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Introduction

The major portion of microorganisms present in the envi-
ronment may not be readily cultivated by the contemporary
available technologies. Indeed cumrent estimates show that
fewer than 1% of the microorganisms preseut in many envi-
ronments can be cultivated with ease, reflecting that tech-
niques based on laboratory cultivation could be significantly
biased (71, 72). Microorganisms are typically plated on lab-
oratory culture media, and different types of colonies arc
identified with biochemical or morphological methods (21).
Microbial communities can also be analyzed with carbon-
source utilization patterns through the application of envi-
ronmental samples into BIOLOG microplates (63).

Application of molecular techniques to ecological studies
has disclosed a wide diversity of microorganisms in natur-
al and controlled communities, previously unknown to micro-
bial ecologists. They have also devoted much effort to track-
ing biological interactions between species in the environ-
ment. The molecular techniques, including fatty acid methy]
ester (FAME), phospholipid fatty acid ester (PLFA), Coti2
curve analysis, sequencing of gene encoding small subunit
of ribosomal RNA and denaturing gradient gel electrophoresis
(DGGE) have also been applied (o analyze microbial com-
munities with or without culturing microbes. Of these, DGGE
is one of the most useful fingerprinting techniques and can
process multiple samples without cultivation at a time.
Virtually, culture-independent methods have revealed more
complexity in the microbial populations of particular ecosys-
tems than culture-based methods. Mostly these techniques
are real-ime based, sensitive, rapid, and effective.

In this review, denaturing gradient gel electrophoresis
(DGGE), one of the most popular molecular biological tech-
nigues useful for the analysis of microbial community struc-
tures will be discussed. The discussion will be focused on
use of the technique for the analysis of microbial commu-
nities such as soil, sediment and composting environments.

Concept of PCR-DGGE separation

Amplification of total DNA mixture from microbial com-
munities using primers specific for 165 rRNA gene frag-
ments of bacteria generates mixtures of PCR products. These
mixtures have different base sequences so that they have
different melting temperatures in the polyacrylamide gel con-
taining a gradient of denaturants, typically a mixture of urea
and formamide. The amplified DNA products first enter as
double-stranded molecules and later they become melted and
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Fig. 1. A flow diagram of PCR-DGGE analysis of microbial com-
munities (adapted from the references 2a and 62).
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stop at different positions within the gel where different
denaturant concentrations are met (Figure 1)

Data analysis of PCR-DGGE patterns

DGGE patterns from mixed microbial communities may
be quite complex. Various kinds of information can be
obtained from the patterns such as number, position (absence
or presence of particular bands) and relative intensity of
bands. Nucleotide sequence information of the bands can
also be additional. The analysis of DGGE patterns require
statistical methods, including unweighted pair-wise grouping
with mathematical averages (UPGMA) and multidimension-
al scaling (MDS) to set up a binary matrix that is repre-
sentative of the bands occurring in a set of DGGE patterns
(Figure 2).
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Fig. 2. A scheme of statistical analysis of DGGE profiles. The
presence (1) and absence (0) of DGGE bands in various samples
are scored in a binary matrix. The binary matrix is transformed
into a distance matrix using a similarity coefficient (e.g., Jaccard
coefficient) that is used for UPGMA or MDS (redrawn from the
reference 62).

PCR-DGGE to monitor population shifts
after environmental stress and perturbation

Here we describe various applications of the PCR-DGGE
technique to analysis of pristine and polluted microbial ecosys-
tems. The former will inclode natural soil, sediment and
composting microbial communities while the latter will cover
several polluted soil and sediment microbial ecosystems.

Natural aquatic and soil microbial communities

Over the last 10 years several molecular techniques have
been developed in order to study natural samples (44). These
techniques can help identify microorganisms without isola-
tion (1, 28) and have elucidated the enormous extent of
microbial diversity (54). Moreover, new molecular approach-
es have been proposed recently in order to link microbial
processes with the organisms involved (2, 5). Denaturing
gradient gel electrophoresis (DGGE) of PCR-amplified 165
rRNA genes is a molecular technique that is used to study
the dynamic behavior of complex microbial assemblages (44,
46) and to isolate microorganisms in pure culture (61, 70).

Casamayor et al. (4) have analyzed the microbial assem-
blages of Lake Ciso and Lake Vilar (Banyoles, northeast
Spain) that were analyzed in space and time by microscopy
and by performing PCR-denaturing gradient gel electrophoresis
(DGGE) and sequence analysis of 16S rRNA gene frag-
ments. Samples obtained from different water depths and at
two different times of the year (in the winter during holomix-
is and in the early spring during a phytoplankton bloom)
were analyzed. Sequences obtained from Lake Ciso samples
were related to gram-positive bacteria and to members of
the division Proteobacteria. Sequences obtained from Lake
Vilar samples were related to members of the Cytophaga-
Flavobacterium-Bacteroides phylum and to cyanobacteria.
Euryarchaeal sequences (i.e., methanogen- and thermoplas-
ma-related sequences) also were present in both lakes. These
data showed that the sequences obtained from the DGGE
fingerprints corresponded to the microorganisms that were
actually present at higher concentrations in the natural sys-
tem.

The rhizosphere is the volume of soil adjacent to and
influenced by the plant root (24). Roots are known to excrete
several forms of organic materials. The amounts and com-
position of these organic materials are different in different
plant species and cultivars, change during plant develop-
ment, and are different in old and young parts of the root
system (20). As a result, the bacterjal communities in the
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rhizosphere, which can use these organic materials as a sub-
strate, will differ in composition and density (6). This may
result in the buildup of a microflora specific to a particu-
lar plant species and genotype (48), as well as to the plant
developmental stage and the root part (base or tip) (37).
The study of the diversity of bacterial communities in the
soil or rhizosphere is inherently difficult, since all methods
developed to date have limitations (31, 74).

Recently, a novel method, PCR followed by denaturing
gradient gel electrophoresis (PCR-DGGE), was proposed for
the study of the phylogenetic diversity of bacterial popula-
tions in environmental samples (44). Duineveld et al.(9)
have used PCR-DGGE in conjunction with cultivation-based
methods to analyze the diversity of the bacterial commu-
nity in the rhizosphere during the growth of chrysanthemum
plants. Information on both the dynamics of the total bac-
terial community and the metabolic potential of populations
may be important for the identification of suitable biocon-
trol agents. In this study they intended to obtain a better
understanding of root effects on the total and the cultur-
able bacterial community in soil on a general level with-
out dealing with specific groups of bacteria. The DGGE
patterns showed that the bacterial communities as deter-
mined from direct rhizosphere DNA extracts were largely
stable along developing roots of the chrysanthemum, with
very little change over time or between root parts of dif-
ferent ages. Results obtained with the sole carbon source
utilization tests showed that the metabolic profile of the
bacterial communities in the rhizosphere of the root tip did
not change substantially during plant growth. This suggests
selective development of specific bacterial populations by
the presence of a root tip.

FPurthermore, the soil type, growth stage, cropping prac-
tices (such as tillage and crop rotation), and other envi-
ronmental factors (7, 19, 27, 36, 38, 79) seem to influence
the composition of the microbial community in the rhizos-
phere. Rhizosphere microorganisms can exert strong effects
on plant growth and health by nutrient solubilization, N»
fixation, or the production of plant hormones (26, 55).
However, to fully exploit the potentials of biological con-
trol agents, a better understanding of the structural and func-
tional diversity of microbial populations in the rhizosphere
and their succession daring plant development is required
(73).

DGGE profiles of the rhizoplane more closely resembled
those in the soil than the profiles found in the root tissue
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Fig. 3. Comparative analysis of DGGE profiles of 168 tDNA frag-
ments amplified from bulk soil DNA (lanes 2 to 5) or from rhi-
zosphere DNA of strawberry (lanes 6 1o 9), polato (lanes 11 Lo
14), or oilseed rape (lanes 15 to 18) at sampling time (3rd month
of 2nd year); lancs 1, 10, and 19, standard. The numbered bands
in the gel profile shows representative fingerprinting bands from

which a DNA sequence was identified (from the reference 64).

or an the seed, suggesting that rhizoplane bacteria primar-
ily originated from the surrounding soil (51). No change in
bacterial community composition was observed in relation
to plant age. Pregermination of the seeds for up 0 6 days
improved the survival of seed-associated bacteria on roots
grown in soil, but only in the upper, nongrowing part of
the rhizoplane

The bacterial rhizosphere communities of three host plants
of the pathogenic fungus Verricillium dahliae, field-grown
strawberry (Fragaria ananassa Duch.), oilseed rape (Brassica
napus L.), and potalo (Solanum tuberosum L.), were ana-
lyzed (64). The DGGE fingerprints showed plant-dependent
shifts in the relative abundance of bacterial populations in
the rhizosphere which became more pronounced in the sec-
ond year. DGGE patterns of oilseed rape and potato rhi-
zosphere communities were more similar to each other than
to the strawberry patterns. In both years seasonal shifts in
the abundance and composition of the bacterial rhizosphere
populations were observed (Figure 3). Bacillus megaterium
and Arthrobacter sp. were found as predominant popula-
tions in bulk soils. Sequencing of dominant bands excised
from the rhizosphere patterns revealed that 6 out of 10
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bands resembled gram-positive bacteria. Nocardia popula-
tions were identified as strawberry-specific bands.

Composting microbial communities

Composting turns easily degradable organic matter into
stable matter containing a humic-like substance by passing
through a thermophilic stage (14, 18). This waste treatment
is useful in addressing environmental problems such as glob-
al warming, due to the accumulation of man-made green-
house gases in the atmosphere, because the process emits
less CO; than burning. Monitoring of the microbial suc-
cession is important in effective management of the com-
posting process as microbes play key roles in the process
and the appearance of some microbes reflects the quality
of maturing compost (32),

Although workers have examined nitrogen balance during
composting (31, 53), this parameter has not been described
well yet. Inbar et al. (30) qualitatively characterized nitri-
fication as a normal process in compost that depends on
the composting conditions used. Nodar et al. (49) reported
the presence of “very few ammonium oxidizers and nitrite
oxidizers” belonging to undetermined genera in a poultry
dung-pine sawdust mixture, and the number of nitrifiers
decreased after prolonged storage of poultry slurry (50).
Thus, although nitrifiers have been recognized as potentially
important organisms in composts and composting materials,
their species composition, distribution, and activity have not
been assessed yet. The lack of data concerning ammonia
oxidizers in compost may be due to the difficulties encoun-
tered in stadying this specialized group of organisms by
conventional culture-based techniques., Ammonia oxidizers
have low maximum growth rates and produce low biomass
yields, and pure-culture isolation is extremely time-con-
suming and unrepresentative (57). The monophyletic nature
of the beta-subgroup proteobacterial ammonia oxidizers has
facilitated the design of PCR primers and oligonucleotide
probes that target the 16S rRNA gene in this group at dif-
ferent taxonomic levels, and the use of these primers and
probes has led 1o a recent progress in the analysis of ammo-
nia oxidizer populations (25, 43, 67, 76).

Denaturing gradient gel electrophoresis (DGGE) has been
a powerful tool for analyzing microbial communities. It has
been used to separate mixed PCR products after amplifi-
cation of 16S ribosomal DNA (rDNA) fragments (45), and
this technique has been applied to the study of ammonia-
oxidizing bacteria (35). DGGE band patterns can be char-

acterized by hybridization with specific oligonucleotides that
target internal sites, as demonstrated for broad taxonomic
groups within the domain Bacteria (69) and the seven rec-
ognized sequence clusters within the beta-subgroup pro-
teobacterial ammonia oxidizers (66, 67).

A stady (35) was carried out 10 investigate the distribu-
tion and community composition of beta-subgroup pro-
teobacterial ammonia oxidizers in different types of com-
post and composting materials in order to determine to what
extent these organisms might be responsible for nitrogen
transformations in these substrates. Here ammonia oxidizer-
like 16S rDNA was detected in almost all of the materials
tested, including industrial and experimenial composts,
manure, and commercial biofertilizers. A comparisen of the
DGGE and hybridization results after specific PCR and RT-
PCR suggested that not all of the different ammonia oxi-
dizer groups detected in compost are equally active. 168
tRNA was also simultaneously targeted by reverse tran-
scriptase PCR (RT-PCR) to determine which of the ammo-
nia oxidizer populations detected were most active in the
composting materials tested (11, 56, 77).

Ishii et al. (32) monitored the composting microbial suc-
cession in the S phase. Some fermenting bacteria, such as
lactobacillus, were present with the existing organic acids;
in the T phase thermophilic bacillus appeared and, after the
C phase, bacterial populations were more complex than in
previous phases and phylogenetic positions of those popu-
lations were relatively distant from strains so far in the
DNA database. Here, the DGGE method has been useful
to elucidate microbial succession during a composting process.

Polluted soils and sediments

As sensitive molecular biological techniques are being
developed, it is now becoming possible to define the caus-
es of time-dependent changes in the health of a stressed
ecosystem on the basis of the structural composition of the
ecosystem population (22). The measurement of lipid bio-
markers, specifically, phospholipid fatty acids (PLFA), com-
bined with nucleic acid-based molecular techniques for fin-
gerprinting the 168 ribosomal DNA (tDNA) component of
microbial cells has been a powerful technique for eluci-
dating the microbial ecology of actively bioremediating com-
munities (68). Lipid biomarker-based techniques measure the
lipid profiles of microbes in the environment irrespective of
culturability, thereby avoiding culture bias (80, 81). Microbial
communities within contaminated ecosystems could be dom-
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inated by the organisms capable of utilizing and/or surviv-
ing toxic contamination. As a result, these communities are
typically less diverse than those in non-polluted systems,
although the diversity may be influenced by the complexi-
ty of chemical mixtures present and the length of time the
populations have been exposed.

Garland and Mills (16) used the Biolog redox technolo-
gy based on community-level carbon source utilization pat-
terns to characterize and classify microbial communities from
environmental (soil, aguatic, and rhizosphere) samples. In a
comparative study of rhizosphere bacterial communities and
hydrocarbon-polluted environments, Garland and Mills (17)
and Wunsche et al. (83) demonstrated that substrate uti-
lization patterns could be used as an indicator of commu-
nity structure and function. Ibekwe et al. (29) examined the
ability of soil microbial communities to recover after treat-
ment with fumiganis using culture-dependent (Biolog) and
culture-independent (phospholipid fatty acid [PLFA] analy-
sis and denaturing gradient gel electrophoresis [DGGE] of
16S ribosomal DNA [rDNA] fragments amplified directly
from soil DNA) approaches. Here, the effect of MeBr on
heterotrophic microbial activities was most severe in the
first week and thereafter the effects of MeBr and the other
fumigants were expressed at much lower levels. High diver-
sity indices were maintained between the control soil and
the fumigant-treated soils, except for MeBr. Sequence analy-
sis of clones generated from unique bands showed the pres-
ence of taxonomically unique clones that had emerged from
the MeBr-treated samples and were dominated by clones
closely related to Bacillus spp. and Heliothrix oregonensis.
Variations in the daia were much higher in the Biolog assay
than in the PLFA and DGGE assays, suggesting 2 high sen-
sitivity of PLFA analysis and DGGE in monitoring the
effects of Mmigants on soil community composition and
structure,

In general, the effect of herbicides on soil microbial com-
munities has often been investigated by conventional meth-
ods based on cultivation of the microbial communities and
on measurements of their metabolic activities (65, 78). Of
the 165 rDNA-based methods used for studying complex
microbial populations, denaturing gradient gel electrophore-
sis (DGGE) has received the most attention and has been
successfully applied to several natural habitats (33, 47, 69,
73). The influences of three phenyl urea herbicides (diuron,
linuron, and chlorotoluron) on soil microbial communities
were studied by using soil samples with a 10-year history
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Fig. 4. DGGE profiles of bacterial communities at three time
points, Amplified products were electrophoresed on a gradient of
15 to 55% denaturant. All labeled bands were excised from the
gel, reamplified, and subjected to sequence analysis. Italicized labels
point out bands that were also derived from earlier time points
and are poted to allow visual comparison between gels. (A)
Community structures at time zero. Time zero was considered as
4 days after oil was added to the plots and was the time point
at which accelerated remediation techniques were initiated (amend-
ment with putrients [Nut.] or putrients plus inoculum |Inoc.)). (B)
Community structures after 8 weeks of treatmept. (C) Community
structures after 14 weeks of treatment. The banding profiles of all
oiled plots were complex compared to unoiled plots. Two bands
(Dw8 and Dw9) were observed only in oiled plots that had also
received nutrient amendment (from the reference 39).

of treatment (60). Similarity cluster analysis demonstrated
that the microbial community structures of the herbicide-
treated and nontreated soils were significantly different.
Moreover, the bacterial diversity seemed to decrease in soils
treated with urea herbicides, and sequence determination of
several DGGE fragments showed that the most affected
species in the soils treated with diuron and linuron belonged
to an uncultivated bacterial group. In addition, principal-
component analysis performed on BIOLOG data showed that



Denaturing Gradient Gel Electrophoresis (DGGE) Monitoring of Soil, Sediment and Composting Micrabial Communities 7

the functional abilities of the soil microbial communities
were altered by the application of the herbicides.

A study was undertaken to gain insight on the progress
of natural attemuation and enhanced bioremediation during
a controlled oil spill field experiment in Delaware (39).
Three crude oil bioremediation techniques were applied in
a randomized block field experiment simulating a coastal
oil spill. Here, four treatments (no oil control, oil alone,
oil plus nutrients, and oil plus nutrients plus an indigenous
inoculum) were set up. The results of PLFA analysis demon-
strated a community shift in all plots from primarily eukary-
otic biomass to gram-negalive bacterial biomass with time.
PLFA profiles from the oiled plots suggested increased gram-
negative biomass and adaptation to metabolic stress com-
pared to unoiled controls. PCR-DGGE analysis of untreat-
ed control plots showed a simple, dynamic dominant pop-
ulation structure throughout the experiment. This DGGE pat-
tern disappeared in all oiled plots, reflecting that the struc-
ture and diversity of the dominant bacterial community
changed substantially. No consistent differences were detect-
ed between nutrient-amended and indigenous inoculum-treat-
ed plots, but both differed from the oil-only plots.
Representative bands were excised for sequence analysis and
indicated that oil treatment encouraged the growth of gram-
negative microorganisms within the alpha-proteobacteria and
Flexibacter- Cytophaga-Bacteroides phylum (Figure 4).

Recently Duarte et al. (8) studied the selective effects of
sulfur-containing hydrocarbons, with respect to changes in
bacterial community structure and selection of desulfurizing
organisms and genes in the soil environment. Generally,
counts of dibenzothiophene (DBT) degraders were 10- to
100-fold lower than the total culturable counts. PCR-DGGE,
however, demonstrated that the numbers of bands detected
in the molecular community profiles decreased with increas-
ing oil content of the soil. Analysis of the sequences of
three representative bands of the profiles generated from the
highly polluted soil samples suggested that the underlying
organisms were related to Actinomyces sp., Arthrobacter sp.,
and a bacterium of uncertain affiliation. PCR-DGGE applied
to sequential enrichment cultures in DBT-containing sulfur-
free basal salts medium prepared from the A and treated
FSL soils revealed the selection of up to 10 distinct bands.
Sequencing a subset of these bands provided evidence for
the presence of organisms related to Pseudomonas putida,
a Pseudomonas sp., Stenotrophomonas maltophilia, and Rhodococcus
erythropolis. Several of 52 colonies obtained from the A

and FSL soils on agar plates with DBT as the sole sulfur
source produced bands that matched the migration of bands
selected in the enrichment cultures. These results indicate
the dominant DBT degraders could be detected and moni-
tored by the PCR-DGGE technique.

TGGE techniques

Methods such as denaturing gradient gel electrophoresis
{15) or temperature gradient gel electrophoresis (TGGE) (58)
have been developed to analyze microbial communities rapid-
ly, based on sequence-specific separation of 16S 1DNA
amplicons (10, 45).

A group-specific primer, F243 (positions 226 to 243,
Escherichia coli numbering), was developed by comparison
of sequences of genes encoding 1658 rRNA (16S rDNA) for
the detection of actinomycetes in the environment with PCR
and TGGE or DGGE (21). The specificity of the forward
primer in combination with different reverse ones was test-
ed with the genormic DNAs from a variety of bacterial strains.
Most actinomycetes investigated could be separated by TGGE
and DGGE, with both technigques giving similar results.

The diversity of the predominant bacteria in the human
gastrointestinal tract was studied by using 16S rRNA-based
approaches. PCR amplicons of the V6 to V8 regions of
fecal 165 rRNA and ribosomal DNA (tDNA) were analyzed
by TGGE. (84). Here a temperature gradient from 36-45C
was applied parallel to the electrophoresis running direc-
tion. The sequences maiching 15 bands in the TGGE pat-
tern showed 91.5 to 98.7% homology to sequences derived
from different Clostridium clusters. The results indicate that
the combination of cloning and TGGE analysis of 16S tDNA
amplicons can be a reliable approach to monitoring differ-
ent microbial communities in fecal environments.

A greenhouse study with soil-plant microcosms has been
conducied in order to compare the effect of crop species,
soil origin, and a bacterial inoculant on the establishment
of microbial communities colonizing plant roots (42). It
torned out that the influence of soil was of minor impor-
tance, while a modification of the alfalfa-associated micro-
bial community structure after inoculation with Sinorhizobium
meliloti L33 was only consistently observed by using TGGE.

Limitations of PCR-DGGE approach
It is highly probable that molecular techniques provide a
biased view of microbial diversity. For instance, many of
the procedures rely on PCR, a technique in which biases
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have been shown to exist. and on cloning, which can act
in a selective way (82). Similarly, it is not clear whether
bacterial cells in nature possess different degrees of resis-
tance to cell breakage, which is required for nucleic acid
extraction, All taken, it is rather hard to ascertain whether
the collection of sequences obtained from an environment
represents the natural assemblage accurately. As with all
other molecular biological applications that rely on PCR as
an initial step, DGGE fingerprinting is potentially afflicted
with the PCR inherent biases.

Another side of DGGE limitations is that only short
sequence fragments can be used (up to ca. 500bp), hereby
limiting the amount of sequence information for subsequent
identification by comparative sequence analysis. Furthermore,
the resolution of different sequences is not always accom-
plished and recognition of features as bands or not bands
can also be difficult in some cases. Other biases can also
generate artifacts with other molecular approaches. Bacteria
may carry more than one copy of the 165 rRNA encoding
gene, with heterogeneous sequences, giving rise to more
than one band on DGGE (52).

Furthermore, dissimilar sequences may co-migrate to the
same position in a DGGE gradient (3, 13, 35, 59), caus-
ing a band to be a mixture of more than one sequences
and preventing recovery of a clean sequence after re-ampli-
fication. These problems potentially interfere with the reli-
able estimation of the number of different phylotypes (i.e.,
richness) by all genetic fingerprinting methods. Futhermore,
artificial bands may be due to hetroduplex molecules (12),
which may form between single strands of two similar, but
cannot interfere with conclusions based on the comparison
of patterns from different samples. Murray et al. (47), how-
ever, noted that heteroduplex formation did not significantly
interfere with DGGE analysis of complex communities. To
reduce misinterpretation of results due to biases or limita-
tions of the techniques used, it may be of advantages if
other molecular, microbiological and geochemical measure-
ments are made at the same time.

Conclusions
Numerous studies in microbial ecology have used PCR-
DGGE fingerprinting for the analysis of microbial commu-
nity composition up to now. It has been shown by sever-
al studies that the approach is reproducible and sensitive.
These beneficial features as well as the simpleness of DGGE
techniques will surely attract even more scientists to adapt

this relatively inexpensive technique as a new tool in ana-
lyzing various unexplored microbial communities in the
future. The limitations of the techniques can be overcome
by employing conventional microbiological methodologies,
compensating molecular techniques, and the microbial
genomics techniques including DNA microarray and other
adranced molecular techniques.

References

1. Amann, RI, W. Ludwig, and KH. Schleifer. 1995,
Phylogenetic identification and in situ detection of indi-
vidual microbial cells without cultivation. Microbiol.
Rev. 59:143-169

2. Andreasen, K., and P.H. Nielsen. 1997. Application of
microautoradiography to the study of substrate uptake
by filamentous microorganisms in activated sludge. Appl.
Environ. Microbiol. 63:3662-3668.

2a. Bernadette M. Duineveld, George A. Kowalchuk, Anneke
Keijzer, Jan Dirk van Elsas, and Johannes A. van Veen.
2001.
Rhizosphere of Chrysanthemum via Denaturing Gradient
Gel Electrophoresis of PCR-Amplified 168 rRNA as
Well as DNA Fragments Coding for 16S rRNA Appl.
Envir. Microbiol. 67:172-178.

3, Buchholz-Cleven, B.E.E., Rattunde, B. and Straub, K.L.
1997. Screening for genetic diversity of isolates of anaeroobic
Fe(I)-oxidizing bacteria using DGGE and whole-cell
hybridization. Syst. Appl. Microbiol. 20:301-309.

4. Casamayor, E.O., H.. Schafer, L. Baneras, C. Pedros-
Alio, and G. Muyzer. 2000. Identification of and spa-

Analysis of Bacterial Communities in the

tio-temporal differences between microbial assemblages
from two neighboring sulfurous lakes: comparison by
microscopy and denaturing gradient gel electrophoresis.
Appl. Environ. Microbiol. 66:499-508.

5. Chen, F., ].M. Gonzalez, W.A. Dustman, M.A. Moran,
and R.E. Hodson. 1997, In situ reverse transcription, an
approach to characterize. genetic diversity and activities
of prokaryotes. Appl. Environ. Microbiol. 63:4907-4913.

6. Curl, EA, and B. Truelove. 1986. The rhizosphere.
Springer, New York, N.Y.

7. De Leij, FA.AM., .M. Whipps, and J.M. Lynch. 1994,
The use of colony development for the characterization
of bacterial communities in soil and on roots. Microb.
Ecol. 27:81-97.

8. Duarte, GF., AS. Rosado, Seldin, L., W. de Araujo,,
and J.D. van Elsas. 2001. Analysis of bacterial commu-



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Denaturing Gradient Gel Electrophoresis (DGGE) Monitoring of Soil, Sediment and Composting Microbial Communities 9

nity structure in sulfurous-oil-containing soils and detec-
tion of species carrying dibenzothiophene desulfurization
(dsz) genes. Appl. Environ. Microbiol. 67:1052-62.
Duineveld, B.M., A.S. Rosado, J.D. van Elsas, and J.A.
van Veen. 1998. Analysis of the dynamics of bacterial
communities in the rhizosphere of the chrysanthemum via
denaturing gradient gel e¢lectrophoresis and substrate uti-
lization patterns. Appl. Environ. Microbiol. 64: 4950-4957.
Felske, A., A. Wolterink, R. van Lis, and A.D.L.
Akkermans. 1998. Phylogeny of the main bacterial 16S
rRNA sequences in Drentse A Grassland soils. Appl.
Environ. Microbiol. 64:871-879.

Felske, A., B. Engelen, U. Nubel, and H. Backhaus.
1996. Direct ribosome isolation from soil to extract bac-
terial ‘RNA for community analysis. Appl. Environ.
Microbiol. 62:4162-4167.

Ferris, M.J. and D.M. Ward. 1997. Seasonal distribu-
tions of dominant 165 rRNA defined populations in a
hot spring microbial mat examined by denaturing gra-
dient gel electrophresis. Appl. Environ. Microbiol.
63:1375-1381.

Fesefelt, A. and Gliesche, C.G. 1997. Identification of
Hyphomicrobium spp. using PCR-amplified fragments
of the mxaF gene as a molecular marker. Syst. Appl.
Microbiol. 20:387-396.

Finstein, M.S., and Morris, M.L. 1975. Microbiology of
municipal solid waste composting. Advances in Appl.
Microbiol. 19:113-151

Fischer, S.G., and L.S. Lerman. 1979. Length-indepen-
dent separation of DNA restriction fragments in two-
dimensional gel electrophoresis. Cell. 16:191-200.
Garland, J.L., and AL. Mills. 1991. Classification and
characterization of heterotrophic microbial communities on
the basis of patterns of community-level sole-carbon-source
utilization. Appl. Environ. Microbiol. 57:2351-2359.
Garland, I.L., and A.L. Mills, 1994. A community-level
physiological approach for studying microbial commu-
nities, p. 77-83. In K. Ritz, J. Dighton, and K. E. Giller
(ed.), Beyond the biomass: composition and functional
analysis of soil microbial communities. Wiley, Chichester,
United Kingdom.

Gray, K.R., Sherman, K. and A.J. Biddlestone. 1771.
A review of composting-part 1. Process Biolchemistry.
6:32-36

Grayston, S.J., S. Wang, C.D. Campbell, and A.C.
Edwards. 1998. Selective influence of plant species on

20.

23.

25.

26.

28.

29.

30.

31.

microbial diversity in the rhizosphere. Soil Biol. Biochem.
30:369-378.

Hale, M.G., L.D. Moore, and G.). Griffin. 1978. Root
exudates and exudation, p. 163-203. In Y. R, Dommergues,
and $. V. Krupa (ed.), Interactions between non-path-
Elsevier,

ogenic  soil

Amsterdam, The Netherlands.

microorganisms and plants.

. Heuver, H., M. Krsek, P. Baker, K. Smalla, and EM.

Wellington. 1997. Analysis of actinomycete communi-
ties by specific amplification of genes encoding 165
rRNA and gel-electrophoretic separation in denaturing
gradients. Appl. Environ. Microbiol. 63:3233-41.

. Head, IM., JR. Saunders, and R.W. Pickup. 1998.

Microbial evolution, diversity, and ecology: a decade of
ribosomal RNA analysis of uncultivated microorganisms.
Microb. Ecol. 35:1-21

Heuer, H., and K. Smalla, 1999. Bacterial phyllosphere
communities of Solanum tuberosum L. and T4-lysozyme-
producing transgenic variants. FEMS. Microbiol. Ecol.
28:357-371.

. Hiltner, L. 1904. Uber neuere Erfahrungen und Probleme

auf dem Gebiet der Bodenbakteriologie und unter beson-
derer Berucksichtigung der Grundung und Brache. Arb.
Deutsch. Landwirt. Ges. 98:59-78.

Hioms, W.D., R.C. Hastings, LM. Head, A.J. McCarthy,
TR, Saunders, R.W. Pickup, and G.H. Hall. 1995. Amplification
of 16S ribosomal RNA genes of autotrophic ammonia-
oxidising bacteria. Microbiology 141:2793-2800.
Hoflich, G., W. Wiehe, and G. Kuhn. 1994. Plant growth
stimulation by inoculation with symbiotic and associa-
tive rhizosphere microorganisms. Experientia 50:897-905.

. Horwath, W.R., L.F. Elliott, and .M. Lynch. 1998.

Influence of soil quality on the function of inhibitory
rhizobacteria. Lett. Appl. Microbiol. 26:87-92.
Hugenholtz, P., and N.R. Pace. 1996. Identifying micro-
bial diversity in the natural environment: a molecular
phylogenetic approach. Trends Biotechnol. 14:190-197
Ibekwe. A.M., S.K. Papiernik, J. Gan, S.R. Yates, C.H.
Yang, and D.E. Crowley, 2001. Impact of fumigants on
soil microbial communities. Appl. Environ. Microbiol.
67:3245-57.

Inbar, Y., Y. Hadar, and Y. Chen. 1993. Recycling of
cattle manure: the composting process and characteri-
zation of maturity. J. Environ. Qual. 22:857-863.
Insam, H., and A. Ranger. 1997. Microbial communi-
ties: functional versus structural approaches. Springer,



10

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Denaturing Gradient Gel Electrophoresis (DGGE) Monitoring of Soll, Sediment and Composting Microbial Communities

Heidelberg, Germany.

Ishii, K., M. Fukui and §. Takii. 2000. Microbial suc-
cession during a composting process as evalvated by
denaturing gradient gel electrophoresis analysis. Journal
of Applied Microbiology. 89:768-777

Jensen, S., L. vreas, FL. Daae, and V. Torsvik. 1998.
Diversity in methane enrichments from an agricultural
soil revealed by DGGE separation of PCR amplified
168 rDNA fragments. FEMS Microbiol. Ecol. 26:17-26.

Kowalchuk, G.A., J.R. Stephen, W. De Boer, J.I. Prosser,
T.M. Embley, and J.W. Woldendorp. 1997. Analysis of
ammonia-oxidizing bacteria of the beta subdivision of
the class Proteobacteria in coastal sand dunes by dena-
turing gradient gel electrophoresis and sequencing of
PCR-amplified 16§ ribosomal DNA fragments. Appl.
Environ. Microbiol. 63:1489-1497.

Kowalchuk, G.A., Z.5. Naoumenko, P.JL. Derikx, A.
Felske, J.R. Stephen, and LA. Arkhipchenko. 1999. Molecular
analysis of ammonia-oxidizing bacteria of the subdivi-
sion of the class proteobacteria in compost and com-
posted materials. Appl. Environ. Microbiol. 65: 396-403.

Latour, X., L. Philippot, T. Corberand, and P. Lemanceau.
1996. The establishment of an introduced community
of fluorescent pseudomonads in the soil and in the rhi-
zosphere is affected by the soil type. FEMS Microbiol.
Ecol. 30:163-170

Liljeroth, E., S.L. G.E. Burgers, and J.A. van Veen.
1991, Changes in bacterial populations along roots of
wheat seedlings. Biol. Fertil. Soils 10:276-280.
Lupwayi, N.Z., W.A. Rice, and G.W. Clayton. 1998.
Soil microbial diversity and community structure under
wheat as influenced by tillage and crop rotation. Soil
Biol. Biochem. 30:1733-1741.

MacNaughton, S.J., J.R. Stephen, A.D. Venosa, G.A.
Davis, , Y.J. Chang, and D.C. Whiie, 1999. Microbial
population changes during bioremediation of an exper-
imental oil spill. Appl. Environ. Microbiol. 65:3566-74.
Mahimairaja, S., N.S. Bolan, M.J. Hedley, and A.N.
Macgregor. 1994. Losses and transformation of nitro-
gen during composting of poultry manure with differ-
ent amendments: an incubation experiment. Bioresource
Technol. 47:265-273.

Macauley, B.J., B. Stone, K. lilyama, E.R. Harper, and
F.C. Miller. 1993. Composer research runs ‘hot and

42,

43,

44.

45.

46.

47.

48.

49,

50.

51.

52.

‘cold at La Trobe University. Compost Science
Utilitization. 1:6-12.

Miethling, R., G. Wieland, H. Backhaus, and C.C. Tebbe,
2000. Variation of microbial rhizosphere communities
in response lo crop species, soil origin, and inoculation
with Sinorhizobium meliloti 133. Microb. Ecol. 40:43-
56.

Mobarry, B.K., M. Wagner, V. Urbain, B.E. Rittmana,
and D.A. Stahl. 1996. Phylogenetic probes for analyz-
ing abundance and spatial organization of nitrifying bac-
teria. Appl. Environ. Microbiol. 62:2156-2162,
Muyzer, G. 1998, Structure, function and dynamics of
microbjal communities: the molecular biological approach,
p. 87-117. In G. R. Carvalho (ed.), Advances in mol-
ecular ecology. NATO Science Serics. I0S Press, Amsterdam,
The Netherlands.

Muyzer. G., E.C. de Waal, and G.A. Uitterlinden. 1993.
Profiling of complex populations by denaturating gra-
dient gel electrophoresis analysis of polymerase chain
reaction-amplified genes coding for 168 rRNA. Appl
Environ. Microbiol. 59:695-700.

Muyzer, G., and K. Smalla. 1998. Application of dena-
turing gradient gel elecirophoresis (DGGE) and tem-
perature gradient gel electrophoresis (TGGE) in micro-
bial ecology. Antonic Leeuwenhoek 73:127-141
Murray, A.E., 1.T. Hollibaugh, and C. Orrego. 1996.
Phylogenetic compositions of bacterioplankton from two
Californian estuaries compared by denaturing gradient
gel electrophoresis of 165 tDNA fragments. Appl. Environ.
Microbiol. 62:2676-2680.

Neal, J., Jr., RI Larson, and T.G. Atkinson. 1973.
Changes in rhizosphere populations of selected physio-
logical groups of bacteria related to substitution of spe-
cific pairs of chromosomes in spring wheat. Plant Soil
39:209-212.

Nodar, R., M.J. Acea, and T. Carballas. 1990. Microbial
population of poultry pine-sawdust litter. Biol. Wastes
33:295-306.

Nodar, R., M.J. Acea, and T. Carballas. 1992. Poultry
slurry microbial population: composition and evolution
during storage. Bioresource Technol. 40:29-34.
Normander, B., and I.I. Prosser, 2000. Bacterial origin
and community composition in the barley phytosphere
as a function of habitat and presowing conditions. Appl.
Environ. Microbiol. 66:4372-4377,

N bel, U, B. Engelen, A. Felske, I. Snaidr, A. Weishuaber,



33.

54.

55.

57.

58.

59.

60.

61.

62.

63.

64.

Denaturing Gradient Gel Flectrophoresis (DGGE) Monitoring of Soil, Sediment and Composting Microbial Communities 11

RI. Amann, W. Ludwig, and H. Backhaus. 1996.
Sequence heterogeneities of genes encoding 165 rRNAs
in Paenibacillus polymyxa detected by temperature gra-
dient gel electrophoresis. J. Bacteriol. 178:5636-5643.

O Dwyer, B., M.A. Morgan, and P. O Toole. 1989.
Changes in physical and chemical properties of com-
posts based on cattle slury and milled peat during incu-
bation. Acta Hortic. (The Hague) 238:181-188.

Pace, N.R. 1997. A molecular view of microbial diver-
sity and the hiosphere, Science 276:734-74Q

Patten, C.L., and B.R. Glick. 1996. Bacterial biosynthe-
sis of indole-3-acetic acid. Can. J. Microbiol. 42:207-220.

. Ponlsen, L.K., G. Ballard, and D.A. Stahl. 1993. Use

of TRNA fluorescence in sitn hybridization for mea-
suring the activity of single cells in young and estab-
lished biofilms. Appl. Environ. Microbiol. 59:1354-1360.
Prosser, J.1. 1989. Autotrophic nitrification in bacteria.
Adv. Microb. Physiol. 30:125-181.

Rosenbaum, V., and D, Riesner. 1987. Temperature-gradi-
ent gel electrophoresis thermodynamic analysis of nucleic
acids and proteins in purified form and in cellular extracts.
Biophys. Chem, 26:235-246.

Rossello-Mora, R., B. Thamdrup, H. Sch fer, R. Wellwe,
and R. Amann. 1999. The responsee of the microbial com-
munity of marine sediments to organic carbon input under
anaerobic conditions. Syst. Appl. Microbiol. 22:237-248.
Saidel Fantroussi, L., W, Verstraete, and EM. Top.
1999. Effect of phenylurea herbicides on soil microbial
communities estimated by analysis of 165 tRNA gene
fingerprints and community-level physiological Profiles.
Appl. Environ. Microbiol. 65(3):982-988

Santegoeds, C.M., S.C. Nold, and D.M. Ward. 1996.
Denaturing gradient gel electrophoresis used to momnitor
the enrichment culture of aerobic chemoorganotrophic
bacteria from a hot spring cyanobacterial mat. Appl
Environ. Microbiol. 62:3922-3928.

Schifer, H. and G. Muyzer. 2001. Denaturing gradient
gel electrophresis in marine microbiol ecology, p. 424-
468. In I.H. Paul (ed.), Methods in Microbiology, Marine
Microbiology., Vol. 30 Academic Press Ltd., N.Y.
Smalla, K., U. Wachtendorf, H. Heuer, W.-T. Liu, and
L. Forney. 1998. Analysis of BIOLOG GN subsirate
utilization patterns by microbial communities. Appl.
Environ. Microbiol. 64: 1220-1225,

Smalla, K, G. Wieland, A. Buchner, A. Zock, J. Parzy,
S. Kaiser, N. Roskot, H. Heuer, and G. Berg, 2001.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Bulk and rhizosphere soil bacterial communities stud-
ied by denaturing gradient gel electrophoresis: plant-
dependent enrichment and seasonal shifts revealed. Appl.
Environ. Microbiol. 67:4742-4751.

Somerville, L., and M.P. Greaves. 1987, Pesticide effects
on soil microflora, Taylor and Francis, New York, N.Y.
Stephen, J.R., A.E. McCaig, Z. Smith, J.I. Prosser, and
TM. Embley. 1996. Molecular diversity of soil and
marine 16S rRNA gene sequences related to beta-sub-
group ammonia-oxidizing bacteria. Appl.
Microbiol. 62:4147-4154.

Stephen, T.R., Kowalchuk, G.A. M.-A.V. Bruns, A.E.
McCaig, C.J. Phillips, T.M. Embley, and J.I. Prosser.
1998. Analysis of beta-subgroup proteobacterial ammo-

Environ.

nia oxidizer populations in soil by denaturing gradient
gel electrophoresis analysis and hierarchical phyloge-
netic probing. Appl. Environ. Microbiol. 64:2958-2965.
Stephen, J.R., Y.-J. Chang, Y.-D. Gan, A. Peacock, S.M.
Pfiffner, M.J. D.C. White, and S.J.
MacNaughton. 1999. Microbial characterisation of a JP-
4 fuel contaminated site using a combined lipid bio-
marker/PCR-DGGE based approach. Environ. Microbiol.
1:231-243.

Teske, A., C. Wawer, G. Muyzer, and N.B. Ramsing.
1996. Distribution of sulfate-reducing bacteria in a strat-
ified fjord (Mariager Fjord, Denmark) as evaluated by

Barcelona,

most-probable-number counts and denaturing gradient
gel electrophoresis of PCR-amplified ribosomal DNA
fragments. Appl. Environ. Microbiol. 62:1405-1415.
Teske, A., P. Sigalevich, Y. Cohen, and G. Muyzer.
1996. Molecular identification of bacteria from a cocul-
ture by denaturing gradient gel electrophoresis of 16S
ribosomal DNA Fragments as a tool for isolation in pure
cultures. Appl. Environ. Microbiol. 62:4210-4215
Torsvik, V., Goksoyr, J., and F.L. Daae, 1990. High
diversity in DNA of s0il bacteria. Appl. Environ. Microbiol.
56:782-7.

Torsvik, V., Salte, K., Sorheim, R., and J. Goksoyr,
1990. Comparison of phenotypic diversity and DNA het-
erogeneity in a population of soil bacteria. Appl. Environ.
Microbiol. 56:776-81.

Vallaeys, T., E. Topp, G. Muyzer, V. Macheret, G.
Laguerre, A. Rigaud, and G. Soulas. 1997. Evaluation
of denaturing gradient gel electrophoresis in the detec-
tion of 165 rDNA sequence variation in rhizobia and
methanotrophs. FEMS Microbiol. Ecol. 24:279-285.



12

74,

75.

76.

77.

78.

79.

80.

81.

82.

83.

Denaturing Gradient Gel Electrapharesis (DGGE) Monitoring of Soil, Sediment and Composting Microbial Communities

van Elsas, J.D., 1L.T. Trevors, and EM.H. Wellington
(ed.). 1997. Modern soil microbiology. Marcel Dekker,
Inc., New York, N.Y.

Van Veen, J.A., L.S. van Overbeek, and J.D. van Elsas.
1997. Fate and activity of microorganisms introduced
into soil. Microbiol. Mol. Biol. Rev. 61:121-135.
Wagner, M., Q. Rath, R. Amann, H.-P. Koops, and K.-
H. Schieifer. 1995. In situ identification of ammonia-
oxidizing bacteria. Syst. Appl. Microbiol. 18:251-264.
Wagner, R. 1994. The regulation of ribosomal RNA
synthesis and bacterial cell growth. Arch. Microbiol.
161:100-106.

Wardle, D.A., and D. Parkinson. 1990. Effects of three
herbicides on soil microbial biomass and activity. Plant
Soil 122:21-28.

Westover, KM., A.C. Kennedy, and S.E. Kelley. 1997.
Patterns of rhizosphere microbial community structure
associated with co-occurring plant species. J. Ecol.
£5:863-873.

White, D.C., J.O. Stair, and D.B. Ringelberg. 1996.
Quantitative comparisons of in situ microbial biodiver-
sity by signature biomarker analysis. J. Ind. Microbiol.
17:185-196.

White, D.C., C.A. Flernming, K. T. Leung, and S.J. Macnaughton.
1998. In situ microbial ecology for quantitative assess-
ment, monitoring and risk assessment of pollution reme-
diation in soils, the subsurface, the rhizosphere and in
biofilms. J. Microbiol. Methods 32:93-105.
Wintzingerode, F.V., UB. Goebel, and E. Stackebrandt.
1997. Determination of microbial diversity in environ-
mental samples: pitfalls of PCR-based rRNA analysis.
FEMS Microbiol. Rev. 21:2]13-229.

Wunsche, L., L. Bruggermann, and B. Wolfgang. 1995.
Determination of substrate utilization patterns of soil

microbial communities: an approach to assess popula-
tion changes after hydrocarbon pollution. FEMS

Microbiol. Ecol. 17:295-306.

84. Zoetendal, E.G., Akkermans, A.D., and W.M. De Vos,

1998. Temperature gradient gel electrophoresis analysis
of 16S rRNA from human fecal samples reveals stable
and host-specific communities of active bacteria. Appl.
Environ. Microbiol. 64:3854-9.

R
1976-1980 MET st el e} 55k
9
1980-1983\3 AM2uhsid ek S-S
AgrgEle AAt
1983-19873 BFgeNF) JedTd
ASATH TEATY AY
A74)
1987-1994'3 University of Tennessee,
Knoxville, U.S.A. Ale)g
(@778
A= 75 Gary S. Sayler
1994-1996'd University of California,
Riverside, U.S.A. BA}E37]
(E% 2 #3 BAIHE
SEse $H9 &
R P RES EERE ¢

YYA2DTS AT IS

1996-8A)




