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Abstract A culture-independent survey of the bacterial
diversity in rhizosphere soils of diseased (scab) and disease-
free apple trees was conducted to assess the role of bacteria
in disease suppression. Community DNA was extracted
from soil samples and amplified by PCR using primers
specific for bacterial 16S rRNA gene sequences. Clone
libraries were constructed with the PCR products and
analysed based on amplified rDNA restriction analysis
(ARDRA) patterns. The phylotypes and their frequency
distribution in both libraries indicated that the phylotype
did not represent a single group. Rarefaction curve, and
Shannon and Simpson diversity indices exhibited insignif-
icant diversity differences between the samples in terms of
bacterial community composition, whereas more chitinase
and β-1,3 glucanase activities were recorded in samples
from disease-free trees than from diseased trees. Based on
the operational taxonomic units identified in ARDRA, 80
representative clones were selected from the libraries and
partially sequenced. Sequence similarity searches with the
resulting sequences identified the dominance of uncultured
bacteria to the extent of 70% and 72.5% in disease free and
diseased rhizospheres, respectively. The foregoing studies
conclude a possible role for enhanced microbial activity in
terms of enzyme production in tree (apple) health, although
no distinct partitioning of composition or significant
diversity of bacterial communities inhabiting diseased and
disease-free rhizosphere soils was observed at any given
time.
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Introduction

Soil-borne microbes of the rhizosphere, the biologically
active zone of soil around plant roots, are affected by
rhizodeposition—the substances released from roots to soil.
Bacteria are an important part of this soil microflora due to
their abundance, diversity and the multiplicity of their
metabolic activities. The extent of the diversity of micro-
organisms in soil is seen to be critical to the maintenance of
soil health and quality, as a wide range of microorganisms
is involved in important soil functions. Efforts to identify
their diversity remain futile mainly because most microbes
from natural environments cannot be cultured with current
techniques (Ward et al. 1990; Amann et al. 1995).
Metagenomic analysis of the rhizosphere allows insight
into the genomes of such microbes, including the uncultur-
able fraction, and their possible effect on plant health. The
recognition of microbial diversity and the importance of
unculturable bacteria in microbial ecosystems have been
analysed in agricultural soils (Lukow et al. 2000; Sessitsch
et al. 2001; Filion et al. 2004; Garbeva 2005).

It is well known that pathogens are studied most
effectively within an ecological context of interactions
among microbes, their hosts, and the environmental
conditions in which they live (Harvell et al. 1999). A basic
knowledge of the composition and distribution of the
microbial communities associated with healthy as well as
diseased organisms is essential for the diagnosis and
eventual treatment and prevention of plant diseases by
using disease suppressive microbial communities. Regulation
and exploitation of microbial diversity is widely recognized as
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a component of sustainable and integrated pest management
approaches for plant disease control.

Apple scab, also known as black spot, caused by the
fungus Venturia inaequalis (Cooke) G. Wint., is the most
widespread disease in apple orchards worldwide (Machardy
1996; Carisse et al. 2000). The disease manifests as brown
or black lesions on leaves and fruits, resulting in reduced
fruit yield and quality, without killing the fruit. However, in
severe infestation, it defoliates and weakens the trees,
making it prone to other pest attacks. If not controlled, the
disease can cause extensive losses (70% or more) where
humid, cool weather occurs during the spring months.
Losses result directly from fruit or pedicel infections, or
indirectly from repeated defoliation, which can reduce tree
growth and yield. Himachal Pradesh (HP) is the second
largest producer of apples in India, and provides a
livelihood to a large population of the state. Since 1977,
scab disease exhibited various epidemic levels of infection
and disease outbreaks under field conditions in all apple
growing regions. Subsequently, disease spread was so
rapid that entire apple growing areas of HP were
affected, resulting in a severe epiphytotic in 1983 (Gupta
1989). Intensive cultivation of a susceptible genotype of
Royal Delicious apple over larger and under diverse
growing conditions in HP has attracted a number of
pathogens and insect pests, significantly affecting fruit
yield and quality (Sharma and Bhardwaj 2003; Thakur
et al. 2005). Assessment of the microbial community
structure and diversity in healthy tree rhizosphere soils
among scab-affected trees in a diseased field by contrast-
ing the genetic diversity of the two populations would help
elucidate the role played by such communities in disease
incidence.

The aim of this study was to use 16S rDNA sequence
data to assess and compare the diversity and community
structure of rhizobacteria and soil enzyme activity to assess
microbial activity (at a given time) from soil samples of
disease-free and diseased (scab) apple trees.

Materials and methods

Experimental site and sample collection

An apple (cv. Royal Delicious) orchard (1 ha) showing
natural scab infection of>50% was identified in April 2004,
corresponding with the spring season, by visually assessing
50 leaves at random from each tree for the presence or
absence of scab lesions in the Kinnaur district (78°16′10″E,
31°37′17″ N; 2,946 m a.s.l.) of HP, India, and used for
sample collection. The disease occurred despite adoption of
orchard sanitation practices such as disposal of diseased
overwintered fallen leaves and fungicidal applications in

the preceding autumn or winter. The climate was wet
temperate with an average annual rainfall of 2,491 mm.
The soil texture was silty clay loam (30% clay, 53% silt
and 17% sand) with an average pH of 5.2 in both field
sites. Immediately after assessing disease incidence, two
composite rhizosphere soil samples, each comprising
equal quantities of 12, uniformly mixed, samples from
four trees (representing the orchard area) i.e. three
samples of about 500 g per tree were collected from
diseased (S2) and disease-free (S14) rhizospheres. Each of
the sub-samples constituting the composite samples was
collected with a sterilised spatula at a depth of about
40 cm. Samples of the same rhizospheres (i.e. healthy and
diseased) were mixed well, placed immediately on dry ice
for transport, and frozen at −20°C until DNA extraction
was performed.

Extraction, purification and quantification of DNA
from soil

Soil DNA was extracted from 1 g of each of the sieved
composite samples using UltraClean soil DNA isolation kit
(MoBio Laboratories, http://www.mobio.com) following
the manufacturer’s instructions. Small portions of crude
extracts (40 μl) were then subjected to electrophoresis and
the DNA band was excised and eluted using QIAEX II Gel
extraction kit (Qiagen, Valencia, CA). The quantity and
quality of DNA was estimated using agarose gel electro-
phoresis and spectrophotometric methods.

SSU rDNA library construction

Rhizosphere soil DNA was amplified by PCR by targeting
16S rRNA sequences conserved among all known bacteria
(Kuske et al. 1997). Amplifications were carried out in a 50-
μl reaction volume consisting of 10×buffer, 5.0 μl (Genei,
India); 2 mM dNTPs, 5.0 μl; 3 U/μl Taq DNA polymerase,
0.33 μl (Genei, India); 100 ng/μl primer, 2 μl; 35–45 ng
template DNA, 1 μl and H2O, 34.67 μl in a Bio-Rad
(Richmond, CA) thermocycler using the PCR condi-
tions 95°C for 5 min, 94°C for 30 s, 50°C for 1 min,
and 72°C for 2 min. The total number of cycles was 35,
with a final extension of 72°C for 10 min. The reaction
control consisted of all PCR components, except
genomic DNA. The PCR products (10 μl) were electro-
phoresed and a 1.5 kb amplicon was gel eluted and
purified with a Qiaquick gel extraction kit (Qiagen). The
amplicon was cloned in pGEM-T easy vector (Promega,
Madison,WI). Two hundred clones of the correct size for each
of the samples were stored as glycerol stocks at −70°C. The
clones from rhizospheres of diseased and disease-free trees
were designated as EB (S2) and EB (S14), respectively,
followed by the clone number (1–200).
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Genetic fingerprinting of 16S rDNA clones by amplified
rDNA restriction analysis

To sort the clones into groups or operational taxonomic
units (OTUs), the recombinant plasmids were extracted and
amplified using SP6 and T7 primers, and the single
amplicon for total bacteria was individually digested with
restriction endonucleases (RsaI, MboI and AluI) and
resolved on a 1.5% agarose gel. The GeneRuler 100 bp
DNA ladder plus (MBI Fermentas, Glen Burnie, MD) was
used as a DNA marker. Restriction fragments shorter than
50 bp were not considered in the analysis. An unweighted
pair-group method with arithmetical averages (UPGMA)
dendrogram for both samples was constructed based on the
developed similarity matrix using NTSYS.pc (Numerical
Taxonomy System Applied Biostatistics, Setauket, NY)
software. The clones were then grouped on the basis of the
amplified rDNA restriction analysis (ARDRA) pattern, and
representative clones from each group were selected for
sequencing. The number of phylotypes and frequency
distribution of types in libraries were evaluated by using
two diversity indices (Shannon-Weiner H′=−Sum Pi Ln(Pi)
and Simpson index λ=Sum (Pi2). Since the libraries differed
in size, estimated type richness was calculated by rarefaction,
using the software Analytical Rarefaction 1.3 (http://www.
uga.edu/strata/software/). The mean heterozygosity and
genetic distance between these two populations were
calculated using GenAlex ver.6 (Peakall and Smouse 2006).

Nucleotide sequencing and analysis of the amplicon

Both strands of the cloned DNA were sequenced by the
dideoxy chain termination method (Sanger et al. 1977)
using an automated sequencer (ABI PRISM 310, Applied
Biosystems, Foster City, CA). The sequences were submit-
ted to the CHECK_CHIMERA program of the Ribosomal
Database Project (RDP) (http://rdp.cme.msu.edu ; Maidak
et al. 1999) to detect the presence of possible chimeric
artifacts and excluded these from analysis. Sequences were
aligned with reference sequences obtained from the
National Centre for Biotechnological Information (NCBI)
nucleotide database using the BLASTN program (http://
www.ncbi.nlm.nih.gov:80/BLAST/). The partial clone
sequences determined in this study have been deposited
with the GenBank database (see Table 1).

Enzyme assays

Chitinase and β-1,3-glucanase assays were carried out in soil
suspensions in triplicate as described by Rodriguez-Kabana
et al. (1983) and Sotolova and Jandera (1985), respectively.
Chitinase activity was expressed as pkat (pmol/s) of N-
acetylglucosamine GlcNAc equivalents/millilitre soil suspen-

sion. For β-1,3-glucanase, the amount of reducing sugars
released was calculated from standard curves recorded for
glucose, and the enzyme activity was expressed as nkat
(nmol/s) of glucose released/millilitre of suspension. Soil
autoclaved twice served as the control for both assays.

Results and discussion

In HP, the low productivity of apple is attributed mainly to
scab (Sharma and Bhardwaj 2003). Since soil microbial
diversity is an important index of agricultural productivity, the
diversity within an ecosystem is suggested to determine its role
in a particular environment. As the rhizosphere is a versatile
and dynamic ecological environment of intense microbe–plant
interactions (Jeffries et al. 2003), a basic knowledge of the
composition and distribution of the microbial communities
present is (highly) essential. Hence, as an approach to assess
the role of microbial communities in suppression of apple
scab, this study aimed to characterise the rhizobacteria
associated with healthy and diseased rhizospheres at the
same site using 16S rRNA gene clone library construction
and analysis. Soil sampling coincided with the pink to petal
fall phenological stages, where maximum infection is
expected. The libraries were constructed primarily in an
attempt to explore resident bacterial phylotype diversity,
rather than to assess the ongoing community shifts that may
occur under conditions of changing agronomic practices.

The DNA extracted from both soil samples was
predominantly of high molecular weight, forming quite
a strong sharp band of 23 kb in size on 0.7% agarose
gels in routine electrophoresis unit (Fig. 1a), and was
suitable for use as a PCR template, with minimal chance
of introducing chimeric fragments due to sheared DNA.
The amount of DNA extracted from the samples differed
significantly (P=0.05) with S2 yielding more DNA
(1.6 μg/g soil) than S14 (1.2 μg/g soil). The concentration
ranged from 65 to 100 ng/μl, with a purity range of 1.5–1.9. In
optimising the template DNA concentration for PCR, a
concentration range of 35–45 ng gave better amplification
and was used for subsequent studies.

The universal eubacterial primers amplified a single
DNA fragment of 1,500 bp from both samples (Fig. 1b).
Although no single set of primers or community profiling
technique is optimal for the assessment of bacterial
diversity in all instances, the primers were chosen taking
into account the target sites. Genetic fingerprinting of
clones by ARDRA with RsaI digestion resulted in the
highest number of pattern types. Since each species
represented more than one phylotype, in order to evaluate
the phylotype richness of the populations, the frequency
and distribution of phylotypes in each of the soil samples
were analysed using rarefaction for comparison. Insignifi-
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cant differences were observed for diversity between the
populations (Fig. 2). This was substantiated by analysing
the diversity indices between the populations. The phylo-
type richness was measured by Shannon and Simpson
diversity indices. While the Shannon diversity indices of S2

and S14 were 3.64 and 3.65, the Simpson diversity indices
were 0.99 and 0.88, respectively. Although the mean
heterozygosity based on the ARDRA profile for each
population was found to be higher (He=0.058) for S14 as
compared to S2 (He=0.051), the overall genetic distance

Table 1 Nearest neighbour of partially sequenced clones (16S rRNA) identified by BLAST analysis

S2 S14

Clone Best match Identity
(%)

Accession
no.

Clone Identity
(%)

Identity
(%)

Accession
no.

EB01 Uncultured Acidobacteria bacterium 98% AM168116 EB01 Rhodoferax ferrireducens 96% AM265401

EB8 Uncultured alpha proteobacterium 94% AM156955 EB06 Uncultured bacterium clone J06K 96% AM265419

EB 07 Uncultured bacterium 96% AM265538 EB07 Uncultured forest soil bacterium clone 96% AM265402

EB9 Uncultured bacterium clone 94% AM156954 EB09 Uncultured bacterium clone ci52 95% AM265414

EB10 Uncultured bacterium 96% AM265543 EB 10 Unidentified eubacterium. 90% AM229071

EB 11 Uncultured bacterium 98% AM168135 EB 11 Cyanobacteria sp. 92% AM229072

EB13 Uncultured bacterium isolate PG-91 94% AM265539 EB 12 Uncultured Acidobacterium 96% AM229073

EB14 Uncultured bacterium 97% AM265544 EB 13 Uncultured Chloroflexi bacterium 99% AM265397

EB16 Uncultured Acidobacterium 97% AM117498 EB 14 Uncultured soil bacterium 99% AM265395

EB17 Uncultured bacterium 96% AM265545 EB 15 Uncultured soil bacterium 99% AM265396

EB19 Uncultured Bacteroidetes bacterium 98% AM168117 EB17 Uncultured soil bacterium clone 6-1 97% AM265403

EB20 Uncultured bacterium 98% AM168118 EB 21 Uncultured soil bacterium 96% AM229077

EB24 Uncultured bacterium 95% AM265546 EB 23 Uncultured soil bacterium 97% AM229078

EB28 Uncultured bacterium 98% AM168132 EB 24 Uncultured Antaractic bacterium 95% AM229074

EB 36 Uncultured soil bacterium clone DS-249 98% AM265540 EB26 Uncultured bacterium clone 93% AM265415

EB40 Uncultured soil bacterium clone 98% AM168131 EB35 Herbaspirillum magnetovibrio TK-2 98% AM265416

EB45 Uncultured bacterium 96% AM265547 EB42 Acidobacteria bacterium Ellin7137 96% AM265398

EB54 Taxeobacter sp. SAFR-033 92% AM265541 EB64 Flavobacterium sp. 96% AM265399

EB55 Uncultured Acidobacteria bacterium clone 96% AM265548 EB70 Uncultured Bacteroidetes bacterium clone 94% AM397663

EB56 Uncultured soil bacterium clone 98% AM397662 EB 78 Uncultured soil bacterium 93% AM229075

EB62 Uncultured bacterium clone BA046 96% AM168133 EB 79 Uncultured soil bacterium 100% AM229076

EB66 Uncultured Bacteroidetes bacterium 88% AM265542 EB82 Uncultured eubacterium WD244 96% AM265400

EB73 Alpha proteobacterium 90% AM265549 EB88 Uncultured soil bacterium clone 95% AM265417

EB89 Uncultured bacterium 98% AM168136 EB90 Uncultured hydrocarbon seep bacterium 92% AM265418

EB99 Uncultured soil bacterium clone 98% AM265550 EB 135 Uncultured bacterium clone JE25 98% AM265404

EB 111 Uncultured bacterium clone 97% AM168119 EB136 Uncultured Acidobacteria bacterium clone 98% AM265405

EB 112 Uncultured bacterium 97% AM168120 EB 133 Uncultured bacterium isolate 94% AM262313

EB 120 Uncultured bacterium clone 97% AM168121 EB 139 Uncultured soil bacterium clone 27-1 94% AM265407

EB126 Uncultured Acidobacteria bacterium 98% AM168122 EB 141 Uncultured Acidobacteria bacterium 99% AM265408

EB142 Uncultured Acidobacteria bacterium 97% AM168123 EB 145 Uncultured Acidobacterium group bacterium 91% AM265409

EB 143 Uncultured bacterium 98% AM168124 EB146 Uncultured soil bacterium clone 98% AM265410

EB 148 Uncultured bacterium 97% AM168125 EB 147 Uncultured soil bacterium clone UA4 95% AM265411

EB162 Uncultured bacterium 94% AM156956 EB149 Uncultured soil bacterium clone 94% AM265412

EB163 Uncultured alpha proteobacterium 93% AM168129 EB150 Uncultured bacterium clone 94% AM265413

EB167 Uncultured bacteroidetes 96% AM168126 EB137 Uncultured bacterium 97% AM265406

EB170 Uncultured bacterium 90% AM168130 EB155 Uncultured soil bacterium clone UE9 98% AM265561

EB172 Uncultured bacteria clone 96% AM168136 EB165 Uncultured bacterium clone B133 92% AM265562

EB173 Uncultured bacterium clone D112 88% AM159180 EB171 Uncultured bacterium clone D118 95% AM265563

EB174 Uncultured gold mine bacterium 97% AM168128 EB199 Uncultured bacterium clone 1700b-15 94% AM265565

EB 179 Uncultured bacterium partial 97% AM168127 EB188 Uncultured soil bacterium clone 96% AM265564
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between these two populations was small (1.2%). More-
over, the frequency distribution of RFLP types were
measured using evenness tests, in which both soil samples
showed similar values (S2=0.58 and S14=0.60).

Partial sequencing of the 16S rRNA clones generated
nucleotides sequences of 348 to 1,169 bp with a mean size
of 751 bp for S2, and 304 to 910 bp with 656 bp mean size
for S14. The results of BLASTN analysis of 80 represen-
tative clones are detailed in Table 1. All the sequences had
more than 88% nucleotide similarity to rDNA sequences
available in the database. No clones except two from S2 and
five from S14, were found to be identical to any known 16S

rRNA sequences from cultured organisms. Sequenced
clones for S2 fell into five major groups, viz. uncultured
Acidobacteria, Alpha proteobacteria, uncultured bacteria,
Bacteroidetes and Taxeobacter. Among the clones from
sample S14, four major taxa viz. Acidobacteria, uncultured
soil bacteria, Cyanobacteria-Flavobacterium-Bacteriodetes
group and Gram negative bacteria were mainly represented.
The bacterial groups identified in this study were the same
as those identified in other studies on different plant species
and ecosystems. In investigating the microbial diversity of
an agricultural soil in Wisconsin, in the United States, it was
demonstrated that diversity was not distributed randomly
among the major taxa, the Proteobacteria (16.1%), the
Cytophaga-Flexibacter-Bacteroides group (21.8%), and the
low GC-content Gram-positive group (21.8%) (Borneman et
al. 1996). Predominance of proteobacteria and acidobacteria
in rhizospheres of lodgepole pine (Pinus contorta) under
forest conditions was reported (Chow et al. 2002). Interesting-
ly, uncultured microbes were found to be predominant in both
soil samples. Whilst S2 was represented predominantly by
uncultured bacteria (57%), S14 was dominated by uncultured
soil bacteria (35%) (Fig. 3a,b). In view of this, the possibility
of making reliable comparisons between the microbial
communities appeared to be limited. Such complexity is
clearly evident from earlier reports. A largely homogenous
population of fluorescent pseudomonads from crop rhizo-
spheres was reported (Ward et al. 1990). No difference was
observed between the composition of bacterial communities
of rhizosphere and that of rhizoplane in grassland soils, where
the effect of rhizodepositon should be more pronounced
(Nunan et al. 2005).

Enzyme activities have previously been used to document
ecological effects on soil microbes (Nannipieri et al. 2007).
Chitinase and β-1,3-glucanase are lytic enzymes elaborated
by microbes for mycoparasitism (Hong and Meng 2003;
Huang et al. 2005). This study, although not providing
convincing evidence that the bacterial community structure
and diversity influences disease incidence, at least at a given
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Fig. 1 a Isolated and purified soil DNA. b PCR amplification of 16S
rRNA from soil DNA. Lanes: 1 HindIII-digested DNA ladder; 2, 3
soil DNA of S2 and S14, respectively; 4 100 bp ladder; 5, 6 PCR
products of S2 and S14, respectively
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time, revealed that samples from disease-free (S14) trees
showed more lytic enzyme production than those from
diseased (S2) trees (Fig. 4), indicating the possibility that
enhanced microbial activity contributes to plant health.
While the maximum chitinase activity observed was 274
pkat GlcNAc/ml soil suspension, β-1,3-glucanase was
recorded up to 4.5 nkat (nmol/s) glucose/ml. Such variation
in enzyme activity between the samples, with S14 accounting
for higher activity, might also be accounted for by release
from roots, since the effect of rhizodeposition influencing
microbial communities of the samples could be affected by
root architecture, root age, plant age, and the complex
interaction between soil type, plant species and root zone.
Studies on several plant species have revealed that defence
enzyme activities like chitinase and β-1,3-glucanase are
increased by environment factors such as fungal infection
(Mohammadi and Kazemi 2002; Jetiyanon 2007). The low
enzyme activity of S2 despite the trees being diseased

indicated the possibility of lower enzyme release by the
roots. Hence, the high enzyme activity for S14 could be due
to enhanced microbial activity and might have contributed to
tree health. However, further studies on the role of enhanced
microbial activity on pathogen survival are required, to
further confirm the cause of the healthiness of these trees.
Contrary to this study, distinct partitioning in the composi-
tion and diversity of microbial communities in rhizospheres
of healthy and diseased trees, and how these changes may
influence disease development and/or resistance, have been
reported. However, the role of these communities associated
with healthy rhizospheres or roots in promoting disease
suppression, or whether their presence is simply a direct
consequence of the absence of the pathogen could only be
ascertained partially if at all (Yang et al. 2001; Filion et al.
2004). Interestingly, these studies were based on soil-borne
diseases, where the pathogen lives in close association with
soil microbial communities. To our knowledge, this study on

Fig. 3 Pie diagrams illustrating
the division-level diversity of
the partial 16S rRNA bacterial
sequences comprising clones
from (A) S2 and (B) S14
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the community-based comparative analysis of the micro-
organisms associated with a disease infecting above-ground
parts by culture independent studies is the first of its kind
and serves as an avenue for further investigations.

Since the two main drivers of soil microbial community
structure, i.e., plant type and soil type, are thought to exert
their function in a complex manner (Garbeva et al. 2004),
monitoring such changes in the bacterial community
structure and diversity over time would affirm their role in
plant health. Also, narrow searches using primer sets
targeting smaller bacterial and fungal groups will be
involved in further studies. Further studies on gene
expression in the rhizosphere soils, supplementing measure-
ments of microbial activities by classical enzyme assays,
have been initiated to improve our knowledge of the
microbial activity in these soils.

The results of this study conclude the absence of distinct
partitioning in the composition, as well as the significant

diversity, of bacterial communities inhabiting diseased and
disease-free apple rhizosphere soils at a given time, even
though enhanced microbial activity in terms of lytic
enzyme production was observed in disease-free soils. It
is likely that much greater sampling effort will be needed at
different intervals over a period of time to explore the
ongoing community shifts and to make any meaningful
comparison of species diversity among the samples.
Nevertheless, the results have also revealed a remarkable
variety of rDNA sequences, most being only distantly related
to those of cultivated species. Most of the sequences clustered
into several large, phylogenetically diverse groups that are
distinct from previously recognised bacterial divisions.
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