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a  b  s  t  r  a  c  t

Rehmannia  glutinosa,  a  widely  used  Chinese  medicinal  herb,  has  been  shown  to  suffer  from  serious  con-
secutive monoculture  problems  that cause  significant  decline  in  both  yield  and  quality.  The objective
of  this  study  was  to evaluate  the  response  of  the  soil microbial  community  and  the  effect  on  catabolic
diversity  to  consecutive  monoculture  regime  using  three  different  techniques:  substrate-induced  respi-
ration  (SIR),  phospholipid  fatty  acid  (PLFA)  and  community-level  physiological  profiles  (CLPP)  analyses.
We  found  that  basal  soil  respiration  (BSR)  was  significantly  higher  in the  control  and  newly  planted
soils  than  in  the  second  and  third  year  consecutive  monoculture  soils.  However,  no significant  differ-
ence  was  observed  in  SIR  among  the  newly  planted,  second  and  third  year  consecutive  monoculture
soils.  The  PLFA  signatures  indicated  that  the  bacterial  biomass  was  larger  than  the  fungal  biomass  in
all  four  treatments  and  both  enhanced  with  the  increasing  years  of monoculture  and  attained  the  peak
in  SM.  The  ratio  of  cyclopropyl  PLFAs  to their  metabolic  precursors  (cy/pre),  a  measure  of  physiological
stress  in microbial  communities,  in the  second  and  third  year  consecutive  monoculture  soils  was  sig-
nificantly  greater  than  that in  the  control  and  newly  planted  soils.  Biolog  analysis  results  revealed  that
the  consumption  of  carboxylic  acids,  phenolic  acids  and  amines,  especially  acid  carbon  substrates,  in

the  consecutively  monocultured  soil  was  significantly  greater  than  that  in the  newly  planted  soil.  Both
PLFA-  and  CLPP-based  principal  component  analysis  (PCA)  and  cluster  analysis  revealed  the distinct  sep-
aration  between  the control,  newly  planted  plots  and  the  second,  third  year  consecutive  monoculture
plots.  Through  our  PLFA-based  and  Biolog  analysis,  together  with  microbial  respiration  determination,
we  were  able  to reveal  characteristic  differences  in  the  microbial  community  composition  and  activities
in the  rhizosphere  following  R.  glutinosa  monoculture.
Abbreviations: AK, available potassium; AN, available nitrogen; AP, available
hosphorus; AWCD, average well-color development; BSR, basal soil respiration; CK,
ontrol (control plots with no R. glutinosa cultivation); CLPP, community-level phys-
ological profiles; cy/pre, cyclopropyl PLFAs to their metabolic precursors; FAME,
atty acid methyl ester; Gram(−), Gram-negative bacteria; Gram(+), Gram-positive
acteria; LMW,  low-molecular weight; NP, newly planted soil; PCA, principal com-
onent analysis; PLFA, phospholipid fatty acid; SIR, substrate-induced respiration;
M,  second year consecutive monoculture soil; SOM, soil organic matter; TK, total
otassium; TM,  third year consecutive monoculture soil; TN, total nitrogen; TP, total
hosphorus.
∗ Corresponding author at: Agroecological Institute, Fujian Agriculture and

orestry University, Fuzhou 350002, Fujian, China. Tel.: +86 059183769440;
ax: +86 059183769440.
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1. Introduction

Rehmannia glutinosa is a perennial medicinal plant and belongs
to the family Scrophulariaceae. It is often planted in March and the
tuber roots are harvested in the autumn or early winter. The roots
are widely used in traditional Chinese medicine and possess vari-
ous pharmacological actions and chemical compositions. Previous
studies showed that R. glutinosa and its active components exhibit
wide pharmacological actions related to immunity, blood circu-
lation, cardiovascular, endocrine and the nervous system (Zhang
et al., 2008). R. glutinosa is a medicinal plant mainly produced in
Jiaozuo city, Henan Province, the central region of China, which is
known as the geo-authentic production zone (34◦48′ N to 35◦30′
N, 112◦02′ E to 113◦38′ E). However, this plant has suffered
from very serious consecutive monoculture problems (Yang et al.,
2011). The local farmers have never consecutively replanted R.
glutinosa on the same field for two years because consecutively

dx.doi.org/10.1016/j.apsoil.2013.02.008
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onocultured R. glutinosa leads to severe diseases, significantly
educed biomass and quality of underground tubers, or low har-
est rate. In general, fields used for R. glutinosa cultivation can be
eplanted once in every eight years (Wu et al., 2011). The increasing
eed for R. glutinosa has forced farmers to plant them in places out-
ide the Jiaozuo area, but the crop quality could not be assured as
hese regions are non-authentic production areas with unsuitable
nvironmental conditions (Zhang et al., 2003). Thus it is urgent to
nderstand the underlying mechanism of consecutive cultivation
roblems that occur in R. glutinosa.

Previous studies showed that there are usually three rea-
ons for the consecutive monoculture problems: imbalance of
oil nutrients, the autotoxicity of root exudates and the shifts in
icrobial community (Wu et al., 2011). Li et al. (2012) isolated

everal autotoxic compounds from the fibrous roots of R. gluti-
osa, nine of which were analyzed for autotoxic effects on the
eedling growth. They found that both phenolic acid and aliphatic
cid compounds might contribute to the autotoxicity of R. gluti-
osa. However, proper soil ecosystem function is governed largely
y rhizospheric microbial dynamics (Nehl and Knox, 2006). The

nteractions between consecutive monoculture problems and rhi-
ospheric microbial community have been recently highlighted
nd considered to be an issue worth pursuing (Qi et al., 2009; Qu
nd Wang, 2008; Wu et al., 2009a, 2011). Qu and Wang (2008)
sed denaturing gradient gel electrophoresis (DGGE) technique to
ssess the effect of different types of phenolic acids on soil micro-
ial populations. They further proposed a mechanism by which
hese phenolic acids could selectively enhance specific microbial
opulations in the soil which then leads to a shift in microbial com-
unities. Wu  et al. (2011) applied soil metaproteomics to analyze

he rhizospheric biological properties of consecutively monocul-
ured R. glutinosa at the protein level and found that consecutive

onoculture can induce the changes in the expression of proteins
n the soil by both plants and microbes.

There has been an increase in interest on the rhizospheric bio-
ogical processes and plant–microbe interactions (Bais et al., 2006;
nderjit et al., 2010). Phospholipid fatty acid (PLFA) analysis can
etect shifts in broad groups of soil organisms, such as bacterial,
ctinomycetic and fungal groups, thereby allowing for soil micro-
ial community fingerprinting (Hebel et al., 2009). The assessment
f microbial functional diversity by using Biolog sole carbon (C)
ubstrate utilization tests has been reported to be a rapid, sensitive
pproach to detect modifications in diversity due to soil manage-
ent (Gomez et al., 2006) although this method is biased towards

he community that can grow rapidly under the conditions in the
iolog plates (Savario and Hoy, 2011). In the study presented here
e evaluated the effects on microbial community composition

nd functional diversity of R. glutinosa consecutive monoculture
y phospholipid fatty acid (PLFA) profiles and community-level
hysiological profiling (CLPP) analysis.

. Methods

.1. Field experiment

R. glutinosa ‘Wen 85-5′, a cultivar planted widely in the main
roduction region, was used as crop material. R. glutinosa was
lanted on April 15 and harvested on October 30. Following har-
est, the field was kept fallow from October 31 to April 15 of next
ear. The experiment was conducted at the Wen  Xian Agricultural
nstitute, Jiaozuo City, Henan Province (34◦56′ N, 112◦58′ E). This

rea is known as the geo-authentic zone for R. glutinosa cultiva-
ion. The area has a continental monsoon climate, with an annual
verage temperature of 14.3 ◦C and an average annual precipita-
ion is 552 mm.  The following treatment conditions were organized
 Ecology 67 (2013) 1– 9

within a single field site: i.e. (1) control plots (CK); (2) newly planted
plots (NP); (3) second year monoculture plots (SM); and (4) third
year monoculture plots (TM). Each treatment has three replicates
(20 m2) and the study plots were completely randomized. The
growth period and fallow time are listed in Table 1. Prior to plant-
ing, each replicate was fertilized by four fertilizers, including 1.6 kg
N-P-K complex fertilizer, 1.25 kg (NH4)2HPO4, 1.6 kg Ca(H2PO4)2
and 0.8 kg K2SO4. All treatments were subjected to the same fertil-
ization and field management.

The above ground or below ground biomass between newly
planted and consecutively monocultured R. glutinosa become sig-
nificantly different after 70 days of planting (Wu et al., 2011).
Therefore, the rhizospheric soils of R. glutinosa were collected on
June 25, 2011 which is 70 days after planting. Soil sampling of
all four treatments was  carried out at the same time. Fresh plants
were carefully uprooted from the soil with a forked spade from five
random locations of each replicate. Their roots and tubers were
slightly shaken to remove loosely attached soil. The rhizospheric
soils tightly attached to roots and rhizomes were collected and
then sieved through 2 mm mesh to remove plant roots, leaf remains
and insects. The plot samples were mixed to generate composite
samples for further analyses.

2.2. Soil physical–chemical properties determination

All soil samples were air-dried and sieved through 2 mm mesh
and then used to determine soil pH, organic matter (SOM), nitro-
gen (N), phosphorus (P) and potassium (K) (Lu, 2000). Available
N (AN) was  calculated as the sum of ammonium nitrogen (NH4-
N) and nitrate nitrogen (NO3-N). Available P (AP) was extracted
using 0.5 mol/L NaHCO3 solution and determined by Mo–Sb col-
orimetry method. Available K (AK) was  extracted in ammonium
acetate and measured by flame atomic absorption spectrometry.
Total N (TN) was  measured using the Kjeldahl method. The total P
and K (TP and TK) was calculated by first digesting the soil using the
H2SO4–HClO4 method and then measuring the level as described
for AP and AK. We determined the SOM by potassium dichromate
oxidation-ferrous sulphate titrimetry and the pH by using a pH
meter with water.

2.3. Soil respiration measure

Basal soil respiration (BSR) of the samples was determined by
alkali absorption method (Dutta et al., 2010) with slight modifi-
cations. Briefly, triplicate soil subsamples (20 g) were placed in
separate incubation flasks containing 20 ml  0.1 M NaOH solution
to trap the evolved CO2. The same procedure was followed for
blank (in triplicate) in which soil was omitted. The soil and the
blank were incubated at 28 ◦C for 24 h. The residual NaOH was then
back-titrated with 0.1 M HCl. BSR was  calculated as �g CO2–C g−1

d.m. soil h−1. After BSR determination, the soil was used to mea-
sure substrate-induced respiration (SIR) following glucose addition
(1 ml,  25 mg  g−1). Then the soil samples were incubated at 28 ◦C for
24 h and CO2 evolved was  measured by the same approach used for
BSR.

2.4. Phospholipid fatty acid (PLFA) analysis

PFLAs were extracted and derivatized as described by Denef et al.
(2007). Phospholipids were methylated by mild alkaline methanol-
ysis (using methanolic KOH) to form fatty acid methyl esters
(FAMEs). Then, FAMEs were analyzed using a 450GC/240MS system

(Varian, Inc., USA) equipped with a capillary column CP8944 (30 m,
0.25 mm i.d., 0.25 m film thickness; Varian, Inc., USA). The column
temperature was  programmed to start at 70 ◦C for 1 min, then ramp
up at a rate of 20 ◦C min−1 to 170 ◦C which was held for 2 min,
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and followed by a ramp of 5 ◦C min−1 to 280 ◦C which was  held
for 5 min. Finally, the oven temperature was increased to 300 ◦C at
40 ◦C min−1 and held for 1.5 min. The peaks were identified based
on relative retention times vs. several external standards: a mix-
ture of 37-Component FAME Mix  (47885-U, Supelco Inc., USA), a
mixture of 26 Bacterial Acid Methyl Esters (47080-U, Supelco Inc.,
USA) and several individual FAMEs (Larodan Inc., Sweden). Individ-
ual fatty acids were quantified by comparing peak areas from the
sample with peak areas of the internal standard 19:0 (nonadeconoic
methyl ester) of known concentration.

In total, 25 PLFAs were isolated and detected. The rules of fatty
acid nomenclature used were described by Wilkinson et al. (2002).
The sum of group-specific PLFAs was used as broad taxonomic
microbial groupings. Branched, saturated PLFAs a15:0, a17:0,
i14:0, i15:0 and i16:0 represented the Gram-positive bacteria
(Gram(+)), while monoenoic, unsaturated and cyclopropyl PLFAs
(16:1omega7c, 16:1omega9t, cy17:0, 18:1omega7c and cy19:0)
were used as indicators of Gram-negative bacteria (Gram(−)).
The methyl-substituted PLFAs, 10Me17:0 and 10Me18:0 were
regarded as biomarkers for actinomycetes. PLFAs 18:1omega9c
and 18:2omega6,9 were ascribed to fungal indicators and PLFA
20:4omega6 represented the protozoan (Brockett et al., 2012;
Huygens et al., 2011; Joergensena and Potthoff, 2005; McKinley
et al., 2005). Straight-chain PLFAs (12:0, 13:0, 16:0, 18:0, 20:0, 23:0
and 24:0), 20:5omega3 and 22:1omega9t were used as biomarkers
for non-specific PLFAs. The following ratios were also calcu-
lated: Gram(+)/Gram(−) PLFA ratio, fungal/bacterial PLFA ratio and
cyclopropyl PLFAs (cy17:0 + cy19:0) to their metabolic precursors
(16:1omega7c + 18:1omega7c) ratio (cy/pre) which is an indica-
tor of physiological stress in microbial communities (Aliasgharzad
et al., 2010).

2.5. Biolog method

Community level physiological profiles (CLPP) were assessed by
the Biolog Eco MicroplateTM system (Biolog Inc., CA, USA). Each 96-
well plate consists of three replicates of 31 sole carbon substrates
and a water blank. The procedures were carried out according to
the method described by Lin et al. (2007).  The plates were incu-
bated at 25 ◦C for 168 h, and the color development in each well
was recorded as optical density (OD) at 590 nm with a plate reader
(Thermo Scientific Multiskan MK3, Shanghai, China) at regular 24 h
intervals.

Microbial activity in each microplate, expressed as average well-
color development (AWCD) was  determined as follows:

AWCD =
∑ C − R

31

where C is the optical density within each well and R is the
absorbance value of the control well. The 31 carbon substrates in
ECO microplates were subdivided into six categories: polymers,
carbohydrates, carboxylic acids, amino acids, amines and phenolic
compounds, as described by Choi and Dobbs’s (1999).  The optical
density at 96 h incubation time was used for principal component
analysis (PCA) and cluster analysis (Han et al., 2007), since it was  the
shortest incubation time that provided the best resolution among
treatments (Gomez et al., 2006).

2.6. Statistical analysis

One way analysis of variance (ANOVA) followed by Tukey’s tests
(P < 0.05) was used for statistical analysis when a significant F value

was detected through DPS software version 7.05. The resulting lev-
els of individual PLFA and 96 h AWCD value per well in Biolog ECO
microplates were subjected to principal component analysis (PCA)
and cluster analysis using UPGMA (unweighted pair group method
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ig. 1. Production of CO2–C in rhizospheric soil under different monoculture years
efore and after addition of substrate. Bars represent SD. Site codes for each sample
re given in Table 1.

ith average linkage) clustering algorithm through SPSS software
ersion 11.5 and DPS software version 7.05, respectively.

. Results

.1. Soil physico-chemical properties

Most physico-chemical properties were lowest in the control
oil except for organic matter, total K and pH. Organic matter, total
, available N and available K were significantly higher in the sec-
nd and third year monoculture soils than in the newly planted soil.
owever, the newly planted plots had significantly higher available

 and total K than the second and third year monocultured plots.
H value significantly decreased with the increasing years of mono-
ulture. There was no significant difference in total P between the
ewly planted and third year cultivated plots (Table 2).

.2. Microbial respiration activity

The basal soil respiration (BSR) value was significantly lower in
he second year monoculture and the third year monoculture soils
han in the newly planted and control soils. The substrate-induced
espiration (SIR) in the control soil was lowest. However, there was
o significant difference in SIR among the newly planted, second
nd third year consecutive monoculture soils (Fig. 1).

.3. Phospholipid fatty acid profiles

The specific, non-specific and group-specific PLFA concentra-
ions in the 12 soil samples (three replicates per soil sample) are
isted in Table 3. The levels of bacterial PLFAs were significantly
reater than those of fungal and actinomycetic PLFAs in all four
reatments. Except for actinomycetes, almost all PLFAs were lowest
n the control soil. Total PLFAs, bacteria, Gram(+), Gram(−), actino-

ycetes and Gram(+)/Gram(−) ratio in the second and third year
onoculture soils were significantly higher than that in the con-

rol and newly planted soils. The level of these PLFAs was  highest
n the second year monoculture soil and declined in the third year

onoculture soil, but remained remarkably higher than that in
he control and newly planted soils. Many bacterial-specific PLFAs
lso showed the same trend, including i14:0, i15:0, i16:0, a17:0,
6:1omega7c, 16:1omega9t and cy19:0. Similar to certain specific
LFAs, the sum of fungal PLFAs significantly increased with the
ncreasing years of monoculture, but decreased in the third year
onoculture soil. The second and third year monoculture soils had
 significantly higher level of PLFA 18:1omega9c, a biomarker of
ungi, than the control and newly planted soils. However, another
ungal PLFA 18:2omega6,9 significantly declined in the third year
Fig. 2. Classification of treatments by principal component (A) and UPGMA cluster
analysis (B) with PLFA data. Site codes for each sample in Table 1.

monoculture soil as compared to the newly planted and the sec-
ond year monoculture soils. Two cyclopropyl PLFAs cy17:0 and
cy19:0 significantly increased in the second and third year mono-
culture soils. The ratio of cyclopropyl fatty acids to their metabolic
precursors (16:1omega7c, 18:1omega7c), referred to as an indica-
tor of physiological stress in microbial communities (Aliasgharzad
et al., 2010), was significantly greater in the second and third year
monoculture soils than in the control and newly planted soils. This
indicates depletion of resources and decreased metabolic activity
and bacterial cell growth relative to communities in rhizospheric
soil after R. glutinosa consecutive monoculture.

The PLFA data from all soil samples (four treatments, three
replicates) were subjected to principal component analysis (PCA)
(Fig. 2). The first two principal components PC1 and PC2 accounted
for 69.64% and 11.88% of total variation respectively, and their
eigenvalues were 25.07 and 4.28, respectively. Total PLFAs,
16:1omega9t and 18:2omega6, fungal:bacterial PLFA ratio were
discriminated most positively by PC1 and PC2 scores, respec-
tively. However, i:18, fungal:bacterial PLFA ratio and 10Me19:0,
Gram(+):Gram(−) PLFA ratio were discriminated most negatively
by PC1 and PC2 scores, respectively. PCA results showed a good sep-
aration among the four treatments (CK, NP, SM and TM). However,
characteristics of second and third year consecutive monoculture
soils were closer to each other, implying that they might share sim-
ilar soil microbial community structure. This result was  confirmed
by the cluster analysis. The dendrogram of PLFA profiles showed
that the control and newly planted soils linked together at a rel-
atively lower Euclidean distance of 24.4 and the second and third
year monoculture soils recorded at a higher Euclidean distance of
34.2. These two clusters then linked together at a high Euclidean
distance of 69.9.

3.4. Community level physiological profiles (CLPP) analysis
Except for polymers, the 96 h AWCD data of the other five
substrate groups (carbohydrates, carboxylic acids, amino acids,
amines and phenolic compounds) were all highest in the third year
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Table  2
Physical and chemical properties of soils (5–25 cm)  from the treatment plots 70 days after planting R. glutinosa.

Treatment SOM (g/kg) TN (g/kg) AN (mg/kg) TP (g/kg) AP (mg/kg) TK (g/kg) AK (mg/kg) pH

Control (unplanted) soil 9.37c 0.34c 9.47d 0.48c 17.40d 1.71b 106.89d 7.82a
Newly planted soil 7.94d 0.49b 27.57c 0.60b 56.27a 1.98a 168.43c 7.62b
Second year monoculture soil 14.40a 0.63a 37.09a 0.92a 50.93b 1.67b 246.09a 7.46c
Third  year monoculture soil 12.06b 0.63a 34.62b 0.61b 36.24c 1.70b 204.88b 7.26d

Data are means ± SD. SOM, soil organic matter; TN, total nitrogen; AN, available nitrogen; TP, total phosphorus; AP, available phosphorus; TK, total potassium; and AK,
available potassium. Site codes for each sample are given in Table 1. Different letters in columns show significant differences determined by Tukey’s test (P ≤ 0.05, n = 3).

Table  3
Concentrations (nmol g−1 d.m. soil) of the different specific PLFAs, sum of total, non-specific and group-specific PLFAs in the four different treatments.

PLFA Control Newly planted Second year monoculture Third year monoculture Comment

1 15:0 0.62b 0.76b 1.37a 0.94b Bacteriaa

2 a15:0 2.83c 4.45b 6.28a 5.20b Gram(+)b

3 a17:0 7.49b 7.53b 15.95a 15.41a Gram(+)b

4 i14:0 2.52b 3.02b 4.75a 4.05a Gram(+)b

5 i15:0 4.25b 5.07b 8.34a 7.97a Gram(+)b

6 i16:0 3.23b 3.84b 5.76a 4.96a Gram(+)b

7 16:1omega7c 10.01b 12.02b 16.60a 17.17a Gram(−)b

8 16:1omega9t 2.90b 3.63b 6.05a 5.00a Gram(−)c

9 18:1omega7c 14.52c 20.47b 24.29a 19.79b Gram(−)b

10 cy17:0 2.05c 2.24bc 3.01a 2.85ab Gram(−)b

11 cy19:0 4.51c 6.12b 10.79a 9.82a Gram(−)b

12 10Me17:0 3.93bc 3.37c 6.13a 5.14ab Actinomycetesb

13 10Me18:0 3.66a 2.26b 3.71a 3.42ab Actinomycetesd

14 18:1omega9c 6.96c 8.74b 13.37a 12.45a Fungib

15 18:2omega6,9 6.57c 14.29a 15.96a 11.27b Fungib

16 20:4omega6 1.18b 1.98a 1.60ab 2.07a Protozoanb

17 Non-specific 33.81c 35.78bc 51.69a 42.49b –e

Total PLFA 111.04b 135.58b 195.63a 169.99a 1–17
Bacteria 54.94b 69.14b 103.18a 93.17a 1–11
Gram(+) 20.33b 23.90b 41.07a 37.59a 2–6
Gram(−)  33.99c 44.47b 60.74a 54.64a 7–11
Actinomycetes 7.59ab 5.64b 9.84a 8.56a 12–13
Fungi 13.52c 23.04b 29.33a 23.71b 14–15
Gram(+)/Gram(−)(%)  59.86b 53.72c 67.61a 68.82a
Fungi/bacteria(%) 24.59c 33.39a 28.44b 25.47c
Cy/pre(%) 26.68b 25.75b 33.79a 34.26a (10 + 11)/(7 + 9)f

Different letters within a line indicate different levels of significance (P ≤ 0.05, Tukey’s test, n = 3). Site codes for each sample in Table 1.
a Joergensena and Potthoff (2005).
b McKinley et al. (2005).
c Huygens et al. (2011).

m
a
b
p
p
y
A

F
r

d Brockett et al. (2012).
e 12:0, 13:0, 16:0, 18:0, 20:0, 20:5omega3, 22:1omega9t, 23:0 and 24:0.
f Wu et al. (2009b), cy = (cy17:0 + cy19:0), pre = (16:1omega7c + 18:1omega7c).

onoculture (Fig. 3). The microbial communities from the second
nd third year monoculture soils exhibited a higher level of car-
oxylic acids, phenolics and amines than those from the newly

lanted and control soils. The AWCD values of amino acids and
olymers showed no significant differences between the second
ear monoculture and the newly planted soils. However, the sum of
WCD values of carboxylic acids, phenolic compounds and amino

ig. 3. Mean catabolic activity per well for each substrate group at 96 h in four treatments
epresent significant differences among soil samples as determined by Tukey’s test (P ≤ 0
acids increased significantly with the increasing years of mono-
culture (Fig. 4), suggesting that the microflora feeding on acids
gradually became predominant in the consecutive monoculture

soil.

Principal component analysis (PCA) with Biolog data (four
treatments, three replicates) indicated that 96 h AWCD data suc-
cessfully distinguished among the four soil community’s responses

. Site codes for each sample are given in Table 1. Bars represent SD. Different letters
.05, n = 3).
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Table 4
Most discriminant five carbon substrates as determined by PCA on the data of community level carbon source utilization using Biolog Eco microplates by different soil
communities.

Substrate no. PC1 Score PC2 Score

1 D-galactonic acid �-lactone 0.9661 �-Ketobutyric acid 0.9789
2 4-Hydroxy benzoic acid 0.9588 i-Erythritol 0.9725
3  �-Methyl-D-glucoside 0.9249 D-glucosaminic acid 0.9619
4 L-phenylalanine 0.9111 D,L-�-glycerol phosphate 0.8897
5  �-Cyclodextrin 0.9075 D-galacturonic acid 0.8724
1  2-Hydroxy benzoic acid −0.9808 D-cellobiose −0.7266
2  Tween 40 −0.9398 N-acetyl-D-glucosamine −0.6855
3 Glycogen −0.8
4  Glycyl-L-glutamic acid −0.7
5 D-xylose −0.7

F
a
g

t
a
i
m
s
s
c
P
a

F
a

ig. 4. Sum of AWCD values of carboxylic acids, phenolic compounds and amino
cids at 96 h. Site codes for each sample and abbreviation of chemical properties are
iven in Table 1.

o the carbon substrates (Fig. 5A). The first two PCs, PC1 and PC2
ccounted for 46.2% and 28.5%, respectively, of the total variation
n ECO microplate data. The catabolic diversity of microbial com-

unity in the four treatments (CK, NP, SM and TM) could be clearly
eparated by the first two  principal components. The five carbon
ubstrates with the most positive and most negative scores (i.e.,

ontributing most strongly to a separation of samples) on PC1 and
C2 are listed in Table 4. 4-hydroxy benzoic acid, D-galactonic
cid �-lactone and �-ketobutyric acid, D-glucosaminic acid were

ig. 5. Classification of treatments by principal component (A) and UPGMA cluster
nalysis (B) with Biolog data. Site codes for each sample in Table 1.
857 L-arginine −0.6683
583 �-D-lactose −0.5880
122 D-xylose −0.5431

discriminated most positively by PC1 and PC2 scores, respectively.
However, 2-hydroxy benzoic acid, tween 40 and L-arginine, D-
cellobiose were discriminated most negatively by PC1 and PC2
scores, respectively. Cluster analysis showed that Euclidean dis-
tance of the control (CK) and the treated plots (NP, SM and TM)
increased with the increasing years of monoculture, implying a
shift in soil microbial community structure and catabolic diver-
sity after R. glutinosa cropping (Fig. 5B). The results combining the
PLFA and Biolog data, as determined by PCA and cluster analysis,
reveal that soil microbial community structure and catabolic diver-
sity in the second and third year consecutive monoculture soils are
considerably different from that in the control and newly planted
soils.

4. Discussion

Soil microbial community structure and function diversity are
commonly considered as indicators of soil fertility and quality.
Recent studies have focused on the complexity and biodiversity
of the underground world (Bartelt-Ryser et al., 2005; Kapoor and
Mukerji, 2006). Plant–bacterial interactions play crucial roles in
soil quality, crop health and yield (Marschner, 2007). Soil nutri-
ent deficiency is a major limiting factor for plant growth. However,
there is no consensus on the relationship between soil nutrient and
consecutive monoculture problem. Some researchers suggested
that the nutritional decline in soil is not the fundamental rea-
son for consecutive monoculture problems (Liang et al., 2004).
However, there was  no decline in the soil physical–chemical prop-
erties detected in this study. Organic matter, total N, available
N and available K were significantly higher in the consecutively
monocultured soil than in the newly planted soil, while avail-
able P and total K showed the opposite trend (Table 2). However,
R. glutinosa monoculture resulted in rhizosphere acidification
(Table 2). Meriles et al. (2009) also found that pH is more acidic
in the soybean monocultured soil than in the crop rotation soil.
In Australia, yield decline under long-term sugarcane monocul-
ture appears to correlate with soil acidification (Bramley et al.,
1996).

Assessment of soil respiration provides a measure of the over-
all potential microbial activity and is considered as a bio-indicator
of soil quality (Dutta et al., 2010). Significantly lower basal soil
respiration (BSR) values were observed in the second and third
year monoculture soil, indicating monoculture-induced stress on
soil microbial flora at the sampling time, although the levels of
total and group-specific PLFAs were greater in the SM and TM
(Table 3). Qi et al. (2009) also found that the respiration rate and
metabolic quotient in newly planted R. glutinosa plots were sig-

nificantly higher than that in the second year monocultured plots
and crop rotation plots. Furthermore, the PLFA analyses in this
study revealed that the cyclopropyl fatty acids:monoenoic pre-
cursors ratio (cy/pre ratio), an indicator of physiological stress in
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icrobial communities, was significantly greater in the second
nd third year consecutive monoculture plots than in the control
nd newly planted plots, implying a decrease in bacterial growth
ates and metabolic activity (Macdonald et al., 2004). However,
hen carbon substrates were added into the soil, the respiration
as significantly enhanced in the second and third year consecu-

ive monoculture soil, which can be attributed to the increase in
etabolic activity of a growing microbial community in response

o more available carbon resource in the consecutively mono-
ultured soil. The substrate-induced respiration (SIR) showed no
ignificant differences among the newly planted, second and third
ear consecutive monoculture soils (Fig. 1). The Biolog data also
evealed that when group-specific carbon substrates were used,
he AWCD of carboxylic acids, phenolics, amines, amino acids and
arbohydrates were higher in the second and third year consecu-
ive monoculture soils than in the control and newly planted soils
Fig. 3).

According to previous studies, the microbial biomass and
ommunity structure are affected by the rhizodeposition and avail-
bility of substrate (McKinley et al., 2005; Semenov et al., 1999; Wu
t al., 2011). Plants are able to shape their rhizosphere microbiome,
s evidenced by the fact that different plant species host specific
icrobial communities when grown on the same soil (Berendsen

t al., 2012). Consecutive monoculture has a negative impact on soil
icrobial diversity, which in turn will affect the plant production

Chen et al., 2008). The balance between the rhizosphere microflora
nd plant pathogens is crucial for plant health (Berendsen et al.,
012). The quantities of exudates released may  be substantial,
ith fast-growing bacteria, actinomycetes and fungi stimulated to

row by the carbon pulses provided as exudates (Gregory, 2006).
riffiths et al. (1999) devised an experimental system to study

he effects of substrate quantity on microbial community structure
sing synthetic root exudates and reported that microbial commu-
ity structure changed consistently as substrate loading increased.
any studies have shown that increased rhizodeposition occurs

n response to physical, chemical and biological components of
he environment (Crowley, 2000; Gregory, 2006; Okubara and
aulitz, 2005). Recent advances have shown that low-molecular
eight (LMW)  organic compounds from root exudates in the rhizo-

phere have a specific role in plant–microbe interactions (Mukerji
nd Manoharachary, 2006). Results from PLFA analyses showed
hat the soil microbial communities of the consecutively mono-
ultured soil differed from the control and newly planted soils
Fig. 2, Table 3). As evident in the soil physical–chemical prop-
rties in Table 2, more plant litter and organic substrates (SOM,

 and N) and presumably more root exudates were present in
he consecutively monocultured soil (SM, TM)  than in the newly
lanted and control soils. Thus the levels of total PLFAs, bacte-
ia, Gram(+), Gram(−),  actinomycetes and fungi were much higher
n the second and third year consecutive monoculture soils than
n the control and newly planted soils. Moreover, Gram(−)  bac-
erial biomarkers dominated the PLFA biomass in all treatments
CK, NP, SM and TM). Gram(−)  bacteria tend to rely particularly
n LMW carbon compounds that are exuded from plants and
oots (Kramer and Gleixner, 2006). Many fungi and Gram(−)  have
een shown to be pathogenic towards plants (Termorshuizen and
eger, 2008; Valkonen et al., 1993). However, the exact relationship
etween these two microbial groups and plant production under R.
lutinosa consecutive monoculture regime need to be studied fur-
her. Interestingly, the levels of these PLFAs reached the highest
oint in the second year consecutive monoculture soil and grad-
ally declined in the third year consecutive monoculture soil, but

emained higher than that in the control and newly planted soils.
his observation may  be attributed to the relatively lower soil
rganic matter in the third year consecutive monoculture soil than
n the second year consecutive monoculture soil (Table 2). Murphy
Ecology 67 (2013) 1– 9 7

et al. (2011) found that the microbial biomass C (MB-C) positively
(P < 0.05) correlated with total soil C, particularly correlated with
light fraction organic matter C (LFOM-C) and dissolved organic C
(DOC).

The proportion of PLFA cy17:0 has been found to increase
with addition of simulated root exudates, which was  attributed
to root exudates to some extent (Griffiths et al., 1999). However,
many researchers have found that the proportion of cyclo-
propyl fatty acids, especially the cyclopropyl fatty acids:monoenoic
precursors ratio, could be affected by nutrient status and phys-
iological state of the microbial community (Aliasgharzad et al.,
2010; Macdonald et al., 2004; McKinley et al., 2005). Cyclopropyl
PLFAs (cy17:0, cy19:0) are formed by transmethylation of cis-
monounsaturated precursors (16:1omega7c, 18:1omega7c) when
the cell enters the stationary phase. This modification of cis-
monounsaturated precursors to the more stable cyclopropyl fatty
acids is favorable for maintaining a functional living membrane
during stress (Aliasgharzad et al., 2010). A higher cyclopropyl
fatty acids to metabolic precursor ratio has been related to a
decrease in bacterial growth rates and an increase in carbon limi-
tation (Fierer et al., 2003). The cyclopropyl fatty acids:monoenoic
precursors ratio was significantly greater in the second and
third year consecutive monoculture plots than in the control
and newly planted plots (Table 3). This suggests that in the R.
glutinosa-monocultured plots, the microbial communities are more
nutrition-limited, with greater microflora feeding on relatively lim-
ited resource, or suffering from physical–chemical disturbance (i.e.
acidic pH).

The consumption of carbon substrates present in Biolog sys-
tem is a sensitive indicator of short-term changes in the microbial
functional diversity in response to various soil management such
as tillage, fertilization and amendment applications (Gomez et al.,
2006; Govaerts et al., 2007) and cultivation modes such as rota-
tion, intercropping and monoculture (Ma et al., 2012; Pankhurst
et al., 2005). In the current work, the Biolog analyses revealed dif-
ferences between soil microbial functional diversity from the R.
glutinosa monocultured plots and the control or newly planted
plots (Fig. 5). For the second and third year consecutive mono-
culture soils, the microbial community showed a greater potential
for utilization of carboxylic acids, phenolic acids and amino acids,
which may  indicate that a greater proportion of the community
is able to utilize acid-compounds (Fig. 4). Many previous studies
have shown that under consecutive cultivation regime, R. glutinosa
releases a large number of LMW  root exudates including sug-
ars, carboxylic acids, amino acids and phenolics (Wu et al., 2011),
which serve as carbon substrates for certain specific microbial
communities. The number of microbes feeding on phenolic acids
gradually increased with the extended monoculture (Fig. 3). More
evidences have demonstrated the roles of phenolic compounds
in the establishment of plant–microbe interactions (Badri et al.,
2009; Bais et al., 2006; Mandal et al., 2010). Microbial attenua-
tion or alteration of root exudates, like phenylpropanoid signals
is an important aspect of rhizosphere ecology (Carmona et al.,
2009; Mandal et al., 2010). The root exudates might cancel out
soil bacteriostasis, and act as chemoattractants to selectively pro-
mote the growth of specific microbes (Singh and Mukerji, 2006).
Both PLFA- and CLPP-based principal component analysis (PCA)
and cluster analysis showed distinct separation between the con-
trol, newly planted plots and the second, third year consecutive
monoculture plots, suggesting an alteration of rhizospheric micro-
bial community composition and activity following R. glutinosa
cropping. Based on the results as mentioned above, improved man-
agement practices, such as microbial fertilizer application, organic
matter amendment and enhanced plant diversity (Latz et al., 2012),

could be used to relieve the consecutive monoculture problems of
R. glutinosa in future.
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. Conclusions

We have demonstrated that the structure and functional
iversity of soil microbial communities varies between the
ontrol, newly planted plots and the consecutively monocul-
ured plots. Moreover the variation became more pronounced
ith the increasing years of monoculture. The PLFA lev-

ls for five main microbial groups exhibited the same trend
n all treatments (CK, NP, SM and TM)  in the follow-
ng order: Gram(−)  > Gram(+) > fungi > actinomycete > protozoan.
otal PLFAs, bacterial, Gram(−), Gram(+) and actinomycete PLFAs
ere significantly higher in the consecutively monocultured

oils than in the control and newly planted soils. The micro-
ial communities in consecutively monocultured soil are more
utrition-limited or suffer from physical–chemical disturbance.
hey exhibited a decline in basal soil respiration and a promotion in
he consumption of acid carbon substrates. Further work is required
t the species and genus level to isolate, determine (using qRT-PCR)
nd characterize certain specific microflora, such as microbes with

 preference for acid compounds, beneficial microbes that produce
ntibiotics, Gram(−)  or Gram(+) bacterial or fungal pathogens, to
e able to fully assess impact of these microflora on the growth
f R. glutinosa and the rhizospheric biological processes between
lant–microbe interactions.
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