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Abstract
Aims The goal of this study was to investigate the
structure and functional potential of microbial commu-
nities associated with healthy and diseased tomato
rhizospheres.
Methods Composition changes in the bacterial commu-
nities inhabiting the rhizospheric soil and roots of toma-
to plants were detected using 454 pyrosequencing. Mi-
crobial functional diversity was investigated with
BIOLOG technology.
Results There were significant shifts in the microbial
composition of diseased samples compared with healthy
samples, which had the highest bacterial diversity. The
predominant phylum in both diseased and healthy samples
was Proteobacteria, which accounted for 35.7–97.4 % of
species. The class Gammaproteobacteria was more abun-
dant in healthy than in diseased samples, while the
Alphaproteobacteria and Betaproteobacteria were more
abundant in diseased samples. The proportions of

pathogenic Ralstonia solanacearum and Actinobacteria
species were also elevated in diseased samples. The pro-
portions of the various bacterial populations showed a
similar trend both in rhizosphere soil and plant roots in
diseased versus disease-free samples, indicating that path-
ogen infection altered the composition of bacterial com-
munities in both plant and soil samples. In terms of micro-
bial activity, functional diversity was suppressed in dis-
eased soil samples. Soil enzyme activity, including urease,
alkaline phosphatase and catalase activity, also declined.
Conclusions This is the first report that provides evi-
dence that R. solanacearum infection elicits shifts in the
composition and functional potential of microbial com-
munities in a continuous-cropping tomato operation.
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Introduction

Various studies have proven that microbial communities
sustain soil ecosystems, and a wide range of microor-
ganisms is involved in important soil functions. Some
rhizosphere-inhabiting microbes are known to partici-
pate in detrimental interactions with plants that lead to
the development of root diseases, while others are clear-
ly beneficial to the plants by stimulating their growth
(Bulgarelli et al. 2012), enhancing nutrient uptake, or
playing a significant role in controlling soil-borne path-
ogens and the diseases they cause (Bais et al. 2006;
Lugtenberg and Kamilova 2009; Trivedi et al. 2012).
Plant and soil conditions play important roles in regu-
lating microbial communities as well (Lundberg et al.
2012). Plants exude up to 21 % of their photosyntheti-
cally fixed carbon into the rhizosphere, thereby leading
to significant changes in microbial diversity and func-
tion in the soil (Marschner et al. 2001; Baudoin et al.
2003). It has been postulated that plants actively recruit
beneficial soil microorganisms in their rhizospheres to
counteract pathogen assault (Cook et al. 1995). It has
frequently been reported that plants limit the diversity of
microbial communities in the rhizosphere (Rosario et al.
2007). The interplay between plant and microbial com-
munities has long been thought to be one of key mech-
anisms that suppress soil-borne pathogens. In-spite of
the tremendous progress made in the field of microbial
ecology in recent years, our knowledge on the commu-
nity structure of the rhizospheric microbial community
and their principal functions is still its infancy (Trivedi
et al. 2012).

Soil-borne pathogens of plants cause various diseases
in crops, including root and crown rots, vascular wilting,
take-all and damping-off. Pathogens thus pose a sub-
stantial threat to food production. Numerous studies
have focused on the crop-defense systems against plant
pathogens, the role of plant-beneficial bacteria in the
control of plant pathogens (Harvell et al. 1999;
Montesinos et al. 2002; Lugtenberg and Kamilova
2009), and the effects of plant pathogens on the structure
of plant-associated bacterial communities (McSpadden
Gardener andWeller 2001; Yang et al. 2001; Reiter et al.
2002; Trivedi et al. 2010, 2011). Although it has been
postulated that the disruption of multitrophic interac-
tions in a stable ecosystem under the influence of invad-
ing phytopathogens could cause community reorganiza-
tion leading to massive collapse and severe degradation
of soil ecosystems (van der Putten et al. 2007), the

implications of shifts in diversity for ecosystem function
are not well understood. The long-term sustainability of
ecosystem productivity requires detailed knowledge on
its biodiversity coupled with profound understanding of
its function. Determining the functional role of complex
and dynamic microbial communities is challenging be-
cause of our inability to culture the vast majority of
microorganisms. For example, it is widely accepted that
up to 99% of soil microorganisms remains unculturable,
and it a great challenge to elucidate the functional
changes of microbial communities in the crop rhizo-
sphere when infected by soil-borne pathogens
(Nannipieri et al. 2003; Fitter et al. 2005). Recently
developed metagenomic technologies, such as high-
throughput 454 pyrosequencing, have revolutionized
microbial research and provided a powerful fingerprint-
ing strategy with unprecedented resolution. Massively
parallel pyrosequencing allows for the detection of mi-
crobial communities as a whole, overcoming the inher-
ent bias of culture-dependent and traditional molecular
techniques (Glenn 2011; Diaz et al. 2012; Ye and Zhang
2013).

Bacterial wilt caused by Ralstonia solanacearum is
one of the most devastating plant diseases worldwide.
R. solanacearum affects a wide range of plants in more
than 50 families (Hayward 1995). In China, its hosts
include economically important crops such as tomato
(Lycopersicon esculentum Miller), potato (Solanum
tuberosum L.), tobacco (Nicotiana tabacum L.), egg-
plant (Solanum melongena L.), pepper (Capsicum
annuum L.), peanut (Arachis hypogaea L.) and ginger
(Zingiber officinale Roscoe). This disease has caused
great losses in agriculture and horticulture. Bacterial wilt
control approaches, including field sanitation, crop ro-
tation and application of resistant varieties, have been
tried with limited success (Ciampi-Panno et al. 1989).
The application of chemical pesticides is generally
considered to be the most effective and fastest
strategy for plant disease management. However,
no effective chemical product is available for bac-
terial wilt. Although streptomycin is a suitable
bactericide for the control of this disease, Chinese
farmers are reluctant to use it because large dos-
ages are required for the expected effectiveness,
probably due to bacterial resistance that has devel-
oped as a result of the repeated and abusive use of
streptomycin for the last several decades in this
country. Therefore, more effort must be devoted to
biological control with living microbes.
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Vegetables grown in greenhouses are more suscepti-
ble to diseases due to optimal growth conditions, includ-
ing temperature, humidity, salinity and tillage (Abawi
and Widmer 2000). We have established a greenhouse
in which tomato plants have been grown continuously
for 3 years. Some of the plants in our greenhouse ex-
hibited diseased symptoms characteristic of Ralstonia
solanacearum infection. The goal of this study was to
understand the consequences on microbial community
composition and their associated functions resulting
from stress caused by the invading pathogen using the
R. solanacearum-tomato model, and to elucidate micro-
bial mechanisms of continuous cropping by deciphering
the changes in function and diversity of rhizospheric
microbial communities in healthy and diseased soil
ecosystems.

Materials and methods

Site description and sample collection

Tomato plants (cv. Shanghai 903) were grown in a
vegetable greenhouse located in the Suzhou city, Jiang-
su province, China (36°26′N, 120°27′E). Plants were
continuously cultivated for 3 years in the same field.
Some plants in certain sections showed wilt symptoms
associated with infection by R. solanacearum, while
others were healthy, although all plants received the
same management. The rhizospheric soil and plant root
samples were collected separately from three diseased
and three disease-free sites based on visual symptoms,
including diseased roots, healthy roots, rhizospheric soil
from diseased tomatoes (disease RS), and rhizospheric
soil from healthy tomatoes (healthy RS) at the flowering
stage in June 2011. Each rhizosphere sample consisted
of the total root system with tightly adhering sediment
from each individual plant. Roots were shaken gently to
remove the loosely adhering soil. Rhizosphere soil was
carefully removed from fine roots by gently scraping
adhering soil using fine forceps. Bulk soil samples
around the infected and healthy roots were also collected
in triplicate for BIOLOG analysis and the detection of
soil enzyme activity. Each soil sample was stored at 4 °C
until it was brought to the lab for immediate processing.
Soil samples were homogenized by passing them
through a <2 mm sieve to remove aboveground plant
materials, roots, and stones for downstream processing,
including microbial genomic DNA extraction,

pyrosequencing, isolation of bacterial species, determi-
nation of soil enzymatic activity, and microbial function.
Healthy and diseased roots were also collected for DNA
extraction from endophytic microorganisms.

Determination of R. solanacearum populations in soil
and plant

Samples with three replicates were carefully collected to
harvest R. solanacearum cells from rhizospheric soil
and root samples of both healthy and diseased tomato
using the semi-selectionmedium, SMSA, according to a
previously described procedure (French et al. 1995;
Kang et al. 2004). For plants samples, roots were
washed under running water, surface-sterilized by im-
mersion in 70 % ethanol for a few seconds followed by
treatment in 0.1 % (w/v) mercuric chloride for 10 min,
and then cut into fragments 0.5 cm long with a sterile
knife. Fragments were placed in a sterilized mortar
containing 0.5 ml of sterile distilled water and ground
with a sterilized pestle. The resulting suspension was
plated onto SMSA medium. For soil samples, rhizo-
sphere soil was transferred to a sterilized Erlenmeyer
flask and suspended in a sterilized 0.85%NaCl solution
at a ratio of 1:9 (v/v). All soil suspensions were incubat-
ed at 28 °C on a rotary shaker at 150 rpm for 30 min and
then allowed to settle for 5 min. The resulting superna-
tant from each soil suspension was serially diluted with
a sterilized 0.85 % NaCl solution, and 2 ml of each
dilution was subsequently plated onto SMSA medium.
Three plates were used for each sample. The plates were
incubated at 28 °C for 2 days, and the number of
colonies was then counted.

Soil and plant DNA extraction

Genomic DNA was extracted from 0.5 g of each soil
sample using a FastDNA SPIN Kit for soil (MP Biomed-
icals, Santa Ana, CA) according to the manufacturer’s
instructions. The extracted soil DNA was dissolved in
70 μL of TE buffer, quantified by spectrophotometry and
stored at −20 °C for further analysis. To isolate genomic
DNA from endophytic microbial communities, tomato
roots were washed under running water, and surface-
sterilized by immersion in 70 % ethanol (60 s) followed
by treatment in 0.1 % (w/v) mercuric chloride for 10 min.
Surface sterilization of the plant material was checked by
rolling the sterilized plant material on nutrient agar plates,
which were then incubated for up to 7 days at 28 °C. Root
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Genomic DNA was isolated using a modified CTAB
method as previously described in greater detail (Kidwell
and Osborn 1992).

High-throughput pyrosequencing

Bidirectional pyrosequencing was performed with a
Roche 454 GS FLX Titanium sequencer by analyzing
the V4 region of the 16S rRNA gene at the whole
microbial community level as previously described
Xia et al. (2011) with slight modifications. PCR-
amplifying the 16S rRNA genes with the universal
primers 515F and 907R were extended as amplicon
fusion primers using the respective A and B primer
adapters, a key sequence, and a barcode sequence.
PCR reactions were performed in a 25-μL reaction
mixture containing 0.5 μM of both forward and reverse
primers, 1.0 μL of template DNA, and 12.5 μL of 2X
Premix (TaKaRa Biotech, Dalian, China) as previously
described (Xia et al. 2011). The triplicate PCR
amplicons were pooled, gel-purified, and visualized on
2.0 % agarose gels. The concentration of purified PCR
amplicons was determined with a Nanodrop® ND-1000
UV–vis Spectrophotometer, and the purified PCR
amplicons were then combined in equimolar ratios into
a single tube in preparation for pyrosequencing analysis.

Pyrosequencing data were processed and analyzed fol-
lowing a previously described procedure (Chu et al. 2010;
Fierer et al. 2008; Lauber et al. 2009) using the Quantita-
tive Insights Into Microbial Ecology (QIIME) pipeline
(http://qiime.sourceforge.net). In brief, low quality
sequence reads were filtered such that read lengths
<200 bp, reads with an average quality score <25, reads
with ambiguous nucleotides of >6 homopolymers and
reads with mismatches in primers were excluded. The
6 bp barcode was examined to assign reads to individual
samples. Phylotypes were identified using UCLUST
(Edgar 2010), with a taxonomic resolution at the 97 %
sequence similarity level. A representative sequence from
each phylotype was aligned using PyNAST (Caporaso
et al. 2010) with a relaxed neighbor-joining tree built using
FastTree (Price et al. 2009). The taxonomic identity of
each phylotype was determined using the RDP Classifier
(Wang et al. 2007).

BIOLOG assay

For the BIOLOG assay, EcoPlate™ plates (BIOLOG
Inc., Hayward, CA, USA) were used to trace the

succession of the bacterial carbon source utilization
profile. Approximately 1.0 g of fresh bulk soil from
around either diseased or healthy roots was mixed with
99 ml of 1 % phosphate buffer solution for 20 min, and
100 μL of the solution was transferred into each well of
the EcoPlate with 31 carbon sources. The plates were
incubated at 25 °C in the dark in triplicate. Color devel-
opment of each well was determined using a plate reader
(Micro Station; BIOLOG Inc) at 24 h intervals over the
course of 7 days of incubation. The value of the average
well color development (AWCD) for each sample was
then calculated to assess the functional diversity of
microbial communities in the rhizospheric soils of either
healthy or diseased tomato roots.

Soil enzyme activity assay

The activity of urease (EC 3.5.1.5), catalase (EC
1.11.1.6), and alkaline phosphatase (EC 3.1.3.1) in bulk
soil was detected according to Guan (1986).

Data analysis

Duncan’s Test (P<0.05) of one-way ANOVA analysis
was performed to analyze soil enzyme activity, the
activity of cell-well degradative enzymes, and the
phosphate-solubilizing and nitrogen-fixing capacity of
rhizobacterial isolates using the SPSS 13.0 (SPSS Inc,
Chicago, IL) general linear model (GLM) procedure.
UniFrac significance and principal coordinate analyses
(PCoA) were calculated using Fast UniFrac analysis to
evaluate the degree of similarity between microbial
communities associated with different samples (dis-
eased root, healthy root, disease RS, and healthy RS).
UniFrac distances were calculated from phylogenetic
distances, particularly the fraction of branch lengths
shared between all samples (Ishak et al. 2011).

Results

Detection of R. solanacearum

R. solanacearum was separately isolated and quantified
for diseased root, healthy root, diseased RS, and healthy
RS by a culture-dependent technique using modified
SMSA medium specific for pathogen detection
(French et al. 1995). Mucous, opaque, pleomorphic
and convex colonies with a red center and whitish
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periphery were isolated from infected samples on nutri-
ent media. The population size of R. solanacearum in
three diseased rhizospheric soil samples was 5.7, 7.3
and 7.6×107 CFU (colony forming unit)/g of soil on
average. The pathogen was also detected in infected
plants, where concentrations ranged from 2.3 to 3.6×
108 CFU/g of root. As expected, R. solanacearum was
not detected in the healthy rhizosphere soil and root
samples. These results indicated that diseased tomato
plants were infected by R. solanacearum.

Overall diversity of bacterial communities

Total microbial communities were characterized by
high-throughput pyrosequencing of rhizosphere soil
and tomato roots from diseased and healthy samples in
triplicate. Across all 12 samples (6 soil and 6 plant
samples), a total of 73,026 high-quality sequences
(45,368 sequences for roots and 27,658 for rhizospheric
soil) were obtained after the low quality reads were
removed. There were an average of 4,510, 4,710,
7,177 and 7,945 effective sequence reads out of 6,045,
6,065 10,415 and 10,524 raw reads for healthy RS,
diseased RS, healthy root, and diseased root samples,
respectively (Table 1).

Rhizosphere soil had higher 16S rRNA gene diver-
sity than did root. The highest OTU number was ob-
served in healthy RS, i.e., 1,266 at a distance cutoff level
of 3 % (Table 1), while the lowest number of OTUs was
obtained for healthy root. Healthy RS had the highest
bacterial diversity among the four samples, as shown by
the Chao 1 index representative of bacterial phylotype

richness levels (Table 1). Diseased RS and root had
moderate richness and healthy root had the lowest rich-
ness. The rarefaction curves of the four samples at a
distance cutoff level of 3 % are shown in Fig. 1. All
amplified rarefaction curves increased rapidly from 0 to
1,000 sequences, indicating that sequence derived di-
versity and richness in this study were sufficient to
characterize the species in each sample.

Bacterial community composition in soil and roots

The effective bacterial sequences in the 12 samples were
all assigned to corresponding taxonomies using BLAST
combined with MEGAN. From the phylum assignment
results, we found that high-throughput pyrosequencing
produced few reads classified as archaea, and 99.99 %
of the 16S rRNA sequence reads were identified as
bacteria belonging to 16 phyla: Acidobacteria,
Actinobacteria, Bacteria_incertae_sedis, Bacteroidetes,
Chloroflexi, Cyanobacteria, Deinococcus-Thermus,
Firmicutes, Gemmatimonadetes, Nitrospira, OP10,
Planctomycetes, Proteobacteria, Spirochaetes, TM7
and Verrucomicrobia. The bacterial phyla ranged from
0.11 % for Firmicutes to 97.49 % for Proteobacteria, on
average. Proteobacteria was the dominant phylum
across all samples, accounting for 35.70–97.49 % of
total 16S rRNA gene reads sequence (Fig. 2) and higher
relative proportions in plant than in soil samples. The
relative abundance of the Actinobacteria was second to
the Proteobacteria, with an average abundance of 2.43,
12.02, 14.02 and 21.65 % in healthy root, diseased root,
healthy RS, and diseased RS, respectively. In addition to

Table 1 Summary of pyrosequence reads (±SE)

Samples Reads No. of OTUsa Chao1

Raw High-quality

Healthy RSb 6,045±648af 4,510±493a 1,266±151a 2,216.09±254.8a

Diseased RSc 6,065±954a 4,710±739a 1,234±139a 2,114.41±55.6a

Healthy Rootd 10,415±552b 7,178±430b 312±19.4b 388.43±27.1c

Diseased Roote 10,524±1204b 7,945±818b 777±23.2c 59.05±10.3b

a Operational taxonomic units (OTUs) were defined at 97 % sequence identity
b The sample from rhizosphere soil of disease-free tomato plant
c The sample from rhizosphere soil of diseased tomato plant
d The sample from roots of healthy tomato plant
e The sample from root of diseased tomato plant
fMeans followed by the same letter within a column are not significantly different as determined by the LSD test (P=0.05)
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the phylum, bacterial diversity and abundance were also
analyzed at the class level, and results indicated that the
most dominant class was Gammaproteobacteria, with
relative abundances of 94.01, 47.97, 44.92, and 32.10 %
on average in healthy root, diseased root, healthy RS,
and diseased RS, respectively (Fig. 2). A detailed com-
parison of these phyla is shown in Table S1.

Differences in bacterial communities from diseased
and healthy samples

To verify the differences observed in bacterial commu-
nities from diseased and healthy samples, the relative
abundances of different phyla (different classes for the
Proteobacteria) from roots and rhizospheric soil from
both healthy and diseased samples were compared

(Fig. 3). The Gammaproteobacteria were significantly
more abundant in healthy rhizospheric soil and root
samples than in diseased samples (P<0.05), but the
abundance of Actinobacteria, Alphaproteobacteria,
and Betaproteobacteria was higher in diseased samples
(Fig. 3). These results indicated that the structure of
bacterial communities showed a similar trend in both
soil and plants between diseased and healthy samples.

To further compare the variations in bacterial com-
munities between healthy and diseased samples,
lineage-specific, weighted UniFrac and principal coor-
dinate analysis were employed. The first principal com-
ponent of weighted algorithms separated bacterial com-
munities in healthy root and diseased root from those of
healthy RS and diseased RS, suggesting strong varia-
tions in bacterial community structures between root
and soil samples (63.07 % of contribution rate). Along
the second principal component axis (18.96 % of con-
tribution rate), shifts in bacterial community composi-
tion between diseased and healthy samples, especially in
the two root samples, were detected (Fig. 4).

Functional diversity analysis of microbial soil
communities

Average well color development (AWCD) was used as
an indicator of microbial activity in healthy and diseased
soils. The AWCD for both samples increased rapidly
after incubation for 24 h and generally followed the
same ‘S’ pattern with incubation time, but reached a
maximum at different incubation times (Fig. 5). Dis-
eased soil showed a delayed onset of AWCD increase, a
reduced rate of AWCD increase and a reduced AWCD
maximum when compared with healthy soils at each

Fig. 1 Rarefaction curves for the different samples. Healthy RS
and diseased RS indicate samples from rhizosphere soil of disease-
free tomato plants and rhizosphere soil of diseased tomato plants,
respectively

Fig. 2 Relative abundance of the
dominant bacterial phylotypes.
Relative abundances are
calculated as the proportion of
individual bacterial taxa to the
total number of 16S rRNA gene
sequence reads
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time point. Pairwise comparisons between diseased and
healthy soils indicated a significant reduction in AWCD,

ranging from 11.00 to 91.11 % at different time points
during the incubation period (Fig. 5).

Fig. 3 Percent change of
phylotype abundance in diseased
relative to healthy samples in both
soil (a) and plants (b). Percent
change is the difference in the
relative abundance of the main
phylotype between diseased and
healthy samples. A minus sign
indicates that the phylotype
abundance was greater in healthy
samples than in diseased samples.
Shown at left is the phylotype
from top to bottom with
decreasing abundance in the
healthy samples

Fig. 4 Lineage-specific weighted UniFrac output showed that the
first (P1) and second (P2) principal coordinates explained the
major variations in microbial communities between diseased and
healthy samples in both soil and plants

Fig. 5 The average well color development (AWCD±SE) of the
Biolog EcoPlates at 590 nm for rhizosphere soil from disease-free
(healthy RS) and diseased tomato plants (diseased RS)
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Soil enzyme activity for diseased and healthy
rhizospheric soil

Soil urease, alkaline phosphatase, and catalase activitywere
determined to assess the potential turnover rates of carbon
and nitrogen in rhizospheric soils. Enzymatic activities in
diseased soils were inhibited by 12.12 to 25.00 %. For
nitrogen cycle enzymes, the mean value of urease activity
in healthy RS and diseased RS was 0.30 and 0.24 mg
NH3–N·g

−1·24 h−1, respectively. The activity of alkaline
phosphatase was 0.42 mg hydroxybenzene·g−1·24 h−1 for
Healthy RS compared with 0.36 mg·hydroxybenzene
g−1·24 h−1 for diseased RS. Catalase activity in healthy
RS and d i s e a s ed RS so i l s wa s 1 . 11 and
0.99 mL·g−1·20 min−1, respectively.

Discussion

The diversity and stability of bacterial communities pres-
ent in the rhizosphere significantly affect soil and plant
quality and ecosystem sustainability (Trivedi et al. 2012).
Bacterial community structure and function in the rhizo-
sphere is determined by many selection factors that in-
fluence the growth and size of different bacterial popula-
tions. Introduction of phytopathogens and nonnative bac-
teria has been shown to change the amount and compo-
sition of organic acids, sugars and other essential nutri-
ents in root exudates (Phillips et al. 2004; Kamilova et al.
2006). Researchers have postulated that changes in host
physiology due to pathogen infection can also have dif-
ferential influence on rhizosphere community composi-
tion and associated functions (van der Putten et al. 2007).
At present, ecosystem simulation models do not include
microbial composition and often do not explicitly con-
sider the effects of phytopathogen infection on microbial
activities or the interactions between diverse microbial
processes (Bardgett et al. 2008). In this study, we evalu-
ated whether changes in plant physiology due to infection
with R. solanacearum might lead to variations in the
bacterial community of the rhizosphere and roots of
tomato plants. Our results clearly demonstrated the im-
pact of soil-borne pathogens on the total microbial com-
munity using high-throughput pyrosequencing. Our re-
sults further indicated that pathogen infection could lead
to significant changes in the function and composition of
microbial communities in healthy and diseased samples.

The results of this study also showed that bacterial
wilt influenced the composition of microbial

communities inhabiting tomato root and rhizospheric
soils (Fig. 2), in agreement with previous findings that
‘Ca. L. asiaticus’ could drastically influence the com-
position of a rhizobacterial community (Trivedi et al.
2012). Rarefaction curves clearly indicated that healthy
RS harbored the highest diversity of bacteria (Fig. 1),
suggesting a strong correlation between species richness
and ecosystem productivity in healthy RS. Within the
bacterial community, the phylum Proteobacteria was
the predominant rhizosphere colonizer, presumably be-
cause of relatively rapid growth rates (Fierer et al. 2007;
DeAngelis et al. 2009). As for the rhizospheric soil and
tomato roots infected by the soil-borne pathogen, we
observed a decline in the relative abundance of
Proteobacteria, consistent with previous observations
(Mendes et al. 2011). In contrast, pathogen exposure
significantly promoted the proportions of Bacteroidetes
and Actinobacteria in both soil and plants (Figs. 2, 3;
table S1), suggesting the rapid propagation of these
microorganisms in the presence of soil-borne pathogens.
This is interesting because Bacteroidetes and
Actinobacteria are typical bulk-soil inhabitants and rep-
resent stable components of the microbial ecosystem. It
is generally accepted that these microorganisms are less
affected by nutrient changes (Crawford 1978; Kielak
et al. 2008; Yergeau et al. 2009). This study provided
strong evidence for the response of microbial commu-
nities to soil-borne pathogens. Actinobacteria are
known antibiotic producers, which might play a funda-
mental role in the maintenance of soil ecosystems
through the production of antibiotics to counteract
R. solanacearum infection, although mechanisms be-
hind this process remain unknown (Wiedenbeck and
Cohan 2011). Other reports have shown that the micro-
biota inhabiting the soil and roots of Arabidopsis
thaliana changes when grown in different natural soils
under controlled environmental conditions (Bulgarelli
et al. 2012; Lundberg et al. 2012). In the present study,
clear variations in bacterial community structure be-
tween root and soil samples have been identified
(Fig. 4), indicating the plant is an important factor.
These differences may relate to the plant immune sys-
tem, which may preferentially promote the growth of
beneficial soil microorganisms in the rhizosphere to
counteract pathogen assault, leading to the reconstruc-
tion of microbial communities (Lundberg et al. 2012).
Th e i n h i b i t i o n o f Gammap ro t e oba c t e r i a
(Pseudomonadaceae, Xanthomonadales) in the dis-
eased samples may result from soil-borne pathogen
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exposure (Fig. 2). It has been shown that phytopatho-
gens have profound impacts on the amounts and diver-
sity of nutrients and plant secondary metabolites present
in root exudates, which in turn suppresses microorgan-
isms sensitive to alterations in these niches (Cook et al.
1995). Mendes et al. (2011) have also found that these
bacteria were more abundant in suppressive rather than
favorable soil when sugar beet seedlings were infected
by Rhizoctonia solani. In the present study, the
Betaproteobacteria were more abundant in the diseased
rhizosphere, a phenomena partly attributed to pathogen-
ic infection by R. solanacearum. Yang et al. (2001)
detected significant changes in bacterial communities
associated with healthy and Phytophthora-infected av-
ocado roots. Similar results were obtained in microbial
communities of rhizospheric soil when exposed to take-
all disease of wheat caused by Gaeumannomyces
graminis var. tritici (McSpadden Gardener and Weller
2001). The rapid advancement of molecular techniques
will be of great help for deciphering the microbial
mechanisms underlying the various difficulties encoun-
tered with continuous cropping.

Microbial communities of the rhizosphere control
many belowground processes critical to ecosystem
functioning through their influence on the decomposi-
tion of organic matter, nutrient cycling and the creation
of soil structure (Nannipieri et al. 2003; Cardon and
Whitbeck 2007). Shifts in the abundance and composi-
tion of the microbial community in soil can, in turn,
significantly influence the dynamics of these processes.
So we employed the BIOLOG and nutrient cycling-
related soil enzymatic activity analysis to investigate
changes in microb ia l func t ion induced by
R. solanacearum infection. BIOLOG analysis was used
to assess the functional diversity of the soil microbial
community, since the degradation of the soil ecosystem
may not necessarily be associated with composition
changes (Konopka 2009). Our results clearly indicated
that the microbial communities of healthy soils have a
greater capacity for carbon utilization (Fig. 5). Although
AWCD values do not represent the activity of individual
microorganisms (Garland and Mills 1991; Haack et al.
1995), these results provide direct evidence for the
functional activities of microbes at the community level
colonizing soils and could thus serve as a useful tool to
monitor the succession patterns of soil microbial com-
munities under disturbance. In addition, increases in soil
enzyme activity are also thought to represent improve-
ment in organic-matter content, microbial activity, and

carbon and nutrient cycling (Tabatabai 1994). In fact,
soil enzyme activity has been shown to change in re-
sponse to various management practices, such as tillage,
rotation, and fertilization, and therefore is considered to
be an important indicator of soil quality and ecological
stability (Dick 1994; Ajwa et al. 1999; Lagomarsino
et al. 2009; Tian et al. 2010). Urease, phosphatase, and
catalase are involved in nitrogen and phosphorus cy-
cling in the soil. There was a positive correlation be-
tween plant health and soil enzyme activity. In general,
enzyme activity in the soil has been shown to decrease
in response to tomato bacterial wilt, which might be
related to the dynamics of microbial populations in the
soil. It has been suggested that the composition of the
microbial community determines the potential for en-
zyme synthesis, and thus any modification in the micro-
bial community due to environmental factors could be
reflected on the level of soil enzymatic activity
(Kandeler et al. 1996). Our results provide strong evi-
dence that changes in the microbial community are
linked to functional activity, although the microbial
response to soil-borne pathogens require further inves-
tigation at the level of the individual microorganism.

Conclusion

Interactions between microorganisms and the soil are
very complex, and have been shown to strongly influ-
ence both plant and microbial community composition
and ecosystem processes. Our results revealed that there
were significant shifts in the composition and functional
potential of soil microbial communities in rhizospheric
soil and tomato roots infected by soil-borne pathogens.
These results provide guidance for a reduction in the
amount of pathogens in continuous cropping by main-
taining harmonious soil composition, regulating plant
growth conditions, and preserving ecosystem equilibri-
um. However, further study is required to understand the
relative importance of perturbations caused by phyto-
pathogens on microbial biodiversity and activity and
searching for appropriated methods to control plant
diseases.
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