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Molecular Approaches for the Measurement
of Density, Diversity, and Phylogeny

WEN-TSO LIU AND DAVID A. STAHL

\ 12

This chapter considers the use of molecular methods for
direct measures of abundance, diversity and phylogeny of
environmental populations of microorganisms. These molec-
ular methods are mainly based on direct nucleic acid
sequence recovery, genomic DNA hybridization, and nucleic
acid fingerprinting. Although these methods in part cannot
be separated from fundamental questions (e.g., species con-
cept and molecular systematics) in ecology and microbial sys-
tematics, full coverage of these interrelated topics is beyond
the scope of this chapter. Our primary goal is to provide a rea-
sonably complete accounting of available technology and
associated methodological biases. This emphasis also results
in the exclusion of certain molecular techniques from
detailed discussion, since they have not been productively
applied to the description of natural systems.

NUCLEIC ACID SEQUENCE MEASURES
OF COMMUNITY STRUCTURE

There are three basic formats now used to recover DNA
sequence information isolated from either pure culture or
environmental samples: DNA probe hybridization, restric-
tion enzyme digestion, and chain termination sequencing of
cloned (or PCR-amplified) DNA templates. The former
two methods are used to identify relatively short sequence
elements. For example, restriction enzymes commonly rec-
ognize four to eight nucleotide sequence elements. DNA
probes, with the capacity for single-nucleotide-mismarch
discrimination, are usually around 20 nucleotides in length.
Longer DNA probes are commonly used to identify homol-
ogous targets but do not provide defined sequence informa-
tion. However, these approaches as well as community fin-
gerprinting techniques (see below) all have some basic
limitations.

Limitations on Recovery of Nucleic Acids

from Environmental Samples

The efficiency and representativeness of nucleic acid recov-
ery (both RNA and DNA) from environmental samples are
fundamental concerns in all community studies using mo-
lecular approaches. These issues have been thoroughly dis-
cussed by a number of investigators (1, 3, 47, 115, 150,
160). For DNA-based analyses, possible biases associated
with DNA recovery, PCR amplification, and DNA cloning

are well recognized (160, 172). Experience in our laborato-
ries has shown that, even when one uses nucleic acids
extracted from pure cultures, PCRs are sometimes inconsis-
tent. Amplification of RNA gene sequences by using gen-
cral primers has been shown in some cases to exclude
important environmental populations (6, 160, 172). The
issues of PCR-generated sequence hybrids (chimeras) and
the extent of sequence variation between rRNA operons of
individual organisms remain to be fully evaluated but can
be partially improved through a PCR conditioning step
(57). Thus, the proportional recovery of specific sequences
cannot be equated with abundance.

For rRNA recovery, two aspects that are distinguished by
the analytical approach are reviewed here. The first is the
efficiency of extraction: what fraction of total nucleic acid
is recovered from the environmental matrix! For example,
although the breakage technique may disrupt all microor-
ganisms present, recovery might be reduced by degradation
or adsorption of nucleic acids to matrix material (e.g.,
clays). The second consideration is representative tRNA
recovery. Does the fractional recovery correspond to the
environmental abundance of the corresponding nucleic
acids present in the environment? For example, a popula-
tion resistant to breakage would be fractionally underrepre-
sented, or conversely, an exceptionally easy-to-break micro-
organism would be overrepresented. The use of a universal
hybridization probe to evaluate relative breakage efficiency
of different groups is discussed below. Even though
hybridization to extracted nucleic acids should provide
more direct information on abundance, the meaning of
abundance as defined in molecular terms is very different
from established microbiological criteria, based on CFUs or
dircct cell counts. Thus, comparison of different measures of
toral biomass should be very informative. For example,
phospholipid and respiratory quinone analyses might pro-
vide a relatively independent quantification of biomass that
could be related to nucleic acid-based measures (43, 46, 68).

Another important consideration is the suitability of a
method for identifying and quantifying environmental
nucleic acid sequences. Methods suitable for identification
may not be well suited to quantification. For example,
DNA restriction fragment length polymorphism (RFLP)
cannot be easily interpreted when applied to environmental
systems of unknown complexity and population composi-
tion. Techniques that rely upon the recovery of relatively
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intact DNA (e.g., for PCR amplification, cloning, or
restriction digestion) generally must use less disruptive
extraction techniques than do methods that analyze RNA.
This is because DNA is much more sensitive to mechanical
shearing than is RNA by the most disruptive of extraction
methods, for example, mechanically reciprocal shaking
with zirconium beads (142, 144). These are some aspects of
nucleic acid recovery that must be more fully resolved
before the application of any nucleic acid technology can
be routinely applied to environmental studies.

Nucleic Acid Probes

Either DNA or RNA can serve as a nucleic acid probe.
However, for a variety of technical reasons (e.g., ease of syn-
thesis and stability), most studies have used DNA probes.
There are two basic categories of DNA probes, functional
and group specific. Funcrional probes targeting genes
encoding specific enzymes are used to evaluate specific
chemical transformations or potential activity of environ-
mental populations (44, 67, 167). Although they will not
be specifically addressed in this chapter, functional probes
provide an essential connection between the different mea-
sures of environmental diversity (phylogeny) and ecology.
In this regard, the use of phylogenetic groups as a measure of
environmental diversity ultimately must include better
understanding of unifying phenotypic characteristics of cir-
cumscribed groups. If certain traits are found to reflect
membership within a group, these traits should serve to bet-
ter relate community structure and function. Some exam-
ples of traits, and corresponding genes, conserved within
phylogenetically defined groups include genes for nitrogen
fixation (44), Ni-Fe hydrogenase (167), cellulases within
some cellulolytic assemblages (67), and dissimilatory
(bi)sulfite reductase (179). Although the emphasis of this
chapter is molecular, it is the phenotypic reflection of mo-
lecular diversity that must remain the central consideration
in environmental microbiology.

Group-specific (phylogenetic or taxonomic) probes gen-
erally target conserved biopolymers that can be used to infer
phylogenetic relationships among the host organisms (5,
142). tRNA is the most widely used target molecule, and
probes can be designed to target phylogenetic groups of dif-
fering evolutionary diversity, in other words, to provide
explicit measures of community structure at different levels
of resolution. Threc types of IRNA are common to the ribo-
somes of prokaryotes and eukaryotes: the 165 (185 for
eukaryotes), 235, and 55 rRNAs. Since the larger rRNAs of
many eukaryotes and some prokaryotes differ significantly
in size, the terms small-subunit (SSU) tRNA and large-
subunit (LSU) rRNA are used to refer to the 16S (185) and
23S rRNAs, respectively, in this contribution. For a variety
of technical and practical considerations (size, information
content, and ease of sequencing), the SSU rRNA has
become the standard measure for defining phylogenetic
affiliation. Well over 160,000 SSU rRNA sequences are
now available in the Ribosomal Database Project database
(http://www.cme.msu.edu/RDP) (19) along with other
databases for LSU and 58 rRNA sequences (24, 146, 157,
158), and the number of sequences is rapidly increasing.
They have provided the most encompassing of available
molecular frameworks to explore natural microbial diversity
and phylogeny (50, 110, 140, 166).

There are two basic formats for using phylogenetic
probes to study the environmental distribution of microor-
ganisms. They are hybridization to total tfRNA extracted
from the environment (114, 116-118, 144) and hybridiza-

—

tion to whole cells for subsequent microscopic visualization
and enumeration. Nevertheless, a full presentation or
review of these two methods and the RN A -targeted probes
used would require extensive referencing of recent applica-
tions to environmental, diagnostic, and determinative
research. In this regard, the reader is directed to recent
reviews (4, 5, 73, 142, 166) and references therein for a
more complete description, and we apologize for any excep-
tional omissions. The following review is intended to pro-
vide an overview of key considerations on the design and
optimization of rRNA probes in the quantitative analysis of
natural systems.

In addition, the use of total genomic DNA probes is
another category of group-specific probes for species-level
identification (e.g., reverse sample genome probing
[RSGP]) and is discussed below in “Genomic DNA Hybridi-

zation Measures of Community Structure.”

Phylogenetic Probe Design

The essential attribute of the rRNAs with regard to probe
design is the regional conservation of nucleotide sequence.
Although overall conserved in sequence, these biopolymers
exhibit great variation in regional sequence conservation.
Some nucleotide positions and locales have remained virtu-
ally unchanged since the divergence of all existing life (uni-
versal sequences), whereas other regions vary SO quickly
that they can be used to differentiate among species of bac-
teria. In addition, the generally high copy number of rRNA
per cell lends greater sensitivity to direct detection that uses
hybridization techniques.

An extensive set of probes (~15 to 25-mers) has been
designed to complement the tRNAs (5, 142), and among
them a large fraction has been collected in two different
databases (http://www.cme.msu.edu/OPD/ and http:/fwww
probebase.net) (2, 73). Probes vary according to the region
of the molecule selected as the hybridization target. The
rarget region defines the diversity of organisms encom-
passed by a probe. Species-specific probes usually comple-
ment the most variable regions. More-general probes, iden-
tifying phylogenetic groups of rank greater than species,
target more conserved regions of the molecule (142, 144,
166). The publications describing the development of SSU
rRNA probes for clinical or environmental applications are
much too numerous to address here. Thus, we will not dis-
cuss the more specialized applications but will limit discus-
sion to the more general class of probes. Since these probes
are designed to encompass larger phylogenetic groupings,
they can be used to provide a phylogenetic overview to
community structure. Figure 1 presents a very general
averview of the character of probe design within a phyloge-
netic framework. It is an incomplete representation of gen-
cral probes, and the reader is directed to an online resource
(probeBase) for the most up-to-date and complete listing of
probes (http://wwwAmicrobial—ecology.net/probebase/).

Probe Characterization: Phylogenetic

Nesting of Probes

An essential aspect of probe development is the demonstra-
tion of target group specificity. To some extent, this can be
Jemonstrated empirically by using a collection of target and
nontarget group nucleic acids or fixed reference cells for
studies that use whole-cell hybridization (5). Our laborato-
ries and others have routinely used a panel of diverse
RNAs (“phylogrid”) to characterize new probes {25, 66,
118). Prior to an evaluation by using the reference panel, it
s essential that the temperature of dissociation (T,) of the
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FIGURE 1 Partial listing of group-specific probes in relationship to prokaryote phylogeny. The phy-
logeny was adapted by Stah! (139) using the maximum likelihood analysis of Olsen, Woese, and Overbeck

(107) to provide the relative branching order of the major prokaryotic lineages. The probes for the indi-
cated target groups have been described: archacal domain (38, 118, 143), bacterial domain (20, 38, 142),
archaeal kingdoms (15), gram-positive organisms (S. Toze and D. Stahl, unpublished dara), low-G+C
gram-positive organisms (88), high-G +(C gram-positive organisms (122), Crtophaga-Flavobacterium and
Bacteroides (81), proteobacterial subdivisions (82), sulfate-reducing bacteria (25), methylotrophic bacte-
ria (14, 154), and nitrifying bacreria (89, 165). The reader is referred to these references for more com-
plete descriptions of probe design and characterization.

probe/target complex be experimentally determined (5,
142). It is generally insufficient to use one of the available
formulas to predict T, (142). Also, the temperature interval
over which probe dissociates from the target RNA varies
considerably for probes having comparable T s. Knowledge
of the temperature range over which dissociation occurs is
essential for adjusting hybridization conditions as needed to
discriminate between closely related nontarget species
tRNA. Thus, the initial T, characterization should include
closely related nontarget species IRNA directly extracted
from pure cultures or synthesized by in vitro transcription of
SSU rRNA clones (22a, 89, 113). An independent T eval-
uation must be used to characterize probes used for whole-
cell hybridization, since there may be a significant differ-
ence between the T, values and transition temperature
ranges determined for the same probe by using different for-
mats such as membrane examination, whole-cell hybridiza-
tion, and DNA microarray.

There is a limitation to an empirical characterization of
probe specificity. If we have only a limited appreciation of
microbial diversity, it is impossible to construct a reference
panel to unequivocally demonstrate specificity. However,

there are a couple of additional methods to further evaluate
the situation. The first is to use multiple probes, each hav-
ing the same target group specificity, to quantify a single tar-
get population. For example, two probes for the domain
Archaca (118) were used by DeLong and coworkers to inde-
pendently confirm estimates of high archaeal abundance in
Antarctic waters (22). Both probes hybridized to the same
fraction of SSU rRNA extracted from these waters. The
second approach to probe validation takes advantage of the
phylogeny. As already noted, it is generally possible to
construct probes for phylogenetic groups of various evolu-
tionary depths. These probes are of a hierarchical specificity
and have been described as being “nested.” The use of a
nested set of probes to characterize environmental diversity
provides yet another consistency check. If the more specific
probes fully represent the larger phylogenetic group, then
the sum of the specific probe hybridization values should
equal that obtained by using the more general probe. For
example, the sum quantification obtained by using a com-
plete set of species-specific probes should equal that of the
corresponding genus-level probe (114, 116-118, 144). This
approach was used to identify a novel lineage (“species”) of
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cellulolytic bacteria in the equine cecum (66) and was fre-
quently used to evaluate consistency between domain-
probe summation and total population abundance deter-
mined by using a universal probe (116).

General caveats relating to the use of phylogenetic
probes include the following: the probes are tools subject to
refinement through experimentation. Only through general
application and combination use with other methods of
community analysis will they be fully evaluated or, as neces-
sary, refined. Also, the resolution of the SSU rRNA probes
is approximately at the level of species. Questions relating
to the abundance and distribution of subspecies and strains
will require the combination of different approaches and
methods (e.g., fluorescent antibody techniques). Another
concern relates to the extraction of RNA from environ-
mental samples. Although resistant to mechanical break-
age, RNA is more subject to degradation during and follow-
ing extraction, generally as a consequence of endogenous
nucleases or nuclease contamination. One consequence of
partial degradation of sample is variable destruction of dif-
ferent probe rarget sites. For example, one of the regions
used as a target site for hybridization to a “universal” probe
is very sensitive to degradation (120). Thus, for methods of
quantification that use extracted rRNA, it is essential rhat
sample integrity be evaluated. This is most conveniently
accomplished by using acrylamide gel electrophoresis to
demonstrate recovery of high-molecular-weight species (1,
3, 128). Furthermore, the probe target position within the
rRNA significantly affects the hybridization efficiency and
specificity when used for hybridization to whole cells, e.g.,
fluorescence in situ hybridization (FISH) (36). Based on a
systemaric analysis that used 171 nucleotide probes (mostly
18-mers) to encompass the SSU rRNA of Escherichia coli,
the hybridization signal (fluorescent intensity) obrained
from whole-cell hybridization was shown to vary us much as
75-fold among probes. Analysis of signal intensity relative
to target position suggested that hybridization intensity was
highly related to higher-order structure within the fRNA
and could be classified into six different “brightness” regions
(36). This information is very useful for probe design with
commercial packages or free software available on the
Internet (e.g., ARB) (76) and for improving the whole-cell
hybridization signal (35). For example, by use of unlabeled
oligonucleotides (helper probes) adjacent to the target
region of a fluorescently labeled probe in whole-cell
hybridization, the hybridization efficiency could be improved
significantly with an enhancement of signal intensitics

varying from 4- to 25-fold (35).

Restriction Enzymes

The most common format for using restriction enzymes to
define environmental diversity is to combine digestion and
fractionation of DNA extracted from an environmental sam-
ple with hybridization by using nucleic acid probes comple-
mentary to conserved gene sequences common to all or many
of the organisms present in the sample. The general format
was first described by Southern and is often termed
“Southern blotting” (137). The rtRNAs are optimal targets
for hybridization (ribotypes) (41), but other conserved ele-
ments also have been used for environmental studies {(e.g.,
nitrate reductase and formyltetrahydrofolate synthetase) (72,
135). In application, restricted DNA is separated by size on
an agarose gel and transferred to a membrane support for
hybridization with radiolabeled probe or a label appropriate
for use with one of a variety of nonradioactive detection for-
mats (e.g., digoxigenin) (142). The resulting population of

different-sized DNA fragments hybridizing to the probe is
then used to infer relationships between individual isolates or
resolve different environmental populations. The separation
of genes derived from different populations requires that they
differ in sequence at the sites of DNA restriction or differ in
length of DNA flanked by common restriction sites. For this
reason, more than one restriction enzyme is generally used for
restriction enzyme analysis and the resulting size distribution
patterns (banding patterns) are compared.

RFLP analysis has been used to characterize extracted
total DNA (164) or specific PCR-amplified DNA (92).
Sequence diversity is evaluated by digesting the native or
amplfied DNA with a restriction endonuclease(s) followed
by size fractionation by electrophoresis on an agarose or a
polyacrylamide gel. The separation of genes derived from dif-
ferent populations requires that they differ in sequence at the
sites of DNA restriction or differ in length of DNA flanked
by common restriction sites. For this reason, more than one
restriction enzyme is generally used for RFLP analyses.

The primary use of RFLP analysis has been to evaluate
sequence variation among rRNA gene sequences. This
general method is sometimes termed “amplified rRNA
restriction analysis” and is commonly used to estimate
diversity among different microbial isolates (60) or rRNA
clones recovered from the environment (92). It requires the
use of PCR primers complementary to conserved regions of
the SSU or LSU rRNA genes or the 16S-23S intergenic
regions (87) and high-resolution agarose gels to effectively
separate fragments with length down to approximately 50
bp. Computer-simulated RFLPs on 106 bacterial SSU
tRNA sequences from representative bacterial phyla indi-
cate that combined RFLPs of at least three separate diges-
tions with tetrameric restriction enzymes (i.e., four-base
recognition site) are required to resolve those bacterial pop-
ulations to the genus level (median sequence identity
< 96.1%) (93). The efficacy of detecting and differentiat-
ing bacterial rRNA genes is dependent upon selection of
appropriate restriction enzymes, since the RFLP patterns are
not due to true restriction site polymorphism but result pri-
marily from insertions and deletions in the SSU rRNA
sequence (13). A major limitation of this approach is that it
is very time consuming and cannot be used to screen a large
set of isolates or clones in a cost-effective manner.

RFLD has also been used for the analysis of environmen-
tal DNA. For example, restriction digestion of rRNA gene
sequences recovered by PCR amplification can produce a
banding pattern (i.e., band numbers and intensity) that
serves as a fingerprint of the community. The fingerprint
provides a quick assessment of genotypic changes that may
result from temporal or spatial changes within a habitat
(86). RFLP can be combined with hybridization by using
group or functional probes to better define microbial diver-
sity in an environmental sample. However, this approach is
of limited use for demonstrating the presence of a specific
phylogenetic group or for estimating species richness and
evenness, since each SSU rRNA gene amplicon can con-
tribute to multiple restriction fragments (93).

To turther apply restriction enzyme for quantitative
analysis of microbial community structure, we highlight a
new method that utilizes the endonuclease property of
RNase H to cleave the RNA strand of RNA-DNA hybrid
duplexes at a specified site into two fragments (156). The
first step of this method is to direct the cleavage site of the
RNase H on RNA molecules by hybridizing the target RNA
with an olignucleotide probe or “scissor” probe. After the

formation of DNA (ie. scissor probe)-RNA hybrids, .

s o
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RNase H is added to cleave the RNA strand at the probe-
binding site, followed by quantification of the cleaved RNA
and intact RNA by using capillary electrophoresis systems.
By varying the hybridization conditions (e.g., formamide),
the digestion reaction, and probe specificity (i.c., perfectly
matched versus mismatched), curves for cleavage efficiency
of the RNA strand of perfectly matched and mismatch
probe-RNA duplexes with respect to formamide concentra-
tions can be produced. By selecting an optimal formamide
concentration, RNase H is shown to cleave the RNA strand
of perfectly matched duplexes but not mismatched
duplexes. By use of rRNA-based scissor probes at different
levels of phylogenetic specificity (e.g., domain, group, and
specics), this method was demonstrated to successtully
quantify bacterial and archaeal fractions in model and com-
plex communities and to detect a specific microbial popula-
tion (=1 or 2% of total rRNA) within a microbial ecosys-
tem. The sensitivity of detection and quantification of
microbial populations is reported to be dependent on (i) the
use of high-quality intact rRNA extracted from the envi-
ronments studied, (ii) the mismatched position of the non-
target rRNA molecules, and (iii) the resolution of clec-
trophoresis systems for small cleaved rRNA  fragments

(156).
Direct Sequence Analyses of SSU rRNA

By far, the sequence information most commonly extracted
from natural systems is that for the rRNAs. There are three
basic methods to recover tRNA sequence information from
nucleic acid extracted from environmental samples (sce ref-
erence 124 for a detailed description). They are (i) shorgun
cloning, screening, and sequencing (106, 110, 129); (i1)
cDNA cloning and sequencing of rfRNA (168); and (iii)
PCR amplification, cloning, and sequencing {6, 166). The
PCR-based methods can use either DNA or RNA as tem-
plate, the latter requiring the use of reverse transcriptase to
generate cDNA from rRNA. These sequencing approaches
all require the screening and analysis of large clone collec-
tions. The screening of a shotgun library derived from total
environmental DNA is the more difficult, since only a small
fraction of the clones contain part or all of the rRNA gene,
occurring at about 0.125 to 0.3% of the clones (129). They
can be identified by hybridization, for example by using
total rRNA derived from the environmental sample as
probe. Alternatively, DNA probes targeting highly con-
served regions of the molecule (phylogenetic probes) may
be used. This first screening step is generally not necessary
for PCR-based recovery methods, since the majority of
clones will contain tRNA sequences. The second phase of
the analysis is the elimination of redundant clones in order
to avoid expense and time associated with unnccessary
sequence determinations. A variety of approaches have
been used to identify redundant clones, using or combining
the following strategies: complete or single-nucleotide
sequencing of a small variable region, species- or group-spe-
cific phylogenetic probe screening, restriction analysis, and
denaturing gradient gel electrophoresis (DGGE) (97, 106,
166). A more recently described method for rapid sequence
analysis of tRNA sequence types in environmental samples
employs a series of enzymatic reactions to amplify and ligate
short sequences (sequence tags) from a variable region of the
rRNA gene. The ligated products, each containing as many
as 20 sequence tags, are then cloned and sequenced. This
approach, termed serial analysis of ribosomal sequence tags,
provides a much higher-throughput survey of sequence diver-
sity but has the associated limitation of recovering much less
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sequence information for each tRNA variant (59, 100).

The resolution of the different screening techniques
must be balanced against time and expense associated with
cach strategy. This determination can be made only in con-
sideration of community diversity (number and frequency
of different IRNA genes) and research objectives. The gen-
eral approach as developed for community-level analyses
based on tRNA sequence content could be applied to any
biopolymer of appropriate conservation and community
representation.

GENOMIC DNA HYBRIDIZATION MEASURES
OF COMMUNITY STRUCTURE

Genomic DNA hybridization is mainly used in bacterial
systematics to determine the degree of genetic similarity
between genomic DNA sequences and thus provides lim-
ited information of specific sequence content. The extent
to which these methods can be used to identify individual
populations or to estimate genomic diversity (total number
of different genomes) in a microbial community varies with
method, genomic diversity, and the aforementioned ques-
tions of microbial species definition. Two methods are
introduced.

RSGP

RSGP is developed by assuming that the entire genome of a
microorganism can be used as a specific probe for its detec-
tion in the environment (for detailed review, see reference
40). Whole-genome probes have been used to detect
Mycobacterium, Mycoplasma, Chlamydia, Bacteroides, Pseu-
domonas, Sphingomonas, and Campylobacter species (7, 28,
29,49, 91, 134, 169). RSGP reverses the usual relationship
of sample DNA and probe. The genomic DNA from differ-
ent reference organisms is denatured and immobilized on a
membrane support, the reference panel. DNA extracted
from the environment, containing an unknown diversity of
organisms, is randomly labeled and is hybridized to the ref-
erence panel. Under conditions of high stringency, whole-
genome probes hybridize only to identical or closely related
genotypes at the level of species or subspecies. For example,
when a reference panel of DNA from different sulfate-
reducing bacteria was hybridized with randomly labeled
genomic DNA from any species represented on the panel,
only self-hybridization or hybridization with nearly identi-
cal isolates was observed (162, 163).

The following overview addresses only key technical
considerations  (161-163). The method requires the
antecedent isolation of reference organisms from the envi-
ronment. Chromosomal DNAs are then isolated from the
different strains, measured amounts are applied to mem-
branes, and cross-hybridization among strains is evaluated
by using “stringent” hybridization conditions that are
empirically defined by the researcher. Strongly cross-
hybridizing DNA preparations could be combined and
treated as the same standard (either a single species or a set
of closely related species). Different reference standards are
hacterial genomes that generally show undetectable cross-
hybridization signals under stringent hybridization but may
have an arbitrary DNA/DNA  hybridization homology
below or above 70% as used for the “species” definition.
The standards are then used to prepare a master filter, using
bacteriophage lambda as an internal control. The amount
of genomic DNA applied to the membrane varies with ana-
lytical need. For example, 20 ng is needed for analysis of
DN As obtained from pure or enrichment cultures, whereas
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200 ng was appropriate for analysis of total community
DNAs reported in one study. A reference concentration
series of bacteriophage DNA is applied on the same mem-
brane (e.g., 10, 20, 50, or 100 ng). Sample DNA (ca. 100
ng) and lambda DNA (ca. 200 pg) are combined, boiled,
and placed on ice. A probe is prepared by random hexamer
labeling by using [a-*P]dCTP and Klenow polymerase.
Following denaturation, the probe is hybridized to a master
filter under stringent conditions. Following washing of the
filter under defined conditions, bound probe is quantified
(e.g., by using autoradiography), and the fraction of com-
munity DNA composed of individual component genomes
(represented by the individual reference DNAs on the mas-
ter membrane) is calculated from the hybridization to indi-
vidual DNA standards relative to the lambda reference
series (161). This practice assumes that the lambda DNA
and environmentally derived DNA present in the probe
mixture are labeled to the same specific activity and
hybridize with comparable efficiency. One possible concern
is that impurities associated with the environmental DNA
may influence both relative labeling and extent of
hybridization.

The technique was first applied to the analysis of micro-
bial populations associated with oil fields (161-163). RSGP
revealed a significant difference between planktonic and
biofilm-associated populations in oil recovery systems.
Planktonic populations were more diverse and dominated
by organochemotrophs. In contrast, biofilm populations
were typically dominated by one to three populations of sul-
fate-reducing bacteria from the Desulfovibrionaceae, with
much lower representation by organochemotrophs. More
recently, this technique was used to evaluate the impact of
pollutants (e.g., benzene and toluene) on soil populations
(49, 134). In these studies, a master filter was first prepared
by spotting genomic DNAs of bacteria isolated from the
contaminated soil. Cross-hybridization among these bacte-
ria was first determined to normalize the environmental
hybridization patterns. This study documented a clear
impact of the pollutant on community structure and meta-
bolic state of the system.

The RSGP technique is advantageous in that, once an
appropriate microbial survey of the target environment has
been completed, master filters can be prepared rapidly and
economically in large numbers. These filters can be stored
indefinitely for immediate use when new sample DNAs
become available for analysis. Further, these master filters
can incorporate newly isolated bacterial DNA by spotting
on side strips that are hybridized with the sample DNA
probe together with the master filter. Consequently, routine
screening of sample DNAs against a large number of differ-
ent standards is feasible when a large set of sample DNAs is
simultaneously prepared.

A disadvantage of the technique is that, although the
actual assay does not involve culturing, the microbial com-
munity is described only in terms of its culturable compo-
nent. It generally accounts for a very small portion of the
bacterial populations in a given environment. The calcu-
lated fractions can also be subject to systematic errors even
though RSGP has good precision. For example, the calcu-
lated fractions are sensitive to label allocation to sample
and internal standard DNA (i.e., differences in specific
activity). Furthermore, since detection sensitiviry of RSGP
is defined by the extent of cross-hybridization of the stan-
dard DNAs, low-abundance populations that hybridize
below this experimentally defined threshold may not be
detected in the presence of related organisms.

DNA Reassociation

The measurement of DNA reassociation kinetics was ini-
tially used to evaluate genomic sequence complexity,
revealing repetitive DNA elements in the genomes of
higher eukaryotes (11). More recently it has been used to
assess the diversity of natural microbial communities (152,
153). Community-level DNA sequence complexity, as
inferred from the rate of DNA reassociation, is related to
population complexity. This measurement of complexity is
a function of the concentration of complementary strands.
Under defined conditions, strand reassociation follows
second-order kinetics. Thus, the rate of reassociation is pro-
portional to the square of the nucleotide concentration of
homologous DNA strands. At a given concentration of
total DNA (molar concentration of nucleotides in single-
stranded DNA [ssDNA]), increasing genomic complexity
(larger genomes, larger numbers of genomes, and fewer
repeat elements per genome) results in a reduced concen-
tration of complementary strands and a correspondingly
reduced rate of reassociation. For example, as microbial
community diversity (heterogeneity) increases (e.g., greater
number of unique genomes), the rate of reassociation of
DNA extracted from the community decreases for the same
concentration of total DNA.

Experimentally, DNA reassociation is measured over
time, and the fraction of reassociated DNA (C/C,) is
expressed as a function of Cyt, where C, is the initial molar
concentration of nucleotides in ssDNA and where ¢t is the
time in seconds (Fig. 2). The plot of this relationship is
referred to as a Cyt curve. The reaction rate constant can be
expressed as 1/Cqt, ,, where ¢, is the time required for 50%
reassociation. Under defined conditions, with temperature
and monovalent ion concentration most important, Cyt, ;;
is proportional to the complexity (e.g., number of unique
genomes) of the DNA. The practical and theoretical con-
siderations of DNA reassociation are well developed (11,
170), and the reader is referred to these readings for a more
complete theoretical and practical treatment.

C(t)/Co

Logm (Cot)

FIGURE 2 Typical Cyt curves obtained by reassociation of
nucleic acids. The method can be used to estimate genome size or
number by comparison to a reference genome represented by the
left curve. The left and middle curves display pseudo-first-order
kinetics of unique sequence DNA of different complexities, while
the right curve displays pseudo-second-order kinetics.
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In the application of community diversity analysis, the
interpretation of DNA reassociation kinetics is made in the
context of information theory, as has been developed for
other diversity indices and briefly discussed above (152). It
is a measure of the total amount of information in a system
(richness and number of unique genomes) and the distribu-
tion of that information (evenness and abundance of indi-
vidual genomes). Torsvik has expressed diversity as the
number of “standard” genomes with no homology (151,
152). The results are significantly notable in that they sug-
gest far greater diversity than anticipated. In an initial study
of a soil sample taken from a beech forest (Seim, Norway),
reassociation kinetics suggested the presence of approxi-
mately 4,000 genomes (grams of soil [wet wt]) " (152).
Another study examined the effect of heavy metal contam-
ination on the bacterial communities of soils in
Braunschweig, Germany, with different levels of sludge
amendments (125). Approximately 16,000, 6,400, and
2,000 bacterial genomes were estimated in the noncontam-
inated soil, low-metal amendments, and high-metal amend-
ments, respectively. The number of bacterial genomes in
noncontaminated soils was fourfold higher than reported
previously (152). The increase in bacterial genome number
in soil is mainly attributed to the use of a longer time period
at a constant temperature to measure the Cyt curve. Thus, a
higher Cqt,;, value can be obtained by taking into account
not only the dominating DNA types but also the less domi-
nating ones, as the reaction kinetics is assumed to follow
pseudo-second-order reaction (Fig. 2). This study further
indicated a significant reduction of genomic diversity (ca.
up to eightfold) due to the metal amendments.

Although DNA reassociation provides a generally useful
measure of genomic diversity, a variety of parameters must
be considered, and most have yet to be systematically eval-
uated. One concern in the interpretation of DNA reassoci-
ation estimates is a reduction in the rate of reassociation
resulting from impurities in the DNA sample. For example,
Torsvik showed that the rate of reassociation increased with
repeated purification of the sample DNA. This phenome-
non can be evaluated in part by the addition of exogenous
DNA to serve as an internal control (152). However, it is
also important to more fully evaluate changes in reassocia-
tion kinetics that might result from the use of different
extraction and purification techniques (150). Another con-
sideration for any DNA-based analysis is the source of the
DNA. The persistence of “inactive” DNA, either in the
environment or entrained within dead or moribund cells, is
essentially unanswered and is a concern in interpreting any
data obtained solely from DNA. Recently, Gans and
coworkers have indicated that the information theory used
can significantly affect the estimation of genetic diversity
using DNA reassociation by 100-fold (36a). By using com-
putational analysis that enables direct comparison of differ-
ent abundance models, this study reevaluated the results
reported by Sandaa et al. (125). Approximately, 8.3 X 103,
6.4 X 10*and 7.9 X 10? genomes (g of soil [wet wt}) " were
estimated for the noncontaminated soil, low-metal amend-
ments, and high-metal amendments, respectively. This
estimation is significantly larger than the original values,
by a factor of 4 to 500. This improved computation analysis
supports the use of DNA reassociation kinetics to study
important questions related to the genomic diversity in dif-
ferent microbial ecosystems, for example, due to environ-
mental perturbation and mapping of diversity geographi-
cally. This example further highlights the need for
technical improvement.
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NUCLEIC ACID FINGERPRINTS
OF COMMUNITY STRUCTURE

The term “molecular fingerprint,” otherwise rendered as
“community fingerprint” or “phylogenetic fingerprint,” is
reserved for methods of analysis that generate a pattern-
hased characterization of community structure, most com-
monly represented by a banding pattern of nucleic acid frag-
ments resolved by gel electrophoresis. Commonly used
molecular fingerprint methods as summarized in Table 1 can
be generalized based on the theory of pattern classification
into three categories: (i) RFLP of total DNA or PCR prod-
ucts, (ii) fragment length heterogeneity of tRNA or PCR
amplicons, and (iii) conformation or melting behavior of
DNA products. Although DNA microarrays generate a type
of fingerprint, the pattern of hybridization is mapped to
sequence information and we treat this format separately. In
principle, any gene can be explored by these fingerprint
methods, but SSU and LSU rRNA genes that exhibit the
trait of a molecular chronometer as aforementioned are pre-
sently the most commonly used ones. Other candidate
markers include genes encoding the protein elongation fac-
tor, heat shock proteins, glutamine synthetase, ATPases,
and topoisomerases, and the present databases for these
genes are gradually improved.

Molecular fingerprinting methods can be used for rapid
surveys using genes that provide for either phylogenetic or
functional assessment of populations present in an environ-
mental sample. Species richness and species evenness are
two of those important ecological elements that can be
inferred by using these methods: the former is usually esti-
mated from the total number of different observable genetic
units. The total number is determined by physical separa-
tion (e.g., electrophoretic separation of PCR amplicons by
length, sequence, or conformational variation). Depending
on the method and genetic marker used, each unit is often
defined as a population, an operational taxonomic unit, a
ribotype, a phylotype, or a genotype. However, most of
these units provide little or no direct information of specific
microbial population identity prior to further analysis, for
example, by band purification and sequencing (68, 97).
Furthermore, the extracted microbial ecology information
is subject to general pitfalls associated with the use of mo-
lecular fingerprint methods (e.g., variability in cell lysis,
DNA/RNA extraction, interoperon difference of SSU
tRNA genes, SSU rRNA gene copy number, and PCR
amplification) {sec references 160 and 172). The following
discussion of methods will address the theory of classifica-
rion and the approaches used in the characterization of
microbial communities in various environmental systems.
Due to the large number of methods developed, only those
commonly used ones are described in detail. Table 1 pro-
vides general advantages and disadvantages associated with
individual methods.

T-RFLP

Terminal RELP (T-RELP) of PCR-amplified DNAs is a
refined fingerprinting technique based on RFLP. The gen-
eral steps include PCR amplification of a conserved target
sequence (most commonly a region of the SSU RNA
gene) followed by restriction enzyme digestion and gel frac-
tionation of resulting fragments. However, one of the two
PCR primers is fluorescently labeled at the 5" end. This
labeling results in PCR amplification products that are
tagged with a fluorescent dye at only one terminus.
Following restriction enzyme digestion (usually with a
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tetrameric restriction enzyme), the restricted products are
resolved by using an automared DNA sequencer equipped
with a laser-induced fluorescence detector. Only the fluores-
cently tagged terminal fragments are detected and quanti-
fied. This is an extremely sensitive technique, since as little
as 100 amol of a fluorescent tag (e.g., 6-carboxy-fluorescein)
can be detected by using an ABI DNA autosequencer.
Fragment lengths can be assigned by comparison to a set of
size markers labeled with a different fluorescent dye and
incorporated in cach sample prior to electrophoresis (69).
However, sizing accuracy is reported to be affected by the
size calling method employed (109), the fragment length,
and the type (i.e., gel-slab versus capillary) of clectrophore-
sts systems used (99). As a whole, each T-RFLP pattern can
be regarded as a fingerprint of population structure that pro-
vides information of population diversity (each terminal
fragment and associated restriction site sequence detine dit-
ferent “ribotypes”) and a semiquantitative estimate of rela-
tive abundance (peak area). This information can he used
for rapid comparative analysis of microbial and functional
gene diversity in various microbial ccosystems.

Genes coding for the rRNA sequences are the most
commonly used markers in microbial community analysis
by T-RFLP. Normally, primers specific for the domains
Bacteria (69), Eucarya (83), and Archaea (159) werc used in
the PCR to analyze the overall microbial diversity. Prior to
the experiment, the proper combination of primer and
restriction enzyme that gives a berter resolution could be
systematically evaluated in silico by computer simulation
programs such as PatScan (http://www.unix.mes.anl.gov/
compbio/PatScan/HTML/patscan.huml) (27) and TAP T-
RELP (http://35.8.164.52/html/TAP-trflp heml) (84). For
example, computer-analyzed T-RFLD for 686 amplifiable
sequences (8-927, E. coli numbering) from 1,102 complete
SSU rRNA sequences of the Ribosomal Database Project
indicated that those sequences could be classified into 233
different terminal restriction fragments (i.c., ribotypes)
(69). Apparently, because of the high conservation of the
restriction site positions with the SSU bacterial TRNA
sequences, one terminal fragment may actually include onc
or more than one different or closely related sequences.
Thus, T-RFLPs could underestimate the levels of microbial
diversity by a factor of three or four, could resolve the phy-
logenetic population only at the level of higher-order
groups, and could not correctly reflect the phylogenetic
position based on the terminal restriction fragment lengths
without prior knowledge of the bacterial composition (69,
84). To further increase the sensitivity of T-RFLD analysis, a
hierarchical approach by employing phylum- and group-
level (or below) primers is applicd, for example, for the
studies of sulfate-reducing bacteria (171), the Acidobacteria
(58), the Actinobacteria (70), and the Planctomycetes (23).

A growing number of studies have demonstrated T-RFLP
as a sensitive, reproducible, and robust method for the com-
parative analysis of microbial diversity in environmental
samples. On average, 30 to 50 predominant terminal
restricted fragments (i.e., different operational taxonomic
units, or ribotypes) are observed within a microbial ccosys-
tem. The least predominant account for less than 0.2% of
the total amplified community rRNA (18, 54, 69). This res-
olution is equivalent to the screening of approximately 500
tRNA clones and was suggested to be slightly more sensi-
tive than another popular fingerprint method, DGGE (see
below), based on a comparative study of the same marine
bacterioplankton community (90). Furthermore, the digi-
tized molecular fingerprints derived from individual samples
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provide for a rapid and analytically based comparison of
community similarity by the combined use of image analysis
sofeware (e.g., GelCompar by Applicd Math, Inc.) and clus-
ter analysis (69) or principal-component analysis (18).

T-RFLP provides an advantage over most molecular fin-
gerprinting methods in that phylogenetic inference of pre-
dominant terminal fragment lengths within a community
can be made once an appropriate database for the given
sample is constructed (17, 80, 159). For example, the study
by van der Maarcl et al. (159) demonstrated that the
observed archaeal terminal fragment lengths found in diges-
tive tracts of marine fish could be assigned to specific
marine archaeal sequences recovered from the same sample.
The same approach was used in other studies (17, 80) to
identify the predominant terminal fragment lengths found
in archaeal or bacterial populations under changed environ-
mental conditions. Furthermore, there are several software
programs developed to infer the possible phylogenetic affili-
ation of predominant terminal restriction fragments within
a sample. These include TAP T-RFLP (hrtp://35.8.164.52/
html/TAP-tflp.heml), the T-RFLP Phylogenetic Assign-
ment  Tool (PATY (hrp:/fertlp.limnology.wisc.edufindex
Jsp), Microbial Community Analysis (MiCA) (htep://
mica.ibest.uidaho.edu/), and T-RFLD  fragment sorter
version 4.0 (http://www.u)urdc4<)hiofsmtcAcdu/rrﬂpfrzlgsort/
Jefault.hem). However, the inference of phylogenetic posi-
tions based on terminal fragment length should be carefully
intepretated. It is possible that the predicted fragment
length can be different from observed ones due ro possible
variations occurred during sequencing and fragment sizing.
Further, the SSU rRNA database still cannot present the
toral microbial diversity in microbial environments well.

In addition to community structure information, T-
RFLD provides a basis for evaluating relative activity of
individual populations. One of the most general measures of
cellular acrivity is ribosome content, and the ratio of IRNA
to rRNA genes generally increases with increasing growth
rate (activity). Thus, comparison of T-RFLD fingerprints
derived from both the tRNA gene and the rRNA of an
environmental sample serves to confirm that microbial pop-
ulations detected at the RNA gene level are metabolically
active and also provides some information of relative activ-
ity (80, 90). T-RFLP fingerprinting could be further used to
correlate community shifts and activities with functional
change by using a self-learning neural network analysis
(26), community-level physiological profiles (BIOLOG)
(54), and a stable-isotope probing technique (79). Since
the use of an autosequencer allows for simultaneous analysis
of at least 96 different samples, T-RFLP can be used as a
high-throughput method to rapidly monitor community
changes associated with temporal and spatial variation in
the environment or oceurring in response to environmental
perturbations.

T-RELP has also been extensively applied to examine
variation among different functional genes in different
environmental settings. The first study by Bruce (12)
showed that T-RFLP could be used to rapidly characterize
the genetic heterogeneity of a mercury resistance gene
among different soil types (i.e., polluted and pristine) and
within different areas of the same soil. Comparison of these
environmentally derived T-RFLP patterns to the current
sequence database suggested the presence of novel mer
genes. Another two studies successfully used T-RFLP to
reveal the diversity and expression of nitrogen fixation
genes (nifH and anf) in different termite guts that exhibited
different levels of nitrogen fixation or in a termite species
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under different feeding modes (102, 104). The other func-
tional genes used include monooxygenase (amoA) (48),
ammonia monooxygenase (amoA) gene, nitrous oxide
reductase (nosZ) gene (123), and methyl-coenzyme reduc-
tase (mcrA) (77).

As for all molecular methods dependent upon DNA iso-
lation and PCR amplification, the results of a T-RFLP char-
acterization may not fully reflect the native population
structure. It is reported that highly degenerated primers can
cause a biased representation on the abundance of individ-
ual targets (78). Possible “pseudo” terminal restriction frag-
ments can also be produced due to single-stranded ampli-
cons in the T-RFLP but can be eliminated by digesting
these pseudofragments with single-strand-specific mung
bean nuclease prior to T-RFLP analysis (30). Oshorn et al.
(109) also demonstrated that some of the rRNA-related
biases can be minimized if the key experimental parameters
(e.g., sample replication and handling, PCR DNA template
concentration, PCR cycle time, Tag polymerase types, and
the minimum restriction cnzyme digestion time) are Sys-
tematically evaluated.

PCR-ALH and Automated Ribosomal Intergenic
Spacer Analysis (ARISA)

The estimation of microbial diversity by PCR-amplicon
length heterogeneity (ALH) is based on the capacity to
resolve the length and length hererogencity of the PCR
amplicons from the variable regions encoding the SSU
RNA (121, 145). To do so, domain-specific PCR primers
arc initially used to amplify DNA fragments flanking the
variable region(s). The resulting amplication products are
then separated by size on polyacrylamide gels and are viewed
by using a sensitive staining method, e.g., silver staining.
Like T-RELPD, fluorescently tagged primers and automarted
analysis have been used to increase the sensitivity and repro-
ducibility for detecting small amounts of DNA and to sepa-
rate fragments differing by only 1 or 2 bp (34, 145).

The resolution of PCR-ALH is dependent on the varia-
tion within the coding regions. Among 366 marine bacte-
rial SSU rRNA sequences examined, two variable regions
corresponding to E. coli numbering 8355 and 8-536 have
length variations of 312 to 363 bp and 472 to 574 bp and
could be used to classify microbial populations tor up to 52
and 103 different categories, respectively (145). Since
amplicon length generally corresponds to phylogenetic rela-
tionship, this classitication has a natural order. To further
infer the phylogenctic position of the organisms represented
by different length amplicons, the fragments can be cloned
and sequenced. Alternatively, PCR-ALH cun be used to
analyze a microbial community for which complete or
nearly complete sequences of the target genes are available
(e.g., via selective amplification, cloning, and sequencing of
SSU tRNA genes). However, since most fragment-length
categories contain more than one different but closely
related sequences, the resolution of the different natural
groupings is somewhat compromised. This approach is fur-
ther limited by the precision of fragment sizing when 1-bp
differentiation between two fragments is needed for dis-
crimination or when long fragments are compared (145).

Similar to PCR-ALH, ARISA was developed for esti-
mating microbial diversity (9, 34). It rakes advantage of a
range of length variation in the 16S-23S rRNA gene inter-
genic spacer (usually encoding tRNAs) wider than that of
the coding regions for the tRNA molecules (34, 37). A
recent study indicated that the measurement of microbial
diversity in terms of the number of peaks, the range of peak

size, and the reproducibility of ARISA fingerprints can be
significantly affected by the use of different forward and
reverse primers (16). This issue was likely related to the
poor design of primer sets based on the limited numbers of
tRNA sequences in the database previously and could be
improved by using a new set of forward and reserve primers
encompassing most of the 16S and 23S rRNA sequences in
the database with similar anneal temperatures (16). It
should be further noted that (i) 16S-23S spacer length vari-
ation does not necessarily correspond to different popula-
tions, since individual organisms generally contain multiple
operons that may encode spacers of different length and (ii)
intergenic DNA fragments of the same length can encom-
pass more than one species of microorganism. Thus, these
factors limit the use of ARISA for direct inference of micro-
bial diversity. Overall, PCR-ALH and ARISA remain use-
ful methods for comparative analysis of natural microbial
populations along different temporal and spatial gradients

(9, 34, 145).
sscp

Single-strand conformation polymorphism (SSCP) is a
technique that separates ssDNA fragments differing in
strand length and conformation (conformers) by gel elec-
trophoresis. SSCP has been most frequently used in con-
junction with PCR to generate the target DNA fragments.
SSCP-PCR was initially used to detect minor sequence
variants caused by point mutations in human alleles (108)
and only more recently has been used to analyze microbial
community structure (61, 130, 178). Immediately before
the SSCP analysis, the PCR-amplified rRNA is denatured
at a high temperature (i.e., 95°C for 2 or 3 min), usually in
the presence of denaturants {e.g., formamide). This process
is followed by rapid cooling on ice to “trap” different struc-
tural forms. The folding of an ssDNA into different stable
structures is highly related to its sequence (i.e., nucleotide
sequences and composition). Thus, different sequences con-
tribute to different structures that can be resolved on the
basis of various migration rates during electrophoresis on a
nondenaturing polyacrylamide gel (usually run at a con-
stant ambient temperature). Three major structural types
observed are “self-folded” ssDNA, heteroduplex double-
stranded  DNA  (dsDNA), and homoduplex dsDNA
(formed as a result of the high rate of DNA reassociation)
(61). Differentiation between ssDNA and dsDNA is based
upon relative migration distance (ssDNA, heteroduplex
dsDNA, and homoduplex dsDNA migrating in increasing
order) and by variation in silver stain color. As described
above for T-RFLP analysis, the use of fluorescent-dye-
labeled PCR primers in combination with analysis on an
automated DNA sequencer provides for the greatest repro-
ducibility and sensitivity (112, 178).

Domain-specific primers for the SSU tRNA gene (61,
130, 178) have been used for analysis of microbial popula-
tion structure. Criteria for selecting a good primer pair
include (i) adequate fragment size (~100 to ~400 bp), (ii)
low homology within the rarget sequence region, and (iii)
high fragment length heterogeneity. Computer-assisted
analysis of 1,262 available SSU rRNA bacterial sequences
showed that, within the variable V3 region (E. coli number-
ing of 330 to 533), there are 34 different fragment length
variants distributed among 19 different bacterial phyla or
groups, and 1 to 22 different variants within individual bac-
terial groups (61). An alternative target region flanking the
V3 to V5 region (330 to 926 [E. coli numbering]) of bacte-
rial SSU rRNA sequences has also been used (130). For the

-




domain Archaea, primers are usually complementary to the
V3 region (178). Individual bands can be retricved and
sequenced, but due to their relatively short sequence length,
only approximate phylogenetic position can be inferred.

The application of SSCP as a fingerprint of microbial
community structure can be limited by the uncertainty of
the banding pattern obtained. For example, multiple bands
can be generated from the same bacterium, e.g., via het-
eroduplex formation among closcly related sequences.
Alternatively, different ssDNAs can have a similar migra-
tion distance on the gel. One solution for eliminating mul-
tiple bands originating from a single bacterium was pro-
posed (130). Briefly, one of the two PCR primers was
labeled with a phosphate group at the 5’ rerminus. Thus,
the amplificd DNA strands having a 5" phosphate could be
removed by digestion with X exonuclease, leading to one
conformed-ssDNA band for each microorganism (130). A
similar approach is to use biotinylated primers in the PCR
procedure and to separate biotinylated DNA and nonbi-
otinylated DNA with magnetic beads prior to SSCP analy-
sis (131). However, both approaches require additional
steps and a significant investment of time. As for the other
fingerprinting methods described, SSCP has been used to
characterize microbial population structure in relation to
environmental conditions (61, 130, 178).

DGGE and TGGE

Methods of DGGE and temperature gradient gel elec-
trophoresis (TGGE) are based upon the analytical separa-
tion of DNA fragments of identical or nearly identical
length but of various sequence compositions. The separa-
tion is determined by the change of electrophoretic mobil-
ity of DNA fragments migrating in a gel containing a lin-
early increasing gradient of DNA denaturants (urea and
formamide) or temperature. The change in fragment mobil-
ity is associated with partial melting of the dsDNA in dis-
crete regions, the so-called melting domains. These meth-
ods were first developed to detect single-base changes in
genes for diagnosis of human genertic diseases and in genetic
linkage studies (98). More recently DGGE and TGGE have
been extended to resolve environmental populations of
microorganisms by separating PCR amplification products
generated by using primers targeting conserved genes (97).
PCR primers designed for the amplification and cloning of
SSU rRNA genes were first used to demonstrate the tech-
nique as applied to environmental microbiology (96).
Subsequent studies have applied the technigue to charac-
terize the diversity of genes encoding different metabolic
functions (39, 95, 97, 148).

DGGE and TGGE analysis of PCR-amplified SSU
rDNA fragments provides a rapid method for the character-
ization and monitoring of community population structure
and dynamics (for a more detailed review see references 95,
97, and 127), with consideration of some of the caveats pre-
viously discussed and below. The initial study by Muyzer et
al. demonstrated the presence of several distinguishable
bands (between 5 and 10} in the gel separation pattern,
which were most likely derived from the predominant
species within those communities characterized (96). By
using DGGE or TGGE, extensive studies have examined
various microbial ecosystems such as microbial mats, deep-
sea hydrothermal vent samples, a stratified marine water
column, rhizosphere, soils, and activated sludge (95, 97,
127). And as also discussed in relation to T-RFLP analysis,
DGGE can be used to evaluate relative activity of individ-
ual populations based on changing rRNA/fRNA gene ratio.

12. Density, Diversity, and Phylogeny Measurement B 149

The method has been used to evaluate this ratio among dif-
ferent natural populations by comparing the pattern and
intensity of bands derived from using either RNA genes or
tRNA (using reverse transcriptase to generate cDNA) as
templates (147). A similar approach was used to evaluate
the expression of a Ni-Fe hydrogenase conserved among
natural populations of Desulfovibrio spp. (167).

More-specific information of population composition
can be obtained by secondary analysis on the predominant
DGGE or TGGE banding pattern by using sequencing or
hybridization. Sequences of individual bands (fragments)
are determined following their extraction from the gel, a
second round of PCR amplification, and sequencing (direct
or after cloning). This sequence information can also be
used to design specific oligonucleotide probes for membrane
hybridization or FISH analyses. For example, this approach
was used to verify the predominance of microbial popula-
tions identified by DGGE with FISH (101). Also, group-
and specics-specific DNA hybridization probes have been
used to identify specific populations within the pattern of
resolved bands following transfer of the DNA to nylon
membranes (96). Group-specific PCR primers have been
used to restrict population analysis to specific microbial
groups (45, 56, 103). Alternatively, microbial diversity of a
specific functional or phylogenetic group within a microbial
ecosystem can be achieved by using PCR with group- or
species-specific DGGE primers (103) or combining DGGE
with nested PCR (21).

The caveats of the DGGE and TGGE methods include
the following: beyond the usual concerns of representative
DNA  extraction, the questions of representative PCR
amplification of individual populations within the target
collection and formation of amplification artifacts (e.g.,
chimerical sequences, heteroduplexes, and polymerase
error) between populations remain partly unanswered (65,
160, 172). The reader is referred to studies that have
directly addressed artifacts associated with this method (51,
138). The separation of the many fragments amplified from
a highly diverse bacterial community is not possible by
using available technology, although resolution may be
improved by using a narrower range of denaturants or two-
dimensional electrophoresis (33). The phylogenetic infor-
mation obtained from sequencing individual bands is lim-
ited, because only fragments up to approximately 500 bp
can be well separated. Another concern associated with the
technique as well as with other aforementioned molecular
fingerprinting methods is the a priori assignment of individ-
ual bands to individual populations. As discussed in the
introductory considerations of diversity assessments, there
can be significant sequence variation among rRNA operons
of an individual organism, and so individual organisms
could potentially contribute to multiple bands (103).

DNA Microarrays

A DNA microarray (DNA microchip or DNA chip) is an
orderly, high-density arrangement of hundreds (or thou-
sands) of individual ¢cDNA probes (~500 to 5,000 bp in
length) or oligonucleotides (15- to 70-mers) bound directly
or indirectly to a solid surface (e.g., membrane, silicon
wafer, or glass) (132). Unlike the membrane hybridization
format, the chip is a high-density format that allows for
simultaneous hybridization of a labeled DNA/RNA target
to a large set of probes, thus providing high throughputs.
In recent years, the oligonucleotide-based microarray has
been receiving increased attention from researchers due to
its advantages over its cDNA counterpart. These include
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simple methodology to obtain probes, good quality control of
probe manufacturing, options to select high-specificity
probes to prevent nonspecific hybridization, and the poten-
tial to detect alternative spliced variants of genes. Detailed
information on the types and manufacturing of DNA
microchips can be found in recent articles (31, 85, 132, 141).

DNA microarray technology has emerged as a popular
tool in studies of environmental microbiology. So far, differ-
ent types of microarrays as classified by the type of markers
used have been developed for community structure analysis,
community functions, species relatedness, and community
gene expression. These include phylogenetic oligonu-
cleotide arrays (POAs) (42, 74, 173), functional genomic
arrays (176), community genome array (175), whole-
genome open-reading-frame array (94), and gene expres-
sion array (52). However, due to the space limitation, we
will focus discussion on the use of POA for microbial com-
munity structure analysis, its present limitations and chal-
lenges, and the possible solutions to these challenges.

In general, POA uses rRNA molecules as the phyloge-
netic marker. Within the natural framework provided by
tRNA sequence variation, a fully developed POA could
include a set of probes to encompass virtually all natural
microbial grouping (phylotypes) and thereby serve to simul-
taneously monitor the population structure at multiple lev-
els of resolution (e.g., at the approximate taxonomic ranks
of domain, kingdom, order, genus, and species) (71, 173).
This situation provides a basis to adjust monitoring strate-
gies to the resolution required and, as previously discussed,
serves as a mechanism to validate hybridization signal out-
put by requiring consistency between quantifications at dif-
ferent taxonomic ranks (5, 139). With this hierarchical
probe design strategy, POAs have been developed and
applied for the study of microbial community analysis and
microbial identification, for example, for a small subset of
nitrifying populations (42, 53) and for analyzing oral micro-
biota (136), Bacillus anthracis and its related species (71), all
recognized lineages of sulfate-reducing prokaryotes in both
natural and clinical environments (74), and the beta-
proteobacterial order “Rhodocyclales” (75).

These initial studies have demonstrated the potential
use of POASs for rapid and comprehensive characterization
of community structure but have also identified additional
areas of needed technology development (for a more
detailed review see references 8, 64, and 176). For example,
the high cost of special equipment and a large number of
oligonucleotide probes can limit the use of DNA microchip
technology in its present stage of development. Design and
optimization of probes remain something of an art form
because the rules for predicting duplex stability are not yet
fully developed (126, 149). Further, the efficiency in
achieving good discrimination between targets and nontar-
gets, eventually at a one-mismatch resolution, is still not
satisfactory. This failing is primarily related to the use of the
same hybridization and washing conditions to achieve tar-
get discrimination among a large set of oligonucleotide
probes that differ in sequences and thermal stability. [n
other words, for any two given probes, the optimal condi-
tions required for achieving perfect-match discrimination
are not always the same. Furthermore, the efficiency of mis-
match discrimination is complicated by the secondary
structures formed within ssDNA or single-stranded RNA
targets (36, 111). As a result, the occurrence of false-
positive and false-negative signals can be significant (63,
74), and consequently they reduce the detection specificity
of DNA microarrays.

Likewise, quantitation by using DNA microarray remains
very challenging. One reason is the inherently high variation
associated with array fabrication, target labeling, hybridiza-
tion, and image processing (177). For example, when targets
used in hybridizations are insufficiently fragmented or are not
fragmented at all, it is possible for different immobilized
probes (of various taxonomic ranks or targeting different
regions on the rRNA sequence) to compete for the limited
number of targets, resulting in incorrect estimations that devi-
ate significantly from the actual population numbers.
Ditferences in the accessibility of different targets to the
immobilized probes can further lead to erroneous results (36).

To mitigate some of these problems, solutions have been
demonstrated. One indirect solution to confim the
hybridization specificity from DNA microarray studies is to
combine this technique with other well-established molecu-
lar methods. For example, Koizumi et al. (55) applied PCR-
DGGE and RNA-DNA membrane hybridization in parallel
with POAs to confirm the presence of specific sulfate-
reducing organisms in anaerobic aromatic-degrading com-
munities. Loy et al. (74) validated the presence of sulfate-
reducing organisms, as suggested by positive signals from mul-
tiple probes of a sulfate-reducing prokaryote-specific POA,
with specific PCR amplification and cloning and sequencing
of 165 tRNA genes and genes encoding dissimilatory (bi)sul-
fate reductase. However, these DNA-microarray-indepen-
dent rechniques further contribute to the time required for
community analysis. Alternatively, to minimize the occur-
rence of false-positive signals observed in the DNA microar-
ray, a nonequilibrium dissociation curve approach, whereby
the dissociation process of all positive probe-target duplexes
from low to high temperature is performed and analyzed
simultaneously within a short time, is proposed (87) and
demonstrated (32, 63, 71, 155). By using this approach, a
false-positive signal could be identified by comparing the
observed dissociation curve and the observed T, at which
50% of the probe-target duplex is dissociated, with those of
the perfectly matched duplexes. However, further efforts are
still needed to resolve issues related to the sensitivity and
specificity of the DNA microarray. Eventually, the DNA
microarray with its massively parallel hybridization capacity
should emerge as a powerful tool for microbial ecology studies.

In summary, the development and application of molec-
ular fingerprinting are rapidly changing our understanding
of microbial communities in a wide range of microbial
ecosystems. All methods provide a rapid and robust means
to monitor population changes. However, as yet no single
method can resolve all microbial populations in a typical
habitat. We emphasize that these methods are all part of a
growing molecular toolbox. Most successful applications
will generally come from studies that combine them with
other methods. For example, some studies have combined
chemotaxonomic methods (e.g., respiratory quinone and
cellular fatty acid profiling) with molecular fingerprinting
methods (68, 133). Others have compared molecular fin-
gerprints  with metabolic activity measurements (e.g.,
Biolog, enzyme activity, microelectrode, and microautoradi-
ography) to better resolve structure-function relationships
in a community (10, 54, 62, 105). Finally, we also empha-
size that this chapter’s focus on molecular techniques does
not reduce the need for culture-based methods to fully
define the character of populations rendered to sequences
and hybridization signals by molecular methods.
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INTRODUCTION

Polyphasic Taxonomy and 16S rRNA
Gene-Based Phylogeny

Polyphasic taxonomy aims at the integration of different
kinds of data and information on microorganisms, and in
principle all genotypic, phenotypic, and phylogenetic infor-
mation may be incorporated in polyphasic taxonomy (113).
Genotypic methods are directed toward DNA or RNA mol-
ecules, and these methods dominate modern taxonomy,
because it is now generally accepted that a classification
should reflect the natural relationships as encoded in the
DNA. Genotypic methods include determination of the
DNA base ratio (%G+C), DNA-DNA hybridization stud-
ies, sequence determination of rRNA genes, and a large
variety of DNA-based typing methods. Determination of
the number of moles of guanine + cytosine is one of the
classical genotypic methods, and the moles percent G+C is
considered to be part of the standard description of new
bacterial taxa (113). The base composition of bacterial
chromosomal DNA ranges from about 25 to 80%, and in
general the moles percent G+C of a species shows a narrow
range of about 1 to 3 mol% (104). The percent DNA-DNA
hybridization is an indirect parameter of the sequence simi-
larity between two entire genomes and is the “gold stan-
dard” for the delineation of species. Several methods are
available, and these are reviewed by Johnson (67). Wayne
et al. defined a prokaryotic species as an entity that in-
cluded strains with approximately 70% or greater DNA-
DNA relatedness (116). However, several examples have
shown that, although data derived from DNA-DNA hybridiza-
tions are important, it is essential to be flexible about the
boundaries of species demarcation to obtain an optimal
classification system that facilitates identification (27, 111,
120).

There is a consensus that the phylogeneric relationships
between prokaryotes can be deduced from sequence com-
parisons of conserved macromolecules. tRNA genes are
among the best targets for these phylogenetic studies
because they are universally present and functionally con-

stant and have a mosaic structure of highly conserved and
" more variable domains (22, 121). The direct sequencing of
the genes coding for small (16S) or large (23S) rRNA mol-
ecules by PCR technology has provided a phylogenetic
framework that serves as a backbone for modern microbial
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taxonomy (45, 78), and this technique is now standard
practice in taxonomic studies—nowadays, it is hard to
imagine a new prokaryotic species being described without
its 16S tRNA gene sequence being determined first! The
availability of international online databases (some of them
entirely devoted to rRNA gene sequences) (8, 28, 69, 126)
facilitates the exchange of 16S tRNA gene sequences and
has contributed significantly to their widespread use.
However, there are some pitfalls associated with the use of
16S rRNA gene sequences. First of all, it should be clear
that comparison of these sequences cannot replace DNA-
DNA hybridizations for species delineation (43, 101).
Although organisms that share less than 97% 16S rRNA
gene sequence similarity will not show DNA-DNA binding
values higher than 60%, isolates that share more than 97%
16S tRNA gene sequence similarity may or may not belong
to the same species, and there is no threshold value for 165
rRNA sequence similarity for species recognition. Secondly,
prokaryotes often contain multiple TRNA operons, and
although interoperon variability of 165 tRNA gene se-
quences within a single genome are generally low and
unlikely to affect phylogenetic analyses, exceptions exist (2,
14, 25). It should also be mentioned that overall little is
known about intraspecific variation in 16S rRNA gene
sequences, although several studies indicate that it may be’
higher than generally assumed (23, 51, 112). One of the
reasons why the 16S rRNA has become the molecule of
choice for phylogenetic analysis is that it was considered
unlikely to be prone to horizontal gene transfer andfor
recombination; however, more recently, several studies
have highlighted that distinct segments along 16S rRNA
gene sequences may have a reticulate evolutionary history
(see, for example, reference 110). Finally, there are some
characteristics of 165 rRNA genes that may lead to inaccu-
rate trees, including (i} considerable differences in muta-
tion rates between different lineages (123), (ii) overestima-
tion of relatedness of species with similar nucleotide
frequencies (117), and (iii) difficulties in aligning distantly
related taxa.

Alternative Molecular Markers

Because of the above-mentioned limitations, alternative phy-
logenetic markers have been used since the early 1990s (34,
114). The choice of which additional molecule(s) to include.
in comparative sequence analysis is not straightforward.
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Nevertheless, there seems to be agreement that these genes
(1) should preferably be widely distributed, (ii) should not
be transmitted horizontally frequently, (iii) should be pre-
sent as a single copy, and (iv) must be long enough to con-
tain sufficient information but short enough to allow con-
venient sequencing (114, 131). In addition, they should
contain the “right” amount of phylogenetic information
(resolution); i.e., they should neither be too conserved nor
too variable. However, several studies have shown that,
based on these criteria, very few (if any)} genes will be found
that can be applied universally, and it is most likely that the
development of group-specific approaches will be necessary
(24, 92, 131). Rather than presenting an exhaustive over-
view of studies relying on a wide range of different alterna-
tive phylogenetic markers, we would like to illustrate the
use of these markers with the recA gene as an example.

The use of the recA gene in phylogenetic studies was pio-
neered by Lloyd and Sharp (80), Eisen (34), and Karlin ¢t
al. (70). RecA is a relatively small protein (approximately
350 amino acids) involved in homologous DNA recombi-
nation, SOS induction, and DNA-damage-induced muta-
genesis, and it is capable of binding single- and double-
stranded DNA, unwinding duplex DNA, and finding
homologous regions (34, 70). From these carly studies it was
already obvious that the recA gene was a good candidate
alternative marker: (i) it is present in most prokaryotes, (ii)
some regions are conserved while others are more variable,
and (iii) the extensive size and sequence conservation and
the fact that recA is a protein-coding gene make alignments
virtually unambiguous. The first large-scale study using recA
sequences from Bacteria (Proteobacteria, Cyanobacteria, and
gram-positive organisms) as well as from Archaca (34) showed
that phylogenetic trees based on recA sequences displayed
topologies and resolution similar to those of 16S-tRNA-
gene-based trees. Subsequent studies have focused on vari-
ous groups of bacteria.

Mycobacterial species often have very similar 165 RNA
gene sequences (e.g., Mycobacterium kansasii and Mycobac-
terium gastri have identical 16S rRNA gene sequences),
which may hinder their accurate identification (109).
Comparison of phylogenetic trees based on 16S rRNA gene
and recA sequences revealed a general likeness in topology
(11). However, unlike the 16S rRNA gene, sequence simi-
larities of the recA gene are significantly lower between
species (e.g., 96.2% berween M. kansasii and M. pastri),
allowing a more reliable species-level identification (11).

The family Vibrionaceae contains six genera, including
the genus Vibrio (containing 44 specics). The classification
and identification of vibrios to the species level require the
application of state-of-the-art genomic analyses, including
amplified fragment length polymorphism fingerprinting and
DNA-DNA hybridizations (108). Thompson et al. used
recA as an alternative phylogenetic marker in the Vibrio-
naceae (106). Their data showed that there was a relatively
good correlation between recA and 16S rRNA gene se-
quence data but that overall recA gene sequences were
much more discriminatory than were 165 tRNA gene
sequences. The recA data also showed that Vibrio species
appear to be polyphyletic.

Species-level identification of Burkholderia species, and
most notably of members of the Burkholderia cepacia com-
plex (a group of closely related species sharing >97.7% 168
tRNA gene sequence similarity), is not straightforward
(27). 16S rRNA gene sequence analysis is of limited value
in the genus Burkholderia (especially in the B. cepacia com-
plex), as its resolution is too low to allow accurate identifi-

cations. Recently a recA-based approach for identifying
Burkholderia  species was developed (85). With this
approach, it was possible to identify all Burkholderia species
to the species level. In particular the degree of resolution of
the recA phylogenetic tree for members of the B. cepacia
complex was much greater than that observed with 16S
tRNA pene sequence analysis (Fig. 1). However, the pres-
ence of discrete recA lineages within some members of the
B. cepacia complex adds an additional layer of complexity.
Other frequently used molecular markers include gyrB,
1poB, tpoD), and hsp60 (see, for example, references 3, 19,

20, 29, 56, 75, 76, 98, and 127).

Multilocus Sequence Analysis

However, even trees based on these alternative markers
have heen criticized, as concern was raised that any single-
gene tree cannot adequately reflect phylogenetic relationships
because of the possibility of horizontal gene transfer, vari-
able mutation rates, variable rates of recombination, and
simple stochastic variation (24, 46). The ad hoc committee
for the reevaluation of the species definition in bacteriology
proposed that a minimum of five housekeeping genes be
sequenced ro achieve an adequately informative level of
phylogenetic data (100). In analogy with multilocus se-
quence typing {a sequence-based typing method primarily
used to distinguish infraspecific groups within named species),
this  polygenic approach has been called multilocus
sequence analysis (MLSA) (46). MLSA is starting to
become common practice in taxonomic studies (see, for
example, references 3, 19, 20, 56, 76, 82, 83, 98, and 107),
and it is anticipated that in the future it may replace DNA-
DNA hybridizations (46, 100).

Classification of microorganisms by MLSA could rely on
either one of two approaches. In the first approach, one may
select a universal set of genes that allows for the hierarchi-
cal classification of all prokaryotes (92, 131). However, this
idea may be impractical, and since we are (in general) less
interested in the deeper phylogenetic relationships between
genera, a more realistic approach is to look for sets of genes
that can be used within all strains of a particular group (a
genus or family). The reason behind this thinking is that
genes that are informative within a given genus or family
may not be useful or even present in other taxa. Also, genes
that are conserved enough to be amplified by a common set
of primers from all species may not evolve quickly enough
to distinguish closely related taxa. Nevertheless, some genes
may be informative in more than one group-specific set, and
these more widely distributed genes could provide tools for
broader comparisons. The genes used in MLSA should be
ubiquitous (at least in the taxon under study) and present in
a single copy, but those genes in which recombination
might confer a selective advantage (e.g., virulence- and
antigen-encoding genes) or closely linked genes should be
avoided. Recently, a novel tool was described that automat-
ically makes a sclection of representative proteins for bacte-
rial phylogeny (9).

The simplest approach is to concatenate the sequences
of the sets of homologous genes and to use the concatenated
sequences to construct a tree {see below) that can delineate
clusters that can aid in the division of the genus into
species. Prokaryotic identification in this scenario is a two-
step process. [n the first step, 165 rRNA gene sequencing is
used to assign an unknown isolate to a group (genus or fam-
ily). In the second step, genes and primers specific for that
group are used in MLSA to assign the isolate to a species.
We would like to emphasize that, at present, there are no
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FIGURE 1 Comparison of phylogeneric trees based on 16S rRNA gene (right; scale bar indicates 1%
sequence dissimilarity) and recA (left; scale bar indicates 5% sequence dissimilarity) sequences of a selec-
tion of Burkholderia species. Sequences were extracted from GenBank and were aligned by using
BioNumerics 4.0 (Applied Maths, Sint-Martens-Latem, Belgium), and trees were constructed based on

the NJ algorithm as implemented in BioNumerics 4.0.

guidelines to delineate species based on MLSA and that it
is therefore necessary to “calibrate” novel MLSA schemes
by using DNA-DNA hybridization values (76, 100). Two
examples of the use of MLSA are given below.

Godoy et al. used MLSA to investigate the relationships
among the closely related organisms Burkholderia mallei,
Burkholderia pseudomallei, and Burkholderia thailandensis (47).
MLSA showed the clear separation of B. pseudomallei isolates
from those of B. thailandensis, a finding consistent with other
data that indicate that they are different species. However,
MLSA also showed that B. mallei is a clone within B. pseudo-
mallei, raised to species status due to its ability to cause a dis-
tinctive disease (i.e., equine glanders) in horses, mules, and
donkeys.

Similarly, MLSA was used to investigate the relation-
ships among members of the Bacillus cereus group (including
B. cereus, Bacillus thuringiensis, Bacillus anthracis, and Bacillus
mycoides) (87), confirming that strains of the insect patho-
gen B. thuringiensis correspond to several distinct lineages
within the phylogeny of the free-living soil bacterium B.
cereus. B. anthracis, on the other hand, appears to be a spe-
cialized clone of B. cereus that was recognized as a single
separate species because of its capacity to cause anthrax.
These conclusions are confirmed by whole-genome compar-
isons (5, 88), in which it was shown that (i) genomes of
members of this group show a high level of synteny and a
high level of protein identity, (ii) very few genes are unique

to one species, and (iii) much of the “specificity” in this
group can be attributed to plasmid content.

PHYLOGENETIC ANALYSIS

This section aims to briefly discuss the different steps in
constructing evolutionary trees, including collecting data
sets of homologous sequences, generating a multiple-
sequence alignment, inferring tree topology, and assessing
confidence in the tree. In addition, some theoretical back-
ground is given. For further details, the reader is referred to
a number of recent reviews (6, 55, 57, 119) and two recent
books that highlight the topic from a more practical per-
spective (49, 91).

What Is a Phylogenetic Tree?

A phylogenetic tree is a tree-like diagram that depicts the
evolutionary relationships between different genes or organ-
isms. All trees have branches and nodes. External nodes are
often called operational taxonomic units (OTUs) and are
the terminal points where the evolutionary process has
yielded the sequences under analysis. Internal nodes are the
points where branches split from each other and may be
called hypothetical taxonomic units to emphasize that they
are the hypothetical progenitors of OTUs, also referred to as
the last common ancestor of everything arising from it. Mo-
lecular phylogenetic trees are usually drawn with proportional
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branch lengths; the length of the branches corresponds to
the degree of sequence divergence, or amount of evolution,
between the two nodes that they connect.

Phylogeneticists often speak of rooted and unrooted trees.
An unrooted tree only positions the individual taxa relative
to each other without indicating the direction of the evolu-
tionary process. In a rooted tree, a root represents a common
ancestor of all sequences analyzed and therefore implies the
order of branching in the rest of the tree. A tree can be rooted
if one or more of the OTUs form an external point of refer-
ence and are known as, or are believed to be, the most dis-
tantly related of the OTUs (i.e., outgroup routing).

Phylogenetic trees illustrate the relationship among the
sequences analyzed; therefore, they are always gene trees.
Whether these gene trees are species trees and can be inter-
preted as representative of the organismal phylogeny—that is,
the topology that traces the history of the replicating cell lin-
eages that transmit genes and genomes to successive genera-
tions—depends on the gene selected. An example of a robust
hypothesis for organismal phylogenies based on a multigene
approach and applied to the case of y-protcobacteria has heen
published by Lerat et al. (77). What should be considered the
organismal phylogeny, if any, is a topic beyond the scope of
this chapter (31, 125).

DNA or Protein?

Nucleotide scquences may he coding or noncoding. For
protein-coding genes, the alignment can be accomplished
based on the nucleotide or the amino acid sequences.
Because it is the DNA rthat contains all the information to
create functional proteins, it is often thought that the DNA
sequence should also be used in molecular phylogeny.
However, there are reasons why it may be more appropriate
to use protein sequences for such analyses (84). (i) In protein-
coding sequences, the first and second nucleotide of each
codon are less prone to the incorporation of mutations
because it almost always leads to a change in amino acid.
When one compares sequences that have diverged for possi-
bly hundreds of millions of years, it is likely that the third
codon position has become sarurated, resulting in positions
with no phylogenetic signal. This pitfall is avoided by look-
ing at amino acid sequence or by excluding the third posi-
tion from each codon in the alignment. (ii) Because DNA
is composed of only four different units, two randomly cho-
sen aligned sequences will have on average 25% identical
residues if gaps are not allowed. This percentage increases
even up to 50% when gaps are allowed. This situation may
obscure any genuine relationship that may exist between
two gene sequences. By contrast, the alignment of proteins
with their 20 amino acids is less cumbersome. On average,
5% of residues in two randomly chosen and aligned se-
quences would be identical. Even with gaps, still only 10 to
15% of residues are identical. This situation makes protein
sequences easier to align and allows the signal-to-noise ratio
to improve significantly.

In general, it is strongly recommended to analyze both
DNA and protein data sets. For a group of closely related
species or taxa, DNA-based analysis is probably a good
method because problems like differences in codon bias or
saturation of the third position of codons can be avoided. In
case of ambiguity in the alignment of gene sequences, it is
recommended to first translate the sequences to their corre-
sponding protein sequence and then to align and determine
the position gaps in the DNA sequence according to the
protein alignment.

Collecting a Set of Homologous Sequences

In an evolutionary analysis, it is absolutely required to study
homologous sequences, i.e., sequences that share 2a common
origin, as this requirement is a basic premise for phyloge-
netic analyses. [t makes no sense at all to generate a phylo-
genetic tree of unrelated sequences (38). Homologs can be
orthologous, paralogous, or xenologous (66). Orthologs
duplicate only when their host divides, i.e., along with the
rest of the genome. They are strictly vertically transmitted,
so their phylogeny traces that of their host lineage. Paralogs
and xenologs are members of multigene families that arise
by intragenomic gene duplication and by horizontal gene
transfer, respectively. Keeping this distinction in mind is
important, particularly when the object of a phylogenetic
reconstruction is to establish evolutionary relationships
between organisms. If paralogous or xenologous genes are
unknowingly considered, recovery of incorrect species rela-
tionships is likely.

Homology between sequences is an all-or-none property
(i-e., two sequences are either homologous or not) and is
always a hypothesis. Therefore, an indirect method is neces-
sary to assess experimentally whether two sequences are
homologous. In most cases the level of sequence similarity is
the criterion used (e.g., E-value or similarity score cutoff).
However, sequences might have diverged to the extent that
their common origin is untraceable by a direct sequence
comparison. It becomes very difficult to correctly detect
homology for pairs with a pairwise sequence identity
between 20 and 30%, the so-called twilight zone (90). One
should remember that highly divergent sequences should be
excluded in the evolutionary analysis, as they prevent a reli-
able alignment.

Once one has decided which phylogenetic marker will be
studied (sce above), the first practical step of building the
darta set often consists of recovery of reference sequences from
public databases. One search strategy for finding a set of
related sequences is a keyword search in public databases
(e.g., using Entrez or SRS). Although this strategy is easy and
seems more intuitive, it is far from exhaustive. Difficulty
arises mostly because many data entries are incorrectly or
badly annotated and thus hard to find with keyword searches.
To compile a comprehensive data set, sequence similarity
searching (c.g., using BLAST or FASTA) is strongly recom-
mended. A consideration to be made in the selection of
sequence sampling is that the range of organisms sampled
should accurately reflect the total diversity present within the
range of organisms under consideration.

A well-chosen outgroup should not be too distantly
related because the sequences may have become saturated
with multiple mutations, by which information may have
been erased. It should also not be too closely related, to make
sure it is a true outgroup. In the absence of an outgroup, the
best guess is to place the root in the middle of the tree (i.e.,
midpoint rooting), or better, not to root it at all (6).

Creating a Good Sequence Alignment

Multiple-sequence alignments are the essential prerequisite
for most phylogenetic analyses. Any phylogenetic inference
based on molecular data begins by comparing the homolo-
gous residues (i.e., those that descend from a common
ancestral residue) among different sequences. The best way
to do this is to align sequences on top of each other, so that
homologous residues from different sequences line up in the
same column.
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As an optimal sequence alignment by a simultaneous
comparison of all N sequences is essentially impossible for
four or more sequences (due to the enormous computer
memory and time needed), most multiple-sequence align-
ments are constructed by the method known as “progressive
sequence alignment” (37). That is, an alignment is built up
stepwise, starting with the most similar sequences and pro-
gressively adding the more dissimilar ones. CLUSTAL is
without doubt the software program most widely used to
align a set of more than two sequences (17) and constructs a
multiple alignment in three steps. The first step involves
performing all pairwise comparisons between the sequences
and generating a distance matrix representing pairwise
sequence similarities. Secondly, based on this matrix, a
guide tree is constructed by using the neighbor-joining (NJ)
method (see below). Note that this is a “quick and dirty”
tree and is unsuitable for serious phylogenetic inference.
Finally, the alignment is built up progressively by a series of
pairwise alignments following the branching order of the
guide tree.

Progressive alignment is fast but heuristic; i.c., it does
not guarantee finding the most optimal solution. The major
problem with progressive sequence alignment programs is
the dependence of the ultimate multiple-sequence align-
ment on the initial pairwise sequence alignment. Match
errors during early steps in the alignment protocol are accu-
mulated and propagated, leading to further errors in later
steps. This problem is also referred to as the “once a gap
always a gap” problem (37). Gaps can only be added or
enlarged, never moved or removed. The latter actions
would make the alignment process much slower. This predica-
ment obviously results in errors that need manual adjust-
ment to minimize insertion and/or deletion events and to
improve the quality of the alignment, a widespread and
fairly well-accepted correction (6).

Once an alignment has been created and manually
checked or adjusted, it is necessary to select which positions
will be used for subsequent analyses. Since an alignment
makes statements about the homology of amino acids or
nucleotides present at each position, it is important to
include only unambiguously aligned sites. If there are gaps
in the alignment, it can be difficult to say confidently chat
all positions are correctly aligned. Furthermore, the pres-
ence of incomplete sequences and variations in length of
terminal regions of genes can mean that some alignment
positions are poorly sampled, with missing data. These are
preferentially positions to throw away, referred to as “strip-
ping of the alignment” or “masking of data.” It is a compli-
cated and controversial part of phylogenetic analyses, but it
is clear that in most cases masking increases the accuracy of
tree reconstruction (57). Programs such as Gblocks (16)
objectively assess which parts of the alignment are suffi-
ciently conserved and useful for phylogenetic analysis.

The use of structural information can improve an align-
ment substantially, because secondary structural elements of
functional RNAs and structural features of proteins are
often more conserved than are primary sequence features
(53, 90). As almost all RNA molecules form secondary
structures, one can outperform the classical approaches by
taking structure information into account. The software
tool StructMiner efficiently detects and aligns conserved
structural patterns (128). If a three-dimensional structure of
the protein is available, the secondary structure can be
deduced by programs such as DSSP (68) or STRIDE (44).

In the absence of tertiary structures for a query set of protein
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sequences, information about secondary structure can be
gathered only by using secondary structure prediction pro-
grams. Applications that integrate structural information
into the alignment process have been published (e.g., PRA-
LINE [96], and MASS [32]). When DNA sequences from
protein-coding genes are aligned, one can also obtain an
improved alignment by first aligning the inferred amino
acid sequences and then performing a codon-by-codon back
alignment of the corresponding DNA sequences. Software
packages that automatically perform this task are available
(e.g., transAlign and RevTrans) (10, 118).

In conclusion, shortcomings of most methods to keep in
mind are that (i) they are not guaranteed to find the opti-
mal alignment, (ii) the optimal alignment does not neces-
sarily correspond to the alignment of homologous positions,
and (iii) an alignment is generated also for random se-
quences and in regions of the proteins where variability is
too high to be reliable.

Inferring Tree Topology

Reconstructing the phylogeny from a sequence alignment is
not straightforward (102). There are no uniquely correct
methods for inferring phylogenies, many methods exist, and
it is rarely possible to verify that one has arrived at the true
phylogenetic tree. There are currently four primary meth-
ods for constructing phylogenies from protein and nucleic
acid sequence alignments: the distance-based NJ method
and the character-based methods, including maximum par-

simony (MP), maximum likelihood (ML), and Bayesian
inference.

Distance-Based Methods

Distance-based methods (e.g., NJ) are relatively simple and
straightforward; starting from a sequence alignment, the dif-
ferences between all pairwise combinations of OTUs (DNA
or protein sequences) arc converted into a distance matrix
that represents an estimate derived from applying a so-
called evolutionary or substitution model of the evolution-
ary distance between sequences (see further). These dis-
tances are than assembled into a tree. A disadvantage of
distance methods is that they reduce the phylogenetic
information to one number. The major advantage is that
they are much less computer intensive, which is important
when many taxa have to be compared.

Character-Based Methods

Character-based methods examine each column of the
alignment separately (each position in the aligned sequences
is a “character”). They look for the tree that best accommo-
dates all of this information.

MP methods select the tree that explains the data
observed in terms of the minimal number of possible substi-
tutions. It is often the case that there are several trees, typi-
cally differing only slightly, that are consistent with the
same number of events and that are therefore equally parsi-
monious. This method is becoming less popular mainly
because MP generally uses a simple model of sequence sub-
stitution (all changes are equally probable). Moreover, it
has been shown that, for more divergent sequences, MP is
prone to recover incorrect trees (72).

ML methods seek to identify the single most probable
tree on a statistical basis, given the chosen model of se-
quence evolution. It is a method that allows correcting for
multiple mutational events at the same site and therefore is
more suited to accurately reconstructing the relationships
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between sequences that have been separated for a long time
or are evolving rapidly. In ML, all possible mutational path-
ways that are compatible with the data are considered, and
the tree that has the highest probability (i.c., the likelihood
of the tree) of producing the observed sequences is pre-
ferred. The main advantage of ML over MP is that ML per-
mits the inference of phylogenetic trees by using different
(more complex) evolutionary models (see below). This
truth of course implies that the obtained result depends on
the accuracy and assumptions included in that model.
Although such models are simpler than is the true process
underlying sequence evolution, they seem to be relatively
robust to violation of their simplifying assumptions (60).
The main obstacle of ML is the computational burden; i.e.,
the number of different tree topologies that have to be eval-
uated increases enormously as a function of the number of
sequences. Even with adaptations of the ML method, such
as TREE-PUZZLE (95) or the fastDNAmI program (4), to
the most modern computer technologies, constructing trees
of 40 or more sequences becomes very impractical. Bayesian
estimation of phylogeny holds promise as an alternative to
ML, particularly for large molecular-sequence data sets (61).
Bayesian inference of phylogeny is based upon a quantity
called the posterior probability distribution of trees, which
is the probability of a tree conditioned on the observations.
The conditioning is accomplished by using Bayes’s theorem.
For more comprehensive information, it is impossible to
come up with a mathematical definition; therefore, we refer
elsewhere (61). The advantages of this method are numer-
ous. Firstly, like ML methods, it is based on the likelihood
function, so it inherits many of the desirable statistical
properties of ML. Secondly, it allows one to incorporate
prior information (if available), e.g., a systematist’s prior
confirmed conviction about the phylogeny of the group
under study. Thirdly, it has major computational advantages
and therefore allows one to study large data sets and imple-
ment complex models of sequence evolution. Finally, it not
only produces a tree estimate but also measures phyloge-
netic uncertainty for the groups on the tree (comparable to
bootstrap values on' ML trees; see below). These measures
are more intuitive, as they represent the posterior probabil-
ity that the group is true, and are thus more easily inter-
preted.

Evolutionary Models

In order to estimate the genetic or evolutionary distances
between pairs of sequences, a mathematical modet is necessary.
Simply counting the observed differences between sequences
does not accurately reflect the evolutionary distances between
them. It fails to take into account superimposed multiple
changes at individual sites (including back mutations), differ-
ent mutational rates depending on nucleotides or amino acids
or among sites of alignment, and different rates of mutation for
different lineages and therefore makes a correction obligatory.
An evolutionary model is a set of assumptions about the
process of nucleotide or amino acid substitutions. They de-
scribe the different probabilities of change from one nucle-
otide or amino acid to another, with the aim of correcting for
unseen changes along the phylogeny. A good visualization
illustrating the different models is shown by Whelan et al.
(119). Various models have been developed to try to estimate
the true difference between sequences based on their present
states, such as amino acid substitution matrices (e.g., Dayoft,
Blossom, etc.) or gamma corrections (considering among-site
rate variation), etc. (for a recent overview, see reference 13).
The choice of an appropriate model is paramount to accurate

evolutionary reconstruction. Good fit to an accurate model
should provide a robust analysis. Good fit to an inappropriate
model can be seriously misleading. Whereas MP implicitly
assumes a model of evolution, distance and ML methods esti-
mate parameters according to an explicit model of evolution.
However, whereas distance methods estimate only a single
parameter (substitutions per site) given the model, ML can
estimate all the relevant parameters of the substitution model.
One should note that a model is always simplified and often
makes assumptions just to turn a complex problem into a com-
putationally tractable one. But a model becomes a powerful
tool when, despite its simplified assumptions, it can fit the data
and make accurate predictions about the problem at hand.
Programs exist to help one in selecting the best-fit model for
nucleotide substitution (MODELTEST) or protein evolution
(PROTTEST); both are also available as Web tools (1, 86).

Bootstrap Analysis

How well can one trust the tree that one has constructed? A
popular way of assessing the robustness of the topology of a
tree is nonparametric bootstrapping (35). The bootstrap
analysis tests whether the whole data set is supporting the
tree or if the tree is just a marginal winner among many
nearly equal alternatives. In practice, such analysis goes
as follows: from the original alignment, columns in the
sequence alignment are chosen at random, until a new
alignment is constructed with the same size as the original
one. Some characters will not be included at all in a given
bootstrap replication, while others might be included more
than once (i.e., the “sampling with replacement” principle).
For each artificial data set, a tree is constructed and com-
pared with the tree based on the original alignment. The
number of times that a cluster, as defined in the original
tree, is also found in the bootstrap tree, is recorded, and the
resulting bootstrap values are superimposed on the original
tree.

One difficulty with this analysis is the precise interpreta-
tion of what bootstrap values represent (99); higher is
clearly better, but what is a reasonable cutoff? Some have
concluded that values of 70% or higher are likely to indi-
cate reliable groupings (54). But this cutoff is not generally
accepted. More discussion of the interpretation of bootstrap
values has been published elsewhere (36).

The major advantage of the bootstrap technique is that
it can be applied to basically all tree construction methods,
although one has to keep in mind that applying the boot-
strap method multiplies the computer time needed by the
number of bootstrap samples requested. This drawback is
not a concern when a fast analysis (like NJ or parsimony) is
employed, but it can be an obstacle when ML is used. A
Bayesian analysis takes as long as an ML analysis, but as
implemented in the software package MrBayes, it does not
have the same drawback because bootstrapping is not nec-
essary. Instead, it provides Bayesian posterior probabilities
as indicators of branch support (55).

General Guidelines

There are three main reasons why phylogenies may be
incorrect. First, a random error occurs when the informative
sites (or data points) are limited, resulting in any tree that
could be generated. We can cope with this problem by
applying enough data and use bootstrap values as an indica-
tion of the extent of the random error. Having many data is
not enough, as a second problem is caused by bias. An esti-
mation (tree) is biased if the data set is not representative of




the underlying distribution. For example, two sequences
can be clustered together just because they both share an
unusually high G+C content. And thirdly, there is a sys-
tematic error, i.e., tackling the problem in the wrong way by
using an incorrect model (modeling error). Methods can be
misleading no matter how many data one has. Therefore,
no guarantee exists that one can produce the one tree with
the correct topology. In order to be aware of the reliability
of the topology of the resulting tree, one or all of the follow-
ing should be done:

1. Apply different tree-building methods to the data sct.

2. Vary the parameters used by the different programs.

3. Apply different evolutionary models for matrix con-
struction.

4. Add or remove one or more OTUs to see the influ-
ence on tree topology.

5. Include an outgroup that may serve as a root for the
tree.

6. Apply bootstrap analysis to the data set.

A tree should be considered robust and thus reliable only
when widely different methods infer similar or identical tree
topologies and when such topologies are supported by good
bootstrap values.

Phylogenies from Multiple Genes

Until recently, phylogenetic analyses have been routinely
based on homologous sequences of a single phylogenetic
marker, i.e., the 165 rRNA gene among bacteria (122).
Given the vast number of genome sequences now available,
it is possible to compute trees from whole genomes (see
“Use of Whole Genome Sequences for Phylogeny” below).
However, researchers will not have access to full genome
data from thousands of species in the immediate future.
Given these constraints on data availability, we focus bere
on the use of multiple genes for constructing phylogenies,
i.e., MLSA (see “Multilocus Sequence Analysis” above).
Two main reasons for using multiple loci follow: (i)
sequence-based approaches to organism phylogeny require
loci that evolve more rapidly than do rRNA genes, in order
to increase phylogenetic accuracy (89), and (ii) multiple
genes provide a buffer against the distorting phylogenetic
signals at a single locus, such as effects of recombination,
gene conversion, and horizontal gene transfer (77). A soft-
ware package (VisRD) allows a graphical inspection of the
phylogenetic content of a sequence alignment to detect
recombination and recombination breakpoints (42).

The main question that this section addresses is how to
infer a phylogenetic tree from multiple genes. There are two
fundamentally different ways. A simple approach is to con-
catenate multiple genes head to rtail to form a super-gene
alignment, assuming that all positions are independent and
identically distributed, and construct a tree. Although there
are definitely arguments in favor of this approach (30}, one
cannot ignore the specific evolutionary features for each of
the genes (94). Estimation of a phylogeny always assumes a
model of evolution, but because different genes likely have
different evolutionary constraints and/or pressures, the
parameters (including tree topology, branch lengths, rate
heterogeneity among sites, and substitution probabilities)
may change from gene to gene. For example, the substitu-
tion model may vary from gene to gene because of differ-
ences in G+C content. At the extreme, different genes
may even support different tree topologies because of hori-
zontal gene transfer. Therefore, it might be appropriate to
describe the evolution of each gene by its own set of para-
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meters. This method is a second approach, in which phylo-
genies are inferred separately for each gene and the result-
ing gene trees are used to generate a consensus phylogeny.
This strategy gives a more conservative and a safer estimate
of evolution, because it produces only high resolution in the
branching pattern when there is at least a majority consen-
sus among the different genes.

A test (the likelihood ratio test) to examine whether dif-
ferent genes support congruent trees and whether we can
ignore gene-specific effects via concatenation is available
(115). When faced with different histories, there are at least
three obvious ways in which one might represent phy-
logeny: (i) as the collection of individual histories, (ii) as a
tree representing the single dominant pattern among data
sets, or (iii) as a network. A consensus network attempts to
represent all phylogenetic signals present in the given set of
gene trees, simultaneously, up to a given level of complex-
ity. In the resulting network, regions of the evolutionary
history that are undisputed within the set of gene trees
appear tree-like, whereas regions containing conflicts are
shown as a box of parallel edges (a split), the “dimensional-
ity” of which reflects the number of conflicting signals. A
comprehensive software package for analyzing and visualiz-
ing a multiple-gene data set is SplitsTree (62).

USE OF WHOLE GENOME SEQUENCES
FOR PHYLOGENY

Genome Tree Approach

Since the publication of the complete genome sequence
of Haemophilus influenzae Rd (41), over 350 completely
sequenced microbial genomes have been published, and
many more are under way (for an overview, see http:/fwww
penomesonline.org/). Although there has been a general
tendency to focus on organisms with particularly interesting
propertics (most notably human pathogens), by now the
available complete genome sequences give a more or less
adequate picture of the genomic diversity observed in cul-
turable prokaryotes. A good starting point for browsing
through completed genomes is the CBS Genome Atlas
Database (50), which is available from http://www.cbs.dtu
dk/services/GenomeAtlas/. While the availability of an
increasing number of completely sequenced genomes has
significantly facilitated the search for alternative molecular
amarkers, there are other ways in which these sequences can
be used to deduce phylogenetic relationships between taxa.
An overview of these different approaches is given else-
where (24). Below, we focus on one of the most promising
novel approaches to taxonomy, based on gene content.
When the gene contents of organisms are compared, the
simplest approach is to consider genomes “bags of genes,”
and then to compare the contents of different “bags” (65).
The identification of orthologous genes (orthologs are
homologous sequences in different species that arose from a
common ancestral gene during speciation) is pivotal in this
approach and largely depends on the definition of orthology
(125). Most studies use a minimal definition, terming puta-
tive orthologs as genes that have the highest level of signif-
icant pairwise identity when the genes are compared
between genomes (i.e., they are identified as those homolo-
gous genes that show the largest identity of several possibil-
ities above a certain threshold) (7, 26, 65). From the first
analyses performed on a limited number of genomes, a few
general trends emerged (65, 97). [t was observed that (i) large
genomes have many genes in common, (ii) the number of
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genes that two genomes have in common depends on their
evolutionary distance, (iii) the fraction of shared ortholo-
gous genes decreases rapidly in evolution, faster than does
the identity between the shared orthologs, and (iv) the evo-
lution of gene content shows non-tree-like aspects, as phy-
logenetically closely related species do not necessarily share
orthologous genes that either of them shares with a phylo-
genetically more distant third species. The observation that
large genomes have many genes in common (irrespective of
phylogenetic distance) and the observations that smaller
genormes {e.g., from strictly parasitic organisms) are domi-
nated by essential genes and share a greater fraction of their
genomes with other species (7, 129) suggest that it is useful
to normalize or weigh the data (i.e., to correct for differ-
ences in genome size) before further analysis. Interestingly,
Snel et al. also observed that trees based on gene content do
not correlate well with phenotype-based trees (97). This
tinding is somewhat unexpected, as it has always been
assumed that differences in observed phenotypes are the
result of differences in gene content (see, for example, refer-
ence 64).

Several slightly different approaches to compare gene
contents are used as well. The presence and absence of fam-
ilies of protein-encoding genes in sequenced genomes have
been used to reconstruct the relationships between a num-
ber of organisms (40, 58). In this approach, proteins are
grouped together in families if their pairwise similarity is
greater than a preset value, thereby eliminating the need for
the identification of putative orthologs in cach genome and
the need for specific alignments. Tekaia et al. construcred
genome trees based on whole-proteome comparisons, using
hierarchical classification of genomes (taking into account
genome size, levels of ancestral gene redundancy due to
duplications, and net gene gain or loss) (105). Protein folds
are protein families that share the same basic molecular
shape but not necessarily sequence similarity. The presence
or absence of these features was used by Wolf et al. and by
Lin and Gerstein to build genome trees (79, 124). Protein
folds are considered by some to he ideal characteristics for
building phylogenetic trees, as they represent fundamental
molecular units used by organisms. Yang et al. focused on
the fold superfamily level (129). The advantage of using the
fold superfamily level instead of the fold level is that it offers
a higher level of certainty that the members of each group
share common ancestry.

In the concept of “extended gene content” (introduced
by Gu and Zhang [48]), the status of a gene family in a given
genome is recorded as absent, present as a single copy, or
present as a duplicate (instead of merely being recorded
as absent or present). Also, “hybrid” measures have been
defined, in which both gene content and sequence conser-
vation are expressed. “Genome blast distance phylogeny,”
an approach proposed by Henz et al., starts with an all-
against-all pairwise comparison of genomes (52). Subse-
quently a distance matrix is calculared from the resulting
high-scoring pairs. Kunin et al. derived a new composite
measure (called “genome conservation”) from the sum of
alignment scores between all proteins for every pair of
organisms (74).

Methods relying on shared gene content for reconstruct-
ing phylogenies have been criticized because of the tendency
of gene content convergence (due to horizontal gene trans-
fer and gene loss). Nevertheless, trees based on gene content
generally correspond well to trees based on 165 rRNA gene
sequences (although it should be noted that some discrepan-
cies observed in various studies remain at present unex-

plained). This result indicates that, despite horizontal gene
transfer, gene duplications, and gene loss, there is a strong
phylogenetic signal in gene content. However, to reduce
the possible impact of these genetic processes on trees based
on gene content, several methods have been developed to
filter out the “noise” that is associated with them. The
reader can consult references 15, 21, and 33 for further
details.

There are several approaches to transform the fraction of
shared genes (shared protein families and protein folds,
etc.) into a genome distance matrix, subsequently construct
a tree or a network from these matrices, and perform statis-
tical tests (24, 48, 63, 73, 93, 132). While a detailed discus-
sion of these methods is outside the scope of the text, it is
worth mentioning that several studies indicate that ML and
MI approaches outperform distance methods for construct-
ing trees based on gene content data (63, 132).

Comparative Microbial Genomics
with DNA Microarrays

Differences and/or similarities between microorganisms can
also be studied by using DNA microarrays. These methods
have the advantage of not requiring the availability of a
whole-genome sequence of all organisms being studied.
Hybridization of DNA to whole-genome microarrays has
been used to study the genetic diversity of a wide range of
bacteria (see references 39 and 130 for recent reviews). The
microarray technology has also been used for a number of
specialized applications in taxonomy and identification.
Cho and Tiedje proposed a new approach to identify bacte-
ria based on genomic DNA-DNA similarity by employing
microarray technology (18). This method (so far evaluated
only with four Pseudomonas species) does not require labori-
ous cross-hybridizations, and the resulting hybridization
profiles can be used in statistical procedures to identify test
strains and can be stored in a database.

Microarrays for the identification of specific bacteria were
also developed. An overview is presented in reference 24.

Microarrays have also been developed to study specific
bacterial  populations and  consortia, including sulfate-
reducing bacteria (81), toluene- and ethylbenzene-degrad-
ing consortia (71), and methanotrophs (12, 103).
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The study of microbial communities is dependent on the
ability to discern individual bacterial species and microbial
activities in a complex matrix. Small variations in con-
stituents can determine whether a microorganism occupies a
specific niche or whether a specific gene is active. Therefore,
the tools that are used to study microbial environments
must be very sensitive and the scale on which they measure
might be very small indeed, perhaps the area surrounding a
single microorganism. For this purpose a variety of analytical
devices have been produced; they can be conveniently orga-
nized into bioreporters, microprobes, and biosensors. All of
these technologies have been used in other areas of biology,
notably in cell biology, but this chapter concentrates on their
uses and potential uses for environmental microbiology. The
danger in doing this is that a promising technology may be
omitted because it is not currently used for environmental
microbiology, which is certainly likely in such a fast-moving
field. However, there is also an opportunity to create new
tools that are relevant to specific problems in environmental
microbiology.

This chapter stresses techniques that are significantly dif-
ferent from other molecular techniques in that they are suit-
able for complex environments inhabited by a diverse collec-
tion of bacteria. Other molecular assays are valuable for
pure-culture work, and they certainly have great utility in
environmental microbiology, but environmental microbiolo-
gists need assays that have other attributes. The assays should
be nondestructive of sample material. Heterogeneity of envi-
ronmental samples may be very significant, and therefore
assays that examine the same sample are very valuable. The
assays should be real-time procedures, since conditions can
change quickly within mixed communities. In addition, the
assays should be able to report conditions continuously rather
than at selected assay times. Fluctuations within complex
communities may be very slight yet may still be significant in
understanding the ecology of the system.

Biosensors of environmental conditions and bioreporter
genes of genetic activity have been developed to augment
our ability to detect, identify, and quantify microorganisms
in complex ecological settings and to analyze their micro-
niches. Biosensors are devices that fuse two technologies,
electronic and biological, into a unique analytical tool.
Bioreporters are genes that produce a product that is easily
assayed and that relates to the genetic activity of the host
cell. These techniques are likely to become more generally

applied as the technology matures and as commercial
opportunities arise. The field has now grown so large that a
comprehensive examination of the techniques is not possi-
ble here. Reference is made to relevant review articles for
readers seeking a more comprehensive understanding of the
technology.

BIOREPORTER TECHNOLOGY

The analysis of genetic expression is made more difficult by
the lack of suitable assays for most gene products. Bio-
reporter genes play a surrogate role, supplying an assayable
gene product when an assay for the gene product of interest
is not available or very difficult to perform. Bioreporter
genes have been used extensively with pure cultures to
demonstrate the expression of specific genes. However,
many of the most useful bioreporter genes, such as lacZ
(encoding the B-galactosidase enzyme) and xylE (encoding
catechol 2,3-oxygenase), are usually unsuitable for ecologi-
cal studies. While any single bioreporter gene might not be
present in a particular species, the presence of the gene in
other members of a community is not unlikely, potentially
creating a significant background problem. This can be true
in a monoculture as well, such as when a lacZ bioreporter is
used with a lac* strain. To circumvent this problem,
researchers have used bioreporter genes with no homologs
in the host strain, such as the chitobiase gene (38). This
gene, derived from a deep-sea Vibrio harveyi strain, catalyzes
a reaction that gives a colorimetric response on agar plates
and therefore can be easily detected. Background is essen-
tially absent in Escherichia coli, although the use of this gene
in other species has been limited so far. Another interesting
example is the ice nucleation gene, inaZ. This gene was iso-
lated from the plant pathogen Pseudomonas syringae and
allows ice droplet formation at higher temperatures. It is

.assayed by determining the temperature at which a droplet

containing the strain freezes. If it freezes at a higher tempera- -
ture, then the gene product is present and gene expression
has occurred. This gene has been used in several experiments,
often in concert with other bioreporters (1, 5, 48, 49).
Another drawback of conventional bioreporters is that
performing a biochemical assay often requires the destruc-
tion of a sample of the community. Nondestructive assays
allow repeated experiments to be performed on the same
sample, so that changes (development) of a microbial com-
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munity can be observed. Biochemical assays for conven-
tional bioreporters require time for sampling, processing,
and signal development, and these steps introduce a signifi-
cant time delay between the microbial event and the analy-
sis of the data. There is a distinct advantage in having an
assay that gives real-time results.

While there are several bioreporter genes that might be
used, bioreporters that make use of light for bioreporting
have significant advantages. The use of either biolumines-
cent or fluorescent bioreporters is now an established tech-
nology, and the uses have expanded greatly over the years.
They both represent nondestructive, noninvasive means of
detecting gene expression. Light can be measured with great
sensitivity and precision, allowing the detection of a single
cell under some conditions and with appropriate light-gath-
ering equipment (76). Bioreporters for bioluminescent and
fluorescent gene products are described below.

Bioluminescence

Bioluminescence is the production of visible light by a bio-
chemical process. Unlike most chemical reactions, which
produce heat as the main by-product, these reactions also
generate enough light to be detected by conventional pho-
todetectors. This phenomenon is casily observed in fireflies
(Photinus pyralis), although many other species are capable
of producing light. The penes for these light-producing
reactions have been isolated by researchers, and they are now
available on cloning vectors. When genetically fused (using
either a transcriptional or protein fusion) to appropriate genes
from a host bacterium, these strains produce light under
defined conditions. The cloned firefly luciferase gene (hue) has
been used to observe gene expression in animals (68), plants
(42, 59), and bacteria (60). Firefly luciferase is a powerful tool
for genetic analysis, although it is difficult to use in microbial
ecology experiments since the reaction requires the substrate
luciferin, which must be added exogenously. Often these
assays utilize extracts from samples, rather than whole cells,
and therefore destructive sampling is required.

Several genera and species of bioluminescent bacteria
are known, although V. harvevi and V. fischeri have received
the most attention. These bacteria contain lux genes, which
are responsible for bioluminescence. The lux operon is a
complex pathway of five genes, uxCDABE, and efficient
expression of all of these genes in the host is required for
appropriate functioning of the bioreporter. Only two genes,
luxA and luxB, encoding the heterodimeric luciferase
enzyme, are needed for the actual bioluminescenr reaction.
The luxCDE genes have been implicated in the recycling of
the required aldehyde substrate, so that a pool of substrate is
continuously available (Fig. 1). The lux genes, comprising
about 7 kbp of DNA, have been cloned and sequenced and
are available for analysis of microbial consortia. Several

excellent reviews describe the genetics and physiology of
bacterial bioluminescence (46, 47) and the use of these
fusions (11).

Advantages and Disadvantages

The advantages of bioluminescent bioreporters lie primarily
in the relative ease of light measurement. Light can be mea-
sured accurately and with great sensitivity. Since light radi-
ates in all directions from a point source, light detection can
be performed in three dimensions, giving a more sophisti-
cated analysis of an object’s position in space. It can be mea-
sured quickly (in real time) and without perturbing or
destroying the sample. For instance, the light detector can
be introduced into the sample and left there for an ex-
tended period, or it can detect light that passes through the
glass wall of a biorcactor vessel. Bacterial interactions can
thus be examined in real time, for example, to study predator-
prey or symbiotic relationships. There is usually no need to
add any substrates or reagents for the bioluminescence assay
(although the requirement for an aldehyde substrate is dis-
cussed below). In most consortia of interest to environmen-
tal microbiologists, bioluminescence is a rare trait, and
therefore a background problem is unlikely as long as ambi-
ent light can be excluded from the reaction vessel.

The lux genes are especially useful if a qualitative analy-
sis is sufficient, i.e., determining whether light is being pro-
duced at a given time. For these experiments, light output
can be expressed as relative light units. Relative light units
are acceptable when all work is performed with the same
light-measuring apparatus, under identical conditions (dis-
tance from detector, temperature, composition of the vessel
holding the sample), and where no comparisons are drawn
to other published resules. If quantification is desired, pho-
todetectors can be calibrated (see below).

The advantages described above must be weighed against
several disadvantages that are inherent to the bioluminescent
bioreporters. The bioluminescent reaction requires molecular
oxygen, without which the bioreporter is inoperative. Oxygen
limitation results in a lower intensity of light generated, per-
haps to a level that would escape detection. The physiologi-
cal state of the cell can thus have a major impact on the
strength of the bioluminescent signal: cells respiring at a
high rate will quickly exhaust their available oxygen and
leave little for the bioluminescence reaction. This is easily
seen by swirling a rapidly growing culture and watching the
light intensity increase as the culture medium becomes aer-
ated. In addition, if the host strain does not have a suitable
aldehyde substrate for the bioluminescent reaction, an alde-
hyde must be added exogenously. Few strains make suffi-
cient aldehyde for prolonged light production, and strains
utilizing uxAB vectors must always have an aldehyde sup-
plement in the medium. The substrate, usually n-decanal at
a final concentration of 0.1 to 1.0% (vol/vol), penetrates

LuxAB

1. R-CHO + FMNH + Q,

2. R-CHO + NADP + AMP + PP

- — R-COCH + FMN + H20 + LIGHT

LuxCDE

~¢——— R-COOH + NADPH2 + ATP

FIGURE 1 Genes and chemical intermediates involved in the bioluminescence reaction of Vibrio fischeri.
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the cells readily, although it can be toxic at relatively low
doses. Finally, the luciferase enzyme of V. fischeri is heat
labile and is not recommended for use above 30°C.
However, the luciferase from V. harveyi is stable at 37°C. An
excellent discussion of the weaknesses of bacterial biore-
porters and the means by which these rechniques may be
improved is available (83).

Applications

Many genetic constructions involving the lux genes have
been prepared, most of which utilize the genes from a Vibrio
species. Some are now available commercially. The intact
luxCDABE cassette is available on a plasmid cloning vector,
pUCD615, so that expression of bioluminescence can be
placed under the control of a host promoter {70). Use of the
full cassette ensures that the aldchyde substrate will be
regenerated for continuous availability, although the host
cell must have a suitable long-chain aldehyde (e.g., decanal)
present as substrate for the luciferase reaction. The presence
of such an aldehyde can be determined only empirically,
and fluctuations of the aldehyde concentration are always
possible. If such fluctuations are suspected, n-decanal can be
added at the concentrations listed above to ensure an ade-
quate supply.

The inclusion of the full cassette (i.e., the luxA and luxB
luciferase and the luxCDE genes) obviates the need for
exogenously added aldehyde, at least in strains that have a
suitable aldehyde substrate to start with. The luciferase
enzyme uses molecular oxygen to convert the aldchyde sub-
strate to a carboxylic acid, with the resulting light being a
by-product of the reaction. The action of the luxCDE
genes is to recycle the carboxylic acid product of the light-
producing reaction, giving a continuous supply of aldehyde.
It has been observed that, at peak light emissions, the light
intensity of such a strain can be boosted by the addition of
aldehyde, although not greatly. This suggests that there is
always an aldehyde limitation in the cell.

Alternatively, a construction utilizing only the luxA and
luxB genes can be used if the aldehyde substrate is added
exogenously. The luxA and luxB genes have been fused into
a single open reading frame by Escher et al. (26), although
the resulting luxAB fusion luciferase is more temperature
sensitive than the native enzyme. Transposons carrying the
lux genes are also available, such as the Tn4431 transposon
(75). This construct carries the intact luxCDABE cassette and
a gene for antibiotic selection of transposon insertion. This
construct is a valuable means of generating transposon
mutants quickly. The luxAB genes are available on a Tn3
derivative (9) and on a mini-TnS3 derivative (23). There have
been many applications of this technology in a variety of bac-
terial species. A Salmonella strain was used for genotoxicity
assays (80) with the inducible umu gene promoter. A lambda
phage was genetically engineered to carry the biolumines-
cence genes into E. coli cells in environmental settings,
increasing the detection limits for this important pathogen
(67). Hassler and Twiss (31) modified a Synechococcus strain
to serve as a bioluminescent reporter of iron availability,
another important environmental factor. The yeast Sac-
charomyces cerevisiae has been modified with lux genes to cre-
ate a novel bioreporter of estrogenic compounds (71). Novel
applications extend the trend of miniaturization of technol-
ogy, which is also evident in the biosensors. Nivens et al. (56)
combined bioreporter bacteria with a miniaturized optics
detection device to make an autonomous detector. This is an
important development since the environmental applications
of bioreporters are dependent on inexpensive, independently
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monitored systems. There is little commercial appeal for a sys-
temn that requires a visit from a human operator for every data
point. Coupling this technology with a communications capa-
bility and the appropriate data storage and retrieval system
would make it applicable to many field environments.

Light Measurement

Unlike many assays, in which a standard procedure is used
to describe the results, light can be measured by a variety of
means. Visualization of bacterial colonies may be sufficient
for screening of clones during genetic construction, although
the observer must be in a darkened room, and this method
is not at all quantitative. Photographic film can be exposed
to the light being emitted from colonies, although this tech-
nique is usually cumbersome. Several types of electronic
equipment are suitable for the measurement of light. ATP
photometers or luminometers, which are used for mea-
surement of ATP concentrations by the luciferase assay, are
common in laboratories. Liquid scintillation counters are
also common. A liquid scintillation counter must be very
sensitive in order to detect photons resulting from radioac-
tive decay, and so these counters make good photodetectors
for bioluminescence, although the coincidence channel
should be disconnected prior to use. The coincidence chan-
nel eliminates background during its measurement of radia-
tion, but it is a hindrance for bioluminescence work since
light emanating from a single cell might not be detected by
both photodetectors simultaneously. These methods are
sensitive but are not designed specifically for biolumines-
cence work. Accordingly, there are problems in introducing
representative samples to the photodetectors as well as in
determining incubation conditions for the samples. That is,
the samples would have to fit inside ordinary scintillation
vials, which might not provide adequate aeration or mixing.

Commercial photomultipliers (e.g., those from Oriel,
Stratford, Conn.) are recommended for remote sampling of
light, including bioreactors and soil microcosms. These usu-
ally include flexible fiber-optic cables, which have a high
efficiency of light transmittance, an important feature in
measuring low levels of light. For extremely low levels of
light, such as would be expected from single bacterial cells,
charge-coupled devices (CCD) can be used (e.g., those from
Hamamatsu, Hamamatsu City, Japan). The added sensitiv-
ity is reflected in the increased cost of this equipment, and
few laboratories have access to one. A CCD can be used,
however, to visualize signals that are seen through a micro-
scope, and thus it has the potential to describe the physio-
logical response of single cells, although integration of weak
signals can delay output for several minutes. Accordingly,
samples that move or drift during the integration time give
a blurred image, if the image is detected art all.

The lack of standardization is a major shortcoming of bio-
luminescent reporter work, and its greatest impact is on the
quantification of results. The output of a bioluminescent
strain must be expressed in terms of specific activity to allow
comparisons between laboratories. Units of light production
would ideally be expressed as photons (quanta) of light per
minute per milligram of tortal protein. However, each pho-
todetector system has a different efficiency of light detection
(for instance, different sensitivities for different wavelengths),
as well as a different detector window geometry. A method to
standardize photodetectors using a light-producing biochemi-
cal reaction has been described (58), and this method should
be applied more generally. Calibration of a photodetector
using a standard light source is possible, although the equip-
ment is expensive and not generally available in laboratories.

*
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Fluorescence

There are now several fluorescent proteins thar can be used
as bioreporters in bacterial cells, burt the first successful one
was green fluorescent protein (GFP). GFP addresses many
of the disadvantages of the hioluminescent bioreporters,
including the following: (i) the bioluminescence reaction
requires oxygen and is unreliable under conditions of
reduced oxygen tension (although GFP does require small
amounts of oxygen for proper chromophore formation); (i)
bioluminescence requires functioning of the luciferase
enzyme, which requires correct synthesis and folding of the
protein; (iii) the luciferase enzyme requires a substrate,
which might not be available in the cell; and (iv) the
luciferase from V. fischeri is heat labile and is useless at
37°C. Increased stability at high temperatures would be an
asset for all luciferases. GFP has the advantage that it is
measured on the basis of its intrinsic properties and not on
the basis of its biological activity in a certain milicu.
Generally speaking, the newer versions of GFP and the
new fluorescent proteins all have these attributes, and
researchers typically choose a fluorescent prorein based on
its fluorescence characteristics (excitation and emission
wavelengths).

The original GFP was a huge asset to the biological sci-
ences, not only for microbiology but especially for cell biology.
The ability to discern gene expression in a three-dimensional
system, with great specificity, has been a boon for develop-
mental biology (82). The success of GFP inspired a search
for other fluorescent proteins, and now there are several
commercially available proteins (Table 1). Typically these
products include the purified protein, expression vectors for
several systems (plant, animal, and bacrerial), and perhaps
antibodies that are specific for the fluorescent protein. The
original GFD, often referred to as avGEP (for its origin in
Aequorea victoria), must now compete with a variety of
other fluorescent products thar have been isolated from
many sources, particularly deep-sea corals. Fluorescent col-
ors are usually blue, green, yellow, and red, and different
manufacturers tout the excitation and emission spectra of
their products, particularly in regard to their ability to be

TABLE 1

Commercially available fluorescent proteins

used in tandem. Besides fluorescent characteristics, other
attributes are desirable. The DsRed gene, from the deep-sea
coral Discosoma, was originally thought to have great poten-
tial as a fluorescent marker comparable to GFP, but in most
biological systems the protein folded so slowly that it had
little practical value. Recent work with mutations of DsRed
have yielded variants that are much improved, with a fold-
ing time reduced to less than 1 h (7), which is a fraction of
the time for the wild-type protein.

The GFP gene has been cloned and sequenced, and the
protein has been extensively characterized (61, 63). The
protein that is synthesized from the GFP gene autocyclizes
(16), producing a chromophore that is brightly fluorescent
(Fig. 2). When the GFP gene is expressed in a cell (either
prokaryotic or eukaryotic), it fluoresces a bright green after
cyclization of the chromophore (13). The fluorescence
makes the cell easy to detect with UV light (excitation, 395
nm) and conventional light-gathering equipment.

Advantages and Disadvantages

As with the measurement of bioluminescence, fluorescence
can be measured accurately and with great sensitivity.
Detection is dependent on the ability of the researcher to
expose the GEP molecule to the excitation wavelength, and
this can be performed with flexible fiber-optic cables intro-
duced into a microbial ecosystem. Measurement is rapid,
and there is no need to add any substrates or reagents. The
problems of sample perturbation and destruction are there-
fore avoided.

Fluorescence of GFP is very bright, and individual bacte-
rial cells can easily be seen by cpifluorescence microscopy.
GFEP appears to be very slow in forming the chromophore
(typically taking several hours), and the speed at which it
forms seems to vary with different organisms and different
growth conditions, although a comprehensive analysis of
this phenomenon is lacking. The protein is extremely stable
and is largely unaffected by treatment with detergents, pro-
teases, glutaraldehyde, or organic solvents. It is also very
stable over a pH range of 6 to 12 and at high (65°C) tem-
peratures. GFP may be useful in genetic analysis of ther-

Excitation and emission

Name Supplicr wavelengths (nm) Color . Source organism
Aegquorea victoria green fluorescent protein (GFP)  Amersham 395, 509 Green Jellyfish
Prilosarcus green fluorescent protein Lux Biotechnology 485, 508 Green Sea pen
Renilla green fluorescent protein Lux Biotechnology 485, 506 Green Sea pansy
Prilosarcus green fluorescent protein Nanolight Technology NA« Green Sea pen
Renilla green fluorescent protein Nanolight Technology NA Green Sea pansy
Anthomedusae JRed Evrogen 584, 610 Red Jellyfish
Pantellina TurboGFDP Evrogen 482, 502 Green Plankton
Heteractis HcRed Evrogen 590, 637 Red Sea anemone
Phialidium PhiYFP Evrogen 525, 537 Yelow Jellyfish
Anemonia KFP-Red Evrogen 580, 600 Red Sea anemone
Discosoma DsRed Clontech 556, 586 Red Coral
Aequorea corulescens green fluorescent protein Clontech 475,505 Green Jellyfish
Anthozoa AmCyan Clontech 458, 489 Blue Coral
Anthozoa ZsYellow Clontech 529,539 Yellow Coral
Heteracus HeRed Clontech 588, 618 Red Coral

“NA, not applicable.
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FIGURE 2 The chromophore of Aequorea GFP. Amino acids 65,
66, and 67 of GFP form a cyclical structure by an autocatalytic
reaction. This chromophore is the source of the bright fluorescence
seen with this protein. The dotred lines delineate the separate
amino acids in the chromophore.

mophiles and other extremophiles. Once the protein is
made, it does not degrade quickly in the cell, and therefore
assays of the dynamics of gene expression, such as have been
performed with the lux genes, are not possible with wild-
type GFP. Andersen et al. (3) were able to attach a peptide
tag to the carboxy terminus of GFP. This extra peptide
made the mutant GFP susceptible to bacterial housekeeping
proteases that recognize the carboxy ends of proteins, which
resulted in a GFP with a reduced half-life, in this case rang-
ing from 40 min to several hours, depending on the strain
and the growth conditions. Because of this development, it
is possible to use the bright fluorescence of GFP as an
unparalleled bioreporter of real-time gene expression. Many
other mutations have been introduced into GFP, producing
useful variants. While wild-type GFP tends to form inclu-
sion bodies, which limit the amount of fluorescence seen,
GFP mutants have been developed that avoid this problem
and which result in greatly amplified fluorescence (17).

Formation of the GFP chromophore requires molecular
oxygen, although not in great amounts, and therefore is
unsuitable for use under completely anaerobic conditions.
Hansen et al. (30) demonstrated that GFP could be formed
and detected in biofilms when dissolved oxygen was present
at 0.1 ppm. Only the most oxygen-intolerant microorgan-
isms would be unable to live under these conditions. No flu-
orescence is seen when cells are grown in an anaerobic
environment, although once the chromophore is formed it
continues to fluoresce in an anaerobic environment. The
presence of GFP in bacteria does not appear to have delete-
rious effects on the host, although a comprehensive analysis
has not been performed. Interestingly, individual molecules
of GFP do not remain fluorescent at all times, but instead
appear to “blink”; that is, they stop fluorescing for a few sec-
onds and then start again (24). In any aggregate this is
undetectable since the vast majority of molecules are fluo-
rescing, but it does suggest other possible uses for GFP on a
nanoscale.

Applications

Use of GFP is still a relatively new technique, and the con-
struction .of convenient cloning vectors is continuing.
However, the number of applications of GFP is impressive,
guaranteeing that more vectors will soon become available.
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These vectors typically contain the GFP gene within a
polylinker region, allowing convenient manipulation of the
gene for transcriptional fusions. The intact GFP gene has
been inserted into a derivative of Tn), and therefore ran-
dom mutations with GFP are possible (12). This transpo-
son, Tn5GFPI, can be introduced into a variety of gram-
negative species by electroporation.

Mutations have been introduced into the GFP gene to
produce fluorescent signals with altered properties. The red-
shifted GFP was isolated in this manner (22). The name
refers to the shift of the excitation wavelength toward the
red end of the spectrum. The protein fluoresces at approxi-
mately the same wavelength (the maximum is at 505 nm
instead of 510 nm) but excites at 490-nm instead of 395 nm.
This shift is expected to be helpful, since the 490-nm exci-
tation wavelength is beyond the wavelengths of excitation
for cellular-protein fluorescence (due to their aromatic
amino acids). A mutant GFP developed by Heim et al. (32)
results in the production of a blue color instead of a green
color. Multiple site mutations introduced by Anderson et al.
(4) had the effect of increasing the brightness of the fluores-
cence. These mutants also had an altered excitation profile,
allowing both mutant genes to be used in the same cell.
Although they were initially tested only in eukaryotic cells,
it is reasonable to expect that they will work in prokaryotes
as well. Novel uses have been described for the detection of
nitrates in soil systems (19) and for arsenic detection (85).
In a clever adaptation of the technology, this latter group
was able to detect single bioreporter cells as they responded
to arsenic in a water sample, demonstrating the strength of
the GFP fluorescence.

Fluorescence Measurement
Bacterial colonies expressing GFP can be easily detected on
exposure to a UV light. This is easily accomplished with the
UV source that is used in most molecular biology laborato-
ries to visualize DNA in agarose gels, although an inexpen-
sive hand-held UV light works just as well. Fluorescent bac-
teria can also be ecasily seen using epifluorescence microscopy.
An appropriate filter set should be used; the filter for fluo-
rescein detection has proved to be very useful for this pur-
pose. A xenon or mercury lamp can be used as a source of
UV excitation. For discrimination of their mutant GFPs in
a fluorescence-activated cell sorter, Anderson et al. (4) used
a krypton ion laser for one variant and an argon ion laser for
the other. Since both proteins produced the same emission
wavelength, the same filter and detector could be used.
Fluorescence spectrometry facilitates the detection of
GFP fluorescence. Fluorescence spectrometers vary in sensi-
tivity and versatility, although in general they should be
able to detect GFP expression in bacteria. Quantification of
bacteria in the sample is possible when a standard is exam-
ined contemporaneously. Digital imaging spectroscopy (28,
89) is an excellent means of detecting and characterizing
fluorescent signals, although the expense of the system
makes it unavailable to all but a few researchers.

MICROPROBES AND BIOSENSORS

Microprobes

A microprobe is a device that measures a specific physical or
chemical property in a microenvironment. For instance,
microprobes can be devised to test for pH, temperature, or
the concentration of ionic species (72). The quality that
makes these probes different from other probes is their small
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size, which makes them more suitable for analysis at submil-
limeter resolution. The development of microprobes for the
examination of microbial environments has proceeded
rapidly thanks to innovative construction techniques. Mi-
croprobes have been described for ammonium (20), nitrate
(36, 719), oxygen (65), denitrification (by nitrous oxide pro-
duction) (15), and sulfate reduction (64). Conventional
technology is used to measure the analyte; the critical
development is the miniaturization of the electrode. The
probe tip can be in the range of 1 to 10 pm in diameter,
although 10 to 50 pwm is more common. The signal is usu-
ally reported as a current on an ammeter. Delicate construc-
tion of the probe is required, as is the manipulation of the
probe in three dimensions with a micromanipulator and dis-
secting microscope. Microprobes are especially useful to
study the microecology of biofilms, including formation and
activity at various depths inside the biofilm. An excellent
review is available (66). The main obstacle to the general
use of microprobes is that there are a limited number of
commercially available microprobes (with a few notable
exceptions, such as Microelectrodes [Bedford, N.H.],
Unisense [Aarhus, Denmark), Abtech [Richmond, Val,
and Microprobe [Gaithersburg, Md.]), and the microprobe
often must be handmade by the researcher. Techniques for
construction are available, although they require skill and
patience. As the usefulness of microprobes becomes better
appreciated, the number of manufacturers will certainly
increase.
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The oxygen microprobe described by Revshech (65) pro-
vides a good example of the current microprobe technology.
This microprobe has a tip that is approximately 10 um in
diameter and is sensitive to oxygen concentrations in the
micromolar range. It incorporates a guard cathode that re-
moves oxygen diffusing toward the sensor tip from the elec-
trolyte solution, permitting stable signal acquisition from the
sample. This microprobe s suitable for examination of biofilm
ecology or aquatic microbiology, with the ability to discern
microbial processes at the water interface. Although it is
extraordinarily small for an analytical instrument, its presence
is likely to disturb or influence the surrounding environment,
however slightly. The pradent researcher will be attentive to
possible effects from the use of these tools. Figure 3 shows a
cross-section of a typical microprobe.

Biosensors
A biosensor is a type of probe in which a biological compo-
nent, such as an enzyme, antibody, or nucleic acid, interacts
with an analyte, which is then detected by an electronic
component and translated into a measurable (electronic)
sienal (Fig. 4). Biosensor probes are possible because of a
fusion of two technologies: microelectronics and biotech-
nology. Their greatest impact is in the clinical area, in
which rapid test results are needed (86). However, they are
also applicable to environmental analysis, and in recent
years several substantial improvements have allowed them
to be used more generally. A review of the application of
hiosensors for environmental study is available (69). There
are several components to a biosensor. Different researchers
may contribute to the development or optimization of a
particular part or may incorporate several different tech-
nologies into one tool. For convenience, these components
can be summarized as follows: the biological component (or
hiomolecule), the arrachment method, the microfluidics,
the computational component, and the electronic (sensing)
component, which is also called the transducer (27).

The biological component is the molecule that interacts
with the analyte of interest. A variety of substances can be
used as the biological component, including nucleic acids,
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proteins (particularly antibodies and enzymes), lectins
(plant proteins that bind sugar moieties), and complex ma-
terials (organelles, tissue slices, and microorganisms). In
each case, it is the specificity of the biological component
for an analyte (or group of related analytes) that makes the
biomolecule attractive for use in sensing technology. For
example, a single strand of DNA hybridizes only to its com-
plementary strand under the appropriate conditions. The
conditions of the assay are very important, especially where
reversibility of binding is a key factor. This is apparent in
antibody-based biosensors, in which the affinity of the anti-
body for the antigen affects the sensitivity of the biosensor.
This is particularly true for the measurement of dissociation
constants of antibodies, which may vary substantially.

In most cases, isolation of the biological component is
necessary to ensure that only the molecule of interest is
bound or immobilized on the electronic component. In
some cases this is easy, such as the isolation of DNA. It is
possible to have a commercial vendor make specific
oligonucleotides that are pure and that are already labeled.
Antibody or enzyme extraction and purification are much
more complex procedures, although crude extracts can
sometimes be used. The stability of the biological compo-
nent is also critical, since it is being used outside of its usual
biological environment. A labile protein usually makes a
poor candidate for a biosensor. Koblizek et al. (40) isolated
particles from Synechococcus elongatus that contain the pho-
tosystem Il enzymes. These particles were then trapped on
an oxygen electrode with a dialysis membrane. If the
enzymes are working normally, oxygen is generated and is
detected by the electrode. In the presence of inhibitors of
the enzymes (the authors used certain herbicides), oxygen
generation is diminished and the effect becomes quantifi-
able. Although this device is neither field-hardy nor partic-
ularly long-lived, it is a clever example of the use of a nat-
ural product to create a reliable tool.

While it is possible for these biomolecules to be free in
solution in order to function, it is more common to bind
them to a surface with a known location, and therefore the
attachment of the biomolecule is important. This has
numerous benefits. The precise location of the biomole-
cules will be known. This is especially important when con-
structing arrays of sensors, in which a different biomolecule
ts attached at a discrete address on a surface and can be
interrogated individually by the electronic component.
And, of course, having the biomolecule tethered to a site
allows other reagents to be introduced by using fluid trans-
fer technology. The objective is to bind the biomolecule in
place without disrupting its biological activity. That is, the
enzyme must still catalyze a reaction, the antibody must
bind its antigen, and the nucleic acid must allow hybridiza-
tion with its complementary strand. A number of attach-
ment protocols have been described, particularly for the
attachment to glass or silica particles. This may involve a
silane cross-bridge to which biomolecules can be attached.
The need to deposit organic substances on transducers in a
predictable manner has been addressed by the work of
Decher et al. (21). This group demonstrated the sequential
construction of layers on typical transducer surfaces, such as
glass, silicon wafers, and quartz. This technique should
improve biosensors by increasing the uniformity of results.
Amino-derivatized oligonucleotides can be attached to
glass (Si0,) surfaces such as fiber-optic cables, glass beads,
or microscope slides though covalent binding with a chem-
ical linker. Some techniques result in the nonspecific
attachment of oligonucleotides to the surface, which is an
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impediment to the hybridization that is required for the
detection by the transducer. Losses of efficiency such as this
can be avoided through careful attachment of the oligonu-
cleotide via a modified 3’ or 5" end of the oligomer. Graham
et al. (29) used a simple procedure to attach oligomers to an
evanescent-wave biosensor array. Maskos and Southern
(45) described the synthesis of oligonucleotides on deriva-
tized glass bead supports. Glycol spacers of various dimen-
sions can be added between the oligonucleotide and the
glass support, which facilitates hybridization. Other meth-
ods include immobilization within carbon paste or polymers
and stabilization within hydrogels or sol-gels (90). The
streptavidin-biotin interaction is often used. Uitrathin
applications of biological material are usually deposited on
transducers by the Langmuir-Blodgett (8) or molecular self-
assembly (51) techniques.

Fortunately, attachment protocols are usually uncompli-
cated and very reliable. Quantification of the material on a
surface, or the density of the material, is another problem
entirely. A number of techniques have been developed to
detect mass on a surface, including total internal reflectance
fluorescence, guartz crystal vibration analysis, and optical
reflectometry. These techniques often take advantage of the
fluorescent properties of proteins (enzymes or antibodies)
for quantification. In some cases it is possible to use an
intact microbial cell as the biomolecule (77), which avoids
the problem of orientation but does necessitate the creation
of a suitable microenvironment.

The target of the biosensor must be brought to the
biomolecule by some method. Typically this is done by sus-
pending the target in an aqueous solution and flooding the
biomolecule area with it. This is easy enough to do if the
volume required is in the microliter or greater range; micro-
pipettors do an excellent job of delivering fluids. However,
the trend in biosensors has been to miniaturize, both to save
on space and weight and to examine very small volumes.
The sample size can therefore be very small, and waste con-
cerns are minimal. To produce a biosensor of this size, a
means of transferring fluids is needed. This is the technol-
ogy of microfluidics, which is very important to the design
of biosensors because fluids at very low volumes are difficult
to move in a uniform manner.

The computational component is the hardware and soft-
ware that interprets and reports on the signal received from
the biosensor; as such, it is beyond the scope of this chapter.
With some systems there is merely a digital readout, while
in other systems (such as DNA microarrays) the amount of
information and the need to address the data points make
computer control essential.

The final component is the transducer, which is also the
component that is the most unfamiliar to microbiologists.
Essentially, this is a source of energy which is directed at the
biomolecule and which is changed by the biomolecule in
some way. This change is detected electronically and reported.
Since energy is supplied to the system, it is typical to consider
a type of wave that is introduced (light, electromagnetic, or
sound). Generally, the transducers fall into distinct categories:
electrochemical, optical, piezoelectric, and calorimetric (74).

Electrochemical transducers report changes in voltage
when the current is held constant (potentiometric) or report
changes in current when the volrtage is held constant (amper-
ometric). These are by far the most common electrochemical
transducers, although transducers based on conductance and
capacitance have also been described (74). In each case, the
interaction of the analyte with the biological component
causes a change in potential that is detected by the sensor.
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Optical biosensors use a fiber-optic probe to receive spe-
cific wavelengths of light. The versatility of fiber-optics is
due to their capacity to transmit signals that report on
changes in wavelength, wave propagation time, intensity,
distribution of the spectrum, or polarity of the light. In gen-
eral, the signal is acquired from these devices through ftlexi-
ble cables which can transmit light to the biological compo-
nent (such as an excitation light for fluorescence) and
receive light back from the sample (such as for light genera-
tion by the sample or light absorption or reflection). Light
conductance can be accomplished with great efficiency
(less than 1% loss over short distances), and loss of signal is
usually not a problem. Acquisition of the light signal by the
detector can be a considerable problem if the light source is
very weak, and the difference in light signals may be small.
Light propagation over longer distances (>1 m) is usually
accompanied by a loss of conductance efficiency unless laser
light is used.

One of the techniques which has been more fully devel-
oped, and which now has been commercialized, is the use of
evanescent-wave excitation. This is dependent on an un-
usual principle of physics and requires some explanation to
make it relevant to the biologist. When o bheam of light
strikes an interface between two transparent interfaces (e,
glass and water) the light bear is reflected off the surface and
refracted through the new medium. Light can be directed
through a waveguide, such as a fiber-optic cable. If the angle
of incidence of the light is at the critical angle, the light is
refracted at 90° from the normal, essentially following the
interface of the two media. If the light enters the waveguide
at an angle greater than the critical angle, it undergoes total
internal reflection. This creates an evanescent wave ar the
interface between the two media. An evanescent wave is
essentially an electromagnetic wave that decays exponen-
tially with distance from its source. Thus, they are very weak
effects and are significant only within a small distance from
the waveguide. This is actually a very handy attribute, since
biosensor materials attached to the waveguide are affected by
the evanescent wave while other materials only a short dis-
tance away are not. Typically, the affected distance is on the
order of nanometers, which is optimal for most biomolecules,
An excellent review is available (81).

A related technology is surface plasmon resonance
(SPR). In this technique, the surface of the waveguide is
coated with a thin layer of gold (43). When light hits the
gold at a certain angle, there is a decrease in the reflocted
energy due to the creation of an evanescent wave and its
interaction with surface plasmons. Plasmons are another
difficult physical principle. They are quasiparticles resulting
from quantization of plasma oscillations. They can be cre-
ated by reflecting a photon off a thin metal film (Fig. 5).
The reflected light shows an energy loss equal to inregral
multiples of the plasmon encrgy. The decrease in reflected
light is measured with a CCD camera and is related to the
quantity of matter that interacts on the biomolecular side of
the instrument. A particularly lucid example is presented by
Mullett et al. (52) and is recommended for those new to the
field. Miura et al. (50) used SPR and a tethered antibody to
measure benzolalpyrene. They were able to reuse the sensor
multiple times. Later models incorporated a dual-chamber
system to provide a reference electrode (54). This enables
faster, more accurate detecrion of analytes. Nelson cr al.
(53) constructed a DNA hybridization SPR platform and
demonstrated that it can be used to detect 165 rRNA
specifically. The Biacore company has successfully commer-
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FIGURE 5 The principle of surface plasmon resonance. The
sensing surface is on the opposite side of the metal film from the
iluminated surface. Here an antibody-antigen-type biosensor is
shown, with the sensing surface incorporated into a flow cell. The
light source can be either polarized or laser light or an electron
stream. The photodetector must be able to record subtle changes in
light intensity.

cialized SPR technology. A variety of biomolecules can be
immobilized to the sensor surface. Introduction of target
molecules leads to binding (e.g., antibody-antigen, chelator-
metal, and DNA-DNA). Signal strength is determined bya
CCD camera and is correlated with binding and concentra-
tion. The Biacore X is a manual model that should be suit-
able for many environmental experiments.

A type of optical sensor that is related to SPR is the
resonant-mirror biosensor. Instead of a metal layer as the
sensing surface, a material with a high refractive index [such
as titanium (IV) oxide] is used. This material is overlaid
with a medium of low refractive index (such as silica),
which is then connected to one side of a prism. When light
enters the prism, it is totally reflected from the sensing sur-
face. The low-index layer is typically so thin that the light
may reach the high-index layer through an evanescent
ficld, although this is dependent on the correct angle of
incident light and phase matching of the resonant modes of
the high-index material. When light enters the high-index
medium, it propagates for a short distance before exiting
through the prism. This makes the angle of the reflected
light very susceptible to changes at the surface of the high-
index (sensing) layer. Instead of changes in light intensity,
as seen with SPR, modifications to the sensing surface are
scen as phase changes and are recorded as changes in arc
seconds of the reflected light. A thorough description of
this technology is available (18). The resonant-mirror
biosensor is quite sensitive (comparable to SPR) but is de-
pendent on having the right materials for the sensing layer.
Thercfore, it is important to have a reliable actachment pro-
tocol for your molecule of interest. Just as for SPR, immuno-
assays have been performed with resonant-mirror biosensors
(10). Complex materials can also be conjugated to the sur-
face, and binding events can be studied in near real time
(33, 34).

Piczoelectric biosensors measure changes in mass. A pie-
zoelectric material, such as quartz crystal, oscillates at a cer-
tain frequency when a potential is applied across its surface. If
the mass at the surface changes because, for example, a bound
antibody complexes with a specific antigen, the frequency of
oscillation will change, and this change is detectable. Lu et
al. (44) used this method to detect an enzyme, glutathione
S-transferase, at concentrations as low as 0.2 mg/ml. It is
expected that sensitivity will continue to improve with other
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technological developments. The surface acoustic wave
biosensor depends on the propagation of an acoustic wave
through a medium. The medium is attached to a piezoelectric
detector. If the energy of the wave is confined near the sur-
face, the velocity of the wave and the effects detected by the
piezoelectric detector are influenced by the mass the wave
encounters. Therefore, a change of mass such as antibody-
antigen binding is directly measurable.

Calorimetric transducers are comparable in function to
optical transducers, except that heat generation is measured
instead of light. Microcalorimeters can measure very small
fluctuations in temperature and are sensitive enough to
detect heats of molecular interaction (such as ligand bind-
ing), substrate use by microorganisms, and responses of
immune cells to antigens. The microcantilever has great
potential to sensitively and selectively detect compounds of
interest. The technology is based on a mechanical stress
principle. The reactive end of the device resembles a tiny
diving board, a thin metal (c.g., gold) platform to which
biomolecules can be attached. Typically the metal platform
is less than 1 wm thick, and approximately 100 wm long.
When a target molecule binds to the attached biomolecule,

a mechanical stress occurs in the thin metal. A laser is

focused on the free end of the metal platform, where the
deformation is greatest. Deviation of the reflection is deter-
mined by reflection of the laser onto a sensitive photodetec-
tor. Alternatively, the reaction can be detected as a change
in resonance frequency. Although the instruments were ini-
tially rather large devices, in recent years they have been
reduced to a convenient size. The number of possible appli-
cations is very great, since anything that causes a change in
the metal can be measured. In addition to measuring
changes in mass, this technique is very accurate at tempera-
ture detection, and thus possibly can be used to indicare
exothermic and endothermic reactions. The use of micro-
cantilevers for temperature sensing has the potential to
detect changes of as little as 107%°C. Fast response times are
possible (e.g., within seconds), although care must be raken
to avoid temperature fluctuations due to external condi-
tions. Dual-material metal platforms (e.g., aluminum and
silicon) have also been used. Analytes that interact differ-
ently with the two materials will deform the platform in a
measurable way, allowing the interaction to be detected and
quantified. A biosensor of heavy metals has been described
that utilizes metal-binding proteins as the biomolecule
(14). The latest models are very compact and will probably
be commercialized in the near future.

Applications
The essence of the biosensor is in matching the appropriate
biological and electronic components to produce a relevant
signal during analysis. For example, antibodies can be
attached to a piezoelectric transducer so that the binding of
the antigen is recorded as a change in the attached mass.
Alternatively, the antibodies can be attached to an optical
fiber and the antigen binding can be recorded by evanescent-
wave detection (8, 52). This technique is particularly suit-
able for immunoassays because the evanescent waveform is
operational for only a short distance from the surface of the
optical electrode, and this distance is approximately equal
to the size of the immune complex (74). Immunosensors
that use other detection systems have been described previ-
ously (84).

Biosensors need not be overly sophisticated: bacterial
cells can be immobilized on the tip of an oxygen electrode
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(78) or within an online column (57). Occasionally, whole
yeast cells (6) can be used. The electrode then senses activ-
ity on the basis of the change in oxygen concentration.
With this type of biosensor, it is important to design a refer-
ence standard that distinguishes background activity from
the activity of interest; otherwise, specificity for the analyte
is lost. Both electrochemical and optical electrodes are very
useful for the detection of signals from attached enzymes.
The enzymatic reaction can cause a potential change that is
detected by the clectrochemical electrode or can cause a
change in one of the components of the enzyme system that
can be detected by the optical electrode. Scheper et al. (73)
used the latter concept for their biosensor. They attached
the glucose-fructose oxidase from Zymomonas mobilis to a
fiber-optic cable attached to a fluorimeter. The enzyme
complex contained bound NADP'. When the enzyme oxi-
dizes glucose, it reduces NADP* to NADPH, which is a flu-
orescent molecule. The change in fluorescence is therefore
proportional to the concentration of glucose. There is also a
critical weakness associated with this assay, in that it is de-
pendent on the availability of NADP*. When the supply is
exhausted, the biosensor no longer functions. Resupplying
the biosensor with an essential cofactor is often technically
challenging but is required for long-term monitoring of the
environment. A clever modification of the optical sensor
was reported by Zhou et al. (91). They used conventional
fluorescent antibodies to find either labeled microspheres or
bacterial cells, but they then used a standing acoustic wave
to concentrate the signal in one known area. This results in
an increase in signal because very little is outside the range
of the fluorescent sensor.

Nucleic acid biosensors depend on the ability of a single-
stranded nucleic acid to hybridize with another fragment of
DNA by complementary base pairing. The growing field
of DNA microarray technology is testament to the strength of
this type of biosensor. This same technology on a smaller
scale can be used for detection of very specific nucleic acids.
The biosensor described by Eggers et al. (25) integrates
microelectronics, molecular biology, and computational sci-
ence in an optical electrode format. Their device can detect
hybridization and report on the spatial configuration of the
hybridization signal on a glass surface (25) or a silicon wafer
(41), to which the DNA probes are attached. Several differ-
ent DNA oligomers can be artached to the optical electrode
at different locations. The DNA on the biosensor is then
hybridized to DNA that is free in solution. The free DNA
must be labeled, usually with a fluorescent, luminescent, or
radioisotope decay (*’P) signal. The signal is detected by a
CCD camera, which is extremely sensitive. The computer
identifies the location of the affected pixels and forms the
signal into a recognizable array. Not only is this technology
suitable for rapid DNA sequencing, but it is also applicable
to the rapid detection of many different gene sequences from
DNA extracted from a consortium. Because of the labeling
requirement for standard microarrays, evanescent-wave
technology may be more attractive. A nucleic acid biosensor
that uses evanescent-wave technology has been described by
Graham et al. (29). They used short fragments of nucleic
acids that are small enough to reside within the field of the
evanescent wave. They were able to detect fluorescein-
labeled DNA hybridizing to their complementary immobi-
lized probes in a flow cell. Fluorescence was monitored and
reported as a change in the output voltage. As with many
other technologies, biosensors are being miniaturized. This
presents special challenges arising from the use of novel
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materials and assembly techniques which are beyond the scope
of this chapter. However, a good review is available (37).

EMERGING TECHNOLOGIES

Other technologies are now available whose use in environ-
mental microbiology is speculative, although the opportu-
nities are clearly apparent. Xu et al. (88) used silver
nanoparticles in a study of membrane transport. These par-
ticles, 10 to 80 nm in diameter, were used to measure the
porosity of membranes under various environmental condi-
tions, as a surrogate for antibiotic uptake. Silver appears
very bright under dark-field microscopy, allowing tracking
of the particles through the cells. Won et al. (87) modified
the surface of a commercial magnetic nanoparticle with a
small peptide and a fluorescein tagant and were able to
introduce these nanoparticles into Hela cells. Although
this is a eukaryotic cell, the application is intriguing. The
nanoparticles could be pulled through the cell by means of a
magnet, with the progress visualized using the fluorescent
tag and confocal microscopy. The application was created
to determine which host molecules will interact with the
attached peptide. While these applications are somewhat
limited, they demonstrate that many experiments might be
possible if more versatile tagants were available.

Quantum dots {also called Qdots) are nanometer-sized
crystalline clusters. Typically they arec made from semicon-
ductor materials (e.g., CdTe, InP, and PbSe) at such small
scales (1 to 10 nin in diameter) that they could possibly be
used with bacterial cells. The construction of a Qdot is very
complex, with a metal core surrounded by an inorganic
“shell” material {c.g., zinc sulfide). Organic polymers can be
attached to the shell, allowing complexing with various
biomolecules such as antibodies or enzymes. To date the
bulk of Qdot work in the biosciences has been with eukary-
otic cells. Their use in environmental microbiology remains
speculative, although they possess certain advantages that
may make them valuable for specific tasks.

Qdots are used as fluorescent tagants, in much the same
way that fluorescein is used. However, the spectral proper-
ties of Qdors are dependent on the acrual size of the parti-
cle, as well as its shape and composition. With an increase
in size, the color of the fluorescence shifts in a predictable
manner. At first this was a disadvantage, but with refined
manufacturing processes that create standard-sized parti-
cles, it becomes a great advantage. This unusual property
means that Qdots might be available in an enormous range
of fluorescent colors, giving workers multiple tags for envi-
ronmental uses.

Qdots have several additional advantages. They have
long fluorescent lifetimes (10 to 50 ns), allowing a fluorime-
ter to avoid the excitation wavelength and thus resulting in
a more defined signal. Excitation is performed with a stan-
dard light source, climinating the need for specific wave-
lengths of light. They emit exceptionally bright fluores-
cence, and, as already noted, they arc available in a range of
colors. Generally speaking, the smaller the Qdot, the more
blue it is. Their emission spectra are typically very narrow
and symmetric, avoiding the tailing of fluorescence seen in
other tagants. They are also very stable molecules, and
therefore long-term experiments can be carried out using
the same tagant. In addition, they do not “photobleach” as
other fluorescent compounds are prone to do.

However, Qdots also have certain disadvantages that
must be acknowledged. They are nonbiological and cannot

replace fluorescent bioreporter genes such as the GFP gene.
Therefore they cannot be used for gene expression in vivo.
They are also fabricated from heavy metals that may have
toxic properties and are inherently hydrophobic. Both of
these disadvantages are normally overcome by conjugating
organic molecules to the surface as a means to atrach reac-
tive groups such as antibodies or biotin molecules. These
modifications result in a water-soluble particle that can be
more easily handled and is nontoxic. There are several pro-
tocols for artachment, many of which resemble the pro-
tocols for attachment to glass surfaces or silica particles
(above). Even though they are in the nanometer range,
they are still very large compared to biomolecules.

Most of the work with Qdots has been with eukaryotic
cells, since they are larger and more complex internally.
Using a biomolecule conjugated to a Qdot allows the tagant
to either bind to a surface receptor and tag the cell for a
long period or enter the cell and permit tracking of the
biomolecule’s progress through the cell. Excellent reviews
of these applications are available (2, 35). The worker must
have access to a suitable fluorescence imaging system, how-
cver, which requires skilled use (62).

(Qdots are now available commercially. The first reported
use of Qdots in microorganisms was by Kloepfer et al. (39).
They used a CdSe Qdot that was conjugated to either a
lectin or human transferrin, and they demonstrated the
applicability of this technique with several different genera.
As sizes and spectral properties become more standardized,
the number of uses for Qdots will increase. It is suggested
that they would be ideal for biofilm studies in which three-
dimensional imaging of specific cells becomes important.

SUMMARY

As predicted in the previous edition of this chapter, the
technologies described here have advanced and are becom-
ing more commonplace in environmental microbiology.
This is especially true for the biosensors, and the growth in
commercially available products has certainly helped in this
area. With the continued emphasis on multidisciplinary
approaches to research topics, the use of these technologies
will be invaluable. In the area of fluorescent proteins, a
spectrum of excitation and emission wavelengths might
soon be available that would allow the use of several biore-
porter genes in one species or the use of bioreporters to dis-
tinguish individual species in a community. Multigene
analysis will have a substantial impact on the understanding
of genetic control. In the area of biosensors, the trend
toward miniaturization and commercialization will con-
tinue. [t is expected that fieldable biosensors will have a
great impact on biowarfare monitoring and long-term eco-
logical studies.
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