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INTRODUCTION function and structure of microbial communities (97, 257).

In the mid-1900s, the provocative publications of R. H.
MacArthur and G. E. Hutchinson (115, 165, 166) spurred the
field of ecology into intense research and debate about the
significance of biodiversity. These and other workers claimed
that biodiversity is a measure of important ecological processes
such as resource partitioning, competition, succession, and
community productivity and is also an indicator of community
stability. The bulk of this new wave of biodiversity research
concerned plant and animal communities. In the 1960s, follow-
ing in the footsteps of plant and animal ecologists, microbiol-
ogists began investigating the impact of biodiversity on the
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These questions served to intensify interest in biodiversity, a
concept that has been a longstanding foundation of microbi-
ology. Genetic variation among individuals within a population
has long been recognized as the starting block for adaptation
and evolution among microorganisms as well as among other
organisms. Likewise, the consequences of phenotypic variabil-
ity for the accuracy of disease diagnosis and for establishing
taxonomic relationships among microorganisms have been well
studied. Following the new research wave of the 1960s, interest
in microbial biodiversity has been further bolstered by (i) cre-
ation of the Diversitas international research program in 1991
to promote scientific investigations into the origins and con-
servation of biodiversity and the impact of biodiversity on
ecological functions, (ii) the Biodiversity Treaty that issued
from the United Nations Conference on Environment and
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Development in 1992 in Rio de Janeiro, Brazil, and (iii) sub-
sequent initiatives launched by science foundations, scientific
societies, and research institutions in a wide range of countries.
Microbial biodiversity has also received particular attention in
areas where industrial applications are evident—such as for
marine, medical, and food biotechnology—and where micro-
bial activity has important implications for Earth’s climate and
for the bioremediation of polluted sites (46). Nevertheless, in
spite of the research devoted to microbial biodiversity and to
biodiversity in general, the consequences of biodiversity on the
ecological processes cited above are still the object of debate
and analysis (263, 264, 290).

If one takes a superficial glance at the study of biodiversity,
it seems to be largely a descriptive endeavor: trap, identify, and
count. However, as suggested above, the motivation behind
these studies arises from specific hypotheses about the nature
of biodiversity and its impact on ecological processes. In some
studies, the hypotheses are explicit. For example, Hariston et
al. (97) sought to test the hypothesis that increasing biodiver-
sity is positively correlated with increasing community stability.
Likewise, Kaneko and Atlas (130) focused on the hypothesis
that biodiversity is correlated with the density of populations of
bacteria in ice, sediment, and water from the Beaufort Sea. In
other studies, the hypotheses are implicit, such as for a census
of species or groups in a community or for studies of tech-
niques for characterizing biodiversity. The hypotheses in these
cases concern the accuracy of the census, the efficiency and
biases of the techniques, and, above all, the notion that the
observations made are not artifacts.

Tests of such hypotheses are based on demonstrating that
one’s observations are not due to random error or to factors
other than those evoked in the hypothesis. In general, this
involves three precautions: (i) experimental design and sam-
pling procedures to reduce the influence of unwanted factors
on the resulting observations, (ii) statistical tests to eliminate
biases in the judgment of the observer, and (iii) multiple in-
dependent tests of a hypothesis to reduce the possibility that
random error is the cause of the results observed. The process
of hypothesis testing presents some important challenges for
the field of microbial biodiversity. The foremost of these is the
problem of constituting a sample. How can samples account
for the diversity of extremely large and heterogeneous micro-
bial populations when they represent only a very small fraction
of these populations or when the methods used have very low
resolution? Ecologists studying the diversity of macroscopic
organisms have produced a large body of literature devoted to
sampling strategies (45, 102, 167, 168, 210). This literature
testifies to the important impact that intrinsic properties of a
population, such as spatial aggregation, rates of immigration,
birth, and death, and the relative frequency of rare species,
have on the extent to which the sample represents the popu-
lation. Unfortunately, microbial ecologists rarely have a priori
knowledge about these properties of the populations they
study. Furthermore, the work reviewed by Swift (257) concern-
ing the biodiversity of fungi during successional sequences in
communities of decomposers provides an early illustration of
the wide range of sources of variability that can be encountered
on small scales in microbial biodiversity studies. Hence, the
initial steps of designing studies of microbial diversity could
require considerable reflection and preliminary investigations.
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FIG. 1. Procedure for establishing and analyzing a database of pub-
lications from the primary scientific literature from 1975 to 1999 con-
cerning microbial biodiversity.

A second obvious challenge that one could expect for micro-
bial biodiversity studies resides in multiple, independent tests
of hypotheses. This is a challenge because the complexity of
identifying microorganisms, and bacteria in particular, can lead
to considerable investment in time and labor. As a conse-
quence, the number of strains or samples that can be analyzed
is sometimes below the minimal number needed for a single
unambiguous test of the hypothesis, and additional tests may
be prohibitive.

The field of microbial biodiversity has grown markedly since
the Diversitas initiative in 1991 and has resulted in a large body
of scientific literature. Through this literature, we have wit-
nessed the development of techniques for characterizing diver-
sity, in particular at the molecular level for both culturable and
nonculturable microorganisms (223, 262). Furthermore, this
literature has also contributed to a general consensus that the
microbial world is much more diverse than we can appreciate
at present. However, the abundance of literature published in
the field of microbial diversity does not seem proportional to
our understanding of the significance of biodiversity for eco-
logical processes in the microbial world or of the ways in which
we can manipulate or manage this diversity. The authors of this
review wondered about a potential cause of this context. What
types of questions—or hypotheses—are being addressed in the
field of microbial biodiversity, and how have these hypotheses
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been tested? Our objective is to elucidate the cause of this
context in practical terms: how has the field of microbial biodi-
versity employed sampling, experimental design, and, ulti-
mately, the process of testing hypotheses over the past 25
years?

To review the approaches used for sampling, experimental
design, and hypothesis testing in studies of microbial biodiver-
sity we have, as a first step, traced the growth of research
interest in this field for the past 25 years for a wide array of
habitats including aquatic systems, soil and rhizosphere sys-
tems, mycorrhizae, the phyllosphere, food products, and food-
processing factories. These habitats represent the fields of
competence of the authors. We established a database of over
2,000 relevant publications and systematically characterized a
randomly sampled subset as described in the first part of this
review. The second part of the review is dedicated to illustrat-
ing the trends in the themes of research concerning the biodi-
versity of these habitats. This part of the analysis allowed us to
identify eight principal themes that have been the main focus
of microbial biodiversity studies over the past 25 years. Each
theme was then used as a point of reference for analyzing how
experimental design and hypothesis testing were treated in
each publication. The third part of the review presents our
critical analysis of how experimental design and hypothesis
testing have been exploited in microbial biodiversity studies for
each of the themes identified. We conclude with a series of
guidelines for information that should be specified in microbial
diversity publications with regard to experimental design and
sampling strategies. These guidelines are intended to enhance
the contribution of biodiversity studies to elucidating the sig-
nificance of microbial biodiversity in ecological processes.

METHOD FOR ANALYZING THE SCIENTIFIC
LITERATURE

Establishing the Database

This review is based on studies published in the primary
literature concerning eight types of microbial habitats: (i)
aquatic systems (continental and marine), (ii) soil, (iii) the
rhizosphere, (iv) mycorrhizae, (v) fungus-plant pathosystems,
(vi) bacterium-plant systems, (vii) food, and (viii) food-pro-
cessing factories. For soil and rhizosphere systems, we consid-
ered only symbiotic or nonpathogenic bacteria. Plant patho-
gens were included in the fungus-plant pathosystems and
bacterium-plant systems. The latter system also included non-
pathogenic bacteria associated with aerial plant parts, i.e., ep-
iphytic bacteria in the phyllosphere. Literature searches were
conducted, as illustrated in Fig. 1, using at least one of five
bibliographic databases for the years 1975 to 1999: CAB, Med-
Line, Scifinder, PASCAL, and Food Science and Technology
Abstracts. Each database was searched for the scientific fields
for which it was relevant: CAB was interrogated for fungus-
plant pathosystems, bacterium-plant systems, mycorrhizae, and
food systems; MedLine was searched for food and aquatic
systems; Scifinder was searched for soil and rhizosphere sys-
tems; PASCAL was searched for soil systems; and Food Sci-
ence and Technology Abstracts was searched for food-process-
ing factory systems. Trial searches were conducted to establish
a set of consensus terms and phrases to be used for all habitats.
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The consensus terms and phrases were diversity, population
structure, community structure, variability, dominance, and
numerical taxonomy. References in the CAB, MedLine,
Scifinder, and PASCAL databases with at least one of these
terms in the title, abstract, or key words were retained for
further consideration. However, most of these terms and
phrases were not appropriate for the Food Science and Tech-
nology Abstracts database. This database was searched based
on the words diversity, contamination, incidence, prevalence,
occurrence, presence, characteristics, and characterization.
References were then further selected based on the presence
of key words relevant to each habitat. For each habitat, we also
established lists of terms and phrases used to exclude the
majority of irrelevant references. To exclude the irrelevant
references remaining after this step, the database was then
screened manually based on titles and contents of abstracts.
The references were compiled in EndNote (version 3.0; Niles
Software, Inc., Berkeley, Calif.), and duplicates were elimi-
nated. Our analysis of trends is based on the 2,200 references
compiled. The database of references may be obtained by
contacting the corresponding author.

Sampling and Descriptive Analysis of Publications

From the database of 2,200 references, 753 publications
were randomly selected for analysis. This was accomplished by
selecting about 100 of the total publications for each habitat
according to random-number tables. Sampling was stratified
over the years of publication so that each year was represented
in the sample in the same proportion that it was represented in
the database. Hence, between 12 and 56% of the publications
were analyzed for all habitats except foods and food-processing
factories. For these latter fields, all 40 and 39 references, re-
spectively, in the database were analyzed.

For each habitat, the randomly selected publications were
characterized according to 17 criteria describing (i) the origin
(culture collections, direct environmental samples, etc.) of the
microorganisms or microbial nucleic acids studied and the
overall approach to collecting samples, (ii) the precise param-
eters of the reported sampling strategy (use of random sam-
pling protocols; size, weight, and volume of samples taken; and
the number of individuals characterized), (iii) the microbiolog-
ical and molecular biological techniques used to characterize
diversity (Table 1), (iv) the calculation of diversity indices and
the use of statistics to test the hypotheses evoked concerning
microbial diversity, and (v) the use of replicated tests of the
principal hypotheses evoked. Furthermore, the principal
themes of each study were identified. For the publications
analyzed, eight different themes were identified (Table 2).
Most publications had only one principal theme, but a few
papers had two (27%) or three (3%) principal themes. A
descriptive quantitative analysis of the database was conducted
to determine the relationships among the different parameters
characterizing the publications (cooccurrence of the character-
istics described, changes in occurrence with time, etc.). This
analysis was based on procedures written in Scilab (http://www
-rocq.inria.fr/scilab), a free general-purpose scientific software.
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TABLE 1. Techniques employed for characterizing microbial biodiversity in studies published from 1975 to 1999

Techniques based on analysis of: Specific techniques employed”

Metabolic PrOPETties ........ccoviiiiireniiicieeeceaes API; BIOLOG; presence of certain enzymes; classical phenotypic tests; sensitivity to phages

Resistance to antimicrobial compounds.................... Profiles of resistance to biocides including antibiotics, bacteriocins, pesticides, heavy metals,
and polyaromatic hydrocarbons

Pathogenicity, pathogenicity-like processes, ............ Pathogenicity to plants or animals and type of symptoms; capacity for symbiosis; potential

and production of toxins to infect or presence of markers of virulence including cytotoxicity or toxin production

Colony and cellular morphology ........c.ccceeevirevenencncne. Morphotype; colony type; cell type

Markers of other specific phenotypic properties......Protein profiles; characterization of lipopolysaccharides, antigens, fatty acids, isozymes, and
opines

Growth on specific media........ccooevviivininininicnincncne. Growth on selective, semiselective, or differential media

Other diverse phenotypic properties.. .Ice nucleation activity, vegetative compatibility types, mating types, antagonistic activity, etc.

Total DNA ..ottt RFLP without probes; RFLP with anonymous probes; rep-PCR; AFLP; DAF;
microsatellite analysis; PEFGE; DNA-DNA hybridization; ASAP; RAPD

Targeted DNA SEQUENCES ....c.cocuevemeueuiucueiereiicreneienenens Plasmid profiles; FISH; RFLP with specific probes; hybridization of specific probes; analysis

of sequences of ribosomic genes; PCR polymorphisms; PCR-RFLP; ITS polymorphisms;
DGGE; ARDRA
Other types of genotypic profiles .......c.cccoeevererenerencne. Genotyping techniques not listed above

“ rep-PCR, repetitive-sequence based PCR; AFLP, amplification fragment length polymorphism; DAF, DNA amplification fingerprinting; PFGE, pulsed-field gel
electrophoresis; ASAP, arbitrary signature from amplification profiles; RAPD, randomly amplified polymorphic DNA; FISH, fluorescent in situ hybridization; ITS,

internal transcribed spacer; DGGE, denaturing gradient gel electrophoresis; ARDRA, amplified R-DNA restriction analysis.

Critical Analysis

For each of the eight themes identified in our analysis, we
constructed a stepwise procedure to evaluate the approaches
taken in addressing the principal objectives of the publications.
This procedure took into account the overall experimental
approach that we would expect for studies under each of the
themes. For example, for some of the themes we expected to
find specific information in the publication concerning the
sampling strategy and statistical tests used as well as descrip-
tions of multiple independent experiments relative to the cen-
tral hypotheses. The questions we addressed concerning the
experimental approaches used for each theme are presented in
Fig. 2. Further details concerning these questions are pre-
sented below.

DYNAMICS OF RESEARCH INTEREST IN MICROBIAL
BIODIVERSITY SINCE 1975

Dynamics of Publication Rates

For the fields surveyed, the number of publications concern-
ing microbial biodiversity in the primary scientific literature
showed a marked increase in the early 1990s (Fig. 3A). This
increase was particularly striking for fields concerning plant-
pathogenic fungi and aquatic, soil, and rhizosphere systems
(including mycorrhizae) (Fig. 3B). For systems implicating
food industries, interest in microbial biodiversity did not de-
velop until the 1990s and was prompted by food safety issues
and the establishment of hazard analysis protocols (120). The
overall increase in the number of publications relevant to mi-
crobial biodiversity does not simply reflect the increase in the
total number of studies published by the 525 different journals
covered in this census. For the 10 journals publishing most
frequently in the field of microbial biodiversity (Table 3), the
percentage of studies devoted to microbial biodiversity among
all the studies published also showed a marked increase in the
early 1990s. For example, the publication rate of microbial
biodiversity studies increased from only 0.5% of the 589 arti-
cles published in 1988 by Applied and Environmental Microbi-

ology to 6% of the 876 studies published by this journal in 1999.
Overall, Applied and Environmental Microbiology published the
greatest number of studies concerning microbial biodiversity in
general (Table 3), as well as for aquatic, soil, and rhizosphere
habitats, and was the second most frequent publisher of studies
concerning bacterium-plant systems. However, studies con-
cerning the biodiversity of fungus-plant pathosystems were
published primarily in Phytopathology and in Mycological Re-
search, those concerning mycorrhizae were published primarily
in New Phytologist and Canadian Journal of Botany, and those
concerning foods and food industries were published primarily
in Journal of Food Protection, Journal of Applied Bacteriology,
and International Journal of Food Microbiology.

Major Research Themes and Objectives

The classification of publications according to themes (Table
2) was an essential step in the elaboration of this review since
it permitted us to clearly develop the analysis of approaches
used for experimental design and hypothesis testing. We
present these themes not only to provide an overview of the
types of questions preoccupying the field of microbial biodi-
versity but also to give insight into how we have classified the
studies analyzed here. Each theme has been accorded an ac-
ronym to facilitate reference to the theme (Table 2).

Composition and structure of microbial populations and
communities. The description of the composition and structure
of microbial populations and communities is an important
starting point in studies of microbial biodiversity and sets the
stage for fundamental studies concerning how these popula-
tions and communities function. Hence, it is not surprising that
the basic description of community composition or structure
(theme Describe) coupled with the impact of space and time on
these parameters (theme Dynamics) was the central theme of
over half of the publications analyzed here and was relevant to
all habitats surveyed (Table 4). Although descriptive studies
(theme Describe) have been dominant in the microbial biodi-
versity literature considered as a whole, publication of such
studies has declined over time whereas reports of spatial and
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TABLE 2. Synopsis of the objectives of publications in the primary literature on microbial biodiversity from 1975 to 1999 concerning eight
different microbial habitats associated with water, soil, plants, foods, and food-processing factories

Theme*

Objective”

Reference(s)”

Effect: Effect of a defined factor (other
than space or time) on microbial
diversity

Dynamics: Spatial or temporal
dynamics of the composition or
structure of microbial populations or
communities

Source: Analysis of the structure or
composition of microbial populations
for the purpose of identifying a
source of contamination or infection

Describe: Evaluation of the composition
or structure of a microbial
population or community
independent of time and specific
geographic location

Relatedness: Phylogenetic or taxonomic
analysis of a given group of
microorganisms.

Markers: Search for markers potentially
useful for diagnosis and
identification.

Determine if the following factors or practices influence biodiversity of
soil-borne microorganisms:
Application of pesticides

Chitin amendments

Compaction

Crop residues

Disturbances (pollution, fire, clear cutting, logging)

Heavy metals

Introduction of genetically modified microorganisms
Liming

Physico-chemical properties of the soil

Presence and age of specific plant species

Rotation

Soil fumigation
Determine if the following factors influence the biodiversity of

microorganisms in aquatic systems:

Anthropogenic factors (pollutants)

Natural environmental changes (temperature, salinity, etc.)
Determine the effect of pesticide application on the variability of

pesticide resistance types in a population of plant pathogens
Determine the effect of characteristics of the host plant population on

the pathotype or other phenotypic diversity of plant pathogens

Evaluate:

The effect of location and soil type on the diversity of functional
groups of bacteria (oligotrophs, nitrifiers, denitrifiers, cellulose
decomposers, and phototrophic, acid-tolerant, or mercury-resistant
bacteria)

Horizontal and vertical variability in biodiversity of aquatic bacteria
in water columns

Regional or within-field variation in composition and structure of
plant pathogen populations

Seasonal variation in diversity of plant-associated or other
environmental bacteria

Changes in composition and structure of plant pathogen populations
over time

Short- and long-term dynamics in planktonic and biofilm bacteria in
aquatic systems

Changes in composition of human pathogen populations in food-
processing plants

Identify the source of human pathogens in food-processing plants
Identify the source of new plant disease outbreaks

Describe

Pathotypes, races, degrees of aggressiveness, and sensitivity to
fungicides in populations of plant-pathogenic fungi

Vegetative incompatibility groups in populations of mycorrhizal fungi
and in plant-pathogenic fungi

Different phenotypes related to the process of mycorrhization among
mycorrhizal fungi

The variability of rhizobia in nodulating, in fixing nitrogen, and in
affecting gene transfer within a population

Species composition of aquatic bacterial communities based on
culture-independent methods

Evaluate phylogenetic relationships among uncultured aquatic bacteria
Evaluate the taxonomic variability among plant-pathogenic bacteria and
bacteria important in food quality

Develop markers:
Of taxonomic identity
For tracing specific bacteria in ecological studies
Of pathogenicity and host range of plant-pathogenic microorganisms
Of other functions

7, 71, 103, 106, 128, 133, 173, 188, 202, 233

93

118

194, 236, 283

28, 52, 60, 64, 91, 123, 127, 138, 181, 225
250

54, 129, 134, 145, 164, 199, 201, 234, 251,
260, 296

50, 169, 191, 192, 193, 222

1, 8,59, 69

135, 211

19, 75, 76, 86, 95, 126, 149, 154, 157, 214
242, 256, 272, 295

278

267

155
110
48, 207

40, 142, 156, 200

111, 144, 203, 204, 247

81, 82
25,72, 132, 216, 276
23,218, 284

40, 151, 180, 293
27, 89, 176

66

9, 12, 24, 206, 229, 249
25, 40, 100, 136, 153, 212

44, 175, 184, 189, 226
20, 141

143, 248, 286

31, 78, 84, 148, 185, 187, 219, 237, 255, 268
15, 29, 190, 245

29, 70, 80, 186, 217, 282
16, 18, 55, 63, 73, 101, 291

53,57, 116

270

18, 22, 112, 246
77, 182, 197, 224

Continued on following page
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TABLE 2—Continued

Theme*

Objective”

Reference(s)”

Methods: Evaluation of methods

applicable to the characterization of
microbial biodiversity.

Determine the effect of experimental design and sampling procedures

on measures of microbial biodiversity

New: Search for new species or new
taxa. Aquatic bacteria
Uncultured soil-borne bacteria

Culturable soil-borne bacteria

Evaluate laboratory methods for characterizing microbial diversity

Studies of methods based on total DNA or
targeted DNA sequences are
summarized by Theron and Cloete (262)

6, 30, 74, 122

Determine if an environmental sample contains previously undescribed:

232, 235

26, 160, 220, 269, 294

41, 43, 60, 87, 107, 137, 147, 161, 209, 256,
281

¢ Each theme is given an acronym (in italics) that is used throughout this paper.
® The objectives are listed by theme. The list is not exhaustive.

¢ The publications represent examples which cover the major trends in the 753 publications analyzed in this work.

temporal dynamics of microbial biodiversity (theme Dynamics)
have become more abundant (Fig. 4).

Microbial populations and communities have been de-
scribed in terms of a wide range of phenotypic traits, many of
which are related to the practical interest in the habitat stud-
ied, as listed in Table 2. Numerous studies have also exploited
molecular characterization of nucleic acids in order to describe
microorganisms; examples of these are cited throughout this
review. In aquatic systems in particular, an important set of
studies related to the theme Describe has concerned explor-
atory investigations using culture-independent methods (clone
libraries) to determine the species composition of bacterial
communities (Table 2).

The impact of time and space on population composition or
structure (theme Dynamics) has been investigated to under-
stand the origin and spread of populations of beneficial and
of deleterious microorganisms or the probable relationship
among organisms from different geographical locations. For
systems concerning plant or human pathogens or bacteria in-
volved in food spoilage, these questions have been linked to an
interest in disease epidemiology, in the efficiency and durability
of practices for control of crop and food losses, and in food
safety issues (Table 2). For aquatic systems, studies under this
theme have concerned vertical and horizontal spatial variabil-
ity at a range of scales and short-term as well as seasonal
dynamics (Table 2).

Impact of environmental factors on microbial biodiversity.
The effect of environmental factors on microbial diversity
(theme Effect) has been a major theme of study for soil and
rhizosphere microbial systems and for mycorrhizae (Table 4).
Interest in this theme has increased markedly over the past 25
years (Fig. 4). Studies under this theme are apparently moti-
vated by the possibility of modifying the factor of interest via
soil or forest management practices, for example. For rhizo-
sphere and soil communities, there has been considerable in-
terest in the relationship between microbial biodiversity and
plant health, plant productivity, and the efficiency of ecological
processes such as nutrient cycling and phytoremediation (Ta-
ble 2). For mycorrhizal fungi, interest in their biodiversity
arises from the observations that these fungi play a major role
in the floristic diversity and structure of plant communities
(273).

Studies under this theme relative to soil, rhizosphere, and

mycorrhizal systems have addressed the impact of two princi-
pal factors on microbial diversity: the properties of the soil and
the nature of the plant species. The soil properties studied
have been overwhelmingly those related to agricultural and
other land management practices and to pollution (Table 2). In
studies of aquatic habitats, only a few papers concern the effect
of specific factors on the structure of bacterial communities.
They are related to the effect of anthropogenic disturbances
(mainly pollutants) and to the response of natural communities
to natural environmental changes (temperature, salinity, etc.)
(Table 2).

Microbial biodiversity as an epidemiological tool. For all
habitats considered together, relatively few publications have
clearly linked the concepts of epidemiology and microbial
biodiversity (Table 4; Fig. 4). However, studies of microbial
biodiversity addressing epidemiological questions (theme
Source) have been of interest for habitats concerning human
pathogens and occasionally for those containing plant patho-
gens. Studies under this theme have compared phenotypic and
genotypic profiles of strains from different origins as a means
of determining possible sources of contamination of foods or
sources of outbreaks of plant disease (Table 2).

Markers to facilitate diagnosis and identification. Charac-
terization of microbial biodiversity as a means of discerning
markers useful for diagnosis or microbial identification (theme
Markers) has been a major theme of studies concerning plant-
associated bacteria (Table 4), where the development of such
markers is a matter of particular interest for tracing bacteria in
ecological studies and for avoiding the need for time-consum-
ing tests of pathogenicity and host range (Table 2). Markers
have also been sought for other types of microorganisms as a
means of rapidly identifying phenotypes whose laboratory
characterization is laborious, such as the efficiency of mycor-
rhization, or as a means of facilitating the identification of
organisms that are complicated to identify, such as certain
mycorrhizal fungi (Table 2).

Methods for studying microbial biodiversity. Interest in
methods for studying microbial biodiversity (theme Methods)
has grown steadily since 1975 (Fig. 4). However, among the 94
publications analyzed that evaluated methods applicable to the
characterization of microbial biodiversity, 90 concerned the
evaluation of laboratory methods for characterizing microor-
ganisms and over half of these focused on evaluating methods
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Theme of study

Effect of an environmental factor on biodiversity
Changes in biodiversity over space and time

Sources of contamination

Population composition and/or structure

Phylogeny and taxonomy

Markers for identification and diagnosis

Evaluation of methods for studying biodiversity

Search for new species or new taxa
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Questions addressed in analysis

» Sampling strategy defined ?

\2

= Statistical tests of hypotheses ?

\2

= Multiple independent experiments permitting multiple
tests of hypotheses ?

Population composition :
= Description or estimation of the extent to which the
sample represents the population ?

Population structure :
= Sampling strategy defined ?

3

Estimates of variance for quantitative measures of
population structure ?

Information available concerning how the strains or
samples used in the study were chosen ?

l

How many strains represent each operational taxonomic
unit ?

Information available concerning how the strains or
samples used in the study were chosen ?

\’
Markers tested against other taxonomic groups ?

l

Markers validated with independent samples ?

Evaluation of methods based on strains from collections
or on environmental samples ?

3

For environmental samples, were multiple independent
samples taken ?

For strains, was the method validated with an
independent collection ?

Independent sampling to corroborate detection of the
new taxon in the habitat studied ?

FIG. 2. Procedure for analyzing the role of experimental design and hypothesis testing for eight different themes of research concerning

microbial biodiversity. The themes are described in detail in Table 2.

for the analysis of total DNA or targeted DNA sequences in a
sample. Only four studies focused on the effect of experimental
designs or sampling procedures on measures of biodiversity
(Table 2). Nevertheless, methodological information was pre-
sented in other studies that we analyzed, but to a much more
limited extent than in the four publications just mentioned, and
it was not the principal objective of the publications.

Phylogenetic and taxonomic studies. Biodiversity studies
motivated by phylogenetic or taxonomic comparisons of a
given group of microorganisms (theme Relatedness) have fo-
cused primarily on bacteria and reflect the historical tribula-
tions surrounding the definition of bacterial species and the
relatedness among individuals of different genotypes. In our
database, the frequency of publications under this theme de-
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FIG. 3. Rate of publication in the primary literature from 1975 to
1999 of studies concerning the biodiversity of eight microbial habitats.
(A) Total number of publications per year; (B) number of publications
per year concerning fungus-plant pathosystems (<), the rhizosphere
(including mycorrhizae) (A), microbial habitats in soil (A), aquatic
systems (#), bacterium-plant system (- —-), and the microbiology of
food and food-processing factories (m).

creased with time (Fig. 4). Since interest in microbial phylog-
eny probably is not waning, this trend likely reflects the fact
that the key words used for our bibliographic searches are
employed less and less frequently in publications addressing
microbial phylogeny and taxonomy. Nearly half of the biodi-
versity studies concerning aquatic systems were relevant to the
theme Relatedness (Table 4). An important motivation for
studies of this habitat is that less than 1% of aquatic picoplank-
ton—the organisms that constitute the fundamental basis for
the functioning of these systems—can be cultured. Hence,
there is a prevailing interest in describing organisms that were
inaccessible prior to the advent of culture-independent tech-
niques. Culture-independent direct retrieval of 16S rDNA was
used extensively in the early 1990s to characterize unknown
and uncultured species in aquatic systems (Table 2). Most of
these studies provide sequences of the isolated 16S rDNA and
localize these “phylotypes” in the tree of life. For bacteria that
are pathogenic to plants or animals, studies under the theme
Relatedness have been motivated by very practical concerns.
The taxonomic variability of causal agents of plant and animal
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TABLE 3. Number of publications concerning the biodiversity of
microorganisms (bacteria and fungi) in eight different microbial
habitats associated with water, soil, plants, foods, and food-
processing factories published from 1975 to 1999 by the 10
journals publishing these types of studies most frequently

Journal N.O' O.f
publications
Applied and Environmental Microbiology ................cucvvvevenunn. 263
PRYLOPALNOIOZY ... 125
Mycological Research (Transactions of the British
Mycological Society before 1989)........ccovveeevrenccrrenercerrenecnes 89

Soil Biology and Biochemistry .
Canadian Journal of BOaNY ............cccceveevesvnesceeeeeeneens
FEMS Microbiology Ecology (FEMS Microbiology

Letters before 1985) .....ccvievnicerinneeeeeneeceeeeeeseeeecsenneeeenes
Plant Disease (Plant Disease Reporter before 1979) .
Plant PatholOgy ............cueeveevveisrsesiesseeseeeeeeess s
Canadian Journal of Microbiology
Indian PRytopathology ..............cvveveevvesesrisisnessseeessesesneeens

diseases has been investigated because it is intimately linked to
questions concerning epidemiology (disease origin) and can be
useful in subsequent identification of markers for detection
(Table 2).

Discovery of new taxa. The search for new species or taxa
(theme New) was a relatively rare theme (Table 4), which has
increased slightly in importance over the past few years (Fig.
4). For aquatic systems, studies under this theme generally
were derived from phylogenetic or taxonomic studies (theme
Relatedness) and focused on the occurrence of new species in a
few samples with the aim of finding new DNA sequences
(Table 2). For soil and rhizosphere systems, studies under this
theme have sought to demonstrate the high degree of bacterial
diversity and the presence of nonculturable new species by
using direct soil extraction followed by molecular phylogenetic

TABLE 4. Distribution of publications among the principal themes
of studies of microbial biodiversity in the primary literature from
1975 to 1999 concerning eight different microbial habitats associated
with water, soil, plants, foods, and food-processing factories

% of publications for each habitat’:

Theme* ] All
Aq Soil Rh Myc FPP BP Food FI
systems
Effect 10 52 56 44 15 11 15 3 30
Dynamics 37 32 25 12 28 20 48 20 26
Source o 1 o0 1 4 7 10 79 6
Describe 18 20 32 24 53 13 15 13 26
Relatedness 46 8 19 0 7 24 45 0 18
Markers 3 4 2 12 4 38 2 0 9
Methods 18 26 14 7 7 4 5 13 12
New 5122 6 0 0 1 0 0 4
Total no. of 110 116 124 110 109 105 40 39 753
publications
analyzed

Total no. in database 198 413 248 206 867 190 40 39 2200

“The theme corresponding to each acronym is described in Table 2.

® For a given habitat, the sum of the percentages of articles published across
all themes may be greater than 100% because several principal themes were
attributed to some of the articles. The habitats covered in this study were aquatic
systems (Aq), soil (Soil), the rhizosphere (Rh), mycorrhizae (Myc), fungus-plant
pathosystems (FPP), bacterium-plant systems (BP), food (Food), and food-pro-
cessing factories (FT).
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FIG. 4. Changes over time in the frequency of publications ad-
dressing each of eight different research themes in microbial biodiver-
sity from 1975 to 1999. The themes Effect (®), Dynamics (<), Source
(A), Describe (M), Relatedness (m), Markers (), Methods (+), and New
(X) are described in Table 2. Each value represents the percentage of
publications addressing a given theme among the total publications for
that period. The periods depicted were chosen to represent approxi-
mately equal numbers of publications per period.

analysis (Table 2). However, the search for new species or taxa
in soil and rhizosphere systems has also addressed culturable
bacteria (Table 2).

Methods Used for Characterizing Biodiversity

To describe how the different techniques presented in Table
1 were used in biodiversity studies over the last 25 years, we
calculated the frequency at which these techniques were re-
ported and their coincidence with the different themes (Table
5). For all publications considered as a whole, and for many of
the habitats or themes considered independently, DNA-based
characterization techniques—and in particular those based on
targeted DNA sequences such as 16S rDNA, specific repeated
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sequences, or genes for virulence of pathogens—had the most
dominant role in biodiversity studies relative to all other types
of techniques (Table 5). Furthermore, DNA-based character-
ization techniques had the greatest growth rate over the past
25 years compared to all other types of techniques for charac-
terizing microbial diversity. The percentage of published arti-
cles that reported the use of DNA-based characterization tech-
niques was 9% in the period from 1975 to 1988, 27% from 1989
to 1993, 35% from 1994 to 1995, and 40 to 50% thereafter.
Nevertheless, in spite of the important role of DNA-based
characterization techniques, tests based on the characteriza-
tion of phenotypes played a predominant role for four of the
habitats. Characterization of microorganisms based on their
metabolism, morphology, or ability to grow on selective media
were the predominant approaches in studies of soil, mycorrhi-
zae, food, and food-processing factories. The role of pheno-
typic tests for these systems is related to the frequent use of the
BIOLOG system for characterizing soil microorganisms, the
ease of characterizing certain mycorrhizal fungi by their mor-
phological features, and the importance of standardized cul-
ture methods for food-borne pathogens.

Although DNA-based characterization techniques had an
overall dominant role in studies of microbial biodiversity, their
importance was more restricted when studies were classed by
theme. In fact, DNA-based techniques had the most dominant
role in studies of the phylogenetic and taxonomic relationships
among organisms (theme Relatedness) and in the search for
new species or taxa (theme New) (Table 5). As indicated
above, the evaluation of methods (theme Methods) has also
focused principally on characterization of microbial DNA.
Conversely, studies concerning the effect of an environmental
factor and the description of structure and composition relied
more heavily on characterization of microbial phenotypes than
on characterization of genotypes. This trend was consistent for
all systems except aquatic systems.

These trends led us to wonder if the predominance of phe-
notypic tests in studies of microbial biodiversity is related to
the role of known, specific microbial functions in a habitat.
Studies of plant and animal pathogens and of symbiotic micro-
organisms provided a large enough database to permit us to
analyze trends concerning the use of direct tests of pathoge-
nicity and of symbiosis. We based this analysis on 117 publi-

TABLE 5. Percentage of articles published from 1975 to 1999 reporting the results of studies of microbial biodiversity based on analysis of
total or targeted DNA sequences or on characterization of phenotypic properties

Techniques based on analysis of’:

% of articles for theme”:

New Methods Relatedness Dynamics Markers Describe Source Effect
Targeted or total DNA 54 52 45 36 35 32 24 17
Metabolic properties 17 16 18 18 17 14 26 25
Markers of specific phenotypic properties 7 12 14 12 17 11 14 12
Growth on specific media 7 5 2 7 4 5 23 12
Colony and cellular morphology 2 8 8 8 7 12 4 21
Pathogenicity, pathogenicity-like 5 1 8 10 15 15 6 6
processes, and production of toxins
Resistance to antimicrobial compounds 2 2 5 5 3 4 1 4
Other diverse phenotypic properties 5 3 2 4 2 5 1 4

“ Percent values were calculated within each theme. The research themes correspond to those described in Table 2 and are listed in order of importance of analyses

based on total or targeted DNA.

® The specific techniques encountered for each type of method are described in Table 1.
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FIG. 5. Changes over time in the frequency of publications report-
ing the use of tests of pathogenicity or symbiosis in studies of microbial
biodiversity from 1975 to 1999 for systems where these microbial
properties are particularly pertinent: fungus-plant pathosystems (m),
bacterium-plant systems ([J), mycorrhizae (A), the rhizosphere (X),
and all habitats considered together (#).

cations that concerned the characterization of processes re-
lated to pathogenesis or symbiosis: 45 publications for fungus-
plant pathosystems, 37 for bacterium-plant systems, 14 for
rhizosphere systems, 13 for mycorrhizae, and the remainder
for soils, foods, and food-processing factories. The objectives
of these studies were, for example, to determine the similarity
of populations of a given plant pathogen from different origins
or the overall diversity within a specific group of a plant patho-
gen or food spoilage organism (11, 16, 32, 51, 62, 121, 142, 152,
189, 221). We did not consider studies focused solely on mo-
lecular phylogenetics or on the diversity of specific alleles
within pathogen or symbiont populations. For the database
considered as a whole, pathogenicity or symbiotic host range
testing was frequent for studies in all the habitats represented
in the 117 publications. However, over time there has been a
general tendency for fewer and fewer studies to carry out this
type of characterization, as illustrated in Fig. 5. This tendency
could possibly be explained by the increasing availability of
markers for properties related to pathogenesis (72, 196, 277)
or to symbiosis (2, 148, 159, 185). However, we did not find
many discussions concerning how markers were good estimates
of the pathogenicity or the symbiotic potential of the organ-
isms studied when direct tests of these properties were not
used in the studies described in the 117 publications analyzed.
This tendency suggests that direct characterization of the
pathogenicity or symbiotic potential of microorganisms in
biodiversity studies is being progressively abandoned and is not
necessarily being replaced by unambiguous markers of these
microbial functions. Part of the impetus for reducing the use of
pathogenicity tests may reside in the intensification of quaran-
tine and biosecurity constraints in the handling of plant patho-
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gens such as Ralstonia solanacearum and certain species of
Cercospora or Fusarium, for example, or for genetically engi-
neered microorganisms. The manipulation of human and ani-
mal pathogens in general and the handling of indicator animals
used in evaluating pathogenicity are also subject to increasing
constraints that may contribute to this trend. For pathogens
and symbionts alike, constraints of time and labor may also
orient research programs away from approaches requiring
these types of phenotypic characterization.

APPROACHES TO EXPERIMENTAL DESIGN AND
HYPOTHESIS TESTING

The objectives of three of the themes described above in-
volve the testing of hypotheses about the effect of the environ-
ment, space, or time on microbial biodiversity (themes Effect,
Dynamics, and Source). Examples of hypotheses under these
themes, stated in a general way, include the following: there is
no significant variation in the structure of the population of a
given plant pathogen over time or between geographic regions
(32, 39), and plant species have a significant effect on the
biodiversity of microorganisms in the rhizosphere (19, 95, 171,
205, 252). The test of such hypotheses necessitates well-devel-
oped experimental design leading to statistical tests. Because
of the analogies that can be made among these three themes,
we have grouped them for the analysis presented below. The
objectives of the remaining themes focus—to various de-
grees—on description of the composition or structure of mi-
crobial populations or communities. The principal questions
we addressed in the analysis of experimental approaches were
unique for each of these themes (Fig. 2), and hence, we present
each of them independently.

Measuring the Impact of the Environment, Space, and Time

The objectives of more than half of the microbial biodiver-
sity studies published over the past 25 years were to measure
the effect of a specific environmental factor on biodiversity, to
measure the changes in biodiversity over time and space, or to
compare the similarity of a population of pathogens at a given
site with that of the population at a suspected source of con-
tamination (themes Effect, Dynamics, and Source) (Table 4).
These objectives are analogous to a wide range of seemingly
straightforward objectives such as determining the effect of
fertilizers on crop yield or the changes in lichen density with
increasing distance from a refinery. Hence, we extrapolated the
main principles guiding experimental design and hypothesis
testing from these latter systems to the analysis of microbial
biodiversity in the themes Effect, Dynamics, and Source. As a
first step in characterizing the experimental designs reported in
studies under these three themes, we noted whether a sampling
strategy was clearly described (Fig. 2). Specifically, we deter-
mined if either (i) the space and time within which samples
were collected were defined or (ii) information was presented
concerning how the samples accounted for the variability in-
herent to the sampling procedure. For these studies, we then
noted if statistical tests were used to evaluate the hypotheses
evoked concerning biodiversity and if the study reported mul-
tiple independent tests of these hypotheses (Fig. 2).

For the themes Effect, Dynamics, and Source considered as a
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TABLE 6. Number of publications reporting sampling strategies,
use of statistical analyses to test hypotheses concerning microbial
biodiversity, and replicated tests of hypotheses for
the themes Effect, Dynamics, and Source

No. of publications analyzed
Theme*

Total® Sampling® Statistics? Replication®

Effect of a defined factor

Habitat
Aquatic 11 4 0 0
Soil 60 51 27 4
Rhizosphere 69 57 29 7
Mycorrhizae 48 44 35 2
Fungal/plant pathosystems 16 14 11 6
Bacterial/plant systems 12 6 4 1
Food 6 5 2 0
Food factories 1 0 0 0
All systems 223 181 108 20

Spatial or temporal dynamics

Habitat
Aquatic 41 10 0 0
Soil 37 29 14 2
Rhizosphere 31 24 9 5
Mycorrhizae 13 12 9 1
Fungal/plant pathosystems 30 26 19 5
Bacterial/plant systems 21 5 1 0
Food 19 12 2 0
Food factories 8 0 2 0
All systems 200 118 56 13

Sources of contamination

Habitat
Aquatic 0 0 0 0
Soil 1 0 0 0
Rhizosphere 0 0 0 0
Mycorrhizae 1 1 0 0
Fungal/plant pathosystems 4 3 2 1
Bacterial/plant systems 7 2 0 0
Food 4 4 0 0
Food factories 31 5 2 0
All systems 48 15 4 1

“Themes are described in Table 2.

® Total number of publications analyzed for a given habitat within each theme.

¢ Number of publications in which the sampling strategy (the time and space
within which samples were collected) was clearly defined.

4 Number of publications describing sampling strategies and employing statis-
tical tests to evaluate the principal hypotheses concerning microbial biodiversity.

¢ Number of publications reporting replicated or multiple independent tests of
the principal hypotheses concerning microbial biodiversity.

whole, one-third of the 471 publications analyzed did not re-
port a sampling strategy (Table 6). These publications lacked
information about the basis for choosing the samples or strains
characterized and/or information about the size, weight, vol-
ume, or frequency of samples taken. For these studies, there
was insufficient information to determine how an independent
but comparable sample could be taken. Hence, we could not
ascertain the extent to which the characterized organisms rep-
resented the population studied or to what extent the results
could be compared to those of studies of similar microorgan-
isms. For 6% of these 471 publications, the study was based
solely on the use of strains from culture collections. In nearly
all studies that employed strains from culture collections, the
only information reported concerned their taxonomic identifi-
cation and the date, location, and environment from which
they were isolated. Nevertheless, a few publications indicated
how strains from culture collections had been isolated, and we
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considered this to be part of the description of a sampling
strategy. The frequency of studies reporting sampling strate-
gies varied among the habitats. Publications concerning soil
and rhizosphere systems, mycorrhizae, fungus-plant pathosys-
tems, and food most frequently reported sampling strategies
(Table 6). For all habitats considered together, there was no
discernible effect of time on the frequency at which sampling
strategies were reported in publications.

Among the 314 publications in the themes Effect, Dynamics,
and Source that reported sampling strategies, about 50% also
reported values of diversity indices and subsequently employed
statistics to test hypotheses concerning biodiversity (Table 6).
There were marked differences among the three themes in
terms of the frequency with which diversity indices and subse-
quent statistical tests were employed: 60% of the publications
reporting sampling strategies in the theme Effect also employed
indices and statistical tests, while 47% of those in the theme
Dynamics and 27% of those in the theme Source did so. For the
publications in which statistical tests of hypotheses were not
employed, many reported experimental designs and data
equivalent to those reported in studies employing statistics.
For most of these publications, it was not clear why statistical
tests were not exploited. A few indicated that they did not have
a sufficient number of replications (83). Another (213) clearly
stated that statistical tests were considered inappropriate in
light of the high variability of mycorrhizal types observed in the
large number of samples analyzed. About 8% of the 146 pub-
lications that lacked descriptions of sampling strategies under
these three themes nevertheless reported statistical evaluations
of the hypotheses evoked.

A wide variety of approaches were used for calculating di-
versity indices and for performing statistical tests of hypothe-
ses. To summarize these approaches, we classified measures of
diversity as either primary indices or secondary or composite
indices. Primary indices were direct measures of population
parameters not requiring any particular calculation or con-
founding of species (or taxon) richness with relative abundance
and identity. In general, these were direct measures of the
abundance or relative frequency of phenotypes or genotypes
observed in a sample. All other types of indices, such as the
Shannon-Wiener diversity index () (239), Simpson’s diver-
sity index (\) (244), and Nei’s index for genetic diversity (/)
(195), were considered to be composite indices. In Table 7 we
summarize how primary and composite indices have been cou-
pled with the use of parametric and nonparametric statistical
tests.

The work of Chen et al. (40) clearly illustrates how the
nature of primary and composite diversity indices constrains
the choice of parametric and nonparametric statistics for hy-
pothesis testing in microbial biodiversity studies. These work-
ers sought to determine if there were changes in the genetic
diversity of populations of the plant pathogenic fungus Myco-
spharella graminicola during disease epidemics on wheat. Ge-
netic diversity was measured in terms of the frequency of
alleles at different restriction fragment length polymorphism
(RFLP) loci in isolates of the fungus collected at different
times in each of three seasons at one experimental site. For
example, to test the difference in genetic diversity between
early-season and late-season populations, a contingency x? test
was employed to compare allelic frequencies at each of eight
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TABLE 7. Measures of diversity and statistical tests used to
evaluate the effect of environmental factors, space, or time (themes
Effect and Dynamics) on microbial biodiversity or to compare
microbial populations with the objective of identifying
sources of contamination or inoculum (theme Source)

Diversity measures”  Statistical tests®

Habitat® Prima Secondar Reference(s)
indicersy indices Y Pana. Nonpara.
Soil X X 17, 21, 37, 54, 69, 108,
117, 128, 198, 271,
283, 292, 296
X X 99
X X X 129
X X X 14, 145
X X 135, 178
X X 23
X X X 52
Rh X X 38, 86, 118, 150, 163,
171, 188, 192, 193,
211, 242, 279, 283
X X 31, 95, 252
X X X 35, 285
X X X 92, 93, 169
X X 252
X X 98
Myc X X 3, 4,5, 58, 68, 123,
131, 146, 183, 172,
214, 225, 227, 231,
240, 241, 258, 275,
280, 289
X X 36, 250
X X X 1, 13, 28, 91, 119, 124,
126, 127, 243, 254
X X X 253
X X X X 49, 85, 105
FPP X X 11, 136
X X X 239
X X 32, 40, 61, 65, 132,
142, 180, 207, 208,
261, 288
X X X 39
X X 24, 25, 32, 40, 142
X X 94, 179
BP X X 79
X X 122
X X X X 109
X X 276
Food X X 67, 125, 170
FI X X 34, 140, 229
X X 249

“ The abbreviations used for the different habitats are described in footnote b
of Table 4.

® Diversity was evaluated in terms of either primary indices of microbial
diversity (such as allelic frequencies or number of species) or secondary or
composite indices that confound the number of species (or other taxa) and their
relative abundance. The measures of diversity indicated here are those that were
the basis of the statistical tests reported in the publication. Some publications
reported additional indices that were not the basis of subsequent statistical
analyses; these are not considered here.

¢ Statistical tests were classified as either parametric (Para.) or nonparametric
(Nonpara). The reported parametric tests used to evaluate hypotheses concern-
ing biodiversity included analysis of variance, least-significant-difference test,
Tukey’s and Newman-Keul’s multiple-comparison tests, Duncan’s multiple-
range test, and ¢ tests. Nonparametric tests included x?, Fisher’s exact test,
Spearman’s rank correlation, Wilcoxon signed rank test, the Kruskal-Wallis test,
and the Mann-Whitney test.
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different RFLP loci determined for each of 444 strains col-
lected in 1990 (about one-third of which were collected early in
the season, and the rest were collected late in the season).
Likewise, the difference in genetic diversity of populations
from three different years was evaluated by the same statistical
test by comparing allelic frequencies for each of 10 RFLP loci
for the late-season strains collected in 1990 and 58 late-season
strains collected in 1991 and 1992. No significant differences
were revealed at any of the loci. The authors then calculated
various indices of genetic diversity including Nei’s index for the
different loci at each date. Nei’s index is analogous to the
Shannon-Wiener index and summarizes the number and rela-
tive abundance of different genotypes in a sample without
accounting for the identity of the genotypes encountered. Fur-
thermore, the value for such an index calculated from data for
a single sample is not associated with a measure of variance.
Population variance must be measured from multiple samples
from the same population. Alternatively, some authors have
exploited methods proposed for estimating the theoretical
variance of composite diversity indices via simulation or cal-
culations (25, 276, 277). Hence, for diversity based on Nei’s
index, Chen et al. (40) used parametric tests (¢ tests) to eval-
uate differences in genetic diversity for situations in which they
had measures of variance. By using ¢ tests, they compared
genetic diversity at different dates or different times in a single
year by considering the indices for each of the loci to be
replicate measures within a given time. However, the indices
for the multiple loci of a single set of strains are not necessarily
bona fide independent replicate measures.

Other studies can also serve to illustrate how the types of
replication and measures of variability inherent to experimen-
tal design influence the coupling of diversity indices to para-
metric and nonparametric tests, as illustrated in Table 7. Hall-
mann et al. (93) conducted parametric tests based on
composite diversity indices by establishing replicated mea-
sures, sensu stricto, of these indices. For chitin-amended and
nonamended soils, these authors calculated the number of
different bacterial genera and Hill’s diversity number (N1) for
samples of 35 bacterial strains from each of four replicate plots
per treatment. For each index, least-significant-difference tests
were used to compare diversity based on the four values mea-
sured per treatment. Helm et al. (105) used one-way analysis of
variance and the nonparametric Kruskal-Wallis test to evalu-
ate differences in fungal diversity in terms of the infection
percentages for different ectomycorrhizal types along a chro-
nosequence of different plant species. Xia et al. (288) em-
ployed a nonparametric test to evaluate heterogeneity among
primary indices of genetic diversity. To determine variation in
diversity of the plant pathogen Magnaporthe grisea among sites
within individual fields of rice, these authors determined the
DNA fingerprints of 7 to 21 strains collected at each of five
sites within two commercial rice fields. Within-field spatial
heterogeneity of diversity was determined by a x? test based on
the frequency of RFLP fingerprint groups in the five locations
per field. Although Nei’s index of genetic similarity was calcu-
lated in this study, it was not employed in statistical tests. The
use of nonparametric tests for primary indices was also illus-
trated by Carraminana et al. (34). These authors used a x? test
to evaluate the difference in frequency of serotypes among
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strains of Salmonella collected in poultry slaughterhouses be-
fore and after evisceration of carcasses.

Another aspect of experimental design that we noted for the
themes Effect, Dynamics, and Source was the reporting of mul-
tiple independent tests of hypotheses (Fig 2). Of the 471 pub-
lications analyzed in these three themes, about 5% reported
multiple independent tests of hypotheses (Table 6). For the
168 that described sampling strategies and employed statistics
for testing hypotheses, about 20% reported multiple indepen-
dent tests of these hypotheses. Nearly all studies under the
themes Effect, Dynamics, and Source employed replication to
ensure the reliability of the microbial traits characterized in the
laboratory. However, most of these studies were based solely
on samples from a single location and/or a single date. Hence,
multiple independent tests of the principal hypotheses were
not possible for these studies.

Examples of studies involving multiple tests of hypotheses
include the work of Mahaffee and Kloepper (169), who eval-
uated the effect of a genetically modified strain of a plant
growth-promoting Pseudomonas fluorescens on microbial com-
munities of the cucumber rhizosphere and endorhiza. The
microbial diversity of the rhizosphere and endorhiza of inoc-
ulated and noninoculated experimental plots did not differ
significantly between treatments but was different between 0
and 70 days after planting. Similar results were obtained in
each of two field seasons. Jonsson et al. (127) evaluated the
effect of wildfires on the ectomycorrhizal fungal communities
of Scots pine. To conduct replicated tests of the hypothesis that
wildfires have significant effects on mycorrhizal population
structure, these authors compared the mycorrhizal populations
in burned and adjacent unburned late-successional stands of
Scots pine at four different sites in northern Sweden. Asher
(11) tested the hypothesis that the aggressiveness of strains of
the plant pathogen Gaeumannomyces graminis from fields con-
tinuously cultivated with cereal crops is lower than that of
strains from fields in which cereals are grown only occasionally.
Measures of the aggressiveness of the populations were made
from two sites, one representing a short-term (2 or 3 preceding
cereal crops) and the other a long-term (12 to 15 preceding
cereal crops) cereal sequence. Four tests were done, each with
isolates from the two different types of sites. Statistical com-
parisons among populations from the two types of sites led to
the rejection of the hypothesis. Zhan et al. (293) sought to
determine the relative contribution of immigration to the ge-
netic structure of Mycosphaerella graminicola populations dur-
ing the course of an epidemic. They used neutral DNA mark-
ers to compare the population structure in wheat plots
inoculated with known isolates to that in naturally infected
control plots. Field plots were arranged in a randomized com-
plete block design with four replications, and comparisons of
allelic frequencies were based on a contingency x? test. Signif-
icant differences were observed in allelic frequencies in popu-
lations from control and inoculated plots, suggesting that im-
migration was low. These differences were evaluated for
numerous different alleles and pairs of alleles for both mid-
season and late-season populations but for only one field ex-
periment. Heuer and Smalla (109) compared the diversity of
bacteria on leaves of common potato cultivars to that on leaves
of genetically modified potato plants expressing the bacterio-
phage T4 lysozyme. Comparisons were made in a greenhouse
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experiment as well as in a field trial. Other examples of mul-
tiple tests of hypotheses under the themes Effect, Dynamics,
and Source are reported by Bever et al. (19), Burdon and
Jarosz (32), Chen et al. (39), Garland (75), Handley et al. (95),
Hartmann et al. (99), Maloney et al. (171), Marilley et al.
(173), Paffetti et al. (205), Safir et al. (227), Sanders (231), and
Strain et al. (252).

One of the central purposes of experimental design is to
ensure that the measures reported in a publication are repeat-
able and not due simply to random error. This notion is clearly
evoked in the Instructions to Authors of the major journals
publishing studies of microbial biodiversity. However, our
analysis of the trends in experimental design for publications in
the themes Effect, Dynamics, and Source suggests that few
publications (about 5%) report repeated measures of the phe-
nomena that are central to the principal objectives of the
studies. In other words, publications reporting multiple inde-
pendent tests of hypotheses were rare. Perhaps verifications of
the hypotheses addressed in these publications are, or will be,
the subject of subsequent publications. Alternatively, the in-
vestment in time and labor for multiple tests of hypotheses may
have been prohibitive for some studies. For certain studies,
such as those addressing changes in population structure or
composition over decades (196) or across a wide range of
geographic regions (189), multiple independent tests are vir-
tually impossible or very impractical. However, for other types
of studies, we could not identify what led to the publication of
results of only a single experiment, a single sampling campaign,
or a single set of strains.

The lack of repeated tests of hypotheses and the infrequent
use of statistical tests led to some ambiguity in the conclusions
presented in many of the publications in the themes Effect,
Dynamics, and Source. It is important to note that the conclu-
sions stated in most of the publications analyzed here were
cautiously elaborated with regard to interpretation of the re-
sults. Hence, we encountered relatively few publications that
presented unambiguous conclusions about the effect of specific
factors, time, or space on microbial biodiversity. The least
ambiguous conclusions were presented in publications report-
ing sampling strategies and the use of statistical tests. The
Discussion sections of many of the publications in these three
themes focused on the utility of the techniques employed for
microbial characterization rather than on the major ecological
theme of the study.

Above, we speculated about why multiple independent tests
of hypotheses are not commonly reported in the microbial
biodiversity literature. We also wonder why statistical tests are
infrequently employed in publications relevant to the themes
Effect, Dynamics, and Source. We encountered numerous pub-
lications with clearly defined sampling strategies and experi-
mental design for which statistics were not reported but for
which they would have been appropriate to test the hypotheses
evoked. The reporting of sampling strategies coupled to the
use of statistical tests of hypotheses was clearly more typical of
studies of certain habitats than of others. In particular, publi-
cations concerning soil, the rhizosphere, and fungi in general
most frequently reported these aspects of experimental design
and hypothesis testing. This tendency has led us to wonder if
the scientific literature concerning the microbial biodiversity of
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a given habitat has a broad impact, in particular on studies of
apparently unrelated habitats.

What are the possible barriers to a broad impact of the
microbial biodiversity literature among different habitats? One
barrier may result from the techniques typically used for iso-
lating and characterizing the microorganisms of a given habi-
tat. These techniques may sharply orient experimental design
and may make it difficult to extrapolate experimental designs
from one system to another. In particular, for habitats where
microorganisms are readily culturable and identifiable, it may
be relatively easy to design experiments leading to data sets
compatible with the calculation of indices, measures of vari-
ability, and statistics. It is interesting that none of the studies
analyzed for the themes Effect, Dynamics, and Source concern-
ing aquatic systems employed statistics; most of these studies
were based on the characterization of the DNA representing
nonculturable organisms. Characterization of microorganisms
based on DNA extraction from environmental samples fol-
lowed by PCR amplification, cloning, and sequencing, as was
employed for most of the studies in the themes Effect, Dynam-
ics, and Source for aquatic systems, is very demanding of time
and labor. Furthermore, strategies to randomly sample the
generated clones so as to represent the relative proportions of
organisms in the environment are not obvious. However, this
type of characterization has been of great interest because it
can lead to identification at the species and strain levels.
Recently developed approaches to discriminating isolated nu-
cleotide sequences, such as single-strand conformation poly-
morphism, terminal RFLP, denaturing gradient gel electro-
phoresis, and related techniques, may lead to better
compatibility of characterization of DNA extracted from the
environment with experimental designs leading to statistical
tests, as illustrated by the work of van Hannen et al. (274).

Alternatively, other approaches to characterizing noncul-
tured microorganisms have proven to be compatible with sta-
tistical analyses. For example, communities of microorganisms
have been characterized by direct analysis of the fatty acids in
phospholipids or in lipopolysaccharides extracted from envi-
ronmental samples. The ease of this technique and the obvious
relationship between the fatty acid composition in the sample
to that in the environment have led to statistical analyses of the
resulting fatty acid profiles (37, 69, 117, 211, 242, 292). Never-
theless, this technique is less discriminating and therefore less
interesting because the resulting profiles correspond to broad
taxonomic groups such as actinomycetes, gram-positive or
gram-negative bacteria, or anaerobic bacteria. Nonculturable
mycorrhizal fungi, as well as fungi that are obligate plant par-
asites, have also been the object of studies exploiting statistical
analyses (33, 227). Quantitative measures of the biodiversity of
these fungi in particular might be readily accessible because
they can be identified by morphological characteristics even
though they are not culturable. Nevertheless, statistical tests
are, in general, infrequently employed even for publications
concerning habitats where microorganisms are readily cultur-
able and identifiable. Hence, there is a need for considerable
reflection about the barriers to statistical analyses and multiple
independent tests of hypotheses in publications concerning
microbial biodiversity.
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TABLE 8. Characteristics of publications in the theme Describe
concerning the evaluation of the composition or structure of a
microbial population or community independent of time
and location

No. of publications analyzed for:

Type of publication All

Aq° Soil* Rh® Myc® FPP¢ BP¢ Food® FI°
systems

Total 20 23 40 27 58 14 6 S5 193
Population structure® 9 17 32 20 35 4 1 0 118
Defined sampling” 3 12 32 11 18 3 1 0 80
Population composition® 11 6 8 7 23 10 5 5 75
Justified sampling? o 0 0 3 5 1 3 0 12

“ Number of publications in which the relative frequencies of the different
components of the microbial community or population were quantified. Some of
these publications also reported qualitative descriptions of the composition of
the communities or populations studied.

> Number of publications reporting population structure for which the sam-
pling strategy (the time and space within which samples were collected) was
clearly defined.

¢ Number of publications that reported only qualitative descriptions (for ex-
ample, the number of taxa and their identity) of the composition of the com-
munities or populations studied. None of these publications reported quantifi-
cation of population structure.

4 Number of publications describing the composition of microbial populations
for which the authors justified the sampling strategy exploited.

¢ The habitats covered in this study were aquatic systems (Aq), soil (Soil), the
rhizosphere (Rh), mycorrhizae (Myc), fungus-plant pathosystems (FPP), bacte-
rium-plant systems (BP), food (Food), and food-processing factories (FI).

Snapshotting the Composition and Structure of Microbial
Populations and Communities

Studies in the theme Describe focused on either describing
the composition of microbial populations or evaluating the
structure of these populations independent of the effects of
time and space. In our analysis, we made a clear distinction
between the notions of composition and structure. We defined
structural studies as those reporting quantitative measures of
the relative abundance of the different groups of organisms
characterized and compositional studies as those that either
enumerated or identified the different groups detectable in a
population or community. Although numerous publications
employed “structure” in the title or key words, they were not
considered to be studies of structure unless quantitative mea-
sures of relative abundances were presented. In the absence of
such quantitative measures, publications were considered to
represent compositional studies for this analysis. For studies of
population structure, our analysis consisted of determining if a
sampling strategy was described in the publication and if there
was an estimation of the variance associated with the structure
of the described population. For studies of population compo-
sition in the theme Describe, we noted if the authors attempted
to justify or evaluate how well the sample represented the
population being studied (Fig. 2).

Studies of microbial populations and communities under the
theme Describe have focused primarily on quantification of
population structure (Table 8). These studies have quantified
population structure by measuring parameters such as (i) the
relative abundance of ribotypes or of strains resistant to vari-
ous antibiotics in rhizosphere bacterial populations to which
strains of Pseudomonas fluorescens active as biocontrol agents
were introduced (193), (ii) the relative abundance of DNA
fingerprint groups of Aspergillus parasiticus from a corn field
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(177), and (iii) the frequency of alleles within the ribosomal
DNA intergenic spacer of Hebeloma cylindrosporium from
populations of this haploid ectomycorrhizal basidiomycete
(90). Hence, the representativeness of a sample relative to the
overall population is a central issue for these studies. Never-
theless, only two-thirds of the 118 studies of population struc-
ture that we analyzed reported sampling strategies (Table 8).

For studies describing the composition of microbial popula-
tions, only 16% reported information concerning how the sam-
ple was taken or in what way it represented the population
(Table 8). Among the publications presenting information con-
cerning the representativeness of the sample, a few included
rarefaction curves. Rarefaction curves represent the rate at
which new groups (species, genotypes, etc.) are detected as the
sample size increases. The asymptote of the curve is considered
to be an estimate of the number of different groups in the total
population (230, 265). The use of rarefaction curves is standard
fare in studies of the biodiversity of macroscopic organisms,
and their potential use in microbial diversity studies has been
recently well illustrated (114). Among the publications ana-
lyzed here, that of Goodman and Trofymow (83) used rarefac-
tion curves to estimate the rate at which new mycorrhizal types
were found and also to estimate total richness. Ingleby et al.
(119) also used similar curves to compare mycorrhizal diversity
(ie., the cumulative number of different mycorrhizal types)
under different plant canopy types. Other examples include the
studies by Hantula et al. (96), Ravenschlag et al. (215), and
Sakano and Kerkhof (228) for aquatic systems, Clawson and
Benson (42), Dunbar et al. (56), and Handley et al. (95) for
rhizosphere systems, and Torsvik et al. (266) for soil systems.

The notion of representativeness has a twofold implication
for experimental design. First, it is clear that experimental
design must take into account the extent to which laboratory
tests represent microbial phenotypes and genotypes. This has
been of overwhelming interest to microbiologists, as illustrated
by the abundance of publications that evaluate assays for phe-
notypic and genotypic characterizations. Furthermore, the
principal types of replication reported in studies of microbial
biodiversity pertain to the confirmation of results of such as-
says. The second implication of representativeness is the extent
to which the sample of organisms or their DNA represents a
population or a community. For both of these aspects of rep-
resentativeness, one is compelled to ask if we are studying
artifacts and in what way our estimate of the properties of the
population or the community is biased. However, it should be
kept in mind that the representativeness of a sample vis-a-vis a
population is the foundation on which the representativeness
of characterization assays rests.

What does “representativeness of a sample” mean? Clearly,
for practical and technical reasons, it cannot mean that every
taxon in the community is represented in the sample. The
growing interest in identifying new taxa and the development
of techniques to account for nonculturable microorganisms—
major objectives of the Diversitas program and of recent re-
search programs (223)—may be helpful in broadening the
scope of biodiversity studies, but they are not intended to
address representativeness per se. “Representativeness of a
sample” simply means that we can define what the sample
represents. The aim of a sampling strategy is to render this
definition compatible with the objective of the study. For stud-
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ies where, for example, the objective is to quantify population
structure, the sampling strategy employed should lead to sam-
ples in which the proportion of each type or group detected is
equivalent to that in the population, within the limits of detec-
tion corresponding to the sample size.

Of course, this is a proposition for an ideal world with no
sampling biases. Sampling errors and biases are inevitable, and
they limit the extent to which approaches such as rarefaction
can be used to investigate the representativeness of a sample.
Kinkel et al. (139) clearly illustrated how sampling of microbial
systems misrepresents the underlying species frequency distri-
butions in the population. Their analysis was based on random
sampling of simulated microbial populations having different
species abundance distributions (lognormal and negative bino-
mial distributions with different degrees of skewedness) but
each having 100 species. Random sampling revealed that de-
pending on sample size, communities with distinctly different
species abundance distributions could not be differentiated.
Likewise, extrapolations made from identical populations
could lead to the conclusion that the populations had distinctly
different species abundances. Real-world sampling combines
the basic probabilistic errors described by Kinkel et al. with the
biological biases of microbiological and molecular biological
sampling techniques. Rarefaction and simulated estimates of
variance of diversity measures are constrained by the informa-
tion contained within the sample and do not account for sam-
pling biases unless they have been measured experimentally.
Hence, one can understand the importance of replicated sam-
pling and of multiple independent experiments for measures of
population structure. Furthermore, it is evident that the results
of studies describing the composition of microbial populations
are also affected by the way in which the sampling strategy
conditions the representativeness of a sample.

Discerning Markers for Diagnosis and Identification

The notion of representativeness is also particularly perti-
nent to the search for markers. Many of these studies have
relied heavily on characterization of strains from culture col-
lections in order to span the geographical and temporal vari-
ability of the microorganisms of interest. Hence, we did not
consider sampling strategy per se to be a fundamental issue in
the overall approach taken for publications in the theme Mark-
ers. Rather, for publications in this theme, we noted if the
authors explained the basis for choosing the strains or sample
from which they identified markers or if there was any discus-
sion about what the strains or samples represented. Further-
more, we also noted the use of strains outside of the taxonomic
group for which the markers were identified and the use of
independent samples (or collections) to validate the accuracy
of the markers (Fig. 2).

The search for markers was dominated by studies of plant-
pathogenic and phyllosphere bacteria and of mycorrhizal fungi,
although there were examples of such studies for nearly all
habitats. For bacteria, 88% of the studies published under this
theme sought markers of taxonomic groups, whereas the stud-
ies of mycorrhizae were equally divided between the search for
taxonomic groups and the search for functional groups. The
experimental design and sampling strategies associated with
these studies clearly influenced how we interpreted the results.
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FIG. 6. Rarefaction curves of the number of different RFLP pro-
files detected within collections of increasing size for strains of E.
carotorovora (wide gray line) and R. solanacearum (narrow black line)
based on data presented by Hélias et al. (104) and Cook et al. (47),
respectively. Rarefaction curves were calculated by sequentially select-
ing each of the 137 strains presented by Hélias et al. (104) or the 62
strains presented by Cook et al. (47) in a random order and determin-
ing the number of different RFLP profiles obtained as the number of
strains increased. The curves represent the mean of five independent
randomizations for each data set.

In particular, for nearly all of the studies under the theme
Markers, it is difficult to evaluate the potential utility of the
markers in terms of the fraction of the naturally occurring
population they could detect or identify. This difficulty arises
from the fact that none of the 69 studies concerning markers
presented information describing how the sample represented
the inherent variability of the population and only 2 of these
studies tested the validity of the reported markers against a
collection or sample of strains independent of that used to
develop the markers (158, 251).

To illustrate the impact of representativeness for studies in
the theme Markers, we calculated rarefaction curves based on
data presented in two studies in which markers of bacterial
identity were developed (Fig. 6). In presenting these curves, we
keep in mind the limits of rarefaction cited above. These
curves suggest that the 19 different RFLP groups described for
a collection of 137 strains of Erwinia carotovora (104) represent
a value much closer to the asymptotic value than the 28 groups
described for the 62 strains of Ralstonia (formerly Pseudomo-
nas) solanacearum (47) (Fig. 6). Hence, in the application of
these markers to the identification of strains of these bacteria,
there would be a high probability that newly collected strains of
R. solanacearum would fall into RFLP groups not described by
Cook et al. (47) whereas newly collected strains of E. caroto-
vora would be much more likely to be represented by one of
the RFLP groups described by Hélias et al. (104). Such a
comparison is based on the assumption that both sets of strains
are equally representative of their respective populations. Nev-
ertheless, such estimates could be useful in orienting studies
toward the number of strains necessary for characterizing
markers with the desired level of accuracy. Ultimately, the
validity of such estimates can be confirmed by testing markers
against additional samples or collections of strains.
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Defining Relatedness among Microorganisms

Many of the publications concerning microbial phylogeny
and taxonomy (theme Relatedness), similar to those concerning
the theme Markers, were based on the use of strains from
culture collections. Nevertheless, there were also numerous
examples of studies in this theme involving the isolation of
strains via culture methods and of DNA representing noncul-
turable microorganisms. Hence, in the analysis of publications
under the theme Relatedness, we looked for information con-
cerning sampling strategies or other descriptions of the repre-
sentativeness of the organisms characterized. Furthermore, be-
cause of the nature of the numerical analyses employed in
these studies, we also noted the number of strains used to
represent each operational taxonomic unit described (Fig. 2).

The approach taken for biodiversity studies concerning mi-
crobial phylogeny or taxonomy was clearly dependent on the
habitat involved. For aquatic systems, nearly 70% of the stud-
ies under the theme Relatedness exploited phylogenetic analy-
sis of nucleic acid sequences isolated from diverse aquatic
environments. Nevertheless, only one-fourth of the studies of
such sequences reported the strategies involved in sampling.
For rhizosphere systems, about 40% of the studies under the
theme Relatedness were based on strains from culture collec-
tions, another 40% were based on strains collected via culture-
dependent techniques, and 20% were based on the analysis of
nucleic acid sequences isolated from the environment. Only 2
of the 24 studies analyzed under the theme Relatedness for this
habitat reported how strains or nucleic acid sequences were
sampled. In the case of microorganisms from foods and for
plant-pathogenic or epiphytic bacteria, no studies involved the
direct isolation of nucleic acid sequences from the environ-
ment. About 70% of the studies under this theme for each of
these two habitats were based on strains from collections. The
few descriptions of sampling strategies reported for these two
habitats addressed the isolation of strains via culture-depen-
dent methods expressly for the studies concerned.

For studies under the theme Relatedness based on the anal-
ysis of culturable strains, we could not identify a general logic
to the number of strains used. These studies were based on
analyses of samples ranging from fewer than 10 strains to
several hundred strains. Furthermore, although most studies
sought to represent a wide range of different groups or types of
microorganisms among the strains analyzed, the number of
strains chosen to represent each group was highly variable. It is
likely that the number of strains employed for each predefined
group is limited by the number of such strains that are avail-
able, particularly when the strains originate from culture col-
lections. However, we never found a discussion or other justi-
fication regarding this subject.

Although it is quite obvious that sample size can have an
effect on the results of quantitative studies, we feel that the
importance of sample size for the results of descriptive studies,
such as those concerning taxonomy, should not be overlooked.
As mentioned above, we were intrigued by the unbalanced
representation of different taxa in studies under the theme
Relatedness. In general, the principal taxa studied were repre-
sented by numerous strains and the reference taxa were rep-
resented by only a few or single strains. The numerical tech-
niques used for the creation of dendrograms are generally
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robust and little affected by the number of strains per cluster or
taxon. However, if clusters or taxa are represented by unequal
numbers of strains, then the variabilities within the populations
corresponding to each of these taxa are not estimated with the
same precision. In other words, if only a few strains are se-
lected to represent one taxonomic unit and many strains are
selected to represent another, then the potential variability
within each of these taxa cannot be equally accounted for in
numerical analysis. Hence, we feel that there is a need for
reflection on how the degree of variability accorded to a taxon
affects the estimation of its relatedness to other taxa.

Evaluating Methods for Studying Microbial Biodiversity

As mentioned above, nearly all of the publications address-
ing the evaluation of methods for studying microbial biodiver-
sity (theme Methods) focused on evaluating laboratory meth-
ods for characterizing microorganisms or their DNA.
Nevertheless, we could distinguish between methods that were
evaluated based on environmental samples and those that were
evaluated based on strains from collections. For the former, we
noted whether multiple independent samples were employed
in the study, and for the latter, we noted whether an indepen-
dent collection of strains was used to validate the method (Fig.
2). Among the 94 publications analyzed under this theme, 85%
were based on environmental samples (aliquots of water or
soil, for example) and the remainder were based on strains
from collections to evaluate methods of characterization. For
the studies employing environmental samples, about 75% ex-
ploited multiple samples as the basis for evaluating the
method. In the other 25% of studies, the evaluation of the
method was based on only a single environmental sample.
None of the studies employing strains from laboratories or
national collections validated their conclusion with results
from a second independent collection of strains. In some cases,
independent collections have been combined to determine the
genetic diversity within a given species. Tamplin et al. (259)
used two laboratory collections (53 environmental and 78 clin-
ical isolates) to determine the genetic variability within Vibrio
vulnificus.

Discovering New Species and Other Taxa

Of all of the different themes analyzed here, the discovery of
new species or other new taxa of microorganisms (theme New)
is particularly dependent on conceptual and technological ad-
vances (113, 223). Many of the publications under this theme
seek to demonstrate the pertinence of these advances by illus-
trating how they contribute to the elucidation of new groups of
microorganisms. Nevertheless, in the search for new groups of
microorganisms, experimental design sets the stage for en-
countering the new organisms. These discoveries are essential
to understanding the richness of the microbial world and may
open doors to subsequent studies of new microbial processes
and of the impact of these microorganisms on ecosystem func-
tions. Hence, in light of this potential impact, our analysis of
experimental design for the theme New consisted of noting if
the discovery was corroborated by using additional indepen-
dent samples from environments that were the same as or
similar to those of the original sample.
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Of the 28 publications analyzed that addressed the theme
New, 6 corroborated the discovery with multiple independent
samples. Wright et al. (287) corroborated the discovery of a
small-subunit rRNA (16S rRNA) gene lineage (SDAR324)
that was initially discovered in the western Sargasso Sea. The
corroboration was based on screening clone libraries prepared
from the Atlantic and Pacific Oceans by using specific DNA
probes. For rhizosphere and soil systems, Khbaya et al. (137)
isolated bacteria from 6 sites, Kuske et al. (147) selected 5
independent rhizospheric samples, Wang et al. (281) sampled
11 plants at 2 sites, Coates et al. (43) processed samples from
8 environments, and Lloyd-Jones et al. (161) took samples
from 10 different soils to corroborate their discoveries. The
other 22 publications reported discoveries based on a single
sample.

CONCLUSIONS AND FUTURE DIRECTIONS

The study of biodiversity is motivated by interest in the
heterogeneity and variability of organisms. Because of the im-
mense number of microorganisms on Earth and the wide range
of habitats they occupy, the potential heterogeneity and vari-
ability of microorganisms are probably larger than for any
other group of organisms. Microbiologists are well aware of
this potential. Nevertheless, the trends illustrated in this review
suggest that the field of microbial biodiversity has lost sight of
the full meaning of heterogeneity and variability and has not
dealt with some of their consequences on experimentation. We
have pointed out what we consider to be some of the particular
weaknesses of microbial biodiversity publications in this re-
gard: (i) that descriptions of sampling strategies or other in-
formation concerning the representativeness of the sample are
often missing from publications, (ii) that there is very limited
use of nonsubjective tests (statistical tests) of hypotheses, and
(iii) that only a very few papers report the results of multiple
independent tests of hypotheses. Furthermore, there are very
few examples of publications addressing methodological ques-
tions about how sampling strategies influence the results of
microbial biodiversity studies.

The analysis presented here is based on information con-
tained in publications—the visible face of microbial biodiver-
sity studies. In considering the factors contributing to the crit-
icisms that we have evoked, one must keep in mind all facets of
the production of publications. These facets include the con-
ception of studies, experimentation, and elaboration of the
publications. The availability of relevant information concern-
ing sources of variability and the appropriate experimental
design and statistical tests are likely to have an important
influence on how the study is conceived. Furthermore, the
costs associated with sampling and laboratory tests are likely to
influence how extensively a study is conducted. Finally, in the
elaboration of publications, reviewers and journal editors can
have important impacts on contents. We need to ask what role
they might play in the extent to which information concerning
sampling, for example, is presented or in the orientation of
Discussion sections.

In light of the vast sources of variability that need to be
considered in studies of microbial biodiversity, one is likely to
ask if such studies are, in fact, insurmountable tasks. As Kinkel
et al. (139) suggest, certain hypotheses concerning microbial
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TABLE 9. Guidelines for the content of publications concerning microbial biodiversity

Information for“:

Information in section of the publication

Effect

Dynamics ~ Source  Describe  Relatedness — Markers — Methods” — New

Materials and Methods. Include descriptions of:

Experimental design indicating how blocks, randomization, and
replication were employed

The origin of the individuals® characterized (time and place of
sampling; size, weight, and/or volume of samples; numbers
of individuals characterized per block and per repetition;
basis for choosing these individuals)”

Criteria used to determine the number of individuals
characterized (per treatment, per block, per taxonomic
group, etc., as appropriate)

The quantitative measures of diversity used (indices,
proportions, etc.)

Statistical criteria used to determine if the differences observed
among the biodiversity of the populations or communities
studied are significant

Criteria for evaluating the representativeness of the sample
relative to the population or community (rarefaction,
comparison to other independent samples, etc.)

Results. Report:

Means and variances of the quantitative measures of diversity
used, where appropriate

Other measures of the repeatability of results

Statistical tests based on the criteria described in Materials and
Methods

Estimates of the representativeness of the sample according to
criteria described in Materials and Methods

Discussion.
Discussion of the impact of sampling biases on the
observations
Discussion of the evidence that the observations are not due to
random error
Unambiguous appraisal of the validity of the principal, explicit
hypotheses

“ Themes are described in Table 2. The minimal information to present under each theme is indicated.
® For the theme Methods, a much wider range of information than indicated here may be appropriate depending on the method studied and on whether specific

hypotheses are explicitly stated.

¢ “Individuals” refers to single clonal lines of microorganisms as well as nucleic acids or bulk environmental samples, depending on the techniques used for

characterization.

@ This information is essential for determining the representativeness of a sample and for comparing results to those from other studies. For studies employing strains
from culture collections, all these details might not be available. Hence, the publication should contain complementary information about the representativeness of the

sample such as results of comparison to other independent samples or collections.

¢ For studies concerning description of population or community structure.

biodiversity may be very difficult to test due to problems of
sampling inherent to many microbial systems. The task for
microbial ecologists is to identify testable hypotheses relative
to the sources of variability that can be accounted for in mea-
sures of biodiversity. At present, little headway has been made
in apprehending the sources of variability in measures of mi-
crobial biodiversity. Furthermore, investigations into variabil-
ity will also need to address the issue of scale. For example, in
studies of the microbial biodiversity of soils and waters, there
may be remarkable biodiversity at the scale of small aggregates
that is not revealed at the scale of large clumps, as illustrated
by the work of Grundmann and Normand (88) and of Long
and Azam (162). The increasing availability of automation in
analysis, particularly for DNA-based characterization, may
help in exploring sources of variability.

Obviously, there is no unifying experimental strategy to ac-
count for sources of variability that is applicable to all themes
and microbial habitats. Neither are there specific recommen-

dations for samples of adequate size or for indices that are the
most appropriate and that can be applied across the spectrum
of themes and habitats addressed in microbial biodiversity.
Biometricians and statisticians have an important role to play
in helping microbiologists explore and define the experimental
design and sampling strategies that are best adapted to the
objectives of their studies. On the other hand, we feel that the
presentation of certain basic information in microbial biodi-
versity publications, as described in Table 9, would contribute
greatly to the rigor of these publications and to appreciation of
the significance of the results with regard to underlying vari-
ability.

Materials and Methods sections should contain information
necessary for evaluating the representativeness of samples. In
all cases, this should include specific details about the origins of
the microorganisms or nucleic acids characterized and about
the criteria used by the authors in determining the number of
individuals characterized (Table 9). For studies evoking ex-
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plicit hypotheses, such as for the themes Effect, Dynamics, and
Source, estimates of the variability of quantitative measures of
diversity form one approach to evaluating representativeness.
For these themes, we do not feel that representativeness needs
to be further examined if experimental design and statistical
tests are employed as indicated in Table 9. For studies under
the themes Describe, Relatedness, Markers, and New, where
quantitative measures of diversity and statistical comparisons
of populations are not employed, it is important to provide
other measures of representativeness (Table 9). Ultimately,
these studies can contribute to revealing the biodiversity of
total populations or communities. Hence, representativeness is
a key issue for these themes. Clearly, almost all authors could
state the evident fact that “this study is not exhaustive and
could be improved by taking more samples.” However, some
daring authors might state that “this study is just a shot in the
dark to see what we would find.” Such honest testaments would
put the conclusions of the work into perspective and might also
lead authors to revise their approach.

The Results sections should report means and variances of
quantitative measures of diversity, where appropriate, or other
measures of the repeatability of results. Statistical tests should
be employed to test the hypotheses explicitly evoked in studies
under the themes Effect, Dynamics, and Source or when evoked
for other types of studies such as evaluation of the impact of
experimental design and sampling strategies on measures of
biodiversity (theme Methods). Estimates of the representative-
ness of samples should be presented for themes Describe, Re-
latedness, Markers, and New, as described in the respective
Materials and Methods sections (Table 9). The body of infor-
mation presented in the Materials and Methods and the Re-
sults sections should provide the foundation for authors to
evoke, in the Discussion section, the impact of sampling biases
on their observations and to provide sufficient evidence that
their observations are not due to random error. Although
random error can have an important impact on the results of
studies for all the themes we have described, under certain
conditions its role could be ignored without greatly influencing
the validity of the results (Table 9). For example, a new mi-
crobial species is still new even if we do not know the role of
random error in its discovery. However, without information
about the role of random error, one cannot speculate on the
relative frequency of this species in the environment. Likewise,
the efficiency or discriminating power of a characterization
method can be evaluated without knowing the role of random
error when selecting samples used for the evaluation. How-
ever, without knowing this role, it would be difficult to extrap-
olate the properties of the methods to other samples.

Ultimately, the Discussion section should state the signifi-
cance of the results relative to microbial biodiversity. For the
themes Effect, Dynamics, and Source, this should lead to an
unambiguous appraisal of the validity of the principal hypoth-
eses used by the authors. Implicit in the guidelines presented in
Table 9 is that the objectives and specific hypotheses of studies
are clearly stated in publications. The pertinence of experi-
mental design and sampling strategies presented in the Mate-
rials and Methods section, of the analyses presented in the
Results section and of the focus of the Discussion section
fundamentally depends on the objectives.

Application of the guidelines presented in Table 9 when
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defining protocols and writing and reviewing manuscripts
could boost the field of microbial biodiversity into a more
active investigation of how experimental design and sampling
strategies influence the results of microbial biodiversity stud-
ies. These investigations could include the develpoment of
models to evaluate the impact of different sources of variability
and sample size on the power of statistical tests, thus allowing
optimization of the sample size and other parameters of ex-
perimental design relative to constraints of labor and cost. The
past 25 years of research in microbial biodiversity has contrib-
uted greatly to the development of methods for characterizing
the multiple facets of the richness of the microbial world. One
of the intentions of this review is to prompt research in the
upcoming decades toward unambiguous evaluations of the im-
pact of this richness on ecological processes in microbial hab-
itats.
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