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Abstract A culture-independent and -dependent survey of
the bacterial community structure in the rhizosphere and soil
samples from hot pepper plants was conducted using 16S
rDNA clone library and FAME analyses. Out of the 78 clones
sequenced, 56% belonged to Proteobacteria, 4% to high G+C
Gram-positive group, 3% to Cytophyga-Flexibacter-Bacteroides,
and 32% could not be grouped with any known taxonomic
division. Among the 127 FAME isolates identified, 66%
belonged to low G+C Gram-positive bacteria (Bacillus spp.)
and 26% to high G+C Gram-positive bacteria. In a cluster
analysis, the results for both methods were found to be
strikingly dissimilar. The current study is the first comparative
study of FAME and 16S rDNA clonal analyses performed on
the same set of soil, rhizosphere soil, and root samples.
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For decades, soil microbiologists have tried to gain a
better understanding of soil microbial ecology by identifying
the microbial composition/diversity within a variety of
environmental samples, yet there has always been a lack of
coordinated effort between culture-dependent and independent
methods.

FAME (Fatty Acid Methyl Ester) analysis is one
culture-dependent method that allows for the rapid
identification of environmental isolates. Membrane-bound
methylated fatty acids from each isolate are extracted and
analyzed by gas liquid chromatography. FAME analysis
generates a unique microbial fingerprint or profile, which
is queried against microbial libraries or databases for
identification purposes. The method can also be subjected
to quantitative analysis, but requires considerable biomass
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collection from environmental samples. The greatest inherent
limitation of culture-dependent techniques such as FAME
is to recover a representative number of microorganisms
from a sample. It is assumed that less than 1% of the viable
microbial community from terrestrial samples is culturable
in-vitro, making quantitative analysis extremely difficult [2, 10,
15,27, 31]. Although a variety of media have been developed
to optimize culture conditions of various heterotrophic
microorganisms from environmental samples, it is still
estimated that only 0.001-4% of the total is typically
recovered with any one type of media employed [10].

In order to obtain a more balanced estimate of the
microbial diversity within a sample, the 16S rDNA PCR
amplification, a representative culture-independent method,
is typically employed [2]. Based on the 16S rDNA sequence
diversity, the composition of microorganisms within a
sample can be estimated using a variety of techniques
including, but not limited to, cloning and sequencing,
denaturant/temperature gradient gel electrophoresis, and
terminal restriction length fragment polymorphisms (T-
RFLP). There are a number of reports where D(T)GGE are
used to compare bacterial communities in the soil-root
systems [5,22,30]. They showed that the number of
Gram-positive bacteria might be higher in the rhizosphere
than previously realized [5, 18, 22]. For example, Bacillus
species were found to dominate rhizosphere samples of
chrysanthemum, grass, and barley plants {5, 7, 18]. While
the bacterial communities among the soil samples could
be .compared on the basis of the phylogenetic analyses
of 16S rDNA sequences, the possible functionality of
the microbial population can only be inferred using this
method. The major problem with this or any other PCR-based
approach is the biases associated with DNA amplification
of mixed samples [25]. Another problem of this approach
to study microbial diversity and community structure is the
rarity of sequences matching with previously characterized
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organisms [15] which can be used to further characterize
th: organisms of interests.

Accordingly, a parallel approach combining 16S rDNA
clone library construction (a culture-independent approach)
ani: FAME analysis (a culture-dependent approach) should
gre atly strengthen the field of microbial ecology by allowing
fer a more complete understanding of both the diversity
ar«: the potential functionality of the community. However,
there are only a few studies for the comparisons between
mi.tobial compositions obtained by culture-dependent and
ctirure-independent methods [4, 6, 19, 23].

Tre main cbjective of this study was to gain a better
uncerstanding of how representative the culturable fraction
of the microbial community is to that obtained from a
tyrical culture-independent technique. In so doing, we
compared the parallel 16S rDNA clone library and FAME
resulis obtained from different soil samples associated
w1 hot pepper plants, using a cluster analysis. The second
mare minor objective was to describe the phylogenetic
as¢:gnment of unknown rhizosphere bacteria.

MATERIALS AND METHODS

Seil and Root Sampling

From hot pepper (Capsicum annuum L.) plants grown in
greenhouse fields in Jinju, Korea, the root, rhizosphere,
and bulk soil samples were collected in April, 1999. The
locse bulk soil was removed by shaking the roots of 3
ditrerent plants. The rhizosphere soil and root samples
wzre taken as follows: roots were carefully isolated from
th: soil by hand, using sterile tweezers. Roots were
scrapec and washed twice in 10 mM potassium phosphate
bu-fer for 20 min to remove any microorganisms. The
rericved soil was combined and defined as rhizosphere
scir. The soil chemical properties are presented in Table |
[2«]. One gram samples of washed root were combined
aru: stored at 4°C prior to analysis.

Fatty Acid Analysis for Identification of Bacteria from
Plant Root, Rhizosphere, and Bulk Soil Samples

Orec gram of the root material was placed into tubes (13x
1(»*1nm) with Teflon-lined screw caps, and 3 ml of 10 mM
poassium phosphate buffer and glass beads (1.0 mm dia,
Buspec Product, Inc.) were added. Soil samples were
resuspended in phosphate buffer minus glass beads. The
tutes were vortexed for 3 min before serially diluting and

Table 1. Chermrical properties of hot pepper plant soils.

Soil and root sample

FAME analysis

Clonal analysis
{Culture-dependent)

{Culture-independent)

DNA extraction Dilution plating

PCR and clone library l
l Colony isofation

Sequencing
i BLAST search

Fatty acid analysis

v

Phylogenetic tree

Identification
lmuster analysis

Comparison

Fig. 1. A flow chart representing the simultaneous culture-
independent and culture-dependent techniques used to process
samples in the current study.

evenly plating onto three separate 10% TSB (Tryptic Soy
Broth) solid agar plates. Plates were incubated at 28°C
for 5 days. Forty-five, 42, and 40 colonies were randomly
chosen for the soil (ks), rthizosphere soil (krs), and root (kr)
samples, respectively. To obtain pure cultures, each colony
was transferred to new 10% TSBA plates three times.

FAME analysis was conducted using the recommended
procedure described by the manufacturer (Microbial 1D,
Inc., Newark, DW, U.S.A.). The extracted samples were
analyzed by a Sherlock Microbial Identification System
with a Hewlett-Packard 6890A gas chromatograph (Palo
Alto, CA, U.S.A) [11, 17,23].

DNA Extraction and 16S rDNA PCR Amplification

The total genomic DNA extractions from the bulk soil,
rhizosphere soil, and root samples were conducted by soft
lysis using freeze-thawing according to Tsai and Olsen
[28]. The crude nucleic acid extracts were subjected to a
further purification step using a Wizard Genomic DNA
Purification (Promega Co., Madison, WI, U.S.A.). Fifty pl
of the PCR reaction mixture contained the following final
concentrations or total amounts: 1 pl of the template DNA,
50 mM Tris (pH 8.3), 250 ug of bovine serum albumin
(BSA) per ml, 2.5 mM MgCl,, 200 nM deoxynucleoside
triphosphates, 200 nM of each universal SSU rRNA
primer, and 3 U of Tug DNA polymerase. All reagents

Crop/Soil pH EC OM av. PO, Exchangeable cations (cmol+kg™")
samples (1:5) (dSm™") (gkg™") (mgkg") K Ca Mg Na
o 1.725 10.05 2.7 0.75

ot epper 5.3 7.76 33 1044
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were mixed and heated at 95°C for 5 min. Thirty cycles
were run at 95°C for 1 min, 50°C for 1 min, and 72°C for
1 min, followed by 10 min elongation at 72°C. The primers
used for amplification of the 16S ribosomal genes were
968f, 5'-AACGCGAAGAACCTTAC-3' forward and 1492r,
5-TACGGYTACCTTGTTACGACTT-3 reverse [14]. PCR
products were then purified using a Wizard PCR Preps
DNA Purification System (Promega).

Clone Library Construction, Sequencing, and Phylogenetic
Analysis

The purified 16S rDNA PCR products were ligated into a
pGEM-T Easy Vector System II (Promega) according
to the manufacturer’s instructions. White recombinant
transformants were selected and screened for the correct
insert size with the restriction enzyme EcoRI [21]. The
plasmid DNA was prepared for sequencing using a Wizard
Plus SV Minipreps DNA Purification System (Promega).
PCR was used for the sequencing templates. Ten ul
reaction volumes contained the following final concentrations
or total amounts: 1l of DNA, 2 ul Terminator Ready
Reaction Mix, and 200 nM each of T7 and SP6 primers.
The reagents were combined and heated at 96°C for 1 min.
A twenty-five cycle PCR was run at 96°C for 10 s, 50°C
for 10s, and 60°C for 4 min. Approximately 500 bases
(position 968 to position 1,492, Escherichia coli position)
of the 78 total clones were sequenced using an ABI 377
sequencer (Applied Biosystems, Inc., Foster City, CA,
U.S.A)).

The clone 16S rDNA sequences and representative
sequences were aligned using Clustal W [26]. Reference
sequences were extracted from GenBank. The evolutionary
distances were calculated by the method of Kimura 2-
parameter and a phylogenetic tree was constructed by the
neighbor-joining method [20] with MEGA?2 for Windows,
including a bootstrap analysis [13]. Taxonomic assignments
were conducted by comparing the tDNA clone sequences
to the GenBank nucleotide database using BLAST [1].
Those clones whose identities were corroborated by
BLAST were given an assignment, while all others were
classified as unknown organisms. A phylogenetic tree
(Fig. 4) was constructed using the 78 sequences, including
25 unknown sequences showing less than 95% homology
to any known rDNA sequence. The nucleotide sequence
data reported in the current paper will appear in the
GenBank/EMBL/DDBJ nucleotide sequence databases
under accession number(s) AB075049-AB075126.

Cluster Analysis

Based on the frequency of each clone or isolate,
community similarities were analyzed by cluster analysis
(Minitab, State College, PA, U.S.A.). Similarities in the
community structure quantified by the cluster analysis
were determined based on the single linkage method using

Euclidean distance measurements to determine the differences
between clusters (Fig. 3).

RESULTS AND DISCUSSION

Genomic DNA was isolated from bulk soil, rhizosphere
soil, and root samples of hot pepper plants sown in
a greenhouse soil. The 16S rDNA was amplified with
eubacterial primers from the total genomic community
DNA and cloned into plasmid vectors. A 500 bp fragment,
the expected size of the cloned 16S rDNA insert, was
amplified and sequenced from positive (white) colonies. In
total, seventy eight 16S rDNA clones were obtained (Fig. 2).

The phylogenetic analysis of the 78 partial 16S rDNA
clone sequences revealed the presence of two major and
several minor groups which fell into several established
lines of eubacteria (Fig. 2). Most clones belonged to the
gamma Proteobacteria subdivision (41%, 32 clones), CFB
(CytophagalFlexibacter/Bacteroides group) phyla (3%, 2
clones), the alpha Proteobacteria subdivision (6%, 5 clones),
the beta Proteobacteria subdivision (9%, 7 clones), high
G+C Gram-positive bacteria (4%, 3 clones), and Eukaryota
group (5%, 4 clones). Twenty-five clones (32%) could not
be assigned to any described taxa.

The distribution of the clones from the individual
samples (plant and soil) was as follows: 50% of the clones
obtained from the hot pepper rhizosphere soil and root
samples (14 each) demonstrated homology to the gamma
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Fig. 2. A comparison of the bacterial division distribution
among clones (a) and isolates (b) obtained from bulk soil (ks),
rhizosphere soil (krs), and root (kr) in hot pepper samples.



BACTERIAL COMMUNITY IN PLANT ROOT-SOIL SYSTEM USING FAME AND CLONAL ANALYSES 239

Priteobacteria subdivision, while 65% (15 clones) of the
clunes obtained from the bulk soil samples fell into the
urknown group.

Ore hundred and twenty seven isolates were identified
by FAME analysis. Most isolates 66% (84 isolates)
belorged to low G+C Gram-positive bacteria (Bacillus
genus), 26% (33 isolates) to high G+C Gram-positive
bad teria (Actinobacter), and 3% (4 isolates) to the beta
Priteobacteria subdivision. Only three isolates (2%) fell
int - the unknown group by FAME analysis. The distribution
of "nhe isolates from individual samples (plant and soil) was
as ‘olflows: 71, 44, and 72% of the isolates obtained from
th: tulk soil (32 isolates), rhizosphere soil (23 isolates)
ar: 100t (29 isolates) samples, respectively, demonstrated
homolegy to low G+C positive bacteria, while 24, 26, and
2(r % of the isolates obtained from the bulk soil (11
ismales), rhizosphere soil (14 isolates) and root (8 isolates)
sargles, respactively, demonstrated homology to high
G+ positive bacteria (Fig. 2). FAME analysis did not
ident:fy any presence of the alpha Proteobacteria subdivision
in -ither the bulk soil or root samples, whereas 4 isolates
from the rhizosphere soil (krs) were grouped into the beta
Priteobacteria subdivision. These results did not match
those found by clonal analysis. None of the clones were
identified as Gram-positive bacteria to which most of the
ctltured isolates belonged. Therefore, these results suggest
that the culturable community represents only a small part
of “he community [23].

“When FAME and clonal sequence data were compared
by cluster analysis, both methods revealed different
clastering. The clonal and FAME analyses grouped the root
saraples together (Fig. 3). Cluster analysis indicated 95%
similarity berween the rhizosphere soil and root cloned
secuences. However, there was low similarity (60%)
betwzen the bulk soil and the other two samples. FAME
aralysis indicated a 100% similarity between the bulk soil
ar! the root samples, and the isolates obtained from the
rhi-ospnere demonstrated 95% similarity to the other two

Sir-ilarity
3 25 -
553
Clones Isolates
e, 75 _
10.0) t I{ 1 T T 1
ks krs kr ks kr krs

Variables

Fig. 3. Cluster analysis of clone sequences and FAME isolate
id=ntifications obtained from hot pepper soil (ks), rhizosphere
soi (Ias), and root (kr) samples.

samples. These FAME results are questionable in that the
isolates derived from root samples should have greater
similarity to those of the rhizosphere soil than to those of
the bulk soil.

In the current study, strikingly different results between
culture-independent (16S rDNA clone analysis) and culture-
dependent (FAME) methods with the same sample are not
uncommon. In particular, microbial community analysis
results with FAME were totally distinct from those obtained
with the culture-independent method. For example, clonal
analysis of rhizosphere soil (krs) and root samples (kr) of
hot pepper plants showed high numbers of the gamma
Proteobacteria subdivision, whereas bacterial isolates
identified by the FAME analysis showed a higher frequency
of low G+C Gram-positive bacteria (Bacillus genus) for
all samples. However, none of the clones sequenced
revealed homology with Bacillus. The results are similar
to those of Hugenholtz er al. [9] and Smit et al. [23],
who found that Proteobacteria and Actinobacteria are
richly represented in sequences from culture-independent
environmental samples, yet not in culture-dependent samples.
The genus Bacillus are fast-growing and heterotrophic
bacteria that are readily culturable on TSBA media, yet when
isolating soil DNA for clonal analysis, other researchers
have commented on the resistance of Gram-positive
bacteria to lysis [15, 17, 23], thereby possibly explaining
why the results of the current FAME culturable analysis
and the clonal analysis did not match.

Sixty percent of the clones sequenced from the bulk soil
samples (Fig. 2) fell into the unknown group. The
phylogenetic tree shown in Fig. 4 was used to ascribe the
phylogenetic positions of these unknown clone sequences.
The phylogenetic distribution of the clone clustering with
reference sequences among the unclassified clone sequences
is as follows: clone sequences KR28, KS28, KS18, and
KS19 are most closely related to the alpha Proteobacteria
subdivision, KR9 and KS9 to the beta Proteobacteria
subdivision, KS5 and KS20 to the gamma Proteobacteria
subdivision, and KS10 to the delta Proteobacteria
subdivision. However, some of the unknown sequences
(KS12, KS1, KS17, KS15, and KS16 from the bulk soil
samples, KRS4, KRS13, KRS29, and KRS2 from the
rhizosphere samples, and KR23 and KR29 from the root
samples) were not related to any of the reference
sequences. From the current results, it was inferred that
many nonculturable bacteria could inhabit the rhizosphere
as well as the soil [10, 27, 31].

This result proposes the need for a combined approach
that can adequately analyze bacterial diversity in soil and
the rhizosphere. In the current study, clonal analysis was
more robust in revealing overall diversity, yet FAME
analysis provided additional information that could not be
ascertained from the sequence/clone data alone. Another
advantage of FAME analysis is that soil isolates can be
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Fig. 4. Phylogenetic tree of bacterial sequences obtained from hot pepper root (kr), rhizosphere (krs), and soil (ks) samples.
Underlined clones have less than 95% homology with known GenBank sequences and arrows indicate sequences that did not group with any known
bacterial division.



BACTERIAL COMMUNITY IN PLANT ROOT-SOIL SYSTEM USING FAME AND CLONAL ANALYSES 241

cul-ured, therety allowing for their potential physicochemical
fur :tion in a sample to be determined [32]. Furthermore,
it s aiso possible to inoculate these organisms as a
bixccntrol or PGPB (plant growth promoting bacteria) (8,
1Z. 15]. Consequently, a combined approach of culture-
dependent/independent methods provides a more complete
bac teriel classification of a sample and facilitates a better
ur«lerstanding of soil-root related microbial systems.
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