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The fungal population dynamics in soil and in the rhizospheres of two maize cultivars grown in tropical soils
were studied by a cultivation-independent analysis of directly extracted DNA to provide baseline data. Soil and
rhizosphere samples were taken from six plots 20, 40, and 90 days after planting in two consecutive years. A
1.65-kb fragment of the 18S ribosomal DNA (rDNA) amplified from the total community DNA was analyzed
by denaturing gradient gel electrophoresis (DGGE) and by cloning and sequencing. A rhizosphere effect was
observed for fungal populations at all stages of plant development. In addition, pronounced changes in the
composition of fungal communities during plant growth development were found by DGGE. Similar types of
fingerprints were observed in two consecutive growth periods. No major differences were detected in the fungal
patterns of the two cultivars. Direct cloning of 18S rDNA fragments amplified from soil or rhizosphere DNA
resulted in 75 clones matching 12 dominant DGGE bands. The clones were characterized by their HinfI
restriction patterns, and 39 different clones representing each group of restriction patterns were sequenced.
The cloning and sequencing approach provided information on the phylogeny of dominant amplifiable fungal
populations and allowed us to determine a number of fungal phylotypes that contribute to each of the dominant
DGGE bands. Based on the sequence similarity of the 18S rDNA fragment with existing fungal isolates in the
database, it was shown that the rhizospheres of young maize plants seemed to select the Ascomycetes order
Pleosporales, while different members of the Ascomycetes and basidiomycetic yeast were detected in the
rhizospheres of senescent maize plants.

Soil is a complex and dynamic environment in which the
biological activity is mostly governed by microorganisms. The
beneficial effects of soil microorganisms are manifold and
range from nitrogen fixation and organic matter decomposi-
tion to breakdown of metabolic by-products and agrochemi-
cals, enhancing the bioavailability of nitrates, sulfates, phos-
phates, and essential metals. The role of fungi in the soil is an
extremely complex one and is fundamental to the soil ecosys-
tem (4). Fungi play an important role in nutrient cycling and
plant health and development (4, 23, 39). While some fungi are
well known to cause a range of plant diseases and in some cases
to devastate agricultural crops (16, 39), others are known to
antagonize plant pathogens, decompose plant residues, pro-
vide nutrients to plants, and stimulate plant growth. Some
fungi (external mycelium of arbuscular mycorrhizae) can also
affect the composition of bacterial communities, either directly
by changing host plant physiology or indirectly by changing the
patterns of root exudation (22, 37, 41). An improved knowl-
edge of the diversity and structure of fungal communities in
bulk and rhizosphere soils can lead to a better understanding
of their roles in soil ecosystems.

It is estimated that there are 1.5 million fungal species on
earth, of which only about 70,000 have been described up to

now (11). The cultivation approach has been applied to assess
the fungal diversity for several decades, but a problem is the
fastidious nature of several fungal species. Thus, fungi such as
rust or smut fungi or arbuscular mycorrhizae are difficult or
impossible to grow in axenic media under laboratory condi-
tions. However, the use of various cultivation techniques which
would be required to properly describe the fungal diversity is
rather time-consuming and laborious, thus limiting their use to
describe the dynamics, composition, and fungal diversity in
rhizosphere and bulk soil samples. The limitations to adequate
identification of fungi by morphological techniques have led to
the use of molecular methods, which greatly facilitated the
identification of fungi (4). Molecular studies with fungal iso-
lates have mainly exploited the rRNA gene cluster consisting
of three rRNA subunit genes, internally transcribed spacers
and intergenic sequences. The analysis of rRNA genes from
DNA obtained directly from environmental samples has ex-
panded our view of microbial diversity in recent years and has
proven to be a powerful tool for investigating the microbial
diversity in a wide range of environmental samples (1, 29).
Molecular fingerprinting techniques such as denaturing gradi-
ent gel electrophoresis (DGGE) analysis of ribosomal DNA
(rDNA) fragments amplified from total community DNA have
been mainly used to analyze the composition of bacterial com-
munities (27). Only very few studies have used this approach to
study fungal soil and rhizosphere communities (7, 18, 19, 36,
42). Since this technique can also be combined with cloning
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and sequencing, this allows us to analyze phylogenetic se-
quences of bands generated by community members (36). Al-
though the analysis of fungal communities by means of DGGE
of rDNA fragments amplified from community DNA is also
prone to different kinds of biases (44), it allows the cultivation-
independent and parallel analysis of large sample numbers.

The aim of this work was to provide baseline data on fungal
population dynamics in the rhizosphere of maize grown in
tropical soils. We analyzed the potential effects of two maize
cultivars (Nitroflint and Nitrodent) on the fungal community
structure in the context of natural variability (e.g., seasonal
shifts) during two consecutive planting periods (1999 and
2000). Cloning and sequencing of 18S rDNA fragments PCR
amplified from community DNA were used to provide infor-
mation on the phylogeny of ribotypes in the DGGE patterns.
This allowed us also to evaluate the diversity behind bands with
identical electrophoretic mobility in the fungal community pro-
files.

MATERIALS AND METHODS

Field design and sampling. The field work was performed at Empresa Brasil-
eira de Pesquisa Agropecuária, located in Seropédica, Rio de Janeiro state,
Brazil. Maize plants of two cultivars, Nitroflint and Nitrodent, differing in their
abilities to utilize N were grown in a field under organic farming practice in
Brazil for two growth periods (from 30 September 1999 to 29 November 1999
and from 8 April 2000 to 17 June 2000). The cultivars were planted in three plots
(3 by 6 m) in a randomized block design as part of a larger field test. Two
independent soil and rhizosphere samples were taken from each plot at 20, 40,
and 90 days after sowing. Each of the six replicate rhizosphere samples per
sampling comprised total roots with adhering soil from five maize plants. The
roots were shaken vigorously to separate soil not tightly adhering to the roots.
The soil cores were taken between the maize rows (approximately 50 cm from
plants); they were free of roots and homogeneous with depth. Each of the six
replicate soil samples per sampling consisted of eight cores (15 cm of top soil)
which were mixed by sieving. Samples for DNA extraction were kept frozen at
�20°C.

Total community DNA isolation. DNA extraction was performed with the
Ultra Clean Soil DNA kit (MoBio Laboratories, Solana Beach, Calif.). A portion
of 0.25 g of bulk soil or root samples was processed according to the protocol
provided by the manufacturer with an additional bead-beating step using a cell
homogenizer (Braun, Melsungen, Germany) to achieve a harsh cell lysis.

PCR amplification of 18S rRNA gene fragments and DGGE analysis. PCR was
performed with a Tgradient thermal cycler (Biometra GmbH, Göttingen, Ger-
many), and the fungus-specific primers (40) NS1 (5�-GTA GTC ATA TGC TTG
TCT C-3�) and FR1 (5�-AIC CAT TCA ATC GGT AIT-3�) were used for
amplification of 18S rRNA gene fragments (1,650 bp). The reaction mixture (25
�l) consisted of 1 �l of template DNA (ca. 20 ng), Stoffel buffer (10 mM KCl, 10
mM Tris-HCl [pH 8.3]), 0.2 mM deoxynucleoside triphosphates, 3.75 mM
MgCl2, 2% (wt/vol) dimethyl sulfoxide, a 0.2 �M concentration of each primer
(NS1 and FR1-GC), and 2 U �l of Taq DNA polymerase (Stoffel fragment;
Applied Biosystems, Foster City, Calif.). A GC-rich sequence (indicated as -GC)
was attached to primer FR1 to prevent complete melting of PCR products during
separation in the denaturating gradient gel. Dimethyl sulfoxide was added to the
reaction mixture to improve specificity and facilitate the amplification of GC-rich
templates (43). After 8 min of denaturation at 94°C, 35 thermal cycles of 30 s at
94°C, 45 s at 48°C, and 3 min at 72°C were performed, followed by an extension
step at 72°C for 10 min.

DGGE analysis was performed as previously described (12, 13) with a dena-
turing gradient of 18 to 43% denaturant. Aliquots of PCR samples (4 to 6 �l)
were applied to the DGGE gel, and DGGE was performed in 1� Tris-acetate-
EDTA buffer at 58°C at a constant voltage of 180 V for 18 h. After silver staining
of the DGGE gels, they were air dried and scanned as described by Heuer et al.
(12).

Cloning and sequencing. The primers NS1 and FR1 (without a GC clamp)
were used for amplification of 18S rRNA gene fragments from DNA extracted
from rhizosphere (20 and 90 days) and bulk soil (90 days) samples from both
cultivars. The amplified DNA fragments were purified with the UltraClean DNA
purification kit (MoBio Laboratories) and then ligated into the pGEM-T vector

and transformed into competent cells (Escherichia coli JM109) according to the
instructions of the manufacturer (pGEM-T vector system II; Promega, Madison,
Wis.). PCR amplification with primers NS1 and FR1-GC was performed directly
from the selected white colonies (presumed transformants). These PCR products
were analyzed by agarose gel electrophoresis to confirm the presence of the
insert in the transformants. Subsequently, PCR products generated from clones
with insert were run on a DGGE gel to determine electrophoretic mobility of the
insert. Inserts of clones matching dominant bands of the DGGE fungal commu-
nity pattern were analyzed by amplified rDNA restriction analysis (ARDRA).
One clone representing each ARDRA pattern from each DGGE band type was
sent for sequencing.

Sequencing of approximately 500 bp of selected clones was done with standard
primers SP6 and T7 (IIT GmbH, Bielefeld, Germany). The 18S sequence frag-
ments were analyzed by using the ARB software package (Linux beta version
011107) and the ARB database ssujun02 (Department of Microbiology, Tech-
nical University of Munich, Munich, Germany [http://www.arb-home.de]), in-
cluding additional fungal 18S partial sequences from the EMBL database. The
clone sequences were automatically aligned by using the ARB sequence editor
with the fast_aligner. The resulting alignment was manually proofread and cor-
rected if necessary. For each clone sequence the similarity to the best database
hits was calculated by using a distance matrix with the particular sequence itself
as a filter. The initial tree was calculated by using neighbor joining and the full
sequences from the database. The resulting tree was later corrected and opti-
mized, and the partial sequences were added by using arb_parsimony and a
fungus-specific filter.

ARDRA. The 18S rDNA fragments of clones with identical DGGE mobility
were analyzed by HinfI restriction patterns. A 10-�l aliquot of each PCR product
containing approximately 3 �g of DNA was digested with the restriction enzyme
HinfI (New England Biolabs, Beverly, Mass.) in a total volume of 30 �l at 37°C
for 2.5 h. The digested PCR products were precipitated by addition of 75 �l of
ethanol and 3 �l of sodium acetate (3 M, pH 5.2) and kept at �70°C for at least
1 h (31). Separation of the digested PCR fragments was achieved by agarose gel
electrophoresis (2.5% Seakem LE agarose; BMA, Rockland, Maine).

Cluster analysis. Analyses of restriction patterns and fungal community pro-
files were performed with the software package Gelcompar 4.0 program (Ap-
plied Maths, Ghent, Belgium). Background was subtracted by using a rolling-disk
method with an intensity of 10 (relative units), and the lanes were normalized. A
dendrogram was constructed by using the Pearson correlation index for each pair
of lanes within a gel and cluster analysis by the unweighted pair group method
using arithmetic averages.

Nucleotide sequence accession numbers. Sequence accession numbers for
sequences submitted to the EMBL nucleotide sequence database are AJ515162
to AJ515172 and AJ515921 to AJ515950.

RESULTS

The total community DNA isolated from bulk and rhizo-
sphere samples was of high molecular weight and of sufficient
purity for successful PCR amplification of 18S rDNA frag-
ments. The 18S rDNA fragments were obtained from all DNA
samples by direct PCR amplification. Molecular fingerprints of
the most dominant fungal populations which were amplifiable
under the PCR conditions used were obtained after separation
of PCR products by DGGE. With the exception of rhizosphere
samples taken 40 days after sowing, the fingerprints showed
relatively little variation between different replicates or be-
tween the two cultivars. This also suggests good reproducibility
of the DNA extraction, the PCR amplification, and the DGGE
analysis.

Fungal community shifts during plant growth development.
The DGGE profiles revealed that the composition of the fun-
gal community in the rhizosphere of maize was strongly af-
fected by plant age (Fig. 1). The comparison of fungal profiles
in the rhizospheres of the cultivars Nitroflint and Nitrodent
showed a pronounced shift in the relative abundance of fungal
populations during plant growth (20, 40, and 90 days after
sowing [R20, R40, and R90, respectively]). The DGGE profiles
of young plants (R20) showed the presence of two dominant
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bands (bands A and B) and some faint bands, indicating the
dominance of few populations. Bands with the same electro-
phoretic mobilities as bands A and B were detectable in the
profiles of rhizosphere samples of both cultivars at all sampling
times. However, both bands A and B became less dominant in
the rhizospheres of samples taken 40 or 90 days after sowing.
The DGGE profiles of the R40 samples showed a rather high
variability. Cluster analysis based on the unweighted pair
group method using arithmetic averages was used to create a
dendrogram describing the similarities between fungal com-
munity profiles from rhizosphere samples taken at the three
time points. The dendrogram clearly indicates two distinct
groups with about 75 and 62% similarity within each one (Fig.
2). The grouping supports the notion that the composition of
fungal communities in the rhizosphere of young plants was
rather different from that in senescent plants. Furthermore, it
was confirmed that the fungal rhizosphere community of plants
taken 40 days after sowing was in a transition phase and that
the DGGE profiles of some of the replicates were more similar
to those of young plants while the profiles of others showed a
higher similarity to those of mature plants. No relevant differ-
ences were found in the fungal community pattern between the
cultivars at all time points.

Rhizosphere effect. A comparison of the fungal community
profiles from the rhizosphere (R20 and R90) with their corre-
sponding bulk soil fingerprints clearly indicated enhancement
of the relative abundance of specific fungal populations in the
rhizosphere (Fig. 3). The DGGE profiles from bulk soil
showed a higher number of roughly equally intense bands at
both sampling times. The predominant bands in the R20 fin-
gerprints (bands A and B) were also detectable in the bulk soil
pattern (S20 and S90) but with lower intensity. The DGGE
profiles from rhizospheres of senescent plants showed an in-

creased number of predominant bands, and in addition to
bands R90A and R90B, four new band positions (R90C,
R90D, R90E, and R90F) were detected. While the predomi-
nant R90 bands C, D, and F were not detected in the corre-
sponding bulk soil pattern, band E appears in the soil pattern
but with a lower intensity. Despite an increased number of
bands in the DGGE profiles of rhizosphere samples from se-
nescent plants, the corresponding bulk soil presented a differ-

FIG. 1. DGGE profiles showing the comparison of the fungal rhizosphere communities of the maize cultivars Nitroflint (Nf) and Nitrodent
(Nd) at different stages of plant development (20, 40, and 90 days). The fingerprints of fungal communities were generated by separation of 18S
rDNA fragments amplified with primers NS1 and FR1-GC. The following fungal species, from top to bottom, were used as standards (lanes M):
Colletotrichum sp., Sclerotium tuliparum, Trichoderma harzianum, Myrothecium cinctum, Ustilago nuda, Myrothecium leucotrichum, and Penicillium
simplicissimum.

FIG. 2. Dendrogram constructed with the fungal community fin-
gerprints of the maize cultivars Nitroflint (Nf) and Nitrodent (Nd) at
different stages of plant development (20, 40, and 90 days). The dif-
ferences between the profiles are indicated by percentage of similarity.
The dendrogram was based on the Pearson correlation index and
cluster analysis by the unweighted pair group method using arithmetic
averages.
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ent pattern with an even higher number of roughly equally
abundant bands. The shift of the fungal community profile in
soil and rhizosphere during plant growth development re-
vealed the same trend during two consecutive planting periods
(Fig. 3). A cluster analysis of the fungal community profiles
from rhizosphere and bulk soil indicated that plant roots in-
deed affect the fungal diversity in the vicinity of the roots (Fig.
4). Interestingly, the S20 and S90 DGGE profiles formed
clearly separate groups, indicating a shift in the relative abun-
dance of fungal populations. While the rhizosphere profiles of
samples taken 20 days after sowing still shared about 50%
similarity with the DGGE profiles of the bulk soil samples, the
DGGE profiles of the rhizosphere samples taken 90 days after
sowing grouped separately with 30% similarity. The cluster
analysis also did not show any relevant differences between
samples from two consecutive planting periods (Fig. 4).

Cloning, ARDRA, and sequence analysis. Cloning of 18S
rDNA fragments amplified from R20, R90, and S20 DNA
samples resulted in approximately 100 white colonies for each
sample type. All white colonies were checked for the presence
of inserts by PCR amplification of the 18S rDNA fragment
followed by agarose gel electrophoresis. Seventy clones of the

S20 clone library, 65 clones of the R20 clone library, and 74
clones of the R90 clone library contained inserts of the correct
size. These clones were analyzed by DGGE to identify 18S
rDNA fragments matching dominant bands in the correspond-
ing DGGE community profiles. All clones matching a domi-
nant band in the community profiles and sharing the identical
electrophoretic mobility were given a code indicating their
origin, sampling period, and matched band (e.g., R20A indi-
cates rhizosphere, 20 days, and matching with band position
A). The clone codes and their respective band positions are
shown in Fig. 3. Although most of the 18S rDNA PCR prod-
ucts amplified from clones comigrated with bands in the
DGGE community profiles, only a total of 87 clones matched
12 dominant bands (Fig. 3). The 18S rDNA fragments of these
clones were further characterized by their ARDRA patterns,
generating different operational taxonomic units (OTU). In-
serts representing a unique OTU were selected for sequence
analysis. Based on the partial sequence (approximately 500
bp), the 39 selected OTU were assigned to 20 different species
(Table 1) with rather high similarity by using the ARB data-
base with approximately 1,897 complete fungal 18S rDNA
sequences and 1,035 partial sequences. In addition, the com-

FIG. 3. DGGE profiles showing the fungal community fingerprints of rhizosphere samples from young (R20) and senescent (R90) plants
(Nitrodent) and their corresponding bulk soil fingerprints. Two lanes each represent a typical DGGE profile from the first and second growth
periods. The relative band position of the more dominant bands and the cloned DNA fragments are shown. The following fungal species, from
top to bottom, were used as standards (lanes M): Colletotrichum sp., Sclerotium tuliparum, Trichoderma harzianum, Myrothecium cinctum, Ustilago
nuda, Myrothecium leucotrichum, and Penicillium simplicissimum.
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plete 1.65-kb sequence was determined for 13 clones to con-
firm sequence affiliation based on the partial sequence. How-
ever, two of the clones turned out to be chimeric.

All three clones matching band A had the same ARDRA
pattern (clone type R20A), and the sequence determined for
one representative indicated 100% similarity to Alternaria
cheiranthi. Although bands with the same electrophoretic mo-
bility as bands R20A were detectable in soil (S20A), sequence
analysis indicated that different fungal populations contribute
to band A. All five S20A clones had different ARDRA pat-
terns, and thus all five S20A clones were sequenced. The S20A
clones seem to belong to five different species and four genera
(Aspergillus terreus, Aspergillus nomius, Bionectria ochroleuca,
Mortirella wolfii, and Alternaria cheiranthi). All 29 R20B clones
seem to belong to the Pleosporales. Sequencing of one repre-
sentative of each ARDRA type revealed that 25 of the 29
R20B clones resembling two different ARDRA types were
assigned to Paraphaeosphaeria quadriseptata, three R20B
clones showed a high similarity to Setosperia monoceras, and
one R20B clone was 97% similar to Phaeospheria nodorum.
The sequenced representative of the four S20B clones was
100% similar to Cucurbita berberidis (Pleosporales). The clones
matching bands D (R90D), E (R90E), and F (R90F) were
assigned to different basidiomycetic yeasts (Filobasidiales,
Sporidiales). Three of the R90D clones showed similarity to
Sporidiobolus johnsonii (R90D), and two of them even had
100% similarity. One R90D clone was 97% similar to Bullera
unica. All four S20G clones showed rather high similarity with
Mortierella clamydiospora). Interestingly, band G was not de-
tectable in soil samples taken 90 days after sowing. The cloning
and sequencing approach provided information on the phylog-
eny of most dominant ribotypes in the DGGE patterns (Table
1; Fig. 5). The results showed that with exception of some
Mortierella species (Zygomycetes) detected in soil samples,
most of the fungal populations present in young roots and their
corresponding bulk soil belonged to the Ascomycetes. How-
ever, interestingly, when the plants reached the senescent

stage, half of the dominant bands resembled basidiomycetic
yeasts (Filobasidiales, Sporidiobolaceae).

DISCUSSION

This is the first report on the composition and dynamics of
fungal populations in bulk and maize rhizosphere soils in the
tropics analyzed by cultivation-independent, DNA-based ap-
proaches. To amplify fungal 18S rDNA fragments from the
DNA directly extracted from soil or root samples, we have
used primers NS1 and FR1, which have recently been de-
scribed by Vainio and Hantula (40). In contrast to the case
with other primer systems used for fungal community analysis
(3, 7, 17, 19, 24, 26, 32, 36, 42), the PCR product analyzed by
DGGE is rather large (approximately 1.65 kb). Although it was
previously suggested that for DGGE analysis the optimal size
of PCR products should be around 500 bp (27), the DGGE
profiles obtained with 1.65-kb PCR products amplified from
soil or rhizosphere DNA were of surprisingly good quality.
Most of the bands were clear and focused. In particular, the
absence of single-stranded DNA, which often impairs the eval-
uation of silver-stained bacterial community fingerprints, im-
proved the quality of the fungal community profiles. The prim-
ers used were designed to amplify the 18S rDNAs of all three
major phyla of fungi, i.e., Basidiomycota, Ascomycota, and
Zygomycota, and our cloning and sequencing results support
this specificity. Furthermore, Vainio and Hantula (40) and
Pennanen et al. (30) reported that no amplification products
were obtained from bacterial and plant DNAs or from oomy-
cota, nematode, or protozoan DNA.

DGGE analysis of 18S rDNA fragments amplified with NS1
and FR1 from DNA directly extracted from soil or root sam-
ples allowed us to monitor the shifts in the relative abundance
of fungal populations during plant growth development. The
DGGE analysis revealed that relative abundance of fungal
populations in the rhizosphere of both cultivars, Nitroflint and
Nitrodent, strongly shifted during plant growth. All three plant

FIG. 4. Dendrogram constructed with the fungal community fingerprints of rhizosphere (R) samples from young (R20) and senescent (R90)
plants (Nitrodent) and their corresponding bulk soil (S20 and S90) fingerprints. Two full growth periods (I and II) were analyzed. The differences
between the profiles are indicated by percentage of similarity. The dendrogram was based on the Pearson correlation index and cluster analysis
by the unweighted pair group method using arithmetic averages.
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growth stages studied showed distinct profile characteristics.
Some bands which were not detected in the profiles of young
plants (20 days after sowing) became dominant. Most of the
bands appearing in the rhizospheres of 40-day-old plants re-
mained detectable when the plant reached the senescent stage
(R90). The DGGE profiles of the rhizospheres of senescent
plants (R90) were again relatively stable and had a high num-
ber of roughly equally abundant bands. The shifts in the fungal
community patterns most likely occurred because of changing

root morphology and root exudation patterns during plant
development (5, 28). The release of organic substances by
plant roots has an interesting ecological aspect, since it influ-
ences the nutrient availability in the rhizosphere and indirectly
acts on the soil microorganisms that in turn influence plant
growth (9, 10, 15, 34, 38, 45, 46). Temporal changes in the
bacterial communities in the rhizosphere were indicated by
different cultivation-based studies (2, 21, 25). Several other
cultivation-independent studies employing molecular finger-

TABLE 1. Results of DGGE, ARDRA, sequence analysis and presumptive phylogenetic affiliations of bands

Sample and clone
type in DGGE

No. of
clones matching

band type
ARDRAa Clone

code
Closest relative

(sequence length, �500 bp)
%

Similarity Taxon

Rhizosphere, 20 days
R20A 3 3 r20-61 Alternaria cheiranthi 100 Ascomycetes-Pleosporales

R20B 29 1 r20-71 Paraphaeosphaeria quadriseptatab 99.4 Ascomycetes-Pleosporales
24 r20-21 Paraphaeosphaeria quadriseptatab 99.5 Ascomycetes-Pleosporales
2 r20-10 Setosperia monoceras 98.8 Ascomycetes-Pleosporales
1 r20-12 Setosperia monocerasb 98.8 Ascomycetes-Pleosporales
1 r20-111 Phaeospheria nodorum 96.9 Ascomycetes-Pleosporales

Rhizosphere, 90 days
R90A 4 1 r90-1 Gibberella pullcaris 99.83 Ascomycetes-Hypocreales

1 r90-63 Gibberella pullcaris 99.65 Ascomycetes-Hypocreales
1 r90-78 Gibberella pullcaris 99.65 Ascomycetes-Hypocreales
1 r90-85 Raciborskiomyces longisetosumb 99.9 Ascomycetes-Pleosporales

R90B 8 8 r90-16 Paraphaeosphaeria quadriseptatab 99.2 Ascomycetes-Pleosporales

R90C 8 1 r90-67 Chaetomlum globosum 97.2 Ascomycetes-Sordariales
1 r90-74 Raciborsklomyces longisetosum 96.0 Ascomycetes-Pleosporales
5 r90-4 Raciborsklomyces longisetosumb 99.3 Ascomycetes-Pleosporales
1 r90-75 Raciborsklomyces longisetosumb-

Cladosporium cladosporoidesb
100 Ascomycetes-Pleosporales

R90D 4 1 r90-26 Sporidiobolus johnsonii-S. salmonicolor 100 Basidiomycetes-Sporidiales
1 r90-5 Sporidiobolus johnsonii-S. salmonicolor 100 Basidiomycetes-Sporidiales
1 r90-71 Bullera unicab 97.2 Basidiomycetes-Filobasidiales
1 r90-95 Sporidiobolus johnsonii-S. salmonicolor 98.6 Basidiomycetes-Sporidiobolaceae

R90E 7 1 r90-2 Cryptococcus magnusb-Filobasidium
uniguttulatumb

99.8 Basidiomycetes-Filobasidiales

3 r90-69 Cryptococcus luteolus 97.5 Basidiomycetes-Filobasidiales
1 r90-13 Cryptococcus luteolus 99.3 Basidiomycetes-Filobasidiales
1 r90-29 Cryptococcus luteolus 99.3 Basidiomycetes-Filobasidiales
1 r90-66 Cryptococcus luteolus 99.8 Basidiomycetes-Filobasidiales

R90F 7 1 r90-61 Bullera oryzaeb 99.7 Basidiomycetes-Filobasidiales
5 r90-70 Bullera hannae 99.5 Basidiomycetes-Filobasidiales
1 r90-87 Bullera hannae 99.5 Basidiomycetes-Filobasidiales

Soil, 20 days
S20A 5 1 s20-5 Aspergillus nomius 99.8 Ascomycetes-Eurotiales

1 s20-72 Aspergillus terreus 99.7 Ascomycetes-Eurotiales
1 s20-2 Blonectria ochroleuca 99.6 Ascomycetes-Hypocreales
1 s20-63 Mortierella wolfil 99.1 Zygomycetes-Mucorales
1 s20-105 Alternaria cheiranthi 99.83 Ascomycetes-Pleosporales

S20B 4 4 s20-67 Cucurbita berberidisb 99.5 Ascomycetes-Pleosporales

S20G 4 1 s20-8 Mortierella chlamydospora 96.87 Zygomycetes-Mucorales
1 s20-12 Mortierella chlamydospora 99.1 Zygomycetes-Mucorales
1 s20-19 Mortierella chlamydospora 99.1 Zygomycetes-Mucorales
1 s20-108 Mortierella chlamydospora 97.4 Zygomycetes-Mucorales

S20H 4 3 s20-62 Chaetomium globosum 99.7 Ascomycetes-Sordariales
1 s20-71 Cladosporium cladosporoidesb 100 Ascomycetes-Pleosporales

a Number of clones grouped in each OTU generated by ARDRA analysis.
b Sequence length, �1,600 bp.
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prints also have recently shown, for different crops, a plant-
dependent bacterial diversity and shifts of the bacterial com-
munity composition depending on plant growth developmental
stages (8, 14, 20, 33, 35). However, the effects of changing root
exudation during plant growth on the fungal community have
not yet been demonstrated. Interestingly, the shifts in the rel-
ative abundance of the fungal populations were surprisingly
similar for two independent growth periods. Furthermore, the
analysis of three clone libraries (R20, R90, and S20) revealed
that the shifts in the relative abundance of dominant fungal
populations predicted on the basis of the comparative evalua-
tion of DGGE profiles are an underestimate, since often dif-

ferent fungal populations contributed to bands with similar
electrophoretic mobilities.

Similar to what is observed for bacterial 16S rDNA-based
fingerprints (33), different, sometimes phylogenetically nonre-
lated fungi can have the same electrophoretic mobility in a
DGGE run (reference 42 and this study). This could be dem-
onstrated here for clones matching the two dominant DGGE
bands (A and B) in the community pattern. While the R20A
clones had identical ARDRA patterns and the sequence de-
termined was 100% similar to that of Alternaria cheiranthi, a
much greater diversity was reflected by the five clones with an
electrophoretic mobility matching that of band A (S20A). The

FIG. 5. Phylogenetic tree for partial sequences of cloned 18S rDNA fragments and the most closely related fungi. The clones are indicated by
their code and accession number (National Center for Biotechnology Information), respectively.
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S20A clones were assigned to five different species, based on
the partial sequence. Only one of the five S20A clones showed
a high similarity to Alternaria cheiranthi. Apparently, Alternaria
cheiranthi was enriched in the vicinity of the roots of young
maize plants. Thus, the rhizosphere effect, namely, a reduced
diversity and an increased relative abundance of a few popu-
lations (8, 35), could be observed not only in the DGGE
profiles but also for clones matching band A. Although the
number of dominant fungal populations in the rhizosphere
increased when the plants reached the senescent stage, the
rhizosphere profiles were different from the corresponding soil
DGGE patterns. Gomes et al. (8) reported also an increased
number of equally abundant bacterial populations in the rhi-
zosphere of senescent maize. However, in contrast to the fun-
gal community profiles, the eubacterial rhizosphere patterns
largely resembled those of soil. Thus, at all maize development
stages analyzed here, a pronounced rhizosphere effect was
found, and this could be quantified by computer-assisted anal-
ysis. Interestingly, shifts in the relative abundance of fungal
populations were even observed for soil. Compared to the
shifts detected in the rhizosphere, these changes were less
pronounced. While the DGGE analysis of 18S rDNA frag-
ments amplified from community DNA was sensitive enough
to detect the rhizosphere effect and shifts in the relative abun-
dance of fungal populations during plant growth development,
no differences were detected between the two cultivars. Re-
cently, it was also reported that bacterial DGGE fingerprints
did not reveal any differences between these two cultivars (8).
However, considering the level of resolution of 18S rDNA-
based analysis, it cannot be excluded that at a finer level of
resolution, differences in the composition and activity of fungi
in the rhizosphere would have become detectable. Thus, Dal-
mastri et al. (6) reported that the diversity of Burkholderia
cepacia in the rhizosphere of maize was affected by the cultivar.

Sequencing of approximately 500 bp of 39 clones, each
representing a unique OTU based on the ARDRA analysis,
allowed to identify 19 different species belonging to the Asco-
mycota (Pleosporales, Hypocreales, Sordariales, and Eurotia-
les), Basidiomycota (Filobasidiales, Sporidiales) and Zygo-
mycota (Mucorales). In several cases different ARDRA types
were assigned to the same species (e.g., R20B, R90A, and
R90E) (data not shown). These OTU share similar or identical
sequences in the approximately 0.5 kb which was sequenced
but likely have sequence differences in the remaining 1.1 kb
which were detected by ARDRA. However, even sequencing
the complete 1.65-kb fragment confirmed the affiliation. The
similarity to sequences in the database was surprisingly high.
All clones showed a similarity to database entries of more than
95%. Interestingly, the clone library of 18S rDNA amplified
with primers EF4 and EF3 from wheat rhizosphere DNA (36)
also contained the basidiomycete Bullera and Cryptococcus as
well as the zygomycete Mortierella polycephala. In our study,
clones which showed a high similarity to Mortierella spp. were
only detected in the clone library obtained from soil DNA,
while Bullera spp. seemed to belong to the dominant fungal
populations in the rhizospheres of senescent maize plants.
Populations belonging to the genus Pleospora seemed to be the
most dominant fungi in young roots. However, although a
similar intensity of bands R20A and R20B in the R20 commu-
nity profiles indicated that fungal populations with these elec-

trophoretic mobilities seemed to be equally abundant, in the
R20 clone library 29 clones matched band B while only three
clones matching band A were obtained. Since the same primer
pair (except for the GC clamp) was used for 18S rDNA am-
plification, this might point to a cloning bias, although a PCR
bias cannot be ruled out. Another bias which might have af-
fected the DGGE patterns obtained is chimera formation.

In this study we could show that fungal populations in the
rhizosphere of maize grown in tropical soils also undergo pro-
nounced changes during the development of the plant. As
previously reported only for bacterial communities, an in-
creased relative abundance of some fungal populations in the
vicinity of the maize roots was found. The cloning and sequenc-
ing approach proved to be crucial to provide information on
the phylogeny of dominant bands and to evaluate the ribotype
diversity behind the DGGE bands. Based on our data, we
strongly suggest that 18S rDNA-based fingerprints of complex
fungal communities should be accompanied by use of a clone
library for each sample type if a better understanding of the
true diversity is to be gained. Furthermore, although it was not
done in this study, an attempt to link both cultivation-indepen-
dent and -dependent approaches should provide better insights
into fungal diversity in bulk and rhizosphere soils.
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