MY, contains paphtoquinene auclei) or a0 guinones, .

Gramenositive bacteria form respirrory mennquinones when grown aerobically. Kaowing the wsoprenoid side
¥ b & ¥ g
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chain length has important txonomic smplications. Eukarvote mitochondria contain UO-[0 {85 carbon side
chain), Gramenegative bagteria contain isoprenclogues from UQ-4-t0 UQ-14 (4], Respiratory ubiguinones are
found in concentrations of about 200 times less than the PLEA or about 0.5umot ¢ gell dey weighs {31 UG
isoprenclogues can be detected utilizing HPLC/ES/MS with 93,3405 vy methanol contsining | mM ammoniam
“acetate/H,0 on C-18 LC columns in jsocratic mode. This does not suppréss electrosprav tonization in mass

spectral detection and: has. Limitot-Detection (LODY of 75 fmoles ul” of Y07 and Limfi-of-Quanti fication,
{(LOQY of 223 fmotes 1L~ using o positive jon of miz = 197. The LOD with this single quadrupole - MS system

represents about {30 bacreria the size of £ coli growiny serobically {3]. The menaguinones (MIC) are not

ionizeable with an electrospray lon source (ES) and can aot be measured with this method. A simuitaneous
measurement of UG and MK with detection of posiuve ions of m/z = 197 and miz=187, respectively with

atmospherie pressure chicmical ionization mndemn mass spectrostopy {LC/APCEMSMS). was asthized. A linear

detection range of about 3 erders of magnitude and detection limits Jower than Frpm for both compoind clasies
was achieved. The guantification of the UQ and MK profiles und coments in the core samples. which were -

- extracied in the first phase of ASE extraction as newtral fipids. are still in progeess. ip sampies with low biomass

- the exgaciable quinenes could be near or below the curremt detecrion lmit, Anplication aumospheric pressire -

photionization ion source protolype from SCIEX (Canada), thar espandy the detection. Hmigs For GUINOHES 0
approximately 1ppb. 13 in progress. ' :
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Figore 3: Sediment samples of two weiliners showed different behavigr in viable bismass fexpressed as

pmol fatty acid g" sediment: seatter plot) and fatty acid composition {% of total FAs; pie plots} with

- increasing well depth. The fatty acids 2t ~18m in well 14A/00 are dominated by long~chin

“manounsaturased fatty acids, which were derived from unconsolidated plant material out of an brown
voal layer, The Indicated futty acid groups are: N-sats = normal saturated, MB-Sats ~ mid-chain
hranched. TB-Sats ~ terminal-branched, Mones - monounsaturated. Polys - polvunsaturated fatey geids,

Polar fipids can be extraced at low temperatures with the A3E method. The farty acid chains and poldr
head-groups of glycerophospholipids {muin polar Hpids in eubacterial membranes) remain intaet, These “intact
fipids” can be readily detected with LL/ES/MSMS (6] using ¢ neuwrnl loss of mvz =141 and 139 for
phosphatidytethanolamine (PE] and phosphatidylgiveerol (PG), respectively, Tandem mass speciromeny,

- BS/MS/MS, provides great advantages in the structural snalysis of phospholipids. In the negative fon mode, o

. proved possible to detect the position of each ester linked fany acid, fe the fatty acid component ap the 1
position had 20% of the abundance of the fatty acid at the 2 position of the ghvoerol {which offers an higher
degree of speeificity). Lyde @ al. demonstrated Hmiss of detection af 90 amoles/pl. using a single molecular
species of phosphatidylgtycerol, [sn-1 palmitic acid miz = 253, sn-2 oleic acid 1511 Mz = 234 piarent {on nyz =
747] as the parent jon selected for collisionally induced dissociation by monitoring mdz = 284 negative ions [6].
That is essentially equivalent to the total phospholipids in a single £ coli cell providing the high sensiuvity
measurements necessary for aquifers with low biomass {see Figure 33

The ASE residues can be subjected to strong acid hydrolysis followed by a third exiraction recovering

the ester-linked hydroxy-fauty acids of the lipopolysaccharides (LPS-HFA} of Gram-negative bocreria. Water
~biofilm organisms, such ag Pserdomonas, have 3-0H 10:0 and 3-OH 12:0 [*10 and 12 carbon n- saturated Faty
~acid with OF 3 carbons from carboxyl} as LPS HFA in contrast to enteric pathogens, such as Safmonellu and £
" eoli, which coniain 3-OH 14:0 [7]. The rapid sxmaction, separation and derection procedure con be applied for
analysis of biofilms generated on coupons to deliver important information to a decision tree in water resource
{81 The advantge of rapid exwraction and measuring the visble microbial biomass in sediments from squifers or
filtered sirfacs waters can be inereased by recovering DNA remaining in the initial extrction residue 97 20 that
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specific bavteria can’ be wentified off-line, Further extractable tirget compounds are digiveeride and polv-
h’fdl‘(}‘(\fdikd!wdh. as bromarkers. for non-viable bwmass and muritional staws of §he microbial community,

CONCLUSIONS

The application of sequential secelerated nolvem extraction coapled to automatable HPLC‘ ES/MS/MS analysis
vields both BNA {for rDNA and specific genes) and lipid biomarkers for quantitative and specific anaivses of
extant micrebial communities in a system that is potentially automatable and more sensitive and comprehensive,
The systern i5 useable for aquifer sediments and microbial biomass from biofilms on coupons or ff hers,
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