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A B S T R A C T

Characterizing the rhizosphere microbial community composition associated with enhanced crop yield is an
important first step towards understanding the role of the microbiota in soil fertility. In the present study, we
conducted a two-seasons field experiment in a maize-cabbage cropping system under chemical (CF), organic
(OF) and bio-organic (BOF) fertilizer regimes as a model to investigate the combinatory effect of fertilizer
treatment and crop type on rhizosphere soil microbiota by targeted sequencing of both the bacterial and fungal
communities. The two-seasons sustainable application of bio-organic fertilizer (BOF) containing Trichoderma
effectively increased maize and cabbage yields, whereas organic fertilizer (OF) increased but not significant,
compared to the application of chemical fertilizer (CF). Both fertilizer treatment and crop type induced a sig-
nificant effect on soil physiochemical properties and were the major factors that impacted the composition of the
rhizosphere soil microbiome. Relative abundances of Trichoderma were significantly enhanced in the BOF
treatment, compared to the OF and CF treatments, and exhibited significant positive relationships with crop
yield improvement. The application of bio-organic fertilizer may enhance the growth promotion effect of
Trichoderma and increase the abundance of potentially beneficial microbial groups such as the genera
Cladorrhinum and Massilia, which were found to be highly correlated to increased crop yields. Overall, the
influence of bio-organic fertilizer on crop yield is proposed to be through mechanisms by introduction of the
target strain NJAU 4742 and stimulation of a potentially beneficial microbial consortia, in combination with
alterations in fungal and bacterial composition and abundance, leading to an enhancement in crop yield.

1. Introduction

In agroecosystems, soil microorganisms represent the largest re-
servoir of biodiversity (Flint et al., 2007; Johnson et al., 2015). The soil
microbiome performs a variety of ecological services such as the mi-
neralization of organic matter, nutrient cycling, and the promotion of
plant growth (Nacke et al., 2011; Ru et al., 2012; Mendes and
Raaijmakers, 2011). However, soil biological activity is most pro-
nounced in the soil rhizosphere where plant roots and microbes interact
(Bakker et al., 2015). This rhizosphere microbiome carries out funda-
mental processes that contribute to both nutrient cycling and plant
health (Zhou et al., 2015; Mendes et al., 2017; Santoyo et al., 2017).
Plants directly modify this local soil environment through root exuda-
tion and rhizodeposition, leading to alterations in the composition and

function of the rhizosphere microbiome (Hertenberger et al., 2015).
The influence of individual plant type and agricultural management,
combined with nutritional status in rhizosphere soil and other en-
vironmental factors, result in combinatorial impacts on the rhizosphere
microbiome (Berg and Smalla, 2009; Berendsen et al., 2012; Pérez-
Jaramillo et al., 2016). Consequently, the composition and function of
the rhizosphere microbial community differs from that associated with
the bulk soil (Liu et al., 2016; Fu et al., 2017). In addition, fertilizer
amendments are known to have a profound influence on plant nutri-
tion, crop yield, and soil organic matter. These interactions and their
downstream influences could reshape the rhizosphere community mi-
crobial through the soil microbial community (Shen et al., 2013), and
thus can be either beneficial or detrimental to plant growth. Overall, a
diverse microbial community that exhibits high biological activity is a

https://doi.org/10.1016/j.apsoil.2019.04.014
Received 2 October 2018; Received in revised form 18 March 2019; Accepted 14 April 2019

⁎ Corresponding author at: College of Resources and Environmental Sciences, Nanjing Agricultural University, 210095 Nanjing, China.
E-mail address: lirong@njau.edu.cn (R. Li).

Applied Soil Ecology 142 (2019) 136–146

Available online 02 May 2019
0929-1393/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09291393
https://www.elsevier.com/locate/apsoil
https://doi.org/10.1016/j.apsoil.2019.04.014
https://doi.org/10.1016/j.apsoil.2019.04.014
mailto:lirong@njau.edu.cn
https://doi.org/10.1016/j.apsoil.2019.04.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsoil.2019.04.014&domain=pdf


sensitive biological indicator for soil quality and is thus an area of in-
terest within the context of sustainable agricultural productivity
(Bending et al., 2004; Sharma et al., 2010; Bender et al., 2016; Pii et al.,
2015). Thus, understanding how the rhizosphere microbiome develops
is necessary in order to decipher the underlying mechanisms involved
in crop yield enhancement for sustainable agriculture.

The majority of research has focused on alterations in rhizosphere
microbial community composition by fertilization regimes alone while
little attention has been paid to the interactive effects with variations in
crop type. Of the agriculturally important crops, both maize and cab-
bage are typically cultivated in tropical and subtropical regions globally
(Srinivasan, 2012). This maize-cabbage cropping system was previously
adopted as a model to investigate the modulation of soil microbial
community structure and function in field-based studies (Ai et al.,
2015). To date, the majority of research has been devoted to long-term
field experiments over five or more years (Calleja-Cervantes et al.,
2015). However, in an applied perspective, farmers desire economic
benefits from organic amendments applied to soil within a shorter
period of time. Thus, a better mechanistic understanding concerning
the short-term shifts in the rhizosphere microbial community under
different fertilization schemes and crop type is necessary in order to
better understand the impact on soil quality as well as to improve
agroecosystem productivity.

There is an increasing concern that the over-used of chemical fer-
tilizer has not only resulted in deteriorated soil quality but also has led
to large-scale ecosystem degradation and loss of productivity in the
long term (Foley, 2005; Shen et al., 2010). To address these concerns,
organic amendment substitution for chemical fertilizer is a useful
method to increase crop resource use efficiency as well as improve
quality of agricultural products (Aparna et al., 2014; Syswerda et al.,
2012). Furthermore, bio-organic fertilizers that based on organic
amendment substitution, contain microorganisms and specific organic
components which, directly or indirectly, increase the mobilization of
soil nutrients and positively influence plant health, resulting in en-
hanced crop yield (Tamreihao et al., 2016; van der Heijden et al.,
2008). Novel bio-organic fertilizers have been produced that integrate
beneficial microbes with mature composts, resulting in the promotion
of yield and/or the control of soil-borne diseases (Asl, 2017; Wang
et al., 2016). Among the numerous beneficial microbes, fungi within
the genus Trichoderma are ubiquitous in both soil and root ecosystems
(Hasan, 2012; Li et al., 2013) and are widely recognized for their plant
growth-promoting potential (Chen et al., 2011; Viterbo et al., 2010). It
is established that strains of Trichoderma within the rhizosphere exert
beneficial effects on plant growth on and nutrient uptake by miner-
alizing organic matter with a concomitant reduction in plant disease
severity (Martínez-Medina et al., 2014; Saravanakumar et al., 2017;
Umadevi et al., 2017). However, there are few reports concerning the
specific interactions between Trichoderma and the rhizosphere micro-
biome as well as the impact on nutrient availability and crop pro-
ductivity in the open-field environment. Therefore, deciphering the
impact of fertilization regimes on both the rhizosphere microbiota and
Trichoderma in the context of plant productivity is essential to under-
stand the influence on the agricultural system.

One Trichoderma strain, Trichoderma guizhouense NJAU 4742, was
previously isolated in our lab and demonstrated a significant ability to
promote plant growth (Li et al., 2013; Cai et al., 2014; Li et al., 2015;
Jie, 2012). In the present study, we conducted a two-seasons field ex-
periment in a maize-cabbage cropping system under chemical, organic,
and bio-organic (organic fertilizer amended with NJAU 4742) fertilizer
regimes as a model to analyze the responses of the rhizosphere micro-
biome by targeted sequencing of both the bacterial and fungal com-
munities. The objectives were to: 1) determine changes in the rhizo-
sphere soil microbial communities due to crop type and fertilizer
treatment and their interactive effects, 2) evaluate the impact of dif-
ferent fertilizer schemes on maize and cabbage crop yields, and 3) de-
termine correlations between the composition of the rhizosphere soil

microbial community with soil properties and crop yields.

2. Materials and methods

2.1. Site description and experiment layout

The field experiment was located in Libao town of Nantong city,
Jiangsu province, China (32º 02' N, 118º50' E, 5.2 m a.s.l). This region
has a northern subtropical monsoon climate, with an average annual
temperature and precipitation of 14.5 °C and 1025.0mm, respectively.
The soil in this field was characterized as clay loamy typic-hapli-stagnic
anthrosol, with a pH of 7.31 (10:1 water to soil ratio), and contains
24.13 g kg−1 organic matter, 2.29 g kg−1 total N, 4.08 g kg−1 total P,
7.94 g kg−1 total K and 21.1mg kg−1 available P, 119mg kg−1 avail-
able K. Prior to this experiment, the area was cultivated according to
traditional Chinese farm management with a maize, cabbage, and to-
mato rotation amended with chemical fertilizer over a decade.

The field experiment was performed in a completely randomized
block design with three replicates for each of the following treatments:
1) CF treatment: soil amended with chemical fertilizer, 2) OF treatment:
soil amended with organic fertilizer, and 3) BOF: soil amended with
organic fertilizer plus Trichoderma guizhouense NJAU 4742. The che-
mical fertilizer was mineral N, P, K. The organic fertilizer was chicken
manure produced by composting at 30–70 °C for 25 days and main-
tained for 7 days above 55 °C with a pH value of 7.28, with
24.4 g kg−1 N, 24.9 g kg−1 P2O5 and 16.3 g kg−1 K2O. The bio-organic
fertilizer was produced by direct inoculation with Trichoderma guiz-
houense strain NJAU 4742 (108 CFU g−1 dry weight (DW)). Each plot
was 4.75m×7.50m and the organic amendments of each treatment
(except for the CF plot) were applied at the rate of 200 kg per 667 m2 in
addition to mineral fertilizers (N, 6.68 kg; P2O5, 1.09 kg; and K2O,
0.95 kg) that were added during the cropping season. All treatments
received the same levels of nitrogen, phosphorus and potassium (N:
240 kg ha−1, P2O5: 120 kg ha−1 and K2O: 90 kg ha−1) during each
cropping season. Half of the composts and essential mineral fertilizers
were applied as basic fertilizers before planting using a rotary tiller. The
remaining organic fertilizer or bio-organic fertilizer and essential mi-
neral fertilizers were applied in panicle and knot bract stages. The
maize was planted in May 2015 and harvested in September 2015,
followed by cabbage, which was planted in September 2015 and har-
vested in December 2015.

2.2. Soil sampling, properties analysis and DNA extraction

Five rhizosphere sub-samples were randomly collected from each
replicate plot and mixed as a composite soil sample at the harvest time
in each season. For rhizosphere soil collection, the root system was first
separated from the bulk soil through gentle shaking. Soil still adhered
to the roots was considered rhizosphere soil and was removed using
sterile saline solution by centrifugation at 12,000 rpm for 10min. All
soil samples were transported to the laboratory, one portion of each
sample was stored at −70 °C for subsequent DNA extraction after
sifting through a 2-mm sieve and thorough homogenization and the
other was air-dried for the determination of physiochemical properties
including pH, total organic carbon (TOC), NH4

+-N, NO3
−-N, available

P (AP), available K (AK), total N (TN), total P (TP), total K (TK), ac-
cording to the method modified from Shen et al. (2013).

Total soil DNA was extracted from 0.25 g soil subsamples using the
PowerSoil DNA Isolation Kits (MoBio Laboratories Inc., Carlsbad, USA),
according to the manufacturer's protocol. The concentration and quality
(ratio of A260/A280) of the DNA was determined using a spectro-
photometer (NanoDrop 2000, ThermoScientific, USA).

2.3. Assay of total soil microbial biomass

Standard curves were generated to estimate the marker gene
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abundances of bacteria and fungi using 10-fold serial dilutions of a
plasmid containing a full-length copy of the 16S rRNA gene from
Escherichia coli and 18S rRNA gene from Saccharomyces cerevisiae
(Fierer et al., 2005). Standard and environmental DNA samples were
analyzed on a 7500 Real Time PCR System (Applied BIO-systems, USA),
according to a standard procedure (Fu et al., 2017). All presented re-
sults were average values of four replicates and were expressed as log
(copy numbers g−1 dry soil).

2.4. PCR amplification, library preparation and Miseq sequencing

DNA extracted from each soil sample served as a template for 16S
rRNA gene and ITS region amplification. Bacterial primers 520F (5′ -
AYT GGG YDT AAA GNG - 3′) and 802R (5′ - TAC NVG GGT ATC TAA
TCC - 3′) (Claesson et al., 2009) were used to amplify the V4 hy-
pervariable regions of the bacterial 16S rRNA gene, while the ITS1
region of the fungal internal transcribed spacer (ITS) was targeted by
ITS1F (5′ - CTT GGT CAT TTA GAG GAA GTA A - 3′) (Gardes and Bruns,
1993) and ITS2 (5′ - GCT GCG TTC TTC ATC GAT GC - 3′) (White,
1990). The primers used for final sequencing consisted of the appro-
priate Illumina adapter, pad linker, the gene-specific primer, and a 6-nt
barcode unique to each sample, attached to the reverse primer. PCR
reactions and purification of products were performed according to Fu
et al. (2017). PCR products were quantified and pooled in equimolar
concentrations to a final concentration of 10 nM followed by Illumina
Miseq sequencing at Personal Biotechnology Co., Ltd., Shanghai, China.

2.5. Sequence data processing

After removing the adaptors and primer sequences, the raw se-
quences were assembled and binned to each sample based on the un-
ique barcode using QIIME (Caporaso et al., 2010). Forward and reverse
sequences for each sample were merged using FLASH V1.2.7 (Magoä
and Salzberg, 2011). The sequences retained were analyzed using the
UPARSE pipeline to generate an OTU table with representative se-
quences (Edgar, 2013). Sequences with a quality score lower than 0.5
or a length shorter than 200 bp were removed. After discarding the
singletons, the remaining reads were assigned to OTUs with 97% si-
milarity for further community analyses. In total, 977,676 16S rRNA
sequences comprising 7147 operational taxonomic units (OTUs) and
808,227 fungal ITS sequences comprising 2113 OTUs from all soil
samples were obtained. The classification of the representative se-
quences for each OTU was performed using the RDP classifier against
the RDP Bacterial 16S rRNA database (Qiong et al., 2007; Cole et al.,
2009) for bacteria and the UNITE Fungal ITS database (Urmas et al.,
2013) for fungi, respectively. α- and β-diversities were analyzed in
MOTHUR (Schloss et al., 2009). 974,896 16S rRNA sequences were
classified to Bacteria. For fungi, 55,073 sequences were returned as
unidentified fungi while 150,608 sequences were assigned to five
fungal phyla. The numbers of high quality sequences per sample varied
from 23,056 to 61,683 for 16S rRNA and 19,437 to 48,583 for fungi. To
correct for the unequal number of sequences per sample, a randomly
selected subset of 23,056 sequences for 16S and 19,437 sequences for
ITS per sample were chosen for further bacterial and fungal community
analysis.

2.6. Statistical analysis

An OTU-based analysis was performed to detect the microbial
community richness and diversity between fertilizer treatment and crop
type. Richness was estimated using Chao index while Shannon diversity
index was calculated to estimate the number of observed OTUs that
were present.

All statistical tests performed in this study were considered statis-
tically significant at P < 0.05. The data were tested for normality and
transformed when necessary to meet the criteria for a normal

distribution. Duncan and pairwise comparison tests was used to assess
the effect of fertilizer treatment on crop yield and microbial commu-
nity, respectively. Multiple analysis of variance (MANOVA) using the
IBM SPSS 22.0 (SPSS Inc., USA) software program was used to de-
termine the effects of fertilizer treatment, crop type, and their inter-
action on the dependent variables, soil characteristics, gene copy
numbers, relative abundances of abundant taxa, and α-diversity index
including Chao and Shannon. If the multivariate F was significant, we
then proceeded with the individual univariate analysis. In addition,
Pearson correlation coefficients between the abundances of selected
microbial indicators and enhanced combined yields of OF and BOF as
compared to CF were also calculated.

Analysis of similarities (ANOSIM), permutational multivariate ana-
lysis of variance (PERMANOVA) and Multiple regression tree (MRT)
based on the Bray-Curtis distance were conducted to evaluate com-
munity dissimilarities. Differences in microbial community composition
among fertilizer treatments were tested by ANOSIM. PERMANOVA was
performed to assess the effect of fertilizer treatment, crop type and their
interaction on microbial community composition (abundance of OTUs
and phyla) using the adonis function of the R (version 3.5.1, R Core
Team., 2015) vegan (Oksanen et al., 2018) package with 999 permu-
tations. Non-metric multidimensional scaling (NMDS) based on the
Bray-Curtis distance was performed to illustrate β-diversity for bacteria
and fungi between individual samples. MRT (De'Ath, 2002) analysis
was conducted to evaluate fertilizer treatment and crop type effects on
the rhizosphere bacterial and fungal communities using the vegan,
mvpart, and MVPARTwrap packages in R. For further visualization of
the relationship between the frequencies of samples and environmental
variables, redundancy analysis (RDA) was carried out using the rda
function and the environmental factors were fitted to ordination plots
using the envfit function of the vegan package in R with 999 permu-
tations. Variation partitioning analysis (VPA) was conducted in the
vegan package of R after selecting the subset of environmental prop-
erties significantly correlated (Pearson correlation) with microbial as-
semblage dissimilarity to construct the soil property matrix using the
BioEnv procedure (Clarke and Ainsworth, 1993).

3. Results

3.1. Impacts of maize and cabbage yields

Compared to the application of chemical (CF) and organic fertilizers
(OF), bio-organic fertilizer (BOF) application significantly (Duncan test,
P < 0.05) increased maize yield by 216 kg acre−1 and 151 kg acre−1,
respectively, and increased the cabbage yield by 4477 kg acre−1 and
3241 kg acre−1, respectively (Fig. 1). No significant difference was

Fig. 1. Crop yield under the fertilizer treatments. Values are means ± standard
deviation (n=3). Fertilizer treatments: CF= chemical fertilizer, OF=organic
fertilizer, BOF= organic fertilizer with Trichoderma guizhouense NJAU 4742,
respectively. Different letters indicate statistically significant differences of
each parameter at the 0.05 probability level, according to the Duncan test.
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observed between the BOF and OF in maize (Duncan test, P > 0.05),
while a significant difference was present in cabbage (Duncan test,
P < 0.05).

3.2. Impacts of soil physicochemical characteristics

Both of the organic amendments (OF and BOF) generally resulted in
significantly higher levels of soil pH, the concentrations of TOC, TN, TP,
TK, NH4

+-N, AP, AK, and a decrease in NO3
−-N, as compared to the

chemical fertilizer amendment (CF) (Table 1). The only significant
physiochemical difference between the OF and BOF amendments was
observed with AP. Accordingly, soil pH and the concentrations of
NO3

−-N, NH4
+-N, AP, and AK were significantly affected by crop type

while soil pH, NH4
+-N, AP, AK, and TK were significantly affected by

the interactions between crop type and fertilizer treatment. Interest-
ingly, NO3

−-N exhibited a clear decrease in cabbage (22.09mg kg−1)
as compared to maize (30.44mg kg−1) while, conversely, NH4

+-N was
higher in cabbage (2.63mg kg−1) compared to the maize
(0.29mg kg−1). No significant differences in soil TN and C/N were
observed between crop type and fertilizer treatment as well as in their
interaction terms.

3.3. Impacts of microbial community abundance

Compared to CF, BOF harbored significantly higher total fungal
abundances, and no significant differences for bacteria were observed
among the three treatments (Table S1). Similarly, fungi responded with
a higher abundance under cabbage than maize, again with no change in
bacterial abundances. Both bacteria and fungi exhibited significant
differences in total abundances in the interactions between fertilizer
treatment and crop type.

3.4. Impacts of microbial community α-diversity

A comparison of bacterial and fungal communities under the dif-
ferent fertilizer treatments and crop types indicated considerable var-
iation in the estimated richness and diversity indices, based on the
rarefied sequences (Table S2). For fertilization, BOF resulted in sig-
nificantly higher richness and diversity for bacteria and higher diversity
for fungi as compared to CF, while only higher diversity for fungi was
observed in OF as compared to CF. For crop type, only the fungal Chao
richness was significantly higher under cabbage than maize.

3.5. Impacts of microbial community β-diversity

Permutational multivariate analysis of variance confirmed that
fertilizer treatment and crop type as well as their interaction were
significant factors impacting the composition of the both the bacterial
and fungal communities, in terms of both the relative abundance of
operational taxonomic units (OTUs) and binning at the phylum level
(Table 2). The result of pairwise comparison indicted that the fertili-
zation treatment harbored significant effect on fungal community on
both crops but not cabbage bacterial communties (P > 0.05).

In order to visualize the differences in bacterial and fungal com-
munities composition, non-metric multi-dimensional scaling (NMDS)
(Fig. S1) and multivariate regression tree (MRT) analyses (Fig. 2) were
performed, respectively. Ordination (NMDS) revealed distinct sample
grouping based on both fertilizer treatment and crop type. The bacterial
community was separated by crop type by the second component
(NMDS2) and the third component (NMDS3) (PERMANOVA, P < 0.05,
R= 0.12; ANOSIM, P < 0.05, R= 0.11) with the BOF/OF samples
clearly distinguished from CF. Fungi communities were separated by
the first component (NMDS1) and the third component (NMDS3)
(PERMANOVA, P=0.084, R=0.09; ANOSIM, P=0.071, R=0.12),
with the CF and OF samples separated from the BOF.

Multivariate regression tree (MRT) analyses explained 74.24% andTa
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65.52% of the detected variation in the composition of the soil bacterial
and fungal communities, respectively. Bacterial and fungal commu-
nities composition were mainly impacted by crop type, which explained
28.26% of the variation in bacterial community composition, followed
by organic matter amendment. This was followed by the impact of
Trichoderma amendment (5.09%) in maize while organic matter
(3.48%) and Trichoderma amendment (1.40%) impacted the community
under cabbage. For the fungal community, 32.30% of the variation was
explained by crop type, followed by Trichoderma (9.51%) and organic
amendment (7.33%) under maize and Trichoderma (11.50%) and or-
ganic matter amendment (7.33%) under cabbage.

3.6. Linking the microbial communities to crop type and fertilizer treatment

Redundancy analysis (RDA) and variance partitioning analysis
(VPA) illustrated the relationships between the major soil character-
istics, crop type, and fertilizer treatment, and their relative contribu-
tions to the composition of the bacterial and fungal communities.

A Monte Carlo permutation test in RDA resulted in significant cor-
relations between bacterial (Pseudo-F=6.02, P=0.001) and fungal
(Pseudo-F=3.22, P=0.002) communities and selected soil properties
(Fig. 3). The first and second RDA components (RDA1 and RDA2) ex-
plained 48.70% and 93.80% of the total variations in bacterial and
fungal community compositions, respectively. As illustrated by the
close grouping, maize bacterial communities were more correlated to
higher soil pH values and NO3

−-N while cabbage were more correlated
with soil NH4

+-N. In fungal community, the communities under cab-
bage were related to higher soil NH4

+-N, while the maize communities

were associated with higher soil pH values, NO3
−-N and TN. Interest-

ingly, fertilization had stronger impact on maize samples as compare to
cabbage samples of both bacteria and fungi, this maybe due to the high
pH and total nutrient of maize samples.

A subset of soil environmental parameters (OM, AK, AP, NH4
+-N

and pH) was selected by the BioEnv procedure for VPA which exhibited
the highest Pearson correlation to microbial community composition.
Results from VPA analysis showed these variables explained 29.54%
(bacterial) and 36.87% (fungal) of the total variation (Fig. 4). The
highest explanatory factor was crop type that contributed 12.90%
(P=0.010) and 17.38% (P=0.061) of the total bacterial and fungal
variation, respectively, while 8.89% (P=0.022) of the bacterial and
9.73% (P=0.001) of the fungal total variation was attributed to fer-
tilizer treatment. Soil characteristics exhibited a smaller impact on the
composition of both the bacterial and fungal communities.

3.7. Impacts of microbial community taxonomic composition

Classified sequences across all samples were affiliated with 45
bacterial phyla with two candidates and five fungal phyla. The domi-
nant bacterial phyla were Proteobacteria, Acidobacteria, Bacteroidetes,
Actinobacteria, and Firmicutes, accounting for> 79.00% of the total
bacterial 16S rRNA gene sequences (Table S3). Ascomycota and
Zygomycota, at relative average abundances of 66.25% and 11.61%,
respectively, were the two most dominant fungal phyla across all
samples. The bacterial Actinobacteria and Bacteroidetes and fungal
Ascomycota and Chytridiomycota relative abundances were significantly
(P < 0.001) influenced by crop type while Acidobacteria and

Table 2
Permutational multivariate analyses based on Bray-Curtis dissimilarities.

Source df Bacteria Fungi

Abundance of phylum Abundance of OTUs Abundance of phylum Abundance of OTUs

Sums of sqs Pseudo-F Sums of sqs Pseudo-F Sums of sqs Pseudo-F Sums of sqs Pseudo-F

Fertilizer Treatment§(FT) 2 0.43 101.34*** 0.18 8.10*** 0.03 34.83*** 0.34 11.24***
Crop Type§(CT) 1 1.13 19.18*** 0.29 2.53** 0.19 3.22* 0.73 2.62**
FT * CT 2 0.31 14.16*** 0.07 2.14** 0.09 3.41* 0.44 3.38**
Residuals 18 0.20 0.03 0.36 1.18

*indicates significant correlations at (P < 0.05); ** (P < 0.01); *** (P < 0.001), respectively.

Fig. 2. Multivariate regression tree (MRT) analysis of bacterial (A) and fungal (B) community compositions among all rhizospheric soil samples.
The identity and number of soil samples included in the analysis are indicated by symbols with different shapes and colors under the tree. Numbers under the crosses
of each split indicate percentages of variance explained by the split. The R2, error, cross-validation error (CV Error) and standard error (SE) of MRT analysis are listed
under the tree. FM=Y: Trichoderma guizhouense NJAU 4742 present, FM=N: no Trichoderma detected; OM=Y: organic matter, OM=N: no organic matter. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

C. Qiao, et al. Applied Soil Ecology 142 (2019) 136–146

140



Chytridiomycota relative abundances were most influenced (P < 0.001)
by fertilizer treatment. Both fertilizer treatment and crop type as well as
their interaction exhibited significant (P < 0.05) effects on the bac-
terial Acidobacteria, Actinobacteria and Firmicutes and the fungal
Chytridiomycota relative abundances.

For analysis at the genus level, only bacterial and fungal genera
with a relative abundance> 1.0% in all combined samples were ana-
lyzed (Table 3). Among the bacterial genera, Massilia, Zavarzinella and
Rubritepida were significantly enriched in the OF amended rhizosphere
soils as compared to those in CF (P < 0.05), while Zavarzinella, Ru-
britepida and Bdellovibrio, were significantly depleted in the BOF treat-
ment rhizosphere soil, as compared to OF (P < 0.05). Both crop type
and their interaction terms had a significant (P < 0.05) impact on all
the relatively abundant bacterial genera. The five most abundant fungal
genera were Mortierella (10.98%), Humicola (4.18%), Derxomyces
(4.03%), Rhizophydium (2.71%) and Massaria (2.45%). Significantly
higher abundances of the fungal genera Massaria, Naumovozyma, Cla-
dorrhinum were observed in the OF treatment, as compared to those in
CF (P < 0.05) while Mortierella, Humicola, Derxomyces, Rhizophydium
and Trichoderma showed no significant (P > 0.05) changes between
the OF and CF treatments. The relative abundances of the fungal genera

Humicola, Derxomyces, Rhizophydium and Trichoderma were sig-
nificantly increased while Mortierella was reduced in the BOF treatment
(P < 0.05) as compared to the OF treatment. No significant differences
of Trichoderma relative abundances were observed between crop type
and the interaction terms. In addition, we also observed that the re-
lative abundances of Massaria, Naumovozyma and Nomuraea were all in
higher relative abundances under cabbage while the Mortierella was
higher under maize (13.37%).

3.8. Relationships between yield production and the sensitive microbial
genera

Pearson correlation coefficients was calculated between the com-
bined improvement crop yields of OF and BOF and the relative abun-
dances of the bacterial and fungal genera that significantly responded
to fertilization with BOF (Fig. 5). Improved crop yield was positively
correlated with Cladorrhinum (r= 0.432; P=0.035) and Derxomyces
(r= 0.657; P < 0.001),Massilia (r= 0.585; P=0.003) and negatively
correlated with Nomuraea (r=−0.510; P=0.011). Relative abun-
dances of Trichoderma also exhibited significantly positive relationships
with crop yield between BOF and CF (r= 0.625; P=0.001) as well as

Fig. 3. RDA illustrating the relationship between the major environmental factors within the bacterial and fungal communities.

Fig. 4. VPA illustrating effects of soil characteristics (SC), fertilizer treatment (FT), crop type (CT) and their interactions on microbial community composition.
Samples from different fertilizer treatments both in under maize (circles) and cabbage (squares) are marked by different colors. Percentage of variation explained by
each factor alone is provided within the circles. The percentage of variation explained by interactions between two or three of the factors is shown in the circular
junctions. The unexplained variation is depicted as a rectangle on the bottom.
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between BOF and OF (r= 0.577; P=0.019).

4. Discussion

The first objective was to explore the effects of substituting chemical
fertilizer with organic and bio-organic fertilizer on crop yield, and the
result proved to harbored an enhanced yield. A similar observation was
obtained by Yaduvanshi (2003) and Rong et al. (2018). Considering the
environmental implications including soil degradation and accumula-
tion of pesticides of long-term chemical fertilizer application, this result
can improve our potential to manage agricultural soils for sustainable
productivity by promoting beneficial microorganisms and provide a
basis for reducing the application of chemical fertilizers. The following
goal of this study was to assess the combinatory influence of fertilizer
treatment and crop type on the composition of the rhizosphere soil
bacterial and fungal communities in a maize-cabbage cropping system.
While considering the effects of agricultural practices on the soil mi-
crobial community, previous studies have often been limited to the
examination of single factors such as management type (Nacke et al.,
2011; Chaudhry et al., 2012), crop type (Larkin and Honeycutt, 2006),
soil amendment (Falsaperla and Motta, 2013), or focused solely on ei-
ther the bacterial or fungal communities (Zhang et al., 2016; Ru et al.,
2012). Soil inoculation of microorganism without a suitable organic
substrate cannot be expected to be successful due to the absence of
nutrients and may lead to poor microbiological activity (Wang et al.,
2013). In the present study, a novel fertilization method using Tricho-
derma-enriched bio-organic fertilizer was applied to maize-cabbage
cropping systems. Application of the bio-organic fertilizer used in this
study was previously focused on economic crops with continuous ap-
plication that produced cumulative effects that enhanced crop yield
when compared to chemical fertilization (Cai et al., 2014). The en-
hancement of yield is thought to be due to an enhanced availability of
soil nutrients and increased abundances and activity of the soil mi-
croflora (Cai et al., 2014). Here, in order to further decipher the un-
derlying effects of the bio-organic fertilizer, targeted MiSeq sequencing
was used to characterize the bacterial and fungal rhizosphere commu-
nities under different fertilizer treatments and crop types.

Overall, the BOF resulted in significantly higher richness and di-
versity for bacteria and higher diversity for fungi, when compared to
the CF alone. This higher abundances tendency corresponded to both
the 16S rRNA and ITS gene copy numbers for BOF as compared to CF.
Previous research has shown that organic compost amendment en-
hances bacterial and fungal diversity, as compared with conventional
chemical fertilizers (Chaudhry et al., 2012; Mäder et al., 2002), possibly
attributed to the increased supply of organic C substrates. Organic
amendments may also provide a greater diversity of potential substrates
for microbial growth and respiration (Zeng et al., 2007; Chu et al.,
2007). However, diversity and richness were not significantly different
between the BOF and OF treatments. Therefore, the additional of or-
ganic amendment had an positive influence on the rhizosphere micro-
bial community in terms of diversity, richness and abundances that
overwhelmed the impact of adding the Trichoderma inoculum. As a
result, applications of organic manure may play an important role in
sustaining a diverse suite of soil microbial populations and corre-
sponding activities (Francioli et al., 2016; Hartman et al., 2018).

Crop type and fertilizer treatment were identified as the major
factors that impacted the composition of the bacterial and fungal
communities in the rhizosphere soil. This is supported by MRT analysis,
NMDS ordination, and VPA where crop type was the most influential
determinant. This conclusion is derived consistently from previous
observations that crop type exerted greater impacts on soil community
composition as compared to fertilizer management (Zhao et al., 2014).
Considerable temporal variation including presumably different cli-
matic conditions in soil microbial community has been previously been
reported for agricultural soils that impact the rhizosphere soil microbial
community (Schutter et al., 2001). In the present study, the greatestTa
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community variation was also found to be crop effect, including the
plant species and temporal variation. Further study should divided the
two effective factors. The rhizosphere here serves as an important in-
terface for plant-soil-microorganism interactions and signaling and al-
lows for an exchange of both energy and resources. Accumulated evi-
dence suggests that the diversity of plant root exudates and secondary
metabolites are the deterministic forces driving the outcomes of inter-
actions in the rhizosphere and, ultimately, plant and soil community
dynamics (Srinivasan, 2012; Haichar et al., 2008; Broeckling et al.,
2008). It is therefore reasonable to suggest that such maize-cabbage
differences in root exudation patterns will be reflected within the rhi-
zosphere microbial community and the biological processes that it
regulates.

The second most influential determinant of rhizosphere soil bac-
terial and fungal community composition was fertilizer regime, as de-
termined by NMDS, MRT, and PERMANOVA. Previous findings have
recognized that fertilization is an important factor in shaping the soil
microbial community by comparing chemical, organic and bio-organic
fertilizers (Sun et al., 2015; Shen et al., 2013; Falsaperla and Motta,
2013). As discussed previously, of particular importance is the appli-
cation of organic manure as it supports soil organic matter accumula-
tion and the development of soil microbial communities with greater
biodiversity. For instance, Gu et al. (2009) observed that changes in soil
bacterial community composition were more noticeable in soils sub-
jected to organic manure applications than in the soils treated with
mineral fertilizer. It is well established that long-term organic manure
application improves various aspects of soil fertility (Liang et al., 2012).
In line with this concept, our results showed that the organic and bio-
organic fertilizer both provide more available nutrients (e.g. NH4

+-N,
available P (AP), available K (AK)), which may promote microbial
growth. Conversely, in some cases, inorganic or organic fertilizers have
relatively little or no impact on soil fungal diversity and activities
(Dong et al., 2014). In our study, fertilizer treatment explained 9.73%
(P=0.001) of the total fungal variation, which was more than that of
bacteria at 8.89% (P=0.022). This may be attributed to the bio-or-
ganic fertilizer containing the “functional microorganism” Trichoderma.

As Trichoderma has been shown to have the ability to solubilize phos-
phate by secreting organic acids (Li et al., 2015), bio-organic fertilizer
application may enhance the growth promotion effect of the organic
manure by further influencing the soil microbiome (Xiong et al., 2017).
This is supported by higher available phosphorus in the BOF treatment
along with a non-statistically significant increase in crop yield over the
organic manure amendment alone. In addition to phosphorus, other soil
available nutrients such as NH4

+-N and available K (AK) were sig-
nificantly higher in the OF and BOF treatments, compared to the CF
treatment. However, our inoculant Trichoderma guizhouense NJAU 4742
has been shown not to perform direct N fixation or K dissolution under
laboratory conditions (data not shown). Therefore, the resulting en-
hancement of available N and K in the soil could be attributed to other
effects including bacteria (Schmalenberger and Fox, 2015), fungi (Cai
et al., 2014), protists (Trap et al., 2016) and/or nematodes
(Gebremikael et al., 2016). Nutrient contents in soil are considered a
good indicator of soil productivity, and our findings demonstrate the
potentially positive effects of treatments OF and BOF on soil nutrient
conditions. Similar conclusions were drawn by Marinari et al. (2006)
and Nautiyal et al. (2010), who argued that these improvements were a
consequence of the enhancement of soil organic matter that supplies
substrates and nutrients for mineralization. In our study soil pH was
higher in the OF and BOF treatments, which may be facilitated by the
application of organic manure that may decrease soil acidity by in-
creasing soil organic matter while enhancing soil base saturation
(Advan et al., 2006; Zhao et al., 2014).

Overall, the BOF treatment positively impacted the rhizophere soil
microbial community in all regards, though the differences, when
compared to OF, were usually not statistically significant, pointing to
the overwhelming short-term influence that the manure had on the
microbial community. While the relationship between soil microbial
community composition and function is not straightforward due to the
complexity of the soil system (Nannipieri et al., 2010), some microbes
can stimulate plant growth by releasing phytohormones and stimula-
tion of both the induced systemic resistance and systemic-acquired re-
sistance components of the plant immune system (Lugtenberg and

Fig. 5. Pearson correlations (r) between the relative abundances of bacterial and fungal taxa and the rate of improved crop yield. All of the taxa listed in Table 3 were
subjected to the Pearson correlation analysis. Taxa with P > 0.05 are not shown.
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Kamilova, 2009; Ent et al., 2010). As such, changes in the composition
of the rhizosphere microbial community with organic fertilizer treat-
ments observed in our experiment were likely accompanied by changes
in the function of the community, though this remains unresolved.

The fungal genus Trichoderma is particularly present within the
plant rhizosphere (Mendes et al., 2013) and various strains from the
genus Trichoderma have been widely used for their promotion of plant
growth and biocontrol abilities (Hermosa et al., 2012; Contreras-
Cornejo et al., 2009). Trichoderma guizhouense NJAU 4742 is among
these various beneficial types (Zhang et al., 2016; Xiong et al., 2017;
Cai et al., 2014). In the present study, the relative abundances of Tri-
choderma were significantly enhanced in the BOF treatment when
compared to OF and CF treatments, and showed significantly positive
relationships with the rate of improved yield (Table 1) between BOF
and CF (r= 0.625; P=0.001), and BOF and OF (r= 0.577;
P=0.019). As discussed previously, the plant growth promotion effect
between BOF and CF suggested higher available nutrients. However,
the relative abundance of the genus Trichoderma was not as high as we
expected, thus suggesting that in addition to the inoculated Tricho-
derma, there were other indigenous and beneficial microbial groups
involved in plant growth promotion. Among these, higher abundances
of Cladorrhinum, Derxomyces andMassilia were observed in the BOF and
OF treatments as compared to the CK treatment (Table 3) and were
positively correlated with yield improvement (Fig. 5). The genus Cla-
dorrhinum is generally reported to constitute a fungal group of prime
importance for agriculture with some species exhibiting high biocontrol
potentials and plant growth promotion (Carmarán et al., 2015).Massilia
has been reported to colonize and proliferate on roots (Ofek et al.,
2012), and a high variation in Massilia abundance was found to be
exhibited in vitro related to plant growth promotion, including IAA
(Kuffner et al., 2010) and siderophore production (Hrynkiewicz et al.,
2010). However, for the sake of practical investigation, there are few
reports concerning the effect of Derxomyces on plant growth promotion.
Furthermore, BOF has achieved improved yield and higher relative
abundances of Trichoderma when compared to OF, indicating the
function of biological input. The application of organic fertilizer and
bio-organic fertilizer could effectively stimulate the potentially bene-
ficial microbial consortia such as Cladorrhinum and Massilia over
chemical fertilizer alone. When inoculated Trichoderma guizhouense
NJAU 4742, BOF harbored significantly more Trichoderma guizhouense
NJAU 4742 as compared to OF and CF, this is the main difference when
compare BOF to OF. Therefore, we surmise that enrichments of Tri-
choderma, Cladorrhinum and Massilia in the rhizosphere soil of BOF may
be associated with plant growth promotion and crop yield enhance-
ment.

5. Conclusion

This study investigates the effect of fertilizer treatment and crop
type on rhizosphere microbiota in a maize-cabbage cropping system.
Crop type and fertilizer treatment were identified as the major factors
that impacted the composition of the microbial communities in rhizo-
sphere soil. Our study also demonstrated that the sustainable applica-
tion of bio-organic fertilizer containing Trichoderma guizhouense NJAU
4742 could effectively increase maize and cabbage yields over chemical
fertilizer alone. The influence of bio-organic fertilizer on crop yield and
rhizosphere microbial community composition is proposed to be
through mechanisms such as: 1) altering the rhizophere soil microbial
community composition; 2) introduction of the target strain,
Trichoderma guizhouense NJAU 4742, resulting in P solubilization di-
rectly or indirectly and impacts on the total rhizophere soil microbial
community; and 3) stimulation of a potentially beneficial microbial
consortia such as Cladorrhinum and Massilia. The induction of these
potentially beneficial microbial cohorts remains a subject of future
study in order to elucidate their role in plant growth promotion in terms
of the design of beneficial bio-organic fertilizers and their use in

sustainable strategies for plant growth promotion.
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