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Summary

Soils are the central organizing entities in terrestrial ecosystems and possess extremely
diverse prokaryotic and eukaryotic biota. They are physically and chemically complex,
with micro- and macro-aggregates embedded within a solid, liquid and gaseous matrix
that is continually changing in response to natural and human-induced perturbations.
Recent advances in molecutar techniques in systematics have provided opportunities
for the study of biodiversity and biocomplexity of soit biota. A symposium and workshop
on soil biogeochemistry and biodiversity International Symposium on Impacts of Soil
Biodiversity on Biogeochemical Processes in Ecosystems, Taiwan Forestry Research
Institute; Taipei, Taiwan April 18-24, 2004. Convened an international array of
participants working in biomes on virtually every continent on the planet (ranging from
polar to tropical regions). This special issue reports on the theoretical bases and
applications of molecutar methods for the measurement of soil biodiversity.

Themes addressed include a melding of classical taxonomic investigations with
biochemical fingerprinting and molecular probing of organism identities. Several papers
highlight' new advances in identifications of prokaryotic and eukaryotic organisms.
Examples include new developments in “fingerprinting” of microbes active in
*mycorrhizospheres” using immunocapture and other innovative techniques. Develop-
ments in the study of impacts of invasive:plant and animal species on ecosystem
function and subsequent microbial community composition and function have been very
great in the last 2-3 years. Soils are major repositories of legacies, including fine and
coarse woody debris and other organic products, which -have feedbacks on soil diversity.
The ways in which species diversity and function of microbial and faunal communities
interact and their importance to ecosystem function are examined in biologicat and
biochemical detail. This paper provides an overview of soil biodiversity and its
feedbacks on seil biogeochemical processes in ecosystems.
© 2005 Elsevier-GmbH. All rights reserved.
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Introduction: the nature and extent of
biodiversity

In the last several years, there has been a surge
of interest in soils as reservoirs of biodiversity. it is
important to define biodiversity, which is an
inclusive concept. Biodiversity is concerned with
the functional attributes of ecosystems, e.g.,
decomposition and nutrient cycling, in addition to
numbers of species of all the biota present. This
differentiates it from the concept of species
diversity, which is concerned with the identity
and distribution of species in a given habitat or
region (Coleman, 2001; Wardle, 2002). Prokaryotes
constitute two of the three principal biological
Domains, Bacteria and Archaea. The third Domain
Eucarya consists of protists, fungi, plants and
animals (Fig. 1; Pace, 1999). All three Domains
are well represented within terrestrial ecosystems,
and soils may contain some of the last great
"unknowns” of many of these biota. In addition
to well-studied fauna such as ants (Hélldobler and
Wilson, 1990), the soil ecosystem contains many
less studied as well as more numerous mesofauna,
such as microarthropods (Behan-Pelletier and New-
ton, 1999) and nematodes (Ettema and Yeates,
2003), that interact with elements of the micro-
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Figure 1. Phylogenetic tree showing the three Domains
of life: Archaea, Bacteria, and Eucarya (Pace, 1999).

biota such as mycorrhiza in a variety of different
types of symbioses (Wall and Moore, 1999). In
addition, while much has been learned in the last
decade about prokaryotic genetic diversity in soils,
much more remains to be learned about these
organisms (Hugenholtz et al., 1998).

Biodiversity of prokaryotes

In order to understand the consequences of
biodiversity, we must first estimate its extent.
Bacteria are probably the most speciose array of
organisms on earth (Tiedje et al., 2001; Torsvik and
@vreds, 2002). In addition, they are undoubtedly
the most numerous organisms on earth, and have
been estimated to number from 4 to 6 x 10%° cells,
with a sizable proportion, about 92%, being in the
subsurface, which includes the earth’s mantle to
4km. in depth (Whitman et al., 1998). Numbers of
bacteria in soils of all biomes were estimated to be
2.5 x 10%° cells, with desert (Negev) soil numbers
being similar to those in cultivated soils (Fliessbach
et al., 1994). The foregoing counts translate into
2x10%cellsg™ in the top meter, and
1x 108cellsg™ in the 1-8m soil depth, with
numbers in forest soils being markedly lower
(Whitman et al., 1998). At this level of abundance,
the amount of cellular nitrogen and phosphorus in
soil prokaryotes is comparable to that found in
terrestrial plants, which illustrates the importance
of the these organisms to biochemical processes in
soil.

Historically, the diversity of prokaryotes had
been greatly underestimated because identification
relied on culturing and the laborious nutritional,
chemotaxonomic and morphological characteriza-
tion of isolates. The development of molecular
tools and implementation of signature DNA se-
quences has greatly facilitated the identification of
novel taxa. Currently, hundreds of novel isolates
are identified yearly. Importantly, it has also been
possible to examine the signature sequences in DNA
extracted directly from the environment. Thus, it
was realized that probably less than 5% of the
prokaryotic phylotypes known to exist have actu-
ally been cultured (Joseph et al., 2003; Hugenholtz
et al., 1998; Fig. 2). Currently, we believe that
there are at least 53 bacterial phyla on earth based
upon signature sequences encountered in DNA
extracted directly from the environment. Of these,
representatives of only 27 phyla have been culti-
vated and described in pure culture. Most of these
phyla are represented by only a few isolates and
some with only one described species. Only five




Soil biodiversity and ecosystem function

481

Cultivated -l Uncultivated [J

Protecbacteria

Actinobacteria

Low G+C gram
positives

Cytophagales

Acidobacterium |

Verrucomicrobia

Green non-sulfur |
bacteria:

OP11 }
]

100 50 0 50 100
Percentage repressntationin ARB database

Figure 2. Percentage cultivated (<5% of total phylo-
types) and uncultivated groups in selected cosmopolitan
bacterial divisions of 165 rRNA sequences (from Hugen-
holtz et al., 1998). Many of these groups are abundant
members of the soil-microbial community.

phyla — Actinobacteria, Bacteroidetes, Cyanobac-
teria, Firmicutes, and Proteobacteria — represent
95% of all cultivated and published species (Fig. 3;
Keller and Zengler, 2004).

Signature sequences have also provided strikingly
different pictures for the distribution of specific
groups: of prokaryotes than previously betieved
based upon-culture work. For instance, Archaea
were previously considered to be limited to
extreme environments, including deep-sea
trenches and vents and hot springs, or unusual life
styles, such as methanogenesis. Recently, they
have also been found to be numerous in other
habitats, inctuding fresh water lakes and forest and
agriculturat soils (Bintrim et al., 1997; Jurgens et

al., 1997; Nicol et al., 2003). In one agriculturat.

soil, archaeal rRNA represented 1-2% of the total
community rRNA (Buckley et al., 1998). Presum-
ably, the relative amount of rRNA is proportional to
the cellular abundance. Based upon these and
similar studies, it is now believed that the diversity
of Archaea in temperate environments is probably
higher than that in extreme environments (Dawson
et al., 2000).

Even though: signature DNA sequences atlow us to
infer the extent of biodiversity in prokaryotes,
signature seguences provide limited insights into

the phenotypic and functional properties of these
organisms. To fully understand the incredibly wide
phenetic diversity of prokaryotes and their roles in
soil, it is still necessary to isolate pure cultures and
determine the properties of the organisms. Yet the
total number of prokaryotic taxa on earth is still
unknown. A recent survey of the sequence data-
bases found evidence for greater than 3.5 x 10*
taxa, defined quite broadly as all organisms with
>97% rRNA sequence similarity, in current se-
quence databases (Schloss and Handelsman,
2004). Importantly, collector curves are still in-
creasing rapidly, and it is not possible to estimate
an asymptote or predict a maximum value. By
anather estimate, a ton of soil may contain 4 x 108
taxa (Curtis et al., 2002). In contrast to the number
believed to exist, the number of described species
is less than 10%. Generally, members of prokaryotic
species contain >99.8% rRNA sequence similarity,
so the number of described ‘taxa’ at the lower
tevel of sequence similarity is much less (Keswani
and Whitman, 2001). Clearly, only a small propor-
tion of the prokaryotes in nature have been
investigated.

Even though the isolation of undescribed prokar-
yotes is a tremendous challenge, the description of
novel prokaryotes has increased greatly in the past
decade. Numerous accounts of their growth and
nutritional properties, physiology, morphology and
phylogeny are published yearly. The descriptions
are summarized and reviewed periodically in
Bergey’s Manual of Systematic Bacteriology (at
http://www.cme.msu.edu/bergeys/) and The Pro-
karyotes: An Evolving Electronic Resource for the
Microbiological Community (Springer-Verlag at
http://link.springer-ny.com/link/service/books/
10125/). A further reason for great optimism is the
recent progress in isolation of representatives of
many of the poorly described phyla from. soil
(Joseph et al., 2003; Stevenson et al., 2004). Many
of these organisms proved to be slowly growing
oligotrophs, which may explain the failure of
previous investigators to isolate them. For more
information on soil prokaryote interactions in soils
and rhizospheres, see the review by Kent and
Triplett (2002).

Methods to study prokaryotic diversity

A method often used to analyze bacterial
populations is to amplify DNA extracted from
environmental samples by the polymerase chain
reaction (PCR), using primers universat to the 16S
rRNA genes of bacteria and archaea (Lane, 1991;




482

D.C. Coleman, W.B. Whitman

Verrucomicrobia 7

‘vadinBEQ7
Chiamydiae 13
‘Pianctomycetes 9

Figure 3. Reconstructed phylogenetic tree of the domain Bacteria based upon the sequences of the small subunit 165
rRNA gene. Prokaryotic branches labeled with numbers or other informal designations represent phyla where a
representative organism has never been isolated. Scale bar corresponds to 0.05 changes per nucleotide position (from

Keller and Zengler, 2004).

Prosser, 2002). Either DNA or RNA can be extracted
from soils, but a majority of the studies have been
based on DNA extraction, which is easier to
accomplish efficiently due to the higher lability
and turnover of RNA (Keller and Zengler, 2004).
Ribosomal RNA content in active cells is higher than
in inactive ones, thus rRNA-based analyses are a
better approach for characterizing active microbial
populations in soils (Ogram and Sharma, 2002).
Techniques are now available to analyze microbial
community structure and function by analyzing
microbial rRNA and mRNA, respectively (Keller and
Zengler, 2004). Both types of RNA can be extracted
from soils and converted to cDNA (complementary

DNA) by the enzyme reverse transcriptase for
subsequent PCR amplification. Standard PCR ana-
lyses using “universal primers” for rRNA genes are
not quantitative but do provide very useful quali-
tative information on dominant microbial popula-
tions. As long as suitable primers are available, it is
possible to quantify microbial rRNA and mRNA using
quantitative or "real time” PCR. These latter
approaches provide an important means for linking
soil microbial community structure and function.
Over the past two decades, numerous methods,
including rRNA gene sequencing, fluorescence in
situ hybridization (FISH), denaturing gradient gel
electrophoresis (DGGE), metagenomic libraries




Soil. biodiversity and: ecosystem function

483

(Rondon et al., 2000), restriction-fragment length
polymorphism and terminal-fragment. length poly-
morphism (T-RFLP) have been developed to mea-
sure and collate microbial diversity (Keller and
Zengler, 2004).

A large proportion of soil ecology studies have
focused on processes-occurring in the O and upper A
horizons because so much of the short-term
dynamics occur there. With tools of microbial
community. analysis, Fierer et al. (2003) used
phospholipid fatty acid (PLFA) analysis to examine
the verticat distribution of specific microbial groups
and their diversity in two soil profiles down to a
depth-of 2m. The number of different types of
PLFAs decreased by ca. one-third from the soil
surface down te 2m. Changes in certain ratios of
fatty acid precursors and ratios of total saturated/
total monounsaturated fatty acids increased with
soil depth, indicating that microbes in the lower
horizons were more carbon limited. Interestingly,
approximatety 35% of the total amount of microbial
biomass was found in soil below a depth of 25¢m.
Gram positive bacteria and actinomycetes tended
to increase in relative abundance with depth,
whereas Gram-negative bacteria, fungi and proto-
zoa were highest at the soil surface. Treonis et al.

(2004) combined microbiat community PLFA ana-
lyses with an in situ stable isotope *CO, labelling
approach to identify microbial groups actively
involved in assimitation of root-derived C in grass-
land soils (Fig. 4). Four and 8 d after label
application, several biomarkers specific for fungi
and gram-negative bacteria showed the most 3C
enrichment and rapid turnover rates, suggesting
that these microorganisms were assimilating re-
cently-photosynthesized root inputs to soils.

The distribution: and abundance of microorgan-
isms is so patchy that it is very difficult to
determine their mean abundances with accuracy
without dealing with a very high variance about
that mean, when viewed on a macro-scale. Part of
this variation is due to the close correlation of
microbial populations with “patches” of organic
matter. There are aggregations of microbes around
living roots (rhizosphere) and mycorrhiza (Garbaye,
1991; Lynch, 1990), the walls of the biopores from
dead roots, around fecal pellets and other patches
of organic matter (Foster, 1994) and in pore necks
between aggregates and particles (Fig. 5) (Foster
and Dormaar, 1991). In addition, microorganisms
concentrate in the mucus secretions which line the
burrows of earthworms (the “drilosphere”, as

15:0a
15:0i

16:0¢
16:0i

16:105
16:107

18:0
18:1007
18:109

18:206,9
19:0cy

Figure 4. '3C-labelted PLFA-C turnover measurements in soil. An example linking microbial structure and activity. Left
side: PLFA Cencentrations; Right side: PLFA-C turnover rates {Treonis et al., 2004).

















































