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Abstract Rhizosphere and root-associated micro-

bial communities are known to be related to soil-borne

disease and plant health. In the present study, the

microbial communities in rhizosphere soils and roots

of both healthy and diseased Panax notoginseng were

analyzed by high-throughput sequencing of 16S rRNA

for bacteria and 18S rRNA internal transcribed spacer

for fungi, to reveal the relationship of microbial

community structure with plant health status. In total,

5593 bacterial operational taxonomic units (OTUs)

and 963 fungal OTUs were identified in rhizosphere

soils, while 1794 bacterial and 314 fungal OTUs were

identified from root samples respectively. Principal

coordinate analysis separated the microbial commu-

nities both in the rhizosphere soils and roots of

diseased P. notoginseng from healthy plants. Com-

pared to those of healthy P. notoginseng, microbial

communities in rhizosphere soils and roots of diseased

plants showed a decrease in alpha diversity. By

contrast, bacterial community dissimilarity increased

and fungal community dissimilarity decreased in

rhizosphere soils of diseased plants, while both

bacterial and fungal community dissimilarity in roots

showed no significant difference between healthy and

diseased plants. Redundancy analysis at the phylum

level showed that mycorrhizal colonization and soil

texture significantly affected microbial community

composition in rhizosphere soils, whereas shoot

nutrition status had a significant effect on microbial

community composition in root samples. Our study

provided strong evidence for the hypothesis that

microbial diversity could potentially serve as an

indicator for disease outbreak of medicinal plants,

and supported the ecological significance of microbial

communities in maintaining plant healthy and soil

fertility.
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Introduction

Plant roots and rhizosphere soils are colonized by a

great number of microorganisms, such as bacteria and

fungi. In rhizosphere soils, microbial communities are

directly influenced by living roots through plant root

exudates, mucilage and sloughed-off root cells

(Brimecombe et al. 2001). Rhizosphere microorgan-

isms play important roles in element cycling in soil

ecosystems, and are thought to be critically important

with respect to plant health and soil fertility. Sym-

bioses between plants and soil microbes such as

endophytic bacteria and arbuscular mycorrhizal (AM)

fungi are widespread and especially important in

ecosystem functioning. For instance, plant growth-

promoting rhizobacteria (PGPR) and AM fungi can

enhance plant nutrition, improve plant growth and

protect host plants from infection by pathogens. For

these reasons, there have been a large number of

studies on rhizosphere microbial communities under

various circumstances. Better knowledge of microbial

diversity in rhizosphere soils and roots of agricultural

crops could facilitate the development of soil man-

agement strategies to improve plant health and

nutrition.

Soil microorganisms play important roles in soil

functioning and plant health (van Elsas et al. 2007),

and microbial diversity and community composition

in soil were thought to be highly relevant to soil-borne

diseases (Guo et al. 2005). Many previous studies

suggested that healthy plants exhibit higher soil

microbial diversity compared to diseased plants

(Bakker et al. 2010; Brussaard et al. 2007), while

organic amendments could significantly improve

microbial diversity. It has been reported that microbial

diversity in the rhizosphere soils negatively correlated

with occurrence of soil borne disease and positively

correlated with the plant resistance to pathogens

(Bailey and Lazarovits 2003; Bulluck and Ristaino

2002; Gamliel et al. 2000). For example, fungal

diversity was found to be negatively correlated with

the incidence of brown stem rot of adzuki bean due to

Acremonium gregatum (Nitta 1991), and Qiu et al.

(2012) found that disease severity index was lower in

bio-fertilizer treatment with a higher microbial diver-

sity. However, soil microbial communities generally

exhibit high functional redundancy, and it is now

widely accepted that key functional species could be

as important as the total microbial diversity (Griffiths

et al. 2001). Qiu et al. (2012) found that declined

abundance of Fusarium oxysporum and increased

abundance of Trichoderma sp. after the amendments

of organic fertilizers contributed to disease suppres-

sion. Consequently, microbial diversity was not

always effective to independently predict soil health

(Donegan et al. 1996), while microbial community

diversity in combination with community composi-

tion, especially for the functional microbial consortia,

could be a more meaningful measure.

Panax notoginseng (Burk.) F. H. Chen (Sanqi in

Chinese) is an important medicinal plant with high

economic and medicinal value, widely used for curing

cardiovascular diseases, inflammation, some body

pains, trauma, and traumatism with internal and

external bleeding (Sun et al. 2005). So far, P.

notoginseng has only been found in mountain areas

with altitude ranging from 1200 to 2000 m of Wen-

shan Zhuang and Miao Autonomous Prefecture,

Yunnan Province, China (Guo et al. 2010). Generally,

P. notoginseng is shade cultivated without tillage and

is allowed to grow for at least 3 years to develop roots.

The long growth period, shaded and humid planting

conditions provided suitable environment for the

development of several diseases, such as black spot,

grey mould, round spot and root rot (Ma et al. 2013).

Of these diseases, the root-rot disease complex

(RRDC) is the most destructive disease affecting P.

notoginseng during the whole growth period and could

decrease the biological yield by 5–20 %, sometimes

exceeding 70 %. RRDC has become a serious problem

in P. notoginseng cultivation as it could cause

substantial economic losses for local farmers.

The root-rot disease of P. notoginseng is considered

to be one of the most complicated plant diseases as it

could be caused by bacterial pathogens, fungal

pathogens and parasitic nematodes alone or simulta-

neously (Miao et al. 2006). However, most studies on

this disease considered only one or two microbial

groups and seldom took into consideration the vast

microbial diversity that coexists in roots and rhizo-

sphere soils of P. notoginseng. As beneficial microor-

ganisms and pathogens are likely to interact in

rhizosphere soils and plant roots which would sub-

stantially influence plant health, it is therefore essen-

tial to address the entire microbial community when

studying the mechanism of the root-rot disease and

developing efficient biological control strategies.
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Therefore, the present study was aimed to charac-

terize microbial communities in rhizosphere soils and

roots of healthy and diseased P. notoginseng through

field investigation and molecular characterization of

microbial diversity and community composition. We

hypothesized that: (1) microbial diversity is higher in

healthy P. notoginseng than in diseased plants; (2)

Healthy and diseased plants exhibit different micro-

bial community compositions in rhizosphere soils and

roots; (3) The abundance of pathogens and beneficial

microorganisms (such as AM fungi) is relevant to

plant health status.

Materials and methods

The study area and sampling

Nineteen P. notoginseng plantations located in Wen-

shan and Yanshan County of Wenshan Zhuang and

Miao Autonomous Prefecture, Yunnan Province were

chosen as sampling sites (Table 1 and Fig. S1). These

plantations represented the typical cultivation system

in this region with P. notoginseng plants of 2–4 years

old rotated with other cash crops by local farmers. In

December 2011, the sampling sites showed disease

incidence from 5 to 70 %. In each plantation, 15

healthy plants and 15 diseased plants were collected

according to the plant shoot appearance, and these

plants were further examined to confirm root-rot

disease. Then three to five identified healthy (H) and

root-rot diseased (D) plants were randomly selected.

The healthy plants exhibited no symptom of necrosis

on roots and shoots (Fig. S2 a & b), while the diseased

plants exhibited wilted and etiolated shoots with clear

symptoms of necrosis on roots (Fig. S2 c & d). Each

sample was a mixture of 3–5 P. notoginseng plants.

Plant roots were gently shaken to remove the loosely

adhering soil. Rhizosphere soil was carefully collected

from fine roots by gently scraping adhering soil using

fine forceps. Each soil sample was placed in a sterile

plastic bag, kept on ice, and transported to the

laboratory within 4 h. After transportation to the

laboratory, the soil samples were passed through

2 mm mesh to remove plant debris, thoroughly

homogenized and divided into subsamples. Subsam-

ples for molecular analysis were stored at-80 �C, and
subsamples for analysis of soil physico-chemical

properties were air-dried. Plant materials were washed

with tap water three times and shoots and roots were

separated at the base of stem. Shoots were oven dried

at 70 �C for further analysis. Roots were separated into

Table 1 Geographical

coordinates of the sampling

sites and the plant age

Latitude Longitude Altitude (m) Plant age

1 23�37023.9200N 104�25035.6300E 1579 2

2 23�10038.2300N 104�12047.4900E 1434 2

3 23�29052.5100N 104�17025.8000E 1614 2

4 23�10048.6800N 104�13008.2900E 1410 2

5 23�10046.5200N 104�13006.4300E 1404 2

6 23�34054.7400N 103�51016.3600E 1488 2

7 23�1108.5600N 104�1309.8700E 1469 2

8 23�1100.7200N 104�13037.6700E 1550 2

9 23�10057.4700N 104�13047.3600E 1452 2

10 23�13031.0300N 104�12015.3700E 1590 2

11 23�34056.9600N 104�19051.3800E 1552 2

12 23�42031.0000N 104�25011.0700E 1524 3

13 23�18028.3500N 104�20044.8500E 1390 3

14 23�18029.1800N 104�20043.1400E 1382 3

15 23�18011.2900N 104�20039.1400E 1366 3

16 23�1100.8600N 104�13027.0300E 1552 3

17 23�13048.4300N 104�12039.8400E 1593 3

18 23�13053.5300N 104�1201.6300E 1684 3

19 23�10036.6300N 104�12055.0100E 1396 4
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three parts for further analyses, a 1 g subsample of the

fine root was stored at -80 �C for molecular analysis,

another 1 g subsample of fine root stored at 4 �C for

measuring mycorrhizal colonization and arbuscule

abundance, and the remaining part was dried for

determination of elemental concentrations.

Sample analysis

Soil pH was determined using glass electrode pH

meter (FE20—Five Easy PlusTM, Switzerland) in a

1:2.5 soil/water (w/v) suspension (Qiu et al. 2012), and

soil organic carbon (SOC) was determined by the

K2Cr2O7 oxidation–reduction titration method (Page

et al. 1982). Soil inorganic nitrogen was assayed by

using the alkaline hydrolysis method (Cornfield 1960)

and soil available phosphorus (P) by Mo-Sb colorime-

try method (Gyaneshwar et al. 2002). Soil available

potassium (K) was measured following standard

protocols as described by McLean and Watson

(1985). Total nitrogen (N), total carbon (C) and total

sulphur (S) of soil and plant samples were measured

by direct combustion using an elemental analyzer

(Vario EL III, Germany), and C/N was calculated

based on total C and total N. Soil particle-size was

analyzed by a laser particle size analyzer (Malvern,

UK). Mycorrhizal colonization (M %) and arbuscular

abundance (A %) were measured according to the

method described by Phillips and Hayman (1970).

DNA extraction and sequencing

Soil DNA was extracted from a 0.5 g subsample of

each soil sample using the Fast DNA� SPIN Kit for

Soil (MP Biomedicals, Solon, Ohio, USA). Total

DNA of the root samples was extracted from homog-

enized root materials using the CTAB method accord-

ing to the protocol of Stewart and Via (1993). The

extracted total DNA, dissolved in 30 ll sterilized

deionized water, was checked on a 1 % agarose gel

and the DNA concentration and quality was estimated

using a Nanodrop� ND-2000 UV–Vis Spectropho-

tometer (NanoDrop Technologies, USA). Amplicon

libraries for bacteria were produced by using bacteria-

specific primers 515F and 806R designed for the V4

region of 16S rRNA gene according to Bergmann et al.

(2011). Each pair of primers used to amplify a certain

sample was barcoded with a unique error-correcting

10-12 bases barcode on both forward and reverse

primers. All amplifications were performed in twofold

25 ll reactions, including 1 ll of template DNA

(20 ng/ll), 1 ll of each primer (10 pmol ll-1),

12.5 ll of 2 9 PCR reaction mix (TAKARA Biotech-

nology Co. Ltd), and 0.5 ll of Taq DNA polymerase

(2.5 U ll-1; TAKARA Biotechnology Co. Ltd). The

protocol of amplification was as follows: 5 min initial

denaturation at 95 �C, followed by 35 cycles of

denaturation for 45 s at 94 �C, 45 s primer annealing

at 58 �C, 1 min extension at 72 �C, and a final 10 min

extension at 72 �C. Amplicon libraries for fungi were

prepared using an identical approach, except that we

chose a specific primer pair ITS1F and ITS2 (Rajala

et al. 2012), designed for the internal transcribed

spacer (ITS) 1 region for Illumina sequencing. PCR

products were purified by agarose gel electrophoresis

with a QIAquick PCR Purification Kit (QIAEX II Gel

Extraction Kit, QIAGEN Sciences, Maryland), esti-

mated by using a Nanodrop� ND-2000 UV–Vis

Spectrophotometer (NanoDrop Technologies, USA)

and mixed together with equal amount of 150 ng for

each sample. The pooled samples were sent to Chinese

National Human Genome Center, Shanghai, China

and sequenced on an Illumina Miseq 2000 platform

(Illumina, San Diego, CA, USA).

Sequence analysis

Data yielded from Illumina sequencing was analyzed

with the bioinformatics platform Mothur (v.1.33.0), as

described previously by Schloss et al. (2009). For

bacteria, all the raw sequence data obtained was

assigned to each sample based on their barcode

sequence. Reads with an average quality value\30

and not having both universal primer sequences were

filtered. A total of 758,859 raw bacterial sequences

and 591,076 raw fungal sequences were obtained from

rhizosphere soils of healthy and diseased plants. After

quality control, removal of chimeras and non-target

sequences, 423,617 bacterial sequences (ranging from

4267 to 20,732 sequences per sample) for bacteria and

527,195 fungal sequences (ranging from 5439 to

33,627 sequences per sample) were used for further

analysis. Similarly, a total of 919,104 raw bacterial

sequences and 258,747 fungal raw sequences were

obtained from the 38 root samples. After the same data

preprocessing, 276,360 bacterial sequences (ranging

from 952 to 22,785 sequences per sample) and

121,357 fungal sequences (ranging from 708 to 9771
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sequences per sample) from root samples were used

for further analysis.

For bacteria, after removal of primers, all sequences

were aligned with the Silva-ARB database (version

119, Pruesse et al. 2007). After chimeras were

removed, all sequences were clustered into operational

taxonomic units (OTUs) at 97 % identity threshold by

using the unsupervised Bayesian clustering algorithm

CROP (Hao et al. 2011), and all OTUs were included

in downstream analyses. Rarefaction curves of all the

samples at a dissimilarity of 0.03 were generated. The

rarefaction analysis suggested that the sequences

sampled were insufficient to capture the total richness

at a genetic distance of 0.03. To estimate the final

ranking, we calculated the abundance-based coverage

estimator (ACE) and the estimated asymptotic micro-

bial taxon richness Chao. After an identical number of

reads (4,267 and 952 for bacteria in rhizosphere soils

and plant roots respectively) were subsampled from

each sample, microbial diversity was compared

between healthy and diseased plants based on the

calculated Shannon index. Finally, sequences were

assigned to taxonomic groups by using the RDP

classifier (Rel. 11).

For fungi, data were analyzed with an identical

procedure except that ITS1 region was extracted from

each sequence by Fungal ITS Extractor 1.1 after

removal of primers (Henrik Nilsson et al. 2011), and

sequences were aligned against the UNITE ITS

database (version 6.0, Abarenkov et al. 2010). Fur-

thermore, the identical the numbers of reads subsam-

pled from each sample were 5439 and 708 in

rhizosphere soils and plant roots respectively.

Data analysis

All microbial community-related analyses were based

on relative abundance of OTUs per sample unless

otherwise stated, and the taxonomic community

dissimilarity was calculated by using the Bray–Curtis

index. Phylogenetic community dissimilarity was

calculated by using FastUnifrac (Rodrigues et al.

2013). The pairwise geographic distances between

sites were calculated based on geographic coordi-

nates. The relationship between geographic distance

and microbial dissimilarity was assessed by regressing

the pairwise community dissimilarity against the

pairwise geographic distance using linear regression.

Differences in observed parameters between healthy

and diseased plants were tested by Paired-T tests with

the software package SPSS 18.0 (SPSS Inc., Chicago,

IL, USA). In cases involving multiple comparisons,

Bonferoni-corrected P-values of 0.05 as the level of

significance was adopted. Principal coordinate anal-

ysis (PCoA) of microbial communities was carried out

by using the CANOCO 5.0 software (Microcomputer

Power, Ithaca, NY, USA). analysis of similarity

(ANOSIM, Clarke 1993), Adonis (permutational

multivariate analysis of variance, Clarke and War-

wick 2001) and multiple response permutation pro-

cedure (MRPP, Woolson and Clarke 2011) were

performed based on Bray–Curtis distances by using

VEGAN package in R (Oksanen 2011).

To ensure the data met the assumptions of normal-

ity, plant biomass, plant and soil C, N and S contents,

plant and soil C/N ratios, soil available P and K and

inorganic N were tested for normality before further

analysis by using the Shapiro–Wilk test in SPSS 18.0.

Redundancy analysis (RDA) to identify the effect

of environmental factors on bacterial and fungal

community composition, based on the relative abun-

dance of the detected phyla in each sample, was

carried out with the CANOCO 5.0 software. Accord-

ing to the result of the detrended correspondence

analysis (DCA) for the microbial community, the

linear ordination method was found to be appropriate

for data analysis of both bacterial and fungal commu-

nities (gradient lengths\3). The significant environ-

mental variables (P\ 0.05) were determined by the

manual forward selection procedure implemented in

the RDA using a Monte Carlo test with 999

permutations.

Results

Plant and soil properties

The properties of rhizosphere soils showed no signif-

icant difference between healthy and diseased plants

except that soil-available K of diseased plants was

significantly higher than healthy plants (Table 2).

However, the plant parameters measured were gener-

ally lower in diseased plants, except that the shoot dry

weight and root N content showed no significant

difference between each other (Table 3).
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Microbial diversity in rhizosphere soils and plant

roots

A total of 5593 bacterial OTUs and 963 fungal OTUs

were identified in rhizosphere soils, while 1794

bacterial and 314 fungal OTUs were identified from

root samples respectively at a cut-off of 97 %

sequence similarity. The bacterial and fungal OTUs

detected in both plant roots and rhizosphere soils were

more abundant in healthy than diseased P. notogin-

seng (Table 4). Rarefaction curves showed that the

number of OTUs increased with the number of

sequences obtained in each of the soil/root samples,

and none of the curves reached a plateau at 97 %

similarity level and sustained crossing (Fig. 3).

In rhizosphere soils and plant roots, Shannon index,

ACE and Chao at the dissimilarity of 0.03 for bacteria

and fungi were significantly lower in diseased plant

compared to healthy plant, except that the fungal ACE

showed no significant difference in rhizosphere soils.

Overall, the microbial community alpha diversity was

significantly lower in rhizosphere soils and roots of

diseased plant (Table 4). Bacterial community dis-

similarity was significantly higher in rhizosphere soils

of diseased plants, while the fungal community

dissimilarity showed the opposite trend, which indi-

cated that bacterial community in rhizosphere soils of

diseased P. notoginseng was more dissimilar and

fungal community was more similar in composition.

However, microbial community dissimilarity in plant

roots showed no significant difference between

healthy and diseased plants. These results were also

true for both taxonomic and phylogenetic measures of

dissimilarity (Figs. 1, 2). Additionally, the relation-

ship between microbial taxonomic diversity and

geographic distance showed that only fungal

Table 2 The physico-chemical properties (mean ± SE, n = 19) of rhizosphere soils of P. notoginseng

pH SOC (g/kg) Olsen-P (mg/kg) Inorganic N (mg/kg) Avail-K (mg/kg) TC (%) TN (%)

H 5.69 ± 0.22 12.37 ± 0.76 143.81 ± 14.08 36.38 ± 2.94 0.23 ± 0.02 1.53 ± 0.11 0.12 ± 0.01

D 5.72 ± 0.20 12.67 ± 0.66 147.55 ± 18.89 34.40 ± 4.22 0.34 ± 0.04 1.49 ± 0.09 0.12 ± 0.01

Sig. NS NS NS NS ** NS NS

H healthy plants, D diseased plants, TC total carbon content, TN total nitrogen content, Sig. significance

** P\ 0.01; NS, P[ 0.05

Table 3 The plant dry weights, C and N contents (mean ± SE, n = 19)

Dry weight C content (%) N content (%)

Shoot (g/plant) Root (g/plant) Shoot Root Shoot Root

H 2.88 ± 0.50 2.93 ± 0.41 41.23 ± 0.30 41.5 ± 0.24 1.93 ± 0.07 1.46 ± 0.08

D 1.94 ± 0.31 2.66 ± 0.33 38.80 ± 0.62 37.53 ± 1.08 1.44 ± 0.10 1.57 ± 0.06

Sig. NS ** ** ** *** NS

H healthy plants, D diseased plants, Sig. significance

** P\ 0.01; *** P\ 0.001; NS, P[ 0.05

Table 4 Comparison of the estimated OTU richness and diversity indices of the 16S rRNA (bacteria) and ITS (fungi) libraries in

rhizosphere soils and roots of healthy and diseased P. notoginseng

Bacteria Fungi

OTUs ACE Chao1 Shannon OTUs ACE Chao1 Shannon

Soil H 1177 (82) 3223 (306) 2211 (137) 5.9 (0.27) 213 (39) 432 (47) 344 (40) 2.57 (0.60)

D 919 (172) 2958 (316) 1912 (231) 4.85 (0.87) 189 (39) 432 (56) 316 (34) 2.29 (0.67)

Root H 247 (49) 1438 (272) 705 (127) 3.68 (0.84) 75 (15) 209 (39) 141 (24) 2.58 (0.52)

D 177 (33) 1108 (152) 549 (77) 2.49 (0.64) 61 (9) 200 (30) 124 (17) 2.12 (0.55)

Averages of 19 replicates with standard errors in parenthesis, H healthy plants, D diseased plants
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community in rhizosphere soils of healthy plants

exhibited significant change across distance (analysis

of covariance: F = 4.89, P\ 0.05, Fig. S4 & S5).

Microbial communities in rhizosphere soils

and plant roots

PCoA based on relative abundance of OTUs separated

microbial community in rhizosphere soils and roots of

diseased P. notoginseng from healthy plants (Fig. 3).

The three non-parametric multivariate statistical tests,

ANOSIM, Adonis and MRPP at the species level

(97 % identity threshold) indicated significant

differences in microbial community between healthy

and diseased plants (Table 5). These differences were

also evident at both phylum level (Table 6) and OTU

level (Fig. 3).

By classifying all OTUs into taxonomic groups, we

identified 21 bacterial phyla and 5 fungal phyla

associated with rhizosphere soils (Table 6). The

dominant bacterial phyla in both healthy and diseased

plants were Acidobacteria, Actinobacteria, Bac-

teroidetes, Proteobacteria and Verrucomicrobia. By

Paired-T Tests, Acidobacteria, Cyanobacteria, Firmi-

cutes, Verrucomicrobia and WPS1 were found to be

less abundant, but Proteobacteria more abundant in

Fig. 1 Comparison on average taxonomic dissimilarity (Bray–Curtis) of microbial communities between healthy and diseased P.

notoginseng. H healthy plants, D diseased plants. P values post Bonferoni correction were shown. ** P\ 0.01; *** P\ 0.001
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diseased compared to healthy plants (P\ 0.05). On

the other side, the dominant fungal phyla were

Ascomycota, Basidiomycota and Zygomycota. Glom-

eromycota was less abundant, but Ascomycota more

abundant in diseased than healthy plants (P\ 0.05).

Compared with the microbial communities in

rhizosphere soils, fewer bacterial and fungal OTUs

were detected in root samples (Table 4), which may be

an artifact of the difference in sampling depth. In total

18 bacterial phyla and 5 fungal phyla (Table 6) were

captured from the root samples. Acidobacteria,

Actinobacteria, Bacteroidetes, Cyanobacteria and

Proteobacteria were found to be the dominant bacterial

phyla; Ascomycota, Basidiomycota and Zygomycota

were the dominant fungal phyla. Compared to healthy

plants, Armatimonadetes, Cyanobacteria, Elusimicro-

bia and Planctomycetes were less abundant, but

Firmicutes and Proteobacteria more abundant in

diseased plants (P\ 0.05). For fungi, Ascomycota

was more abundant, but Zygomycota and Glom-

eromycota were more abundant in diseased than

healthy plants (P\ 0.05).

Fig. 2 Comparison on average phylogenetic dissimilarity (FastUniFrac) of microbial communities between healthy and diseased P.

notoginseng. H healthy plants, D diseased plants. P values post Bonferoni correction were shown. ** P\ 0.01

Antonie van Leeuwenhoek

123



The effects of environmental factors

on the microbial community structure

RDA was performed to identify the correlation of

environmental factors with microbial community

structure associated with rhizosphere soils and roots.

In rhizosphere soils, RDA revealed that M %, soil clay

and inorganic N content were significant predictors for

the bacterial communities between the samples

(Fig. 4a), and A % and clay content for fungal

communities (Fig. 4b). Generally, M %, A %, clay

and inorganic N positively correlated with microbial

communities associated with healthy plants.

However, for the microbial communities in roots of

P. notoginseng, the significant predictors were shoot S

and C content for bacterial communities (Fig. 4c), and

shoot N content and soil C/N ratio for fungal

communities (Fig. 4d). These predictors were also

positively correlated with microbial communities

associated with healthy plants.

Discussion

By using IlluminaMiSeq high-throughput sequencing,

we revealed significantly different microbial

Fig. 3 Principal coordinate

analyses (PCoA) for

bacteria (a and c) and fungi

(b and d) associated with

rhizosphere soils (a and

b) and roots (c and d) of P.
notoginseng. Empty circles

represent healthy plants and

solid circles represent

diseased plants

Table 5 Dissimilarity analysis of microbial community composition associated with rhizosphere soils or plant roots between

diseased and healthy P. notoginseng

Comparisons ANOSIM Adonis MRPP

R P R2 F P Observed d Expected d P

Soil bacterium 0.279 0.002 0.085 3.35 0.001 0.677 0.698 0.005

Soil fungi 0.125 0.01 0.073 2.84 0.004 0.661 0.68 0.006

Root bacterium 0.352 0.001 0.225 10.42 0.001 0.369 0.401 0.001

Root fungi 0.172 0.001 0.082 3.22 0.003 0.632 0.653 0.003

P values in bold show the significant difference between healthy and diseased plants
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communities in the rhizosphere soils and plant roots of

diseased and healthy P. notoginseng. Generally, the

microbial diversity was found to be lower in rhizo-

sphere soils and roots of diseased P. notoginseng than

that of healthy plants. Via multivariate analyses, we

also identified that mycorrhizal colonization rate and

soil texture significantly affected microbial commu-

nity composition in rhizosphere soils, whereas micro-

bial communities in roots were mainly influenced by

plant nutrition status.

Naturally a wide range of organisms, including

bacteria, fungi, protozoa, arthropods and nematodes,

share the niche such as rhizosphere soils and plant

roots. Most of the previous studies about plant disease

have only focused on single host-pathogen interac-

tions: an unlikely model of natural situations (Davies

and Pedersen 2008). The Illumina sequencing method

employed in this study overcame this limitation, and

obtained thousands of sequences simultaneously to

identify as many microorganisms as possible, which

allowed comparison on the microbial community both

from rhizosphere soils and roots between diseased and

healthy P. notoginseng systematically, and also better

understanding of microecological changes along with

root-rot disease of P. notoginseng.

Although the rarefaction curves did not reach

saturation in any of the present samples (Fig. 3),

which was similar to several previous studies (Lauber

Table 6 Microbial

compositions of healthy and

diseased P. notoginseng at

phylum level

Data show the average

percentage of phylum

proportion in rhizosphere

soils and roots of P.

notoginseng

H healthy plants, D diseased

plants, Sig. significance

* P\ 0.05; ** P\ 0.01;

*** P\ 0.001; NS,

P[ 0.05

Phylum Rhizosphere soil (%) Plant roots (%)

H D Sig. H D Sig.

Bacteria Acidobacteria 16.35 9.63 ** 1.13 1.01 NS

Actinobacteria 12.25 11.60 NS 1.27 1.42 NS

Armatimonadetes 0.35 0.18 NS 0.02 0.01 *

Bacteroidetes 9.60 10.10 NS 2.78 4.45 NS

BRC1 0.01 – NS – – –

WPS1 0.92 0.33 * 0.03 0.02 NS

WPS2 0.47 0.20 NS 0.03 0.02 NS

Saccharibacteria – – – 0.02 0.04 NS

Chlamydiae 0.22 0.09 NS – – –

Chloroflexi 5.52 4.02 NS 0.28 0.25 NS

Cyanobacteria 2.82 1.66 * 67.86 43.77 ***

Elusimicrobia – – – 0.23 0.12 **

Firmicutes 2.35 1.65 * 0.17 0.23 **

Gemmatimonadetes 2.33 1.37 ** 0.10 0.10 NS

Latescibacteria 0.03 0.02 NS – – –

Microgenomates 0.02 – NS 0.01 – NS

Nitrospirae 0.84 0.60 NS 0.04 0.04 NS

Parcubacteria 0.29 0.10 NS – – –

Planctomycetes 1.40 0.69 * 0.15 0.08 **

Proteobacteria 31.02 49.13 *** 24.53 47.28 ***

Saccharibacteria 0.53 0.50 NS – – –

Spirochaetes 0.02 0.01 NS – – –

Verrucomicrobia 5.06 2.85 ** 0.40 0.32 *

unclassified 7.63 5.26 ** 0.96 0.82 NS

Fungi Ascomycota 54.08 72.26 ** 72.81 82.40 *

Basidiomycota 10.76 7.70 NS 12.01 10.27 NS

Chytridiomycota 0.08 0.04 NS 0.59 0.12 NS

Glomeromycota 0.20 0.04 * 0.05 0.03 NS

Zygomycota 28.16 17.95 NS 10.74 5.38 **

unclassified 6.72 1.99 NS 3.79 1.79 **
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et al. 2009; Teixeira et al. 2010), the data obtained was

valid for detecting the differences in microbial com-

munity structure between healthy and diseased plants

at OTU (Fig. 3; Table 5) and phylum levels (Table 6).

However, as an almost infinite number of microor-

ganisms exist in natural and agricultural ecosystems,

and each microbial group contributes to macroecol-

ogy, a deeper sequencing for more denoised sequences

per sample is still expected for an accurate and precise

description of the microbial communities.

In the present study the microbial diversity was

found to be higher in healthy than diseased P.

notoginseng both in rhizosphere soils and roots.

Rhizosphere microbial communities are known to

affect plant fitness and soil quality (Lugtenberg and

Kamilova 2009). For instance, the diversity index of

functional groups of actinomycetes from tomato

rhizospheres was found to be negatively correlated

with corky root severity caused by P. lycopersici (Van

Bruggen and Semenov 1999). In another study, fungal

diversity was also negatively correlated with inci-

dence of brown stem rot of adzuki bean caused by A.

gregatum (Nitta 1991). These results together implied

that the disturbed microbial communities might have

contributed to root-rot disease, but other reasons like

the effect of nematode could not be ruled out.

Besides the change of microbial alpha diversity in

rhizosphere soil, microbial dissimilarity also provided

Fig. 4 RDA of sequence

abundance assigned at

phylum level of bacterial

and fungal communities in

the 19 pairs of soil (a and

b) and root samples (c and
d) in relation to

environmental variables.

Only Axis 1 was significant.

Red lines represent the

environmental variables,

Empty circles represent

healthy plants and solid

circles represent diseased

plants
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insights. In rhizosphere soils, fungal communities

turned to be more similar in diseased plants (Figs. 1,

2), and were similar in different geographic locations

(F = 4.89, P\ 0.05, Fig. S4 & S5), which was an

indication of biotic homogenization (Olden et al.

2004). In contrast, bacterial communities were found

to be more dissimilar in rhizosphere soils of diseased

P. notoginseng (Figs. 1, 2), and the taxa shared

between healthy and diseased plants were found to

be significantly less abundant in soil samples of

diseased plants (Fig. 5), compared to that of healthy

plants, showing a decrease of bacterial taxa in

rhizsopshere soils of diseased plants.

The bacterial and fungal community composition at

the phylum (Table 6) and genus levels (Tables S1 &

S2) in rhizosphere soils of P. notoginseng generally

corresponded with previous studies carried out in

agricultural or other soil types for bacteria by deep 16S

rRNA pyrosequencing (Acosta-Martinez et al. 2008;

Roesch et al. 2007), and for fungi by ITS sequencing

(Buee et al. 2009). Furthermore, the main bacterial and

fungal phyla found in roots were in general accordance

with those in rhizosphere soils. Bacterial and fungal

communities associated with rhizosphere soils and

roots of P. notoginseng were clearly linked to plant

health status. This was true not only at OTU level

(Fig. 3), but also at phylum (Table 6) and genus levels

(Tables S1 & S2). Sanguin et al. (2009) showed that

Verrucomicrobia was one of the prevalent phyla

during the outbreak of wheat take-all disease, which

was different from the finding in the present study that

the abundance of this phylum was higher in healthy

(5.06 % in rhizosphere soil and 0.40 % in roots) than

diseased plants (2.85 % in rhizosphere soil and 0.32 %

in roots). This may be explained by the low relative

abundance of Verrucomicrobia accounted for the total

sequences, 3.96 % in rhizosphere soil and 0.36 % in

roots on average, variation in the initiator of different

soil-borne diseases (Van Elsas et al. 2002) and

difference in land management (Rescia et al. 1994).

In this study, high abundance of Pseudomonas, which

was also isolated from rotted root of P. notoginseng

and exhibited the strongest pathogenicity (Miao et al.

2006), was identified both in rhizosphere soils and

roots, and was more abundant in diseased than that in

healthy plants (Table S1). In the future, we should pay

more attention to this genus, for species of Pseu-

domonas acted as one predicted pathogen causing

root-rot disease of P. notoginseng. However, root-rot

disease was reported to be caused by number of

pathogens including bacteria and fungi (Ma et al.

2013), and other commonmicrobial pathogens such as

Lonsdalea species can’t be ignored, which was also

more abundant in rhizosphere soils of diseased plants.

As for fungi, Ascomycota was the most abundant

fungal phylum (accounting for 63.17 % of the total

sequences in rhizosphere soil and 77.61 % in roots on

average), and was more abundant in diseased than

healthy plants, both in rhizosphere soils and roots. The

abundance of Ascomycota was much higher than in

previous reports (O’Brien et al. 2005). By further

analysis at the genus level, 51 abundant genera (more

than 1 % of total sequences) were found in rhizo-

sphere soils and 27 in roots (Tables S1 & S2), but the

genera Fusarium and Cylindrocarpon, which were

considered to be the main pathogens causing root-rot

of P. notoginseng (Mao et al. 2014), showed no

significant difference between diseased and healthy

plants both in rhizosphere soils and in roots. The view

point that Fusarium sp. and Cylindrocarpon sp. cause

root-rot disease of P. notoginseng should be tested by

more strict experiments. Interestingly, Ilyonectria, of

which multiple species were identified to be pathogens

causing plant root-rot disease (Cabral et al. 2012;

Vitale et al. 2012), was found to be more abundant

both in rhizosphere soils and roots of diseased than

healthy P. notoginseng. To the best of our knowledge,

this genus hasn’t previously been reported to be

involved in root-rot disease of P. notoginseng, but

results from the present study may suggest reconsid-

eration of its potential role in root-rot disease.

Additionally, aiming to initiate a biocontrol pro-

gram of the serious root-rot disease of P. notoginseng,

microbial community structure at the genus level

provided useful information for screening and identi-

fication of antagonists. Glomeromycota was detected

in rhizosphere soil and roots, and was more abundant

in healthy plants (Table 6), which was consistent with

the mycorrhizal colonization rates (data not shown).

AM fungi that belong to Glomeromycota associate

with more than 80 % of vascular land plants and play

an important role in natural ecosystems (Vigo et al.

2000). AM fungi benefit plants by supplying mineral

nutrients especially phosphorus (Al-Karaki 2006),

helping transport water to ease drought stress (Li

et al. 2013) and increasing plant resistance to soil

borne diseases locally or/and systemically (Hao et al.

2012). However, the effect of AM fungi on root-rot of
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P. notoginseng is still unclear. Furthermore, Flavi-

solibacter, Gemmatimonas, Terrimonas and Mortier-

ella that were more abundant in healthy than diseased

plants, could potentially serve as pathogen antagonists

and should also be considered in the biocontrol

program.

RDA analysis at the phylum level illustrated the

relationships between microbial community structure

and environmental factors. For bacterial and fungal

community in rhizosphere soils, mycorrhizal colo-

nization and clay percentage appeared to be the main

regulators of microbial community structure. Clay

percentage was positively correlated with enzyme

activity as reported by Beyer et al. (1992). Soil texture

has an effect on other soil properties, including water

availability and nutrient supply, which could subse-

quently influence microbial growth and activity

(Zeller et al. 2001). Furthermore, a better soil texture

could potentially enhance substrate availability of

SOC pools, provide more favorable habitats, and

protect microbes from predation and other disadvan-

taged circumstances. Mycorrhizal colonization was

found to significantly affect the rhizopshere microbial

communities (Jeffries et al. 2003), and was closely

linked with plant healthy status. Due to the fact that

Glomeromycota was of greater abundance in rhizo-

sphere soils of healthy P. notoginseng plants, we may

suppose that AM fungi possibly play a role in shaping

Fig. 5 Distribution of shared OTUs in healthy and diseased

plants. a Bacteria in rhizosphere soil. b Fungi in rhizosphere

soil. c Bacteria in plant root. d Fungi in plant root. H healthy

plants, D diseased plants. P values post Bonferoni correction

were shown. * P\ 0.05; *** P\ 0.001
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the rhizosphere microbial communities of P. notogin-

seng plants.

In root samples, shoot S and C content were found

to associate with the shift in bacterial community, and

soil C/N and shoot N content associate with fungal

community. These elements function in a myriad of

fundamental processes, from photosynthesis to sig-

naling pathways and plant physiological response to

biotic and abiotic stresses (Droux 2004). As the

nutrition status of plant shoot directly influences

bacterial and fungal endophytes, inoculation with

mycorrhizal fungi and agricultural practices such as

tillage and foliar fertilizer could be considered during

cultivation of P. notoginseng to improve the plant

health status.

In conclusion, the results obtained from the present

study suggested that (i) microbial community struc-

ture in rhizosphere soils and roots of diseased P.

notoginseng differed significantly from that of healthy

plants; (ii) microbial diversity was found to be higher

in healthy than diseased P. notoginseng both in

rhizosphere soils and roots; (iii) The abundance of

pathogens and beneficial microorganisms is relevant

to plant health status. Moreover, the high throughput

sequencing technique does provide a powerful tool to

examine microbial communities relevant to plant

health status, and it could be employed in following

studies on the occurrence mechanism and bio-control

of plant diseases.
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