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Biomass Measurements: Biochemical Approaches

DAVID C. WHITE, HOLLY C. PINKART, AND DAVID B. RINGELBERG

RATIONALE

Determinacion of biomass is of great imporrance in micro-
bial ecology, as microbes form the base of the food web. As
used in biochemical approaches to biomass, the microbes
include the prokarvores and microeukaryotes that pass
through a 0.5-mm sieve. [t is particularly useful to differen-
tiate between the viable biomass, which manifests the po-
tenrial for che merabolic acsivities in the environment. and
the nonviable biomass, which can still be part of the food
web but has liccle or no potential metabolic activicy. Classi-
cal biochemical and microbiological techniques successfully
used in public health for the isotation and culrure of clinical
specimens have proven less than adequace for che determi-
nacion of biomass and community structure in environmen-
tal samples. [t has been repeatedly documented in reviews
of the literature that viable counts of bacreria from various
environmental samples may represenc only 2 very smail pro-
portion of the extant microbial communicy (85, 36). Fur-
thermore, microbes may be merabetically active and poten-
tially infectious even though they are not culturable (98).
Finaily, classical microbial tests are time-consuming and
provide lictle indication of the nutritional status or evidence
of toxicicy which can affect merabolic activicies and can be
crucial in studies of microbial ecology.

TRADITIONAL BIOMASS MEASURES

Microbiologists have traditionally quantitated the biomass
of microbiota in 2 sample to the number of viable cells
detected by vizble count. While this is sufficient for mono-
cultures which are readily cultured in the laboratory, it is
not satisfactory for most environmencal samples, such as
soils and sediments, in which che viable counts often repre-
sent 0.1 to 10% of the cells detecred by using acridine orange
direct counts {AODC) or biochemical mechods. In soils and
sedimens, the problems are incensified, as the often sparse
and heterogeneously distributed microbial communicy can
significantly interfere with the accuracy of the derermina-
tion of microbial abundance biomass by AODC. Direct mi-
croscopic counts measure abundance and not biomass. The
relacionship between biomass and abundance requires in-
sight into the biovolume, and conversion factors are not
simple and,show variazions of 500 berween different size
classes of cells {63). Direct microscopic counts present prob-
lems when autofluorescence of sediment clay granules or
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opacities in rhe sediments obscure detection of bacteria in
situ (22). This problem is often ameliorated by inducing
detachment of the microbes from soil granules by using solu-
tions containing mulcicharged ions like polyphosphare fol-
lowed by recovery on membrane filters for microscopic
counting. We have evidence from signature lipid biomarker
analysis thar in subsurtace sedimencs, the detachment of che
microbes is selective and often not quantitative. With in
situ direct counting of bacteria at densities of less than 10
cells per g (dry weight) of sediment, the reproducibitity of
the counts is very low and the emor is large, even with
counting of 20 fields with adequate numbers aof cells and
replicate subsampling (33).

BIOCHEMICAL BIOMASS MEASURES

An effective and quanticative way to measure the biomass
of the microbiora in situ without the requirements of culture
or finding each organism in microscopic fields is to measure
ceilular components of the microbes. if celiular components
are universally distributed, have a short (in terms of the
process being studied) residence time in detrital pools after
excrerion by death, and are expressed at relatively constant
levels among the microbial communicy and throughout the
growth cycle, then they can be used as a measure of the
biomass. A number of celtular components, such as muramic
acid and ocher cell wall componenes (23), have been used
as measures of bacterial biomass. Lipopotysaccharide (LPS)
components have been used as measures of the gram-nega-
tive bacteria (71). ATP is a universal measure of meraboliz-
ing cells, provided that it does not persist in soil following
cell death (42). If the assay is combined with a treatment
of added extracellular ATPase, then assay of all adenosine-
containing COMpPONENts can be a measure of the energy
charge (ATP/AMP + ADP + ATP). The rario of adeno-
sine o the energy charge is an exquisirely sensitive indicator
of stress in bacreria, as it measures a key homeostatic mecha-
nist to maintain the energy charge, which is essential for
metabolic funcrioning (14}

LIPID ANALYSIS

All ineace cells concain polar lipids. Polar lipids in microbes
are primarily phospholipids. Determinazion of lipid phos-
phare (LP) or phospholipid ester-linked fatry acids (PLFA)
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provides a quantirative measure of the microbial biomass
containing inrace cellufar membranes. Eicher determinarion
is a measure of the viable microbial biomass because organ-
istms without inracz cellular membranes are not viable. With
ceil death, exogenous and endogenous phospholipasées map-
idly transtorm the polar lipids in the cell membranes to
nonpolar neucral lipid diglycerides by removing potar phos-
phate-containing head groups (97). The diglyceride-to-
PLEA ratio increases in many subsurface sediments from
<0.2 ar the suface w over 2.0 ac >200 m (95).

BIOMASS-TO-CELL NUMBER CONVERSIONS

Cue of the major problems with biochemical biomass mea-
sures is that the results are in micromoles of componene per
gram of sotl or sedimenc. Since microbiologists cradizionally
think of biomass as the number of cells in 2 gram of soil or
sediment, a simple conversion could be made by determin-
ing che biomarker content of monocultured cells and then
counting the cells to decermine a vaiue per cell. Problems
in equaring AODC measurements, wich their accuracy
problems {Z2), o estimares from the PLFA or LP derive
from the lack of 2 universally apolicable conversion factor
for estimating the PLFA or LP per bacterial ceil and the
number of cells per gram (dry weight) of bacteria (11, 21,
12, 85, 92). This problem results from observations that
most environments harbor microbes of widely differing vol-
umes and shapes. Bacterial biovolumes can vary over 3 or-
ders of magnicude (31, 63). The volume of a viable cell can
also vary with nurritional stacus. In bacterial enrichments
and in isclaces or mixed cultures from cthe sea, the LP con-
tent can vary berween 34 and 380 umol of LP per g of
carbon for aerobic organisms, compared with contenss of
berween 118 and 250 umol of LP per g of carbon for anzero-
dic culrures (11}, Arthrobacter cryswuailopoietes showed a 30%
decrease in PLEA per cell after 2 weeks of starvadion (48),
and Vibrio cholerae showed up to a 99.8% decrease in PLFA
per ceil after 7 days of starvarion, with loss of culturabilicy
buc noc membrare integricy (39). Brinch-Iverson and King
(11) scaced thar the conversion factor for-bacreria of 100
#mol of LP per g of carbon (100 umol of PLFA per g [dry
weigh}) based on earlier work {90) was reasonably applica-
ble to sediments with a significant proportion of anaerobes.
Bacterial cell volume varies becween 0.01 and 7 um?, wich
stnaller bacteria having a higher dry waight-ro-volume ratio
than larger bacreria {63, 65). These auchors developed an
allomerric relationship berween dry weighc and volurne
whereby biomass equals a conversion factor times the vol-
ume raised to an exponential scaling facror. Scaling factors

and convession factors show a dependence on size classes
pys
{63).

EQUIVALENCE OF BIOMASS MEASURES

In one specific environmenr, a comparison of merhods for
derermination of microbial biomass showed equivalence.
Subsurrace sediment samples conraining sparse prokaryote
communities of minicells (demonsmrared microscopically)
were used in these experimenss. In chese sediments, the
viable biomass derermined by PLFA was equivalent (but
with a much smaller smndard deviarion) o thar estimared
by incracellular ATP, cell wall muramic acid, LP, and very
carefully done AODC measuremencs (6). It was assurmed
thag there were 2.5 X 10*2 calls per g (dry weight) and 100
ol of PLEA per g (dry weighe) (8). Generally, environ-
mental bacteria growing in diluce media in the laboratory

or as mixed bacterial populations have average volumes of
048 = 0.2 pm® (10). It has been our experienice from a
wide variety of environmentat samples thar the relationship
berween the PLFA and estimared number of cells varies by

" 2 factor of ac leasc 4.

VIABLE BIOMASS

The viable microbial biomass can be determined by quanti-
fying organic phosphate from the polar lipid fraction of the
lipid extract, using a relacively simpie colorimetric analysis
(11,122,129, 92). The sensitivity of the classical colorimerric
analysis for LP as initially proposed for environmencai sam-
ples (92) has been improved considerably with a dye-cou-
pled reaction o sensitivities of 1 nmol of LP, corresponding
to abouc 107 bacteria (22). Higher sensicividies (abour 10
fmol with gas chromatography (GCl-mass spectromerry
[MS] and single-ion monitoring of negative ions) and speci-
ficity with a concomitant dewerminarion of the nonviable
cell biomass, the community composition. and the nucri-
tional-physiological status can be obrained chrough ¢he ap-
plication of the various GC-MS mechods (68).

COMMUNITY COMPOSITION

Informartion cbrained from the lipid analysis provides in-
sight inco the community compesition as well. The PLFA
patterns derived from environmental microbial communis-
ties are much like the infrared spectra of complex molecules
in thac the PLFA pacterns provide quanticative analysis, bur
the interpretacion in terms of specific components may be
obscured because of overlapping compositions among coa-
sticuents. Quantitative comparisons of toral communicy
PLEA patterns accurately mirmor shifts in communicty com-
position but may not provide definicive analysis of shifes in
specific microbial groups. Some specific groups of microbes
conrain characreristic.fatty acid profiles. Several examples
are listed in Table 1. However, iz must be kepe in mind
thar signature lipid biomarker analysis cannor detect every
species of microorganism in an environmentai sample, as
many species have overlapping PLFA pattems. Furtheranal-
ysis of other lipids such as the sterois {for the microeukary-
otes such as nemarodes, algae, and protozoa) (57, 78, 51),
glyeolipids (photoophs and gram-positive bacreria), ot hy-
droxy facry acids (OHFA} in che LPS of the lipid A of gram-
negative bacteda {(LPS-OHFA) (18, 21, 46, 71) can provide
a more detziled communiry scructure analysis.

EXTENSION TO NUCLEIC ACID ANALYSIS

The solvens extracrion urilized in signarure lipid biomarker
analysis has recently been shown 0 liberace callular nucleic
acids which can be used for gene probing (43). Cver 50%
of the gene nahA presenc in inract Pseudomeonas fluorescens
cells added to soil was recovered by using che lipid exrraction
protocol compared with recaovery by the smadard techniques’
(68). The DNA recoverad from rhe lipid exrraction was of
high qualicy and suitable for enzymaric amplificadion. The
combined lipid extraction and recovery of nucleic zcids can
be very useful in biomass and comeunicy compesition deter-
minations. The DNA probe analysis orfers powerrul insighes
because of the exquisite specificity in the detection of genes.
Concomitant DNA-lipid analysis readily provides quancita-
tive recoveries independent of che sbilicy to isolace or cul-
ture che microbes. The lipid analysis gives evidence of the -
ohenotypic procerties of the communicy that indicaces ex-
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TABLE | Exampies of signacure lipids and their ceilufar locations®

Genus, organism, ar graup Livid biomarker Cellular localizgon Referance(s)
Desulfovitmip HT:lwle, i15:1lwTe, i19:1wic - .-, -~ PLFA 8
Desulfobacrer LOMel6, cy18:0(w7,8) PLFA 17
Desuifobulbns 17:1ewbe, 15:F ~ PLEA . .
Francisella euiarensis Medwil, 22:1w13, 24:1wl3, 26:1 el ' PLFA 61
Nostoc communs i15:1wll, brigi, 18:343 PLFA - 74
Flexibacter i3:1w3, i15:1 a8, B-OH-15:0, AOH17:0 PLEA and LPS 32,63
Vibria cholerae ) P1Mel9:1, 18:206.9 PLFA 32
Archaea. Ether-linked lipids, diphvranyt glycerol diethers, Membrane 60

bidiphytiny! glycerol ethers
Methanocrophs, typs | 16:1wlc, 16:1a5c } PLFA 62
Merhanocrophs, type I 18:1e8c, 18:1edc PLFA and LPS 62
Thiobagiilus i117:1a3, 10Mel8:1 08, 11Mel8:1 w8, hydroxy PLFA and LPS 45, 45
cyelopropana, methoxy, mid-chain branched
) OHFA .
Acrinomyeares Mid-chain branched facey acids PLFA 47, 48
Frankia cviS:0(«d.9), i16:] wd PLFA 82
Planctomeyeas 19:1l0, 3-CH20:0 PLFA and LPS 44
Desuifornonite br3-OH19:C, br3-OH21:0, br3-OH22:0 LPS . 78
Legionella 3-CHil40, 2.3diOHi14:0, 2T-0x028:0, 17:2,3 LPs 33
CH22:0 ]
Geobacter 14:1 a7, i17:18,3-0H15:0, 9-CH16:0, PLEA and LPS 50
1C-CH160, 11-CH16:0, 3.0H17:0
Mycobacreria Micocerasic acids, IM33-0OHFA, 1.0 Neumal {ipid 2
e alcohols

Bacillus or Arthrobaceer 13:0a15:0, i1 70170 <02 PLEA 43
Fungi 18:208, 18:3wh, 18303, sterols PLFA 37,91
Clostridia Plasmalogen-derived dimethyl acecals Polar lipids 51
Diacoms L6:lewlle, 16:204, 16:3 e, 20:503 PLEA 9, 70, 96
Higher planes 18:1wil, 18:3w3, 20:5w3, 26:0 FLFA 81, 99
Pzotozoa 20:208, 20:308, 20:4 05 PLEA 35, 35

* Fatry acids are dasigniated by the tori Aumber af ¢arbon atoms followed by the number of double bonds, wich the position of the double band indicared from
che methyl end {(w) of cha molecute. Configuracion of the dauble bonds is indicacad 2 eidher ois (¢} or pans {c), For example, 6:laic is 3 PLFA wich 16 toczl carbong
with one double band Jocared seven carbons fom the wend in the cif configuration. Breached facry acids are designaced iso (i} o aneisn {a) i the mechyl baanch
IS one or twe carbans, respectively, from the w end (e-g., 1250 or by the position of the mechyl group from the carboxylic end of the malecule (e.g., 10Me 16201,
Mechyl branching ar undetermined positions in che molscyle i indicated by the prefix “be”. Cyelopropyl faery acids are designaced by the prafix “cy" followed by che
toeal number of carbons (o2, 717:0). The posicion of 2 hydroxyl groug is aumbered fom the carboxyl end of the fatey acid, with OH as 5 prafix (2.2, 3.OH15:0).

tant microbial activiey by providing in situ indications of  lize PHA and form PLFA zs they grow and divide. For exam-
starvation, growth rage, €Xposure [o roxicity, unbalanced ple, the PHA/PLFA racig N rhizosphere microbes from
growth, deficiencies of specific nutriencs, and the aetobic/  Brassica napus planted in sand and recovered from roocs was
anasrobic memabolic balance, while DMA probes define the <0.0001, compared wich &.5 for bacreda nor associated wich
physiological porential of the microbial community. The  the roodlers (81),

combined DNA-lipid analysis overcomes some deficiencies Specific parterns of PLFA can also indicace physiological
i microbial ecology studies involving only nucleic acid  seress in cerain bacrerial spacies (32). Starvacion and sta-
analysis {87). tonary-phase growth lead tg conversion of monoenaic

PLFA to the cyclopropane PLEA . Exposure o solvents, aj-

cohols, 2nd acids indyces changes in PLEA {77). Searvacion
COMMUNITY PHYSIOLOGICAL STATUS can lead to minicell formarion and a relative increase in
. . L . o specific trans-monoengic PLEA compared wich the s iso-
As already menuoned,_nt is passible to assess the P{WS‘Q[Og" mers (32). It has been shown that for increasing concenrra-
cal stazus of the EIIICI'OE}[:&‘.l communicy by using lipid analysis. tions of phenol, Pseudomonas pudda P8 forms increasing pro-
portions of rans-unsaturared fazey acids (38). Increasing the
proportions of mrans-moncenoic PLEA, is noe the eritical fea-
ture of solvene resisance in P. pucds. Comparison of 2 sol-

cific conditions in their mictoenvironment wich shifes in
lipid composition. The prapartion of poly-S-hydroxyalka-

noic acid (PHA) in bacreria (64) or wriglyceride (in the vent-sensitive strain with che Idaho strain, which is resiseane
microeukaryortes) (30) refative to che PLFA provides a mea- '9 saturating concentrarions of solvents and surfacrants,

sure of auaitional-physiological sraeys, Some bacreria showed thar although both exhibiced increases in rans-mo-
undergo unbalanced growth and cannor divide when ex- noenoic PLFA, the resistanc scrain alsg shifts its lipid com-
posed to adequate carbon and terminal elecrron accepros position, decreases the proporrion of monoenoic PLFA o
buc lack some essenciaj auaient such as phosphace, nitrace,  saruraced PLFA, increases the level of LPS-OHFA, and ex-
and tace merals. Thesa bacteria form PHA. When the as- hibics decreased permeabilicy to the hydrophobic anzibiorig

sential component becomes available, these bacreria carabo- difloxacin not dececred 'in che solvenc-sensitive strain {73 ).
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Phospholipid pacterns 2lso change in 1esponse o envi-
ronmental siress. Some Pseudomanas species form acylor-

nichine lipids in ljey of phospholipids whesy growing with

limited bicavailable phosphate (52), Respiratory qyinone
structure. indicates the degree of zerabic activicy in gram.
negazive heterorrophic faculrative bacteria (37). Anaerobes
are usually associared wich high ratios of is0-branched o
anceiso-branched PLFA which are typical of Desulfovibrio.
tvpe su'@ce-reducing bacreria. Gram-positive aerobes like
Micrococcus or Ardhrobacrer species have low racios of iso- rg
anceiso-branched saturaced PLEA.

METABOLIC ACTIVITY IN ESTIMATING
BIOMASS

There are also biomass measures which are based on degecr.
ing the activicy of environmenral microbioea. Assays depen-
denc on SILVImatic acriviries (80), growrh, or respiracion
after chloroform fumigadion (40) have been used. The major
problem wich activicy-based assessments of microbial bio-
m2ss is that microbig] communicty metaholic activicy does
nac necessarily correlare wich microbial biomass ( high activ-
ity does not mean ag actively growing, dividing microbial
communicy). Measurements of the vighle microbial biomass
by PLFA determinacion in marine sediments recovered from
the Antarctic, -the deep sea, and neotropical marine mud

g (dry weighe) of sedimenr {~10% equivalent cells per g [dry
weighcl} (87). Mecabolic activities (measured with injecred
substrates in siny), however, showed neccropical sediments
10 be at least 300-fold more acrive than those in che Ancarc-
tic in terms of DNA synchesis determined from {5H]Ehymi—
dine incorporzcion rares (96),

DISTURBANCE ARTIFACTS IN ACTIVITY
MEASUREMENTS

Great care must be- taken wich meaboljc acrivity measure-
BeRCs 10 avoid the generation of disturbance arrifaces, Lipid
analysis has been used to overcome the problem of disgyrh.
ance artifacts generaged in determining microbial activiry
(16, 24, 25, 54). The facile determinacion of the rario of
[*Cl acerace incorporation into PHA and PLFA has proven
especially valuable in ecological smdies {27),

COMMUNITY COMPOSITION FROM
ISOLATED BACTERIA

Comenuairy composition based on discincrive partems of
ester-linked facry acids released from bacrerin (targely from
the phospholipids and 1. PS of clinical isolares) is currendly
used i identifying cultured mictobes. Parterns of the promi-
nent facty acids of isolaced micrabes after growth on stan-
dardized media are used to differentiare over 2,000 species of
Org2nisms by vsing the MID] microbial idencification System

viable communiry campasition, a5 often the viable councs
fepresenc 0.1 co 10% of the cells derected by using AQDC
or biochemical measures (1, 4, §9),

BlOLOG

A new automaced microbial identificacion system based on
aercbic meabolic activiries, Biolog, has been vsed for com.
municy microbiological composition. The system s hased
on differential activiies among 97 various subscraces and
has been shown to shaw differences.in communicy mecaho.-
lism char paralleled those provided by the lipid analysis in
differenciaring mictobial communities in drilling fluids,
makeup wacers, and deep subsurface cores {49). Unforry- .
nately, this form of analysis requires a transparent carbon-
free inoculum. Although many groundwater samples can be
assayed directly, soils and subsutface sedimencs need to ba
blended, extracred with sodium pyrophosphate, and incy.-
bated withour added carbon and nutriencs for 24 K with
agitation, and the supsmatanc must be floceulated wich a
mixture of caleium and magnesium sales before assay {49).
The Biolog assay cannor be used in a quanticacive determi-
nation of microbizl bicmass but can provide communicy
activity comparisons berweag biomes. Wich che Biofog svs-
tem, it was possible to detect considerable variation in the
subscrate ucilization of microbial communities of soils taken
from six different plant communirjes and compare differ.

the extencs of subscrace utilization were not reflecred in com-
parisons of responses of isolaces, model communities of

OWn composition, and soils (35). Replicaze soif communy: .
ties from the same pots vared considerably when the com.
munity activicy analysis was used.

WHEN TO UTILIZE BIOCHEMICAL BIOMASS
MEASURES

Biochemical biomass determinarions have been successtully
apptied to a multicude of environments. Since the measure..
ment involves extraction, concenrracicn, purification, fac-
tionation, derivarization, and analysis by GC-MS, wich
scuctural idencification of each signacure component, there
are few environmenss 1o which it cannoc be applied. The
assay has even been used 1o determine che biomass of mi-
crobes in sludges of petroleum storage ranks, although exrra
purification steps were inciuded to remove the neurral lipid
hydrocarbon components. Samples from soils (4, 29, 40,
7, 80), rhizospheres (8], 82, 99), ocean abyss (3}, stream
periphyron (33), clinical specimens (2, 67), pus (51), mum.-
mies {unpublished daca), ice coras (70), mongooase anal sacs
{15}, sediments (1,22, 25, 31, 34, 72, 78, 88), subsurface
materials (6, 24, 28, 94, 95 ), membrane filrer retentates from
groundwarer (50), bioprocessing (36, 5 I}, biofouling films
(89), concreze (46), derrirus (55), sponge spicule mare {96),
rinking warer biofilms {83), rocks (3}, fungai biomass (91
grazed detrirus (56), substracum biodegradability (8), micro.-
bially influenced corrosion (41), predacion (93), pollution
(79), anaerohic digestors (36), and MICToCosm microbiai
community comparison wich the field (20) have all been
characterized by using lipid analysis. :

COLLECTION OF SAMPLES FOR ANALYSIS

Proper sample collecrion techniques are essentiai for obrain.-
ing a represenrative sample from the enviroamencal maceix,
The analysis is most satistacrory when at least 03 bacreria
are z2nalyzed, since some of the more inceresting signar:urc-:‘s
can be found as trace componens in the lipid extrace. Ir

has proved possible though; o generace liptd profiles of da=p
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subsurface sedimenrs which conreain only 1.0 pmol of PLEA
per g of sediment {equivalen: to 2.3 % 10 bacreria) (94).
Signacure lipid biomarker analysis also can provide a nested
analvsxs ror the deterrnination of appropriate sample sizes
tor &tpenmt—:nml plots to determine the appropriate quadrac

¢ (19). The analysis provides a quantitarive estimarion
of sample-co-sampie.or within-sample heterogeneirty in the
determination of the microbtal biomass and communicy
composition in estuarine mud flacs {19).

SAMPLE HANDLING

Ir is important thac once the environmental samples are
recovered, they be froren {ac least —20°C or below) or by-
ophilized as quickly as possible. If this is noc possible, wet
weights are recorded and the sample is cooled as mpidly 2s
possible. To minimire communicy compasicional changes,
ic is necessary that microbial activicy be stailed as soon as
possible following sample collection. If the samples have
been grown in culture, the medium shouid be centrifuged
and the resulting cell peller should be rinsed twice wich
0.05 M phosphare buifer (pH 7.5} before lyophilizacion.
Samples should noc be held on ice {—4°C) any longer than
zbsolurtely necessary. Dry ice is satisfaczory for holding frozen
samples. Rock samples held az 4°C showed rapid and signifi-
cant changes in biomass and communicy compesition (3).
Preserving samples wmh buffered formaldehyde or gluteral-
dehyde is noc as satisfactory, 35 these preservarives can dam-
age some of the less stable lipids.

PERFORMING THE SIGNATURE LIPID
BIOMARKER ANALYSIS

Mericulous technique must be practiced to ensure conrami-
nant-free analyses. Scrupulous clezning of all glassware is
absolutely necessary. Once glassware is used, it is immedi-
ately fully immemsed ina washeub full of hot water and deter-
gent. The cleanirig process is so effective that phosphare-
containing detergent can be used. The glassware is scrubbed
with & brush and rinsed five cimes each with cold tap wacer
and then deionized warcer. Glassware is allowed to dry com-
pletely before being wrapped in aluminum foil and heared
in a clean muffle furnace for 2 minimum of 4 h ac 450°C.
Disposable glassware such as pipetes and silicic acid col-
umzns need not be washed buc is also baked in the muffle
fumace. No marterials other than fired glass and acecone-
rinsed Teflon may come into contact wich lipid solvents.
Lipids frowm fingers, hair, stopcock grease, oils, and hydrocar-
bons are all pocential concaminanes. Plascicware cannat be
used in lipid analysis. Samples can be exrracted at wom
temperacures but should be protected from light, especially
fluorescenr ligh, if phorasensitive lipids (such as quinones)
are o be analyzed. The extactant consists of 2 single-phase
chloroferm-methanol mixwure (1:2, volfvol), generaily
called a Bligh and Dyer (7), which can be modified co aceapc
2 phosphate buffer (88). Investigators have found thar modi-
fication of the buffer can increase the recavery of PLEA
from soils with high clay contene (29). Samples can be ex-
mracred in glass centrifuge bottles and then centrifuged ar
6,00Q X g for 30 min, with the liquid phase decanted intwo
a separatory funnei or analyzed directly in a separatory fun-
nel or in a test tube-or ocher suitable conrainer. With sandy
sediments and sufficient one-phase exrractane volume, it is
usually noc necessary to wash the sediment for a quandizarive
recovery. For bacrerial samples, 2pproximarely 102 hacrerial
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cells are sufficient to achieve 2 good signal-to-noise rario
during GC or GC-MS znalysis. To obeain the lipid fracrion
of the extracred sample, equal volumes of chloroform and
distilled warter (or buffer) are added and the emuision is
shaken. Wich time a splic phase develops, which is then
cenrrifuged or allowed to separate passively ovemnighe. The
lower organic phase (containing the bacrerial lipids} is col-
lected and filtered chreugh a fluted Whaoman 2V filzer that
has been preextracted with CHCI;. The organic phass is
removed by rotary evaporation at 37°C. The dried toral lipid
extract is dissotved in chloroform and then ransterred to a
silicic acid column and separated into neurral lipid, glyco-
lipid, and polar lipid fractions (31) by elucion with solvencs
of increasing polarity. The neucral lipid fraction is analyzed
for lipids such as free fatry acids, sterols. respiratory qui-
nones, criglycerides, and diglycerides (47, 78}, The glyco-
lipid fracticn can be analyzed for PHA (64). The polar lipid
fraction, containing the phospholipids, is subjecred wo a
transesteriticacion by a mild alkaline methanolysis prococol
(32}, resulting in fatey 2cid methyl escers which ace chen
separated, quancified, and rencatively idencified by capillary
GC. [ndividual components can then be definitively idenri-
fied by their mass spectra. Monoenoic PLFA double-bond
positions are determined by GC-MS analysis of the dimerhivi
disulfide adducrs {39).

The LPS-OHFA from the lipid A of gram-negacive bac-
teria can be recovered from the lipid-excracred residue. This
residue is hydrolyzed in acid, and the lipid components re.
leased by the hydrolysts are reextracted {71). After centrifu-
gation at 6,000 X ¢ for 30 min, the chloroform phase is
recovered, evaporated to dryness, and mechvlated by using
“magic” methanol (merthanol-chloroform-concentrared
HCL{10:1:1, volfvolfvol]) {61). The methylared OHFA are
recovered, and the solvent is removed under a stream of
aitrogen. The OHFA are purified by thin-tayer chromarog-
raphy (developed in hexane-diethyl echer [L:1, vol/vol]),
recovered in chloroform-methanol {1:1, volfvol), and then
derivacized by using bls(tnmethyim yl)ziflucroaceramide
prior to GC-MS anaiysm-

Resuics are reported with facty acvis designated by the
tocal number of carbon atoms followed by the number of
double bonds, with the position of the double bond indi-
cared from the methyl end {w} of the molecule (see foctnote
tw Tzble 1).

PLFA and other lipid profiles can be entered into spread-
sheet formars and subjecred to stacistical analysis. In addi-
tion o analysis of variance, two multivariace scatistical ap-
plicarions have grown in oooulanr\;r in addressing similaricies
berwesn PLEA pronles Dendrograms from a ‘hierarchical
cluszer analysis are generally consrruceed from arcsine-trans-
formed PLEA mole percenc values, with similaricies based
on madified Euclidean distances. THe twao-dimensional plots
generated from 2 principai-components znalysis not only
illuserace profile similaricies (ot differences) buc also idencify
which PLFA conrribute to the formarion of the plows and
to what extent (i.e., coefficients of loadings) (2, 76, 94, 93).

INTERPRETATION

Viable biomass is estimaced from the coral amount of PLEA
derecred in 2 sample. Phosgholipids are an essendal parcof
the intacrt ¢zll membranes; thus, this biomass is 2 measure
of the vizble or pocentially viable cells. Viable biomass can
also be decermined as organic LP by colorimerric methods
{22, 7). The grear majority of mu:'oozal phospnolipids are
Jiagyl, with a molar racio of LP to PLFA of 1:2. Eavironmen-
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tal samples showed LP-to-PLFA ratios of 1:2 to [:1.5 with
a.-mean of 1:1.7 in 200 samples {unpublished dara). Qur
laboratory uses a cell equivalent value calculared from ex-
periments performesd with subsurface bacreria. It is based on
the assumptions that there are 2.5 X 10'% cells par g {dey
weight) and 100 umot of phospholipid per g (dry “weighc)
of cells (6). This equivalenc yields 2.3 X 10% cells per pmol
of PLFA. It is important to note thac the number of cells
per gram {dry weight) can vary by up o an order of magni-
wude, as summarized by Findlay and Dobbs (21). Wich cell
deach, or as the cell ruprures, phospholipids are artacked by
en-ymes, resulting in 2 lipid molecule called a diglyceride
which is not present in the membranes of viable cells. A
rapidly growing microbial community will show a diglycer-
ide faccy acid/PLFA rado of p~0, while in less ideal enviren-
menss the ratio can exceed 3 (95).

COMMUNITY COMPOSITION

Mictohbial communizy composition can be characterized
from the pactrem and types of PLFA idenritied in a sample.
Some examples of signature lipids are shown in Table 1.
When one is determining communicy struczuce by using a
signature lipid approach, it is crucial to consider the envi-
ronment from which the sample was remieved when incer-
preting results. Terminzlly branched sarurated PLFA are
common (e gram-positive bacreria but also o some gram-
negative anaercbic bacteria, such as the suifsre-reducing
bacreria. Manoenoic PLFA are found in most ali gram-nega-
tive microorganisms and many types of microeukaryores.
Specific groups of bacreria form moncenoic PLFA with the
unsaturation in an atypical position. such as 18:1 8¢ in the
ovpe [l methane-oxidizing bacteria (62). Polyenoic PLEA
generaily indicare the presence of microeukaryoces but have
zlso been sparingly reported in some bacteria (34). The
PLFA 18:2w6 is prominent in fungt bur is also found in aigae
and protozea. Polyenoic PLFA with the first unsacuracion in
the wé posicior are classically considered to be of animal
origin, whereas organisms wich the ficst unsaturacion in the
w3 posicion are generally considered to be of either plant
or algal origin. Normal sacurated PLFA longer chan 20
carbons are rypical of the microeukaryores. There are excep-
tions to these generalizations. Sterol cypes and pattemns are
very helpful in identifying microeukaryotes, especially when
combined with PLFA resulrs. For exampie, cholesterol has
been found to be prominent in protozeans such as Crypto-
sporidium species, ergosterol is found in many fungi (58),
and algae {12} conrain a diverity of sterols in pacterns
which have proven ro be useful in forming raxonomic rela-
tionships. Branched-chain mencenoic PLEA are common
in the anaerchic Desuffovibrio-type sulfare-reducing bacreria
boch in culture and in manipulated sedimencs (18, 72). They
zre also found in cermin actinomycetes, which as a group
contzin mid-chain branched samrared PLFA, in particular
10Mel8:0, wich lesser amounts of ocher 10 methyl-branched
homologs. Environmens wich 10Mel6:0 > > [0Mel8:0
often feature anzerobic gram-negarive Desulfobacter-type
sulfate-reducing bacreria (17, 72). Althcugh normal
(straight-chain) saturated PLEA are found in boch prokary-
otes and eukaryores, bacteria generally contain grearer
amounts of the 1§-carbon moiecy (16:0), wheresas the mi-
croeukaryoces concain greater amounc of the [8-carbon
moiecy (18:0). Mezhyiowophs are an exceprion o this rule,
cenerally making more 18:0 than 16:C.

PHYSIOLOGICAL STATUS

Insight inco the nucitional and physiological status or the -
microbial community can be determined through applica-
tion of signacure lipid biomarker analysis. The moncencic
PLFA 16:1wic and 18:1wic are increasingly converzed o
the cyclopropyl facy acids ey17:0 and ¢yl9:0, respectively,
in gram-negative bacreria as the microbes move from a loga-
richmic ro a stationary phase of growth. This ratio vares
from organism [0 organism or environment o environment
bue usually falls wichin the renge of 0.05 (log phase} w
2.5 or grearer (stationary phase} (51, 85}. An increase in
cvclopropyl PLFA formarion has also been associated wich
increased anaercbic metabolism in facultzcive heterowophic
bacteriz in monoculture studies. Bacreria make trans-mo-
nounsacuraced facey acids as a result of changes in the envi-
ronment, usually a5 a resule of stress (i.e., toxicity o starva-
don). For example, gram-negarive bacteria make 16:lwit
or 18:1wit farty:acids in the presence of roxic poliutancs
such as phenoi (38). In addicion mans/cis racios of greater
than Q.1 have been shown to indicare scarvation in baczerial
isolates (32). This value is usually 0.05 or less in healthy,
nonscressed popularions. A ratie of storage lipid {(PHA)
membrane lipid (PLEA) can be interpreted as a measure of
unbalanced growth., When bacteria are in the presence of
a carban source and a terminal electron accepror but lack
an essencial nutrient, they do noc undergo cell division buc
instead form storage compounds such as PHA. When grow-
ing vigorously, they do not form PHA but instead show an
increase in roral PLFA. PHA/PLFA ractios can range any-
where from 0 (dividing cells) to over 40 {carbon storage).
Ratios greater than 0.2 usually indicate the beginnings of
unbalanced growth in at least pact of the microbial comemu-
nigy.

It is sometimes useful to derermine in sitw proporrions
of zerobic and anaerobic merabolism within a microbial
community. Benzoquinones {ubiquinones, coenryme Q) are
produced by aerobic and facultative gram-negative bacteria.
Terminel electzon accepror in the membrane-bound elec-
tron: transport chain are either oxygen or nitrate, boch of
which carry high potencials (37). Naphthoquinones {mena-
quinones, dimechylmenaquinones) are produced by zerobic
cram-positive bacteria, extreme halophiles, and gram-nega-
tive faculeative or obligztely anaerobic bacteria. These or-
ganisms use succinate, COs, or other low-potential electron
acceptors in the eleczron transport chain. Fermencative an-
aerobic growth by facultative or obligace anaerobes generally
produces no respiratory quinones. A rasio of toal benzoqui-
nones to toczl naphthoquinones provides an indication of
the extent of aerobic versus anzerobic microbial respiracion.
In gram-negative bacteria, respiracory quinones are usuatly
10 to 100 dimes less in concenc than the PLFA. Sometimes
proportions of isoprenologs of the respiratory quinones can
be heipful in idencifying species. Benzoquinone, wich 13
isoprenclog units in che side chain, is found uniquely in
Legionella pnewmophila. When plasmologens (lipids Tvpical
of closeridia) are subjected to a mild acid mechanolysis, faccy
aldehydes ace formed, which can then be converred inco
dimechyl zcemls. Wich increasing proportions of obligare
anaercbes and anaerobic metwabolism, the dimethy ace;alj'
PLEA ratio will increase. In cermin siruadions, anaerodic
merabolism can be escimared from the racio of iso-branched
to aneziso-branched saturaced PLEA. The gram-positive aer-
obes (Arthrobacter and Micracoceus species) have i17:0/al7:
0 ratios of approximacely 0.2, whereas the gram-negacive
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anaerobes (Desulfovibrio) have i17:0/a17-0 ratios of greacer
than 5 (17).

VALIDATION

The use of signature lipid biomarker analysis in determining
the in situ viable microbial biomass, communicy composi-
tion, and nucritional-physiological stazus has been validared
in a series of experimenrs (88). The induction of microbial
comrmunity compositional shifts by altering the microenvi-
ronment resuited in changes thar were ofren predictable,
given past experience with microbial communities. For ax-
arple, biofouling communities incubared in seawarer ar al-
tered pH in the presence of ancibiotics and specific nucriencs
resulted in 2 communicy dominared by fungi, while other
conditions resulted in 2 communicy dominared almosr ex-
clusively by bacteria (91). Similac experiments showed thar
light-induced shifes which ceccurred within mierobial com-
munities were matched by expected shifts in signature lipid
biomarkers and in rerminal elecon acceprors (9). These
communicy compesicional shifts resulting from specific per-
turbations have been reviewed (36). ‘A second validacion
was the isolation of & specific organism or groups of organ-
isms, with subsequent decection of the same organisms by
signature lipid analysis in consortia under conditions in
which their growth was induced, It was possible 1o induce
a “crash” in methanogenesis in a bioreactor by inducing the
growth of sutfate-reducing bacreria (51) or by adding traces
of chioroform or oxygen (36). These crashes were accompa-
aied by shifts in the signarure lipid bicmarkers thac were
correlated wich the changes in the microbial populations.
Specific sulfate-reducing bacresial groups can also be “ip-

duced” in estuarine muds (52), as can methane-oxidizing -

populations {60) or propane-oxidizing actinomyeeres (75),
through the addicion of appropriate substrates. Again, al]
of these community shifts were evidenced by mezsurable
changes in lipid signacures snd in lipid pattemns. A third
validarion was the induction of shifts in microbial commu-
nity nucritional stacus by generating condidons of unhal-
anced growth in which cell growth but noc cell division was
possible. This was accomplished by chelating trace merals
in the presence of tannins on epiphyric microbiota (58) and
by disturbing anaerobic sedimencs with oxygenared seawarer
(25). Under these condizions, the ratio of PHA. to PLEA
biosynchesis increased dramacically just as it does in mono-
culzures of appropriace bacteria under lzboratory condicions.
A fourth validation was the dececrion of specific shifts in
microbial communities as a result of specific grazing by pred-
ators. The sand doliar Mefliza quinquiesperforaca was shown
to selectively remove noaphotosyncheric microeukaryores
from sandy sedimencs. Examinadion of the morphology of
the organisms in ics feeding apparacus and of the signacure
lipid biomarker patterns before and afrer grazing by the echi-
noderm demonstraced the specific [oss of nonphocosyncheic
microeukaryores {26). Another example involved the am-
phipod Gemmarus mucronacus, which exhibiced 2 relatively
nonspecific grazing of rhe estuarine derrital microbiora. This
orgarlism removed the mictoeukaryotes, which were than
replaced, to a large extent, by bacteria (53, 36). Resulss of
the signature lipid bismarker analysis agreed with the celly-

far morphologies present as shown by scanning electron mi-
croscopy.

LIMITATIONS

Derterminarion of microbial biomass wich 3 colorimerric
anaiysis of the organic phosphare of the phospholipids is

straightforward and requires lirie specialized equipmenc
other than a spectrophotomerer {92). However, chis analysis
is relatively insensitive, wich {imics of detection in the mj-
cromolar range (~10% bacreria with the stable colorimetric
analysis {92] or ~107 bacteria the size of Escherichia coli with
the dye-coupled assay [22]).

UNITS

A major problem wich signacure lipid biomarker analvsis in
determining environmental microbial biomass is thar the
results are not presented in che rradicional unics. Biamass
is measured as picomoles of PLEA or micromoles of LP per
sample instead of cells per sample. Although this valye cag
be related to the number of specific organisms present, the
conversion is problematic because of the variery of shapes
and sizes organisms maincained in nature. The znalysis of
fungi based on srerol conrent also presencs 2 problem since
myceliz often exisc as large multinucleared cells with a huge
biomass, much of which is nort active,

In the determinacion of signature lipid biomarkers in en.
vironmental samples, the lioid profiles will noc resulc in the
definiticn of each individuai species present. Same species
are readily defined since they congain eicher unique lipid
compeonents ar unique lipid parrerns. However, in environ-
menczl 2nalyses, overlapping patrems may necessitace less
specific interprecacions, i.e., ar the functional group level.
Since DNA suicable for gene probing can be recovered with
signature lipid biomarker analysis, the combination of signa-” *
ture lipid biomarker analysis wich DN A gene probe technol-
ogy greacly expands che specificity and scope of communicy
compositional determinacions.

Anzlysis of lipid components tequires special analveical
skills and encails expenses for eXtractions, processing, and
GC-MS equipment tor analysis. Scrupulous actention mus
be paid w0 the puricy of solvents, reagencs, and glassware
since signatures at 1 part it 10 are commonly detecred
by these analyses. Once any difficulcies in performing the
analyses have been overcome, the incetprecarion of commuy-
nity composition and nucritional-physiclagical stamys re-
quires an exrensive familiaricy wich widely scatzered licera-
ture. Research toward automating and accelerating the
speed of the analysis has been initiated in a number of {aho.-
racories. [n the not too discane future, it is likely char signa-
cure lipid biomacker analysis wiil be fully automaced and
accomplished in a marter of hours instead of the currene
time frame of days. In che meanzime, lipid analysis provides
significant insight into the microbial biomass, communicy
structure, and physiological stacus of environmental samples
and provides a quancitarive means for obeaining this Type
of information.
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Phaspholipid patterns zlso change in response o envi-
ronmencal stress. Some Pseudomonas species form zeylor-
aichine lipids in liey of phospholipids when qrowing with
limized bicavailahle phosphate (52). Respiratory quinone
stucture indicages the degree of aerobic activity in gram-
negative heterotrophic facultative bacteria (37). Anaerobes
are usuaily associated wich high ratios of 5o-branched o
ancefso-branched PLFA which are typical of Desulfovibrio-
type sulfaze-reducing bacteria. Gram-positive aerobes like
Microcaceus or Arthrobacter species have low ratios of iso. co
aneeiso-branched sacurared PLFA.

METABOLIC ACTIVITY IN ESTIMATING
BIOMASS

There are also biomass measures which are based on degect.
ing the acriviry of environmenral ricrobigea. Assays depen-
dent on enzvmaric acriviries (80), growth, or respiration
after chloroform fumigation (40) have been used. The major
problem wich activity-based assessmencs of microbial big-
mass is thar microbiaf community metaholic activicy does
Rec necessarily correlace with microbial biomass (high acriv-
ity does net mean an actively growing, dividing microbial
community). Measurements of the viable microbial biomass
bv PLFA determinacion in marine sediments recovered from
the Ancaretic, the deep sea, and neotropical marine mud
flats ace remarkably constanc ar aboug 10 nmol of PLEA per
¢ (dey weighe) of sedimenr (-10° equivalent cells per g {dry
weight]) (87). Metabolic activities {measured wirh injecrad
substrates in situ), however, showed neocropical sedimencs
t be at least 300-fold more acrive than those in che Antare-
tic in terms of DNA synthesis determined from PHthymi-
dine incorporarion mges (96).

DISTURBANCE ARTIFACTS IN ACTIVITY
MEASUREMENTS

Great care must be-taken with merabolic activiry measure-
IMENCs 10 avoid the ganeracion of disturbance arrifacys, Lipid
2nalysis has been used o overcome the problem of disturh-
ance artifacts generared in determining microbial activiey
(16, 24, 25, 54). The facile decermination of the ratio of
[(**C] acerace ncorporation into PHA and PLFA has proven
especially valuable in ecological studies ( 27N

ISOLATED BACTER

Communiry composition based on distincrive partems of
ester-linked facry acids rejeased from bacreria (largely from
the phospholipids and LPS of clinical isolaces) is curreznitly
used in identifying cultured wicrobes. Parterns of che Dromi-
nent farry zcids of isolaced ticrobes after growth on stan-
dardized media are used to differentiate over 2,000 species of
organisms by using the MIDI microbia] idencification sysrem
(MIDI, Newark, Del). (84). Utilization of MID! requires
isolation and culeure of the microbes prior o analysis. As

COMMUNITY COMPOSITION FROM
1A

viable community composicion, as often che viable counes
represenc 0.1 to 10% of the cells dececred by using AODC
or biochemica] measures (i, 4, §9),

BIOLOG

A new automared microbial identificarion system based on
aerobic merabolic activiries, Biolog, has heen used for canpg-
munity microbiclogical composition. The system is based
on differenria} activities among 97 various substraces and

nacely, this form of analysis requires a fransparent carbon.
free inoculum. Although many groundwater samples can be
assayed directly, soils and subsurface sedimencs need to be
blended, exrracred with sodium pyrophosphate, and incy.
bated withour added carbon and nucrients for 24 b with
agitacion, and the supernaranc must be flocculared wich 4
mixrure of calcium and Mmagnesium salts before assay (49),
The Biolog assay cannot be used in a quantitarive derarmi.-
nation of microbial biomass by can provide communicy

ences in functional diversicy (10 ). Pattemns of subserace
utilization were reproducible for meile) communicies, byt
the extents of substrage utilization were noc reflecred incom-
parisons of responses of isolaces, model communicies of
known composition, and soils (35). Replicare soil communi: .
ties from the same poes varied considerably when the com.
municy activity analysis was used.

WHEN TO UTILIZE BIOCHEM!CAL BIOMASS
MEASURES

Biochemical biomass determinations have been successtully
applied to a muiticude of environmenss. Since the measyre.
ment involves excraction, toncenaation, purification, fac.
tionation, derivarizacion, and anzlysis by GC-MS, wich
structural idencificacion of each signatute component, there
are few environments to which it cannoc he applied. The
assay has even been used ro derermine the hiomass of mi-
crobes in sludges of petroleum storage tanks, aithough exrry
purification steps were included to remove the neurral lipid
hvdrocarbon componenss. Samples from soils (4, 29, 40,
47, 80y, thizospheres (8], 82, 99), ocean abyss (5}, swream
perivhycon (33), clinical specimens (2, 67}, pus {61}, mum-
mies (unpublished data), ice cores (70}, mongoose anal sacs
{15}, sediments (1,122,725, 31, 34, 72, 78, 88), subsurface
marerials (6, 24, 28, 94, 95); membrane filter retentaces from
groundwater (50), bioprocessing (38, 31), biafouling films
{59}, concrere {46), detricus (33), sponge spicule mars {96),
drinking wazer biofilms (83), rocks (3), fungal biomass (91),
grazed derritus (56), substranym biodegradabilicy (8), micro-
biaily influenced corrosion (41), predacion {93), pollution
{79}, anaerchic digestors (36), and microcosm microbial
community comparison with the field {20} have al] been
characterized by using lipid analysis,

COLLECTION OF SAMPLES FOR ANALYSIS

Propersample coilecrion techniques are essendial for obrain-
ing a representarjve sample from the environmencal marrix.
The analysis is mese sarisfacrory when ac leasc 103 bacteria
are znalyzed, since some of che more inceresting signatures
can be found as trace componenss in the lipid exeract. [t
has proved possible though, to generace lipid profiles of deep
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subsurface sediments which conrain only 1.0 pmol of PLFA
per g of sediment {equivalent to 2.5 X 10% bacreria) {94).
Signacure lipid biomarkar analysis also can provide a nested
analysis for the determinarion of appropriate sample sizes
tor experimental plots to determine the appropriate quadrac
siza (19). The analysis provides a quanticacive estimacion
of sample-to-sample ot within-sample heterogeneity in the
determinacion of the microbial biomass and communicy
composicion in estuarnne mud flars (19).

SAMPLE HANDLING

It is imporrane that once the environmental samples are
recavered, they be frozen (ar least —20°C orbelow) or ly-
ophilized as quickly as possible. if chis is noc possible, wet
weights are recorded and the sample is cooled as rapidly as
possible. To minimize communicy compositional changes,
ic is necessary that microbial acrivity be stalled as soon as
possible following sample collection. If the samples have
been grown in culture, the medium should be centrifuged
and the resuicing cell peller should be rinsed twice wich
0.05 uM phosphare butfer {pH 7.3) berore lyophilizaticn.
Samples should noc be held on ice (—°C) any longer than
absolutety necessary. Dry ice is satisfactory for holding frozen
samples. Rock samples held ar 4°C showed rapid and signifi-
canc changes in bicmass and communicy compesition (3).
Preserving samples Wlth buffered formaldenvae or gluceral-
dehyde is not as satisfacrory, 35 these preservatives can dam-
age some of the less stable lipids.

PERFORMING THE SIGNATURE LIPID
BIOMARKER ANALYSIS

Meticulous technique must be pracriced o ensure contami-
nanc-free analyses. Scrupulous cleaning of all glassware is
absolutely necessary. Once glassware is used, it is immedi-
ately fully immersed in a washeub full of hot water and decer-
gent. The cleaning process is so effective thac phosphace-
conraining decergenc can be used. The glassware is scrubbed
wizh a brush and rinsed five times each with cold tap warer
and then deionized wacer, Glassware is allowed to dry com-
plecely before being wraoped n aluminum foil and heated
in 2 clean muffle furnace for 2 minimum of 4 h at 450°C.
Disposable glassware such as piperres and silicie 2¢id <ol
umns need not be washed but is also baked in che muffle
furnace. No materials other than fired glass and acetone-
rinsed Teflon may come into contact with lipid solvents.
Lipids from fingers, hair, stopcock grease, oils, and hydrocar-
bons are all potenrial contaminants. Plasticware canner be
used in lipid analysis. Samples can be exrracred ar room
temperacures bur should be protecred from liehe, especially
fluorescent light, if photosensitive lipids (such as guinones)
are w0 be analyzed. The extractant consists of a single-phase
chloroform-methanel mixwure {1:2, voljvol), generally
called a Bligh and Dyer {7}, which can be modified to accent
a phosphare buffer (83). Investigators have found that madi-
fication of the buffer can increase the recovery of PLFA
from soils wich high clay contenr (29). Samples czn be ex-
tracted in glass cenmifige bowles znd then cenaifuged ac
8,000 X g for 30 min, with the liquid phase decanred inco
a separatory funnel or analyred direcdy in a separatory fun-
nel or in a test cube‘or other suitable conrainer. Wich sandy
sedimenrs and sufficient one-phase exmacranc volume, it is
usually noc necessary to wash the sedimenc for a quantirative
recovery. For bacterial samples, approximarely 108 bacrerial
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cells are sufficient to achieve a good signal-to-noise mrio
during GC oc GC-MS analysis. To obcain the lipid fraction
of the extracred sample, equat volumes of chloroform and
distilled water (or buffer) are added and the emulsion is
shaken. With time a splic phase develops, which is then
cenrrifuged or allowed o separace passively ovemnighe. The
lower organic phase {conraining the baczertal lipids) is col-
iected and filtered through a fluted Whaman 1V filcer char
has been preexrracted with CHCl;. The organic phase is
resnoved by rorary evaporarion at 37°C. The dried toral lipid
exrract is dissolved in chloroferm and then wmansterred to a
silicic acid column and separated into neucral lipid, glyco-
lipid, and polar lipid fractions (31) by elucion with solvents
of increasing polaricy. The neural lipid fraction is analyzed
for lipids such as free fatry acids, sterols. respiratory qui-
nones, triglycerides, and diglycerides {47, 78}. The glyco-
lipid fraction can be analyzed for PHA (64). The polar lipid
fraction, containing the phospholipids, is subjecred o a
rransesterification by 2 mild alkaline methanolysis protacol
{32}, resulting in farey acid merthyl escers which are then
separated, quantified, and tentatively idencified by capillary
GC. Individual components can then be definicively identi-
fied by their mass spectra. Monoencic PLFA double-bond
positions are determined by GC-MS analysis of the dimechvl
disulfide adducts (39).

The LPS-OMFA from the lipid A of gram-negative bac-
teriz can be recovered from the lipid-exrracted residue. This
residue is hydrolyzed in acid, and the liptd componenss re: |
leased by the hydrolysis are reextracted (71). After cencrifu-
gation ac 6,000 X g for 30 min, the chioroform phase is
recoverad, evaporated o dryness, and mechylated by using
“magic” merhanol {methanol-chloroform-concentraced
HCL{10:1:1, volfvoi/vol]) (61). The mechyiated OHFA are
recovered, and the solvent is rernoved under a stream of
nitzogen. The OHTA are puritied by thin-layer chromarog-
raphy (developed in hexane-diethyl echer {L:1, vol/vol]),
recovered in chloroform-methanol (1:1, volfvol}, and then
derivatized by using bLs{mme:hy[SL yl)zifluoroaceramide
priar ta GC-MS analyms-

Resuits are reported with faccy a<:1ds designared by the
tocal number of carbon atoms followed by the number of
double bonds, with the position of the double bond indi-
caced from che methyl end { w} of the molecule (see foomaora
o Table 1).

PLFA and other lipid profiles can be entered into spread-
sheet formars and subjecred to stacistical analysis. [n adci-
cion to analysis of variance, two multivariare stacistical ap-
plications have grown in popularity in addressing similarities
berwesn PLFA profiles. Dendrograms from a hierarchical
cluster analysis are generally consoucted from arcsine-frans-
formed PLFA mole percent values, with similarities based
on modified Euclidean distances. The cwo-dimensioaal plots
generated from a principal-components analysis noc ‘only
xﬂusc:ate profile similaridies (or differences) but alsa 1den:1ry
which PLFA concribuce to the formation of the plows and
o what exeent {i.e., coefficients of loadings}) (2, 78, 94, 93).

INTERPRETATION

Viable biomass is estimated from the ol amount of PLEA

derecred in a sample. Phospholipids are an essenrial part of
the intact cell membranes; chus, this biomass is a measure
of the viable or porencially viable cells. Viable biomass can
also be determined as organic LP by celerimetric methods
(22, 92). The great majoricy of microbial phospholipids are
dizevl, with a molar rdeic of LP to PLEA of 1:2. Environmen-
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