OIKOS 74: 177-184. Copenhagen 1995

Chemical ecology: possible linkage between macro- and microbial
ecology

David C. White

W%;ite, D.C. 1995. Chemical ecology: possibie linkage between macro- and microbial
ecology. — Otkos 741 177-184.

Microbes are often the largest biomass in an ecosystem, yet are not often considered in
classical ecology. Problerns with the study of the ecology of microbes come from the
difficulties in applying the isolation and culture techniques that were so successful in
medical studies but are not effective in the environment. Most eavironmental microbes
simply will not grow in culture, The problem of assessing the impact of microbes on
ecosystems is further complicated as the meost significant impact of a microbial
community on an ecosystem is the result of metabolic activities. Inactive microbes can
be & food source, but the biogeochemical metabolism of the active microbes have the
greatest impact on the environment. In stable soils and sediments, only a tiny propor-
tion of the potential metabolic capacity and versatility of that community is being
actively expressed at a given time. Microbes in these environments are poised to
rapidly take advantage of nutrients that become available following a disturbance. This
dramatic reaction to disturbance makes measuring the metabolic activity of microbes in
undisturbed soil a significant chailenge. Heterogeneity on the scale of the microbes jn
the distribution of nutrients, carbon sources, water, ions, or terminal electron acceptors
in soils is a significant complication. The assumptions of colligative properties of
sofutions for soil environments in the estimations of kinetics is one of the reasons that
engineers have so much trouble making successful medels for in situ bioremediation in
these heterogencous soils and sediments. How then, can scil microbial community
ecology be approached? The hypothesis that many of the responses of monocultures of
microbes to specific conditions will predict the responses of these organisms to specific
conditions in the soil community seems to hold true. This theory is being tested using
genetically engineered microbes with “reporters” in biofilms and can be examined in
soils, if the analysis does not apply selective pressures that can distort the in situ
conditions. The knowledge of physiclogical responses of menocultures, and the struc-
tural modifications they produce, provides a mechanism to predict the responses of a
community to specific change. In characterizing the microbial comumunity in situ, there
are advantages to analyzing lipid membranes, because all viable cells are enclosed in
lipid membranes containing polar lipids. If specific organisms have sufficiently un-
usuz! lipids in their membranes then these lipids can serve as “signatures” to define the
community structure. If there are specific conditions that result in structural medifica-
tions of the lipids, then the detection of these modifications can be utilized to define the
ecology of the microniche of that organism and thus of at least a portion of the
micrebial community. This gives insight into the microbes’ nuiritional/physiological
status and the suitability of the local environment. The presence of polar lipids can
define the viable biomass, as no cell can function without an intact membrane which
contains polar lipids. The activation of endogenous phospholipase activity with cell
death can leave traces of the recent lysis in the diglyceride structure. The detection of
specific genes can define the limits of adaptation but not always reflect current
metabolic activity. That most complex ecosystem with the most diverse biota and
versatile biochemistry, soil, is finally approachable on both a holistic and utterly
reductionest scale, thanks in large measure to the prescient insight of Per Brinck who
introduced Chemical Ecology to Lund University and the rest of the world.
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Fig. 1. Attributes of microbial communities based on Signature Biomarker Analysis (Lipids and DNA).

The probiem

Many ecologists know in their hearts that the unseen
microbes in their ecosystem must be very important.
Alier all they comprised the biosphere for almost afl but
the last 6.0x 10* of 3.8 x 1(¥ yr that life existed on the
earth and are responsible for the geochemical cycles that
allow life to continue. Microbes tend to be ignored be-
cause they are difficult to study. The classical methods of
isolation and culture of microbes that are taught in most
microbiclogy courses do not work when applied to the
environment as less than 1% of what can be detected in
stained microscopic preparations can be cultured. Stain-
ing microbes in soils can be difficult as many are attached
to soil granules and can be hidden. Agents that release
attached microbes are often selective and do not release
quantitatively. The morphology of the microbes does not
often reflect the function or activity so very little insight
into the community structure or nutritional status is pos-
sible. Measurements of metabolic processes are compli-
cated by the facts that most microbes in the soil are
inactive, but poised for activity when nutrients appear.
Adding labeled substrates to determine rates of metabolic
activity induce major disturbance artifacts giving much
higher rates than actually exist in the environment. This is
possibly best exemplified in studies of the deep sub-
surface microbiota where oxygen and inorganic carbon
are found in groundwater with a ground water age of
greater than 1.1 x 10° yr. Measurements of metabolic ac-
tivity based on isotope incorporation experiments by the
microbes in subsurface sediments were 10° to 10° times
greater than the geochemical evidence would predict. The
metabolic activities by the subsurface microbiota indicate
growth rates of centuries (Phelps et al. 1994),
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The challenge of including the microbiota in ecosys-
tems has captured some of the most perceptive ecologists.
The great “synthesizer” E. Q. Wilson of Harvard Uni-
versity in his wonderful autobiography “Naturalist”
stated “If I could do it all over again, and relive my vision
in the twenty-first century, I would be a microbial ecolo-
gist. ...Into that world I would go with the aid of modern
microscopy and molecular analysis. [ would cut my way
through clonal forests sprawled across grains of sand,
travel in an imagined submarine through drops of water
proportionately the size of lakes, and track predators and
prey in order to discover new life ways and alien food
webs”,

Has the “methods limited” nature of microbial ecology
been solved with the molecular revolution? DNA can be
recovered from soils and genes probed for specific func-
tional activities and organisms can be identified at the
kingdom, family, genus, species levels based on sequence
homology with various portions of the DNA coding for
the ribosomal RNA’s (Ward et al. 1992). However, the
presence of a gene for the iDNA indicates an organism is
there only if the gene is demonstrated to be in the specific
organisms and not extracellular. For an enzyme activity
the presence of a gene indicates that the potential exists in
that ecosystem for that activity. As has been pointed out
“My brain and my kidney have exactly the same se-
quence in the 3x 10° bases in their DNA and in the
1.8 x 10" bases in the mitochondrial DNA I got from my
mother, but I certainly hope they are not doing the same
thing™ (White 1994). The molecular revolution provided
microbial ecology with a new an powerful technology for
specific insights into the metabolic potentialities of a
commumity. The concomitant application of Chemical
Beology can provide insights into the “phenotypes” to
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Fig. 2. Determination of viable biomass based on the analysis of
the phospholipid fatty acid content. With cell lysis and death,
endogenous phospholipases hydrelyze the phosphate-containing
portion of the lipids forming diglyceride from the phospholipid.
The resulting diglycerides retain the same fatty acid patterns of
the parental phospholipids for some time.

complement the “genotypes” within the microbial com-
Inunity.

A possible solution

Analysis of the cellular lipids provides a satisfactory way
to gain insight into critical attributes of microbial com-
munities. Lipids are cellular components recoverable by
extraction in organic solvents, and the extraction provides
both a purification and concentration. Lipids are an es-
sential component of the membrane of all cells and play a
role as storage materials. The signatuge lipid biomarker
(SLB) analysis provides quantitative insight into three
important attributes of microbial communities and allows
recovery of the DNA (Fig. 1).

A) Viable biomass

The determination of the total phospholipid ester-linked
fatty acids (PLFA) provides a quantitative measure of the
viable or potentially viable biomass. Viable microbes
have an intact membrane which contains phospholipids
(and PLFA). The cellular enzymes hydrolyze (release)
the phosphate group within minutes to hours of cell death
(White et al. 1979). The lipid remaining is diglyceride
(DG) (Fig. 2). The resulting DG contains the same signa-
ture fatty acids as the phospholipids, allowing a compari-
son of phospholipid fatty acids to diglyceride fatty acids
{(viable to non-viable microbes) to be made. Since the
same fatty acids present in the phospholipids are found in
the diglycerides (until they are hydrolyzed), the patterns
of the DG fatty acids can indicate the recently lysed
components of the microbial community. A careful study
of subsurface sediment showed the viable biomass deter-
mined by PLFA was equivalent (but with a much smailer
standard deviation) to that estimated by intercellular ATP,
cell wall muramic acid, and very carefully done acridine
orange direct counts (AODC) (Balkwill et al. 1988).
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B) Compnunity structure
The analysis with SLB provides a quantitative definition
of the microbial community structure. Specific groups of
microbes often contain unusual lipids (White et al. 1978,
White 1988, Tunlid and White 1991). For example, spe-
cific PLFA are prominent in the hydrogenase-containing
Desulfovibrio sulfate-reducing bacteria, whereas the De-
sulfobacter type of sulfate-reducing bacteria contain dis-
tinctly different PLFA (Edlund et al. 1985, Dowling et al.
1986). Patterns of the prominent PLFA from isolated
microbes after growth on standardized media are used to
differentiate over 8000 species of organisms with the
Microbial Identification System (MIDI, Newark DE)
{(Welch 1991}, Hierarchical cluster analysis of the pat-
terns of phospholipid fatty acids shows similarities be-
tween species of isolated methane-oxidizing and sulfate-
reducing bacteria that almost exactly parallel the phylo-
genetic relationships based on the sequence similarities
of the 168 rRNA (Guckert et al. 1991a, Kohring et al.
1994), Hierarchical cluster analyses of PLFA patterns of
the total microbial communities guantitatively define re-
latedness of different microbial communities. This has
been done with deep subsuzface sedimenis in which the
microbial communities of permeable strata are different
from surface soils, the clay aqualudes, and the drilling
fluids used to recover the samples (White et al. 1991).
The analysis of other lipids such as the sterols (for the
microeukaryotes — algae, protozoa) (Nichols et al. 1990),
glycolipids (phototrophs, gram-positive bacteria), or the
hydroxy fatty acids in the lipopolysaccharide (IPS) Lipid
A (gram-negative bacteria) (Parker et al. 1982) can pro-
vide more detailed community structure analysis (Fig. 1).

C) Nutritional status

The formation of poly B-hydroxyalkanoic acid (PHA in
bacteria) (Nickels et al. 1979, Findlay and White 1983),
or triglyceride (in microeukaryotes) (Gehron and White
1982) relative to the PLFA provides a measure of the
nutritional status. Bacteria grown with adequate carbon
and terminal electron acceptors form PHA when they
cannot divide because some essential component is mis-
sing (phosphate, nitrate, trace metal, etc.). Furthermore,
specific patterns of PLFA can indicate physiological
stress (Guckert et al. 1986). Exposure to toxic envi-
ronments can lead to minicell formation and a relative
increase in specific frans monoenoic PLFA compared to
the cis isomers. It has been shown that for increasing
concentrations of phenol toxicants, the bacteria Pseudo-
monas pudita forms increasing proportions of frans
PLFA (Heipieper et al. 1992).

D) Concomitant DNA extraction

Extraction of DNA from soils can be difficult. Poly-
phenols, tannins, and clays all make recovery amplifica-
tion, and detection by DNA:DNA hybridization difficult.
Where enzyme action is required in the analysis as in the
amptification by Tag polymerase in the PCR or restriction
digestion the concutrent extraction of enzyme inhibitors
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is a serious problem, Despite the major efforts of several
laboratories the most quantitative recoveries have been
restricted to environments without tannins, clays, or en-
zyme inhibitors such as thermal spring microbial mats or
pelagic seawater communities (Ward et al. 1992). Recent
evidence indicates that the lipid extraction used for SLB
analysis also liberates the cellular DNA (Kehrmeyer et al.
unpubl.). Over 99% of *P-labeled DNA added to soil was
recovered in the aqueous phase of the lipid extraction.
Over 50% of the gene nahH-lux added in intact Pseudo-
monas fluorescens to the soil recovered by the standard
techniques (Ogram et al. 1987) was recovered in the
aqueous phase of the lipid extraction (Kehrmeyer et al.
unpubl.). The DNA recovered from the lipid extraction
was amplified successfully in the polymerase chain reac-
tion (PCR).

A powerful quantitative assessment method developed
over the past 20 yr by this laboratory to define the viable
biomass, community structure and nutritional/physiolog-
ical status of environmental microbial communities based
on signature lipid analysis can be expanded to include
defining the proportions of specific genes or microbial
species based on the extracted DNA. The DNA probe
analysis offers powerful insights because of the exquisite
specificity in the detection of genes for enzyme pro-
cesses, 168 rRNA for organism identification at the king-
dom, family, genus or species levels. One problem with
genetic analysis is that it is difficult to achieve quantita-
tive results. The concomitant DNA/lipid analysis readily
provides quantitative recoveries independent of the abil-
ity to isolate or culture the microbes, and the presence of
intact cellular membranes containing polar lipids pro-
vides an accurate measure of the microbial biomass as
when compared to intercellular ATP, muramic acid, endo-
toxin, and direct microscopic count in a subsurface sedi-
ments (Balkwill et al. 1988). With gene probes it is
relatively easy to compare the relative proportions of
specific potential functional genes or specific organisms
to “all bacterial” sequences in the 165 rRNA and calcu-
late the biomass from the lipid analysis. The second
advantage of the combined SLB/DNA analysis comes
from the fact that having detected the gene gives only the
potential for its activity. The lipid analysis gives in-
dications of the physiological status that can indicate
activity for the enzymes detected as present by the gene
probes. Most enzymes are not active at any given time
(White 1994). The SLB analysis provides in situ in-
dications of starvation, growth rate, exposure to toxicity,
unbalanced growth, phosphate availability, microniche
pH, moisture, the aerobic/anaerobic metabolic balance.
The components and proportions of the recently lysed
{dead) microcrganisms provide significant insight into
the phenotypic activity of the communities. These pro-
vides the basis for better predicting the metabolic activity
of the geries detected with the probes. Recently DNA
recovered from the aqueous phase of the lipid extraction
(Kehrmeyer et al. unpubl.). Since SLB has been applied
successfully to the rhizosphere and to soils (Tunlid et al.
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1985, Tunlid and White 1991), concomitant SLB and
DNA gene probe analysis of soils and rhizospheres
should provide a powerful new analysis system for detes-
mining ecelogy and community dynamics of the micro-
biota.

Sail and rhizosphere microbial diversity is still largely
undefined (Aldhous 1994). The combined SLB/DNA as-
say system provides a quantitative baseline and a possible
holistic analysis scheme.

We are still left with the problem of determining me-
tabolic activity of a community poised for rapid acquisi-
tiont of any resources presented by disturbance., Chemical
ecology and the SLB analysis provides a guantitative
means to measure the effects of disturbance in sediments
where an aercbic suiface overlies an anaerobic sediment
rich in reduced substrates. Disturbance introduces acrated
water to the anaerobic sediment and a burst of activity
ensues with rapid growth until a critical nutrient again
limits cell division. However carbon accumulation con-
tinues without cell division and new cell membrane syn-
thesis. This is readily detectable as an initial decrease in
the ratio between the rates of synthesis of PHA and PLFA
followed by a rebound with PHA accumulation without
FLFA synthesis. The measurement of the PHA/PLFA
ratio has been shown to be an exquisitely sensitive mea-
sure of the unbalanced growth engendered by disturbance
in sediments (Findlay et al. 1990a, b) or levels of impac-
tion by pollutants on stream periphyton (Guckert et al,
[991b, Napolitano et al. 1994).

Insight without disturbance artifacts

If insight into the microniche ecology could be derived
without the disturbance artifacts, a better estimate of the
microbial commuonity metabolic activity could be gained.
The hypothesis that responses of specific monocultures to
specific conditions wilf predict these responses of these
organisms in communities to the same specific condi-
tions. This hypothesis can be tested in a system utilizing
non-destructive, in-line monitoring of microbial biofilm
communities in a device where the biofilm is subjected to
controlled laminar flow sufficient to remove pelagic mi-
crobes and provide nutrients from a dilute bulk phase.
This requires a biofilm be generated on a substratum in a
flow-through system that models the slimes of periphyton
on rocks In a stream. If the system is outfitted with guartz
windows that can be cleaned, it is possible to utilize
tryptophane fluorescence of the bacterial proteins to
monitor formaticn and biomass of the biofilm (Angell et
al. 1993). The metabolic siatus of naturally biolumi-
nescent Vibrio harveyi can be followed by comparing the
fluorescence yield/cell of monocultures to various sub-
lethal impacts (Arrage et al. uopubl.). A genetically en-
gineered Pseudomonas fluorescens, containing the fux
gene cassette for bioluminescence with a promoter that is
activated by salicylate provides a reporter for bioavail-
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Teble 1. Community structure based on the proportions of terminal branched PLFA (found largely in gram-positive and sulfate-
reducing gram-negative bacteria), polyenoic PLFA (found primarily in the photosynthetic and heterotrophic bacteria), the
monoenocic PLFA (found in gram-negative heterotrophic bacteria), and the saturated PLFA (found in all organisms).

Sites! Viable biomass % Terminal % Polyenoic % Monoun- % Saturate
nmol PLFA/g dry wt saturated PLFA saturated d PLFA
X, 0, number samples PLFA PLFA
Antarctic East 443,18, n=3 3 23 55 16
Antarctic West 6.0, 2.3, n=4 6 20 49 22
Deep Sea Surface 7.9, 2.8, n=48 14 6 56 24
Deep Sea 9-10 cm 2.1, 1.0, n=20 15 1.5 39 46
Neotropical Australia 30, 12, n=20 12 8 26 52
Neotropical USA 36.3, 16.2, n=23 3 g 45 43

'Cape Evans East McMurdo Sound, Antarctica, top 1 cm sediment, 35 m depth + 1.5 m ice; Arthur Harbor West McMurdo Sound
Antarctica top 1 ¢m, 26 m depth + 2.3 m ice; Benthic sea bottom top 1 cmm, Scotian Rise, North Atlantic 40°27'N, 62°20'W at 4820 m.
depth; Same samples but 9-10 em below sediment surface; Sand seagrass bed Moreton Bay, Queensland, Australia, top 2 cm
sediment 1 m depth; Tidal sea grass estuary in the Gulf of Mexico off Florida, top 1 cm depth, 1 m depth. (Smith et al. 1986, 1989,

Moriarty et al. 1985, and Baird et al. 1985).

ability of the metabolites in the salicylate pathway and a
bioluminescence intensity that reflects other conditions
such as oxygen availability, iron, trace metals, etc. (Heit-
zer et al. 1994). A similar system with a lux reporter with
the promoter for alginate exopolymer also shows in-
duction that parallels the detection of the exopolymer in
biofitms (Rice et al. unpuhl.). These “reporter” organisms
have been shown to behave in mixed biofilms as they do
in monocuoltures. Specific organisms can be detected in
mixed culture biofilms if they have distinctive lipids such
as Legionella preumophila (Walker et al. 1993) or are
tagged with the green fluorescent protein reporter (Chal-
fie et al. 1994} and then localized within the biofilm.
With the presumptive evidence that bacteria showing
specific responses in monoculture biofilms will show
mary of those same responses whenever they sense the
same roicroniche environmental conditions, it becomes
possible to utilize the SLB analysis to define the nutri-
tional/physiological status of those organisms and pre-
sumably all those in the same microniche. Some of the
useful insights come from analysis of organisms like
Pseudomonas species which form acyl-ornithine lipids
when growing with limited bioavailable phosphate (Min-
nikin and Abdolrahimzadeh 1974). Soime gram-positive
bacteria form increased levels of acylamino acid phos-
phatidylglycerols when grown at sub-optimal acid pH
levels (Lennarz 1970). Many bacteria form PHA under
conditions of unbalanced growth when a carbon source
and terminal electron acceptors are present but cell divi-
sion is limited by lack of some essential nuirient. Aerobic
growth conditions with high-potential electron donors
induce facultative gram-negative heterotrophic bacteria
to form respiratory benzoquinones whereas anaerobic
growth conditions can induce high ratios of iso branched/
antiiso branched PLFA typical of Desulfovibrio type sul-
fate-reducing bacteria or plasmalogen phospholipids typ-
ical of the Clostridia (White et al. 1978, 1980, White
1988, Tunlid and White 1991}, Prolonged starvation or
exposure to toxics such as phenols or organic solvents,
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induce some gram-negative bacteria to form trans-PLFA.
Prolonged exposure to conditions inducing stationary
growth phase induces the formation of cyclopropane
PLFA, Cell death, with the release of endogenous phos-
pholipases, results in the conversion of phospholipids
into the diglycerides with preservation of the PLFA pat-
terns (Fig. 2). This gives an indication of the portion of
the microbial community that most recently lysed.

The insight into the environment of the microbial com-
munity is thus based on these biomarkers. This insight
together with the quantitative estimation of the viable and
recently lysed biomass, and functional group community
structure supplemented by the gene probes for potential
functional activities and specific microbes at the levels of
kingdoms, genus, species based on the genes for rRNA,
provides a much deeper understanding of the microbial
COmImunities.

The opportunities to correlate microbial
and macroecology

Application of the SLB/DNA assays to microbial com-
munities make it possible {0 pose some questions about
including the microbial world in ecology.

Plant rhizosphere-microbe interactions

There are some special problems that now can be exam-
ined. The first question could possibly be solved with
currently available technology. Ts the present day ter-
restrial soil microbial ecosystem primarily a function of
the rhizosphere and litter microbicta? How uniform are
the plant-microbe associations? Do the same species of
plants in the same field have the same rhiﬁospheres? How
widespread are the associations to different regions? Pre-
liminary investigations show that white daks- (Quercus

alba 1..) transplanted into the same forest enclosures afd . .

grown together for three seasons rmaintained different
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mycohorrhiza- (Ringelberg et al. unpubl.). The mycor-
rhiza apparently reflected the initial growth conditions to
which the acorns were exposed. The plant-microbe inter-
actions represent a very fruitful area of research.

Global microbial biodiversity gradient

The SLB/DNA assays can also be utilized to ask some
further questions. Is there a global biodiversity gradient
in the microbial world? It is certainly clear that the
microbial viable biomass based on the PLFA (including
all microorganisms with an intact cellular membrane) in
marine sediments are remarkably constant (Table 1).

A simplistic interpretation of major fatty acid bio-
synthetic pathways for short terminally branched sat-
urated PLFA characteristic of gram-positive and anaero-
bic gram-negative sulfate-reducing bacteria, polyenoic
PLFA characteristic of microeukaryotes, and monoenoic
PLFA with unsaturation in the anaerobic desaturase path-
way characteristic of gram-negative heterotrophic bacte-
ria utilized in Table 1, gives indications of community
structure, The Antarctic shows higher proportions of
polyenoic PLFA and the deep sea sediments the least
(Table 1). Detailed analysis of the PLFA patterns in the
original publications suggesis specific differences in
community structure but does not indicate a clear gra-
dient in biodiversity, Metabolic activities however, mea-
sured with injected substrates in situ, with as small a
disturbance artifact as possible, showed the neo-tropical
sediments (o be at least 300-fold more active in terms of
DNA synthesis from *H-thymidine incorporation rates
than those in the Antarctic. The major global gradient
appears to be in metabolic activity but not viable biomass
or community structure at the grossest levels. Clearly a
quantitative method for estimating microbial biodiversity
is an essenital component in determining if there is a
global diversity gradient that maiches the macroecosys-
tem biodiversity. We are currently attempting fto use a
series of simple activity measures of community metabo-
lic capability which in the more diverse communities
would be expected to have much wider pH, temperature,
salinity, etc., range of significant activity than the com-
mumities in the purportedly less diverse communities.

Soil microbial biodiversity

Torsvik et al. (1994) showed there must be thousands of
species of microbes in the soil microbial community by
determining the heterogeneity of DNA. Why is there such
a species richness in the soil microbial community? In the
open ocean the wide diversity of bacterial species has
been attributed to an equally wide diversity of recently
discovered bacteriophage in the sea (Bergh et al. 1989).
This might suggest the wide diversity of soil microbiota
reflects a response to predation. Could the great diversity
of soil microbiota reflect the same basic response as
found in the plant seed bank? In testing the plant seed
bank plots of native soil set out in frames and allowed to
grow produce a diverse community that is essentially
unpredictable and irreproducible when soil from the same
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central source is utilized repeatedly. Soil microbes could
possibly be analogues of plant seeds and thus governed
by the same rules of evolution. Most of the time they are
inactive awaiting rain or some disturbance for a burst of
growth followed by a long period of inactivity. Perhaps
species can accumulate because they have so little impact
on the soil until the time for their activity is achieved.
Determining the global gradient in microbial biodiversity
reflects a true global macroecological diversity which is
not the simple counting of extant plants and animals but
requires evaluating the potential in the spores, seeds, and
cysts as well.

Questions in evolution of life .

The new technofogy of including the microbial world
into ecology leads to other questions. Why are there
multicellular eukaryotes? Multicellular eukaryotes have
been a part of the biosphere for less than 17% of the
3.4%10° yr life has had a detectable imprint on this
planet. Macro-species diversity seems to have had 4 ma-
jor phases of expansion. First was the fwo-dimensional
world of the Ediacaran which came to an end with the
Cambrian expansion signaled by the appearance of preda-
tion and the development of three-dimensional benthic
marine communities. Was this an accident, or the inevita-
ble response to oxygenation of the atmosphere which
allowed efficient acrobic metabolism and multicellular
organisms to function? Extention to the land and in-
creasing encephalization of predators resulted in the Pa-
leozoic expansion of diversity which apparently built on
a few of the basic body plans that appeared in the Cam-
brian. The Mesozoic Era introduced ever more effective
predators with increased encephalization. The modern
expansion was the last major increase in biodiversity.
This Modern Period has persisted, survived extinction
events, and possibly expanded ever since. Was evolution
to these forms inevitable because there is a basic ad-
vantage to a multicellular eukaryotes (together with their
attached and dependent micrebial communities) by their
maintaining an enormous diversity of metabolic activities
and behaviors? Is the microbial world actueally dominated
whenever large three-dimensional beings develop the
physiological and homeostatic mechanisms to exist? Did
the microbial world reflect these major changes in evolu-
tion or has there been essentially nothing new since the
Proterozoic except for some new enzymes that allowed
utilization of and protection from the toxic effects of
oxygen?

The widespread distribution of specific genes for bio-
degradation found in microorganisms isolated from each
of four continental regions of Mediterranean sclero-
phyllous ecosystems (California, Chile, South Africa, and
Western Australia) and two boreal forests (Russia and
Canada) showed no common strains between the conti-
nents but with ARDRA (a restriction fragment length
polymorphism of PCR amplified tRNA fragments) re-
searchers found that about a quarter of the strains from
different continents showed identical bands (relatedness)
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to strains from other continents (Tiedje et al. 1994).
Possibly the distribution of these specific genes was ini-
tiated in Pangea and persisted through the break-up of
Gondwanaland.

Are there any new microbes?

The U.S. Dept of Energy program on the Origins of Deep
Subsurface Microbes is finding microbes which ap-
parently have existed in a quiescent state for millions of
years in subsurface rocks. Work with tracers has in-
dicated they are clearly not contaminants from the sample
recovery processes. Comparison of DNA and amino acid
sequences of specific enzymes from these organisms for
conserved regions with microbes showing recent and
active growth should be most enlightening. Differences
in functional process enzymes and essential housekeep-
ing enzymes should be especially interesting, as these are
supposedly not subjected to the same selection pressures.
The diversity of the third or wobble base in the codons for
conserved parts of these macromolecules could be very
interesting although the interpretation for the control
“modern” organism is a major problem — how long since
it was released from a subsurface quiescent status? A
truly exciting control could be found in chemical signa-
tures from subsurface microbes if they were actually
found in the vestigial flood plains of Mars!

Conclusions

With new methods such as the SLB/DNA analysis, the
soil microbiota can be defined. Questions involving this
most complex microbial ecosystem with the most diverse
biota and versatile biochemistry, can now be subjected to
quantitative analysis. It may be possible to define soil
“guality” based on the viable biomass, community struc-
ture and nutritional/physiological status of the soil micro-
biota and make valuable predictions of crop yields or
bioremediation effectiveness. These methods, with their
roots in Chemical Ecology, represent detailed application
of chemistry and often require sophisticated analytical
technology by utterly reductionist chemists. The inter-
pretation, however, with its absence of the familiar land-
marks of morphology indicating function and taxonomic
relationships, requires a more holistic view of the eco-
system than is required in much of macroecology. The
holistic analysis that is proving essential in microbial
ecology may benefit macroecology. Per Brinck antici-
pated the power of Chemical Ecology and brought it into
Ecology. The students, and those of us privileged to have
been visiting scientists at this great Ecology Center at
Lund University, now have the opportunity to lead the
way.
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