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Introduction

Abstract

Aims: To investigate a cultivation-independent method of enrichment for
microbes living in association with plant tissues.

Methods and Results: A large quantity of leaves or seeds was enzymatically
hydrolyzed, and the pellets were collected by differential centrifugation. Enzyme
concentration, buffer and incubation time were optimized for release of
plant-associated microbes. The relative abundance of plant nuclear DNA and
bacterial DNA in the enriched sample was estimated by PCR amplification of
genome-specific marker genes. The efficiency of microbe enrichment was esti-
mated from the proportion of bacterium-derived clones and their restriction
fragment length polymorphism (RFLP) types as detected by 16S rRNA gene-
based techniques. With a higher ratio of bacterial to plant nuclear DNA, the
enriched samples showed a considerably enhanced proportion of bacterium-
derived clones and a wider sequence diversity of those clones.

Conclusions: The method described here proved to be remarkably effective in
enriching for bacteria living in association with plant tissues.

Significance and Impact of the Study: The method can be applied to study
plant-associated microbes in the field of environmental molecular ecology and
environmental metagenomics.

association with their hosts, making it feasible to con-
struct an ideal metagenomic library containing sufficient

Plants are complex habitats for colonization by different
kinds of microbes. Recent research in molecular ecology
has shown that the vast majority of microbes in a natural
community is refractory to cultivation and remains unex-
plored (Ward et al. 1990; Pace 1997). A desire to under-
stand the physiology and ecological roles of these
unknown microbes has led to the development of cul-
ture-independent metagenomic approaches (Handelsman
1998; Rondon et al. 2000; Handelsman 2004).
Encouraging reports come from the identification of poly-
ketide synthase gene clusters from uncultured bacterial
symbionts of Paederus beetles (Piel 2002) and from the
marine sponge Theonella swinhoei (Piel et al. 2004). In
both cases the uncultured microbes are highly enriched in

et al.

copies of interesting genomes from the uncultured
microbes. In a few plants, microbes are also found inhab-
iting particular sites, such as the root nodules of legumes
(Bauer 1981) and leaf galls (Miller et al. 1983). For most
plants, however, little is known about the diversity and
colonization sites of microbes, so metagenomic libraries
contain a high proportion of plant genomic DNA. There-
fore, the first and essential step is to enrich for the
microbes living in association with plant tissues.

A Nycodenz density gradient was successfully used to
separate bacterial cells from soil particles (Courtois ef al.
2001, 2003). Enrichment for genomes of metabolically
active cells has been extensively studied (Schloss and
Handelsman 2003; Chowdhury et al. 2004; Handelsman
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2004), but enrichment for uncultured microbes from
plant tissues has not been reported before.

In this paper, we report an effective method to enrich
for microbes (cultured and uncultured) in host plant tis-
sues, and examine its efficiency by 16S rDNA-based ana-
lyses. The shrub Maytenus hookeri was selected for this
initial study because the maytansinoids (19-membered
macrocyclic lactams related to ansamycin antibiotics of
microbial origin) were isolated from this plant (Yu et al
2002). The available evidence suggests production of the
core structure of the plant maytansinoids by an associ-
ated microbe. However, an intensive study of plant-
associated microbial isolates has repeatedly failed to reveal
a microbial producer of maytansinoids from maytansi-
noid-producing plants (Cassady et al. 2004). We first
attempted to enrich for plant-associated microbes of cul-
tured- and uncultured-origin, and then used seeds of
another maytansinoid-producing plant (Trewia nudiflora)
to confirm the feasibility of our method for microbe
enrichment in plant tissues.

Materials and methods

Hydrolyzation of plant cell walls and differential
centrifugation

Leaves of M. hookeri were collected in the Kunming
Botanical Garden and washed with tap water. For each
sample, 40 g of fresh leaves were ground to a fine powder
in liquid nitrogen and suspended in 200 ml of
0.25 mol I™' sucrose solution containing macerozyme
R-10 and cellulase R-10 (Yakult Honsha Co., Ltd., Tokyo,
Japan). Macerozyme at 1:5% plus 0-5% cellulase or 3:5%
macerozyme plus 15% cellulase were applied in each
treatment. As a control, the leaf powder (40 g) was sus-
pended in 0-25 mol I”' sucrose only. All samples were
incubated at 40°C with gentle agitation for 3 h and then
subjected to separation by differential centrifugation. The
pellets from five centrifugation steps at 200 g, 500 g,
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800 g, 1000 g, 3000 g (20 min for each step) were collec-
ted. A 0.5 g sample of each pellet was extracted for DNA
using the procedure of Li et al. (2001) modified by add-
ing lysozyme (1.5 mg ml™') and incubating the mixture
at 37°C for one hour before starting lysis.

Estimation of DNA abundance in each pellet

The DNA isolated from the above pellet consists of host
plant nuclear DNA, host plastidial DNA and, if any,
plant-associated microbial DNA. In order to estimate the
relative abundance of different genomic DNAs, marker
genes including the entire ITS (nucleus-specific), the
trnL-trnF spacer (plastid-specific) and the 165-23S rRNA
gene spacer (bacterium-specific) were each amplified by
PCR using an Eppendorf Mastercycler gradient. Ten-fold
serial dilutions (10-, 100-, 1 000- fold or higher incre-
ments) of all the original DNAs (0-2-0-5 ug ul™") were
first prepared and amplified with the appropriate univer-
sal primers (White et al. 1990; Taberlet et al. 1991; Jensen
et al. 1993). The highest dilution that worked for PCR
amplification of the marker gene was obtained (Table 1).
Considering the PCR inhibitors possibly present in each
DNA sample, amplification with dilute DNA sample was
performed if there were no PCR products from the start-
ing template. Data were used only qualitatively, i.e. the
absence or presence of the expected band(s) was recorded
(~0-75 kb for the plant nuclear ITS; ~1-0 kb for trnL-F
including the intron, the 3’ exon, and the intergenic
spacer; 0-3—0-9 kb for most bacterial 16S-23S rRNA gene
spacers) (White et al. 1990; Taberlet et al. 1991; Jensen
et al. 1993). PCR was carried out in 25 ul volumes con-
taining 2-5 ul of 10 x PCR buffer, 2-5 ul of each primer
(5 umol 1™"), 0-5 ul of 10 mmol I"' dNTPs mix, and
0-6 U of Taq polymerase (TaKaRa). The PCR parameters
were as follows for amplification of the nuclear ITS and
the trnL-trnF spacer: one cycle of 3 min at 94°C, linked
to 30 cycles of 1 min at 94°C, 1 min at 52°C, 2 min at
72°C, followed by 10 min at 72°C to complete primer

Table 1 PCR amplification patterns of the marker genes in each pellet from differential centrifugation

200 g 500 g 800 g 1000 g 3000 g
Pellets marker genes N P B N P B N P B N P B N P B
Control +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ / / /
1.5% macerozyme +++ +++ ++ ++ ++ +++ - - ++ - ++ +++ - - +
0.5% cellulase
3.5% macerozyme ++ ++ +++ ++ + +++ - ++ +++ - ++ +++ - + +++

1.5% cellulase

N, nuclear rDNA (ITS region); P, plastidial trnL-trnfF spacer; B, bacterial 165-23S rRNA gene spacer. The highest dilution that worked for PCR ampli-
fication of the marker gene was recorded as + (1- or 10-fold), ++ (100-fold), and +++ (1000-fold), respectively. Absence of band(s) was recorded
as —. No pellet was obtained in the control from centrifugation at 3000 g.
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extension. PCR of the 165-23S rRNA gene spacer was car-
ried out using the following program: one cycle of 2 min
at 98°C, linked to 30 cycles of 15 min at 94°C, 15 min
at 49°C, 1-5 min at 72°C, followed by 10 min at 72°C to
complete primer extension. PCR products were visualized
by 1:0% agarose gel electrophoresis in 1 X TAE buffer
after staining with ethidium bromide (10 ug ml™'). PCR
was repeatedly performed in all samples.

To test the specificity of the primers, bacterial DNAs of
several species (Actinosynnema pretiosum, Bacillus subtilis,
Streptomyces sp.CS) were amplified using the plant nuclear
ITS sequence; no amplicon of the expected size (~0.75 kb)
was detected. However, a bacterial 16S-23S rRNA gene
spacer was easily amplified from the plant DNA because of
the presence of complex nuclear and plastid DNA.

Preparation of the enriched samples

Based on the results obtained from the experiments des-
cribed above, two enriched samples were prepared with
different enzyme treatment. For each sample, fresh leaves
(40 g) were ground to a fine powder in liquid nitrogen,
and then suspended in the respective enzyme solution
under aseptic conditions. For Method I, the leaf powder
was suspended in 200 ml of 0-25 mol 1! sucrose solution
containing 3.5% macerozyme plus 1-5% cellulase and
incubated at 40°C with gentle agitation for three hours.
The mixture was then separated by two-step differential
centrifugation. First, the mixture was centrifuged at 200 g
for 5 min, the supernatant was collected and the pellet
(i.e. 200 g-pellet) was discarded. Second, the above super-
natant was centrifuged at 3000 g for 20 min and the pel-
let (i.e. 3000 g-pellet) was collected. Optionally, the
200 g-pellet was suspended in 0-25 mol 1" sucrose solu-
tion, the centrifugation step at 200 g was repeated three
times and all the supernatants were pooled for centrifuga-
tion at 3000 g. For Method II, 400 ml of enzyme solution
(0-1% macerozyme, 1-0% cellulase, 0-7 mol I"' mannitol,
5 mmol 17! N-morpholinoethanesulfonic acid, 9 mmol 1™
CaCl,, 65 umol I™' KH,PO,, pH 5-7) were mixed with
leaf powder, and the suspension was aseptically incubated
at 28°C with gentle agitation for 12 h. The mixture was
then subjected to the two-step differential centrifugation
used in Method I. Alternatively the centrifugation step at
200 g was repeated three times and the supernatants were
pooled for centrifugation at 3000 g. The collected 3000 g-
pellets were used as the enriched samples for further
analyses. In addition, Method II was repeatedly per-
formed with 40 g of T. nudiflora seeds collected in
Xishuangbanna Botanical Garden (Yunnan, China), to
verify that the method of microbe enrichment is effective
with a different plant tissue. Seeds, in terms of compo-
nents and cell structures, are quite different from leaves.
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Assessing the efficiency of microbe enrichment by 16S
rDNA-based techniques

DNA was extracted individually from 0-5g of the
enriched samples as described before (Li et al. 2001) with
some modifications by adding lysozyme (3-0 mg ml™"),
L-lysine (0-15 mol 1", EGTA (6 mmol I™!, pH 80) and
incubating the mixture at 37°C for one hour before start-
ing lysis. After confirming DNA quality by spectropho-
tometry and gel electrophoresis, relative abundance of
different DNAs in the controls and the enriched samples
was estimated by marker gene PCR as described above.
The DNA was then used for 16S rDNA library construc-
tion. The control DNA was extracted directly from 20 g
of M. hookeri leaves or 2-0 g of T. nudiflora seeds.

Nearly full-length 16S rDNA was PCR-amplified using
a bacterium-specific forward primer (27f, 5-AGA GTT
TGA TCM TGG CTC AG-3’) at nucleotide positions 8-27
(Escherichia coli numbering) and a reverse primer (1492r,
5’-TAC GGY TAC CTT GTT ACG ACT T-3’) at positions
1513-1492 (Lane et al. 1985), for 20 cycles only to min-
imize bias associated with high cycle numbers (Suzuki
and Giovannoni 1996). The PCR followed the program:
one cycle of 3 min at 95°C, linked to 20 cycles of 40 s at
95°C, 40 s at 50°C, 1'5 min at 72°C, and a final 10 min
of elongation at 72°C. DNA was ligated into the
pGEM®—T vector (Promega) and introduced into CaCl,-
competent E.coli DH5a. From each library, more than
100 positive clones were randomly picked from the plates
and used for restriction fragment length polymorphism
(RFLP) analysis.

PCR reactions were performed directly on E. coli cells.
Each positive clone was inoculated in a PCR buffer using
a sterile toothpick for amplification of the insert. Vector-
specific universal T7/SP6 promoter sequences were used
as primer pairs and the resulting PCR products were
checked for size and quality on 0.8% agarose. Because
plastid-derived sequences were expected, T7/SP6-ampli-
fied PCR products were first digested with Pvull (NEB),
which cuts in plastid 16S rDNA (Sessitsch et al. 2002).
Clones from which the Pvull could digest inserts were
recognized as a group of plastid-derived clones. The undi-
gested 16S rDNAs were then digested separately with
Hhal and Haelll (5 pl of the PCR product with five units
of Hhal or Haelll in 20 ul total volume for 3 h at 37°C).
Digests were electrophoresed in 2.5% agarose gels.
Restriction patterns were compared and nearly identical
patterns were grouped. Each phylotype was defined as a
group of sequences with identical Hhal and Haelll pat-
terns. A representative clone of each RFLP type was parti-
ally sequenced at Shanghai GeneCore BioTechnologies
Co., Ltd., China. DNA sequences were preliminarily ana-
lyzed by the BLASTN (2.2.11 version) program (Altschul
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Table 2 Estimation of microbial diversity based on 16S rDNA sequence analyses

M. hookeri leaves

T. nudiflora seeds

Clones Control Method | Method Il Control Method |l
Number of clones detected 1M1 114 114 105 97
Pvull-insensitive clones 4 10 104 14 94

RFLP types 4 7 25 7 30
Phylogenetic types* 1 chl, 1T mt, 2 bac 1 chl, 6 bac 1 chl, 24 bac 1 mt, 6 bac 30 bac

% bacterial clonest 1.8 (2/111) 7.9 (9/114) 90.3 (103/114) 12.4 (13/105) 97.0 (94/97)

*A representative clone of each RFLP type was partially sequenced and phylogenetically grouped by BLASTN at NCBI. Phylotypes were designated
as chl (chloroplast-affiliated), mt (mitochondrion-affiliated) and bac (bacterium-affiliated), respectively.

‘tPercentage of 16S rDNA clones potentially affiliated with bacteria.

et al. 1997) of NCBI in the GenBank database to identify
their putative close phylogenetic relatives. Plastidial and
mitochondrial small subunit ribosomal RNA gene
sequences of M. hookeri and T. nudiflora were deposited
in GenBank and given accession numbers AY855838,
AY855839, and DQ000201, respectively.

Results

Differences in PCR amplification of the marker genes

As summarized in Table 1, the three marker genes were
amplified in roughly uniform abundance for all pellets
from the control and for the enzyme-treated 200 g-pellets.
In the enzyme-treated pellet from centrifugation at 1000 g
or 3000 g, bacterial 165-23S rRNA gene spacer can be
amplified with 1000-fold dilute template. Conversely, the
plant nuclear ITS gene was undetectable by PCR in the
enzyme-treated pellets from centrifugation at 800 g,
1000 g and 3000 g (Table 1). Differences in DNA amplifi-
cation were observed for the 3000 g-pellet derived from
the treatment with 3:5% macerozyme plus 1-5% cellulose.

Efficiency of microbe enrichment in plant tissues

Before cloning and RFLP typing, different DNAs extracted
from the enriched samples and the controls were estima-
ted for relative abundance by PCR amplification of three
marker genes (data not shown). Dilution of Method II
DNA at the highest 10 000-fold resulted in amplification
of the bacterial 165-23S rRNA gene spacer, whereas nei-
ther the plant nuclear ITS region nor the trnL-trnF frag-
ment were detected with the same template. On the
contrary, only the plant nuclear ITS gene was amplified
when diluting the control DNA at the highest 10 000-
fold. Compared to the control, the enriched sample
showed a higher ratio of bacterial to plant nuclear DNA.
Similar results were obtained with T. nudiflora seeds
(results not shown). To compare the enriched samples

with their respective controls for microbial diversity, we
employed 16S rRNA gene-based techniques including 16S
rDNA cloning, RFLP analysis of 16S rDNA for rapid
comparison of rDNAs (Moyer et al. 1994) and sequence
analysis. The efficiency of microbe enrichment was
deduced from the percentage of clones affiliated with bac-
teria and the diversity of their RFLP patterns.

Because plastid-derived sequences were expected, T7/
SP6-amplified PCR products were first digested with
Pyull to identify a restriction site in chloroplast 16S
rDNA sequences that is not found in most eubacterial
16S rDNA genes (Sessitsch et al. 2002). As revealed in this
study, a Pvull site is indeed present in plastid 16S rDNA
sequences of M. hookeri (AY855838) and T. nudiflora
(DQ000201). Clones from which the Pvull could not
digest inserts were recognized as a group of Pvull-insen-
sitive clones that might be potentially of bacterial origin.
Table 2 showed that the majority (90-97%) of Method II
clones were Pvull-insensitive, potentially affiliated with
bacteria. As expected, the control showed a high abun-
dance of plant organelle ribosomal sequences. Among
Pyull-insensitive clones of M.hookeri, unique RFLP types
were observed for 25 in Method II, with only seven
RFLPs in Method I and four in the control. Likewise,
Pyull-insensitive clones of T.nudiflora showed 30 RFLPs
for Method II and seven for the control (Table 2). Based
on sequence analyses, Method II showed a substantially
higher diversity of bacteria than Method I and the con-
trol. Phylogenetic grouping revealed that our 16S rDNA
clone libraries were dominated by y-Proteobacteria. A few
clones of the libraries were affiliated with uncultured or
unclassified bacteria (Table 3). However, as only partial
16S rDNA sequences (~0-6 kb) were used, this phylo-
genetic placement is tentative.

Discussion

Plant-associated microbes include those on the surface of
plant organs as well as endophytic microbes. Endophytic
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Table 3 Sequence analysis of eubacterial 16S rDNA clones from M. hookeri leaf tissues*

Clone Number Closest match in NCBI database Identity (%) Putative phylum
Control
M82 1 Pseudomonas sp. (AJ575816) 99 y-Proteobacteria
M104 1 Uncultured Methylobacteriaceae (AY360529) 97 o-Proteobacteria
Method |
37-3 1 Hafnia alvei (AY572428) 99 y-Proteobacteria
40-3 1 Unclassified bacterium (AY561547) 94 y-Proteobacteria
77-3 1 Citrobacter freundii (AB210978) 98 y-Proteobacteria
78-3 4 Uncultured soil bacterium (AF423250) 98 y-Proteobacteria
84-3 1 Providencia sp. (AY870456) 98 y-Proteobacteria
148-3 1 Enterobacteriaceae (AY538694) 99 y-Proteobacteria
Method I
3N2 6 Erwinia sp. (AY660693) 98 y-Proteobacteria
3N4 28 Uncultured Pantoea sp. (AY942953) 98 y-Proteobacteria
3N10 4 Unclassified bacterium (AY822505) 99 y-Proteobacteria
3N12 2 Unclassified bacterium (AY770431) 99 y-Proteobacteri
3N13 1 Unclassified bacterium (AY822500) 98 y-Proteobacteria
3N16 1 Enterobacter agglomera (AF130951) 91 y-Proteobacteria
3N22 2 Uncultured bacterium (AY958878) 99 y-Proteobacteria
3N24 2 Erwinia rhapontici (Z96087) 97 y-Proteobacteria
3N28 1 Pseudomonas sp. (AJ575816) 99 y-Proteobacteria
3N44 2 Erwinia rhapontici (AJ233417) 97 y-Proteobacteria
3N45 1 Sphingomonas yunnanensis (AY894691) 97 o-Proteobacteria
3N48 2 Unclassified bacterium (AF479376) 99 y-Proteobacteria
3N53 31 Pantoea agglomerans (AY849936) 99 y-Proteobacteria
3N65 4 Rahnella aquatilis (AY253919) 97 y-Proteobacteria
3N74 1 Klebsiella pneumoniae (AF076033) 97 y-Proteobacteria
3N76 2 Pseudomonas sp. (AY131221) 99 y-Proteobacteria
3N77 1 Pseudomonas oleovorans (D84018) 97 y-Proteobacteria
3N82 2 Pseudomonas sp. (AF375845) 99 y-Proteobacteria
3N83 2 Pantoea agglomerans (AY924376) 98 y-Proteobacteria
3N97 1 Uncultured bacterium (AY958985) 98 y-Proteobacteria
3N105 1 Unclassified bacterium (AY822535) 99 y-Proteobacteria
3N107 1 Unclassified bacterium (AY770422) 98 y-Proteobacteria
3N108 4 Pantoea agglomerans (AY924375) 97 y-Proteobacteria
3N111 1 Pseudomonas sp. (AY269867) 99 y-Proteobacteria

*Tentative phylogenetic placement and percent identity values were determined by BLASTN, and approximately 600 bp of the 16S rDNA sequence

for each clone was applied for alignment.

bacteria reside in plant tissues mainly in intercellular spa-
ces, rarely in intracellular spaces and inside vascular tis-
sues (Thomas and Graham 1952). In order to release all
microbes living in association with plant tissues, it is
necessary to fully separate middle lamellas of plant cells,
but simultaneously to maintain the bacterial cells intact
during separation. A mild and more specific treatment
with enzymes hydrolyzing plant cell walls was applied for
this purpose. On the other hand, in order to obtain suffi-
cient endophytic bacterial DNAs, relatively large amounts
of starting material are required because an extremely
large proportion of the total DNA is assumed to originate
from the host plant genome. Hence, 40 g of fresh leaves
or seeds were ground with liquid nitrogen and treated
with enzymes at different concentrations. Though liquid

nitrogen may affect bacterial cell integrity, endophytic
bacteria were effectively enriched by Method II. This is
probably due to a potential protection provided by the
host cell structures that completely surround the endo-
phytic bacteria.

Theoretically, the DNA isolated from plant tissues may
derive from the plant nuclei, the plastids, the mitochon-
dria and, if any, the plant-associated microbes. The mit-
ochondrial DNA could be ignored in this study because
of its very low occurrence in our samples. It was reported
that 8000 g-force for 20 min precipitated most plant
mitochondria (Nagahashi and Hiraike 1982). Marker
genes including the entire ITS (nucleus-specific), the
trnL-trnF spacer (plastid-specific) and the 165-23S rRNA
gene spacer (bacterium-specific) were used because they
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are genome-specific, highly conserved and most fre-
quently present in their respective genomes. It is well
known that the nuclear ribosomal RNA genes including
the ITS region exist in hundreds or thousands of copies
for a eukaryotic genome (Buchanan et al. 2000). Ribo-
somal RNA genes may be present in multiple copies in
bacterial genomes (Cole and Girons 1994; Farrelly et al.
1995). Though the plastidial trnL-trnF spacer is a single
copy sequence, hundreds of DNA molecules may be
found in a plastid and dozens to hundreds of plastids
may reside in a leaf cell. Sometimes plastid DNA may
account for up to 10-20% of the leaf total DNA (Bucha-
nan et al. 2000). Bacterial 165-23S rRNA gene spacer was
frequently amplified from the plant DNA because of the
presence of complex nuclear and plastid DNA. On the
one hand, the plant nuclear DNA may serve as template
for the amplification of the 165-23S rRNA gene spacer
and trnL-trnF spacer, resulting in PCR bands of the
expected size. On the other hand, the 165-23S rRNA gene
spacer is inevitably amplified from the plastid DNA.
However, the plastidial 165-23S rRNA gene spacer can be
distinguished from its bacterial counterpart by the size of
the amplicon. Because of introns (0-5-2'5 kb) present in
two trn genes, the plastidial 16S-23S rRNA gene spacer is
usually more than 1-0 kb in size (Buchanan et al. 2000).
However, the bacterial 165-23S rRNA gene spacer often
ranges from 0-3 to 0-9 kb (occasionally more than 1-0 kb)
(Jensen et al. 1993).

DNAs extracted from the pellets of five centrifugation
steps were serially diluted and used as templates for mar-
ker gene PCR amplification. The highest dilution that
worked for PCR amplification of the marker gene was
obtained, so there should be more marker DNA copies
present if amplified at the highest 1000-fold dilution than
for the highest 10-fold dilution. The bacterial 165-23S
rRNA gene spacer was predominantly amplified in the
enzyme-treated 1000 g- or 3000 g-pellet, whereas no nuc-
lear ITS products were detectable (Table 1). The nuclear
ITS region is specific and has a large number of copies
for the plant nuclear DNA. In this respect, one can rea-
sonably assume that in the DNA from enzyme-treated
1000 g- or 3000 g-pellet, amplification of the 16S-23S
rRNA gene spacer contributed significantly to the existing
bacterial DNA rather than to the plant nuclear DNA. On
the other hand, the plant nuclear DNA may serve as a
potential template for amplification of the 165-23S rRNA
gene spacer and fruL-trnF, resulting in the expected
bands. Nearly equal amplification of both nuclear ITS
and 165-23S rRNA gene spacer, or both nuclear ITS and
trnL-trnF, cannot be interpreted as a uniform abundance
of their corresponding genomic DNAs. This is supported
by the control pattern in which the three marker genes
were almost equally amplified (Table 1). Conceivably, the

Microbe enrichment in plant tissues

plant nuclear DNA may constitute the majority of the
DNA in the control and in the enzyme-treated 200 g- or
500 g-pellet (Table 1). Given all the observations, we sug-
gest that the step of discarding the enzyme-treated pellet
from centrifugation at 200 g or 500 g was crucial to
enhance the ratio of bacterial to plant nuclear DNA in
the 3000 g-pellet. Therefore, enzyme treatment of plant
tissues and subsequent differential centrifugation are
potentially effective in reducing the plant genomic DNA
content and in enriching for plant-associated bacteria.
Enzyme concentration, buffer and incubation time were
further optimized for preparation of the enriched sam-
ples. Mannitol buffer (0-7 mol 1) was used in Method II
as an osmotic stabilizer in order not to break up the pro-
toplasts, because protoplasts should be more easily separ-
ated from bacteria by differential centrifugation. Pellets
from centrifugation at 200 g were removed for the pur-
pose of reducing the plant nuclear DNA content and
enhancing the ratio of bacterial to plant nuclear DNA in
the subsequent DNA extracts. A repeat suspension of the
200 g-pellet was attempted to increase the bacterial yield.
In addition, L-lysine and EGTA were used as DNase
inhibitors in the DNA extraction procedure (Peterson
et al. 1997) to avoid degradation of the bacterial DNA
during lysozyme incubation. As shown in Table 3, there
was no overlap in the phylogenetic affiliation of Method I
clones and Method II clones. From each sample only a
limited number of clones (~100 clones) were applied for
RFLP typing, thereby not representing the whole biodi-
versity of the current 16S rDNA library. Moreover, as
only partial 16S rDNA sequences (~0.6 kb) were used,
this phylogenetic placement is tentative.
Cultivation-dependent approaches have been widely
applied for the analysis of species diversity of endophytic
bacteria. Most bacterial species isolated from internal
plant tissues belonged to Pseudomonas, Bacillus, Entero-
bacter and Agrobacterium (Hallmann et al. 1997). Recently,
a broad phylogenetic spectrum of endophytic bacteria was
detected from potato and other plants by a 16S rRNA-
based cultivation-independent method (Sessitsch et al.
2002; Dent et al. 2004). Despite an increasing number of
reports on the diversity of bacterial endophytes in plants,
few studies have focused on metagenomic analysis of
these microbes. Metagenomic analysis involves DNA
isolation from an environmental sample, library construc-
tion and functional analysis (Handelsman 2004). Effi-
ciently extracting bacterial DNA from host plant tissues is
central to constructing a metagenomic library that har-
bours sufficient copies of interesting genomes from plant-
associated bacteria. As revealed in this study, Method II
for microbe enrichment in plant tissues was remarkably
effective in enhancing the ratio of bacterial to plant nuc-
lear DNA and increasing the species diversity of
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plant-associated bacteria. The strategy described here can
be applied to studying plant-associated bacteria in the
field of environmental molecular ecology and environ-
mental metagenomics.
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