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Abstract The composition of the rhizosphere bacterial com-
munities was compared among different maize cultivars by
pyrosequencing. The cultivars were BYe Dan 4,^ BBen Yu
9,^ BZheng Dan 958,^ and BLi Min 33,^ popularized in the
1980s, 1990s, 2000s, and 2010s, respectively, in Jilin
Province, China. These cultivars harbored different bacterial
dominant species. Significant differences were detected in the
five dominant phyla, Actinobacteria, Acidobacteria,
Bacteroidetes, Chloroflexi, and Planctomycetes, especially
between Li Min 33 and the three other cultivars. Li Min 33
had the lowest bacterialα-diversity, which was separated from
other cultivars, according to a principal component analysis
and the dissimilarity test of ADONIS. The γ-Proteobacteria,
and within this, the genus Rhodanobacter, were significantly
more abundant around Li Min 33 than around the other maize
cultivars. The canonical correlation analysis indicated that the
organic matter, soil pH, soil moisture, and leaf area index were
important drivers of bacterial diversity. Mantel tests showed
that the cultivar was significantly correlated with the microbial
community composition. These results may aid in breeding or
selecting new generations of plant cultivars that have the po-
tential to support large populations of specific microbiota.
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communities . Pyrosequencing

Introduction

Plant breeding programs are generally designed to improve
agronomic characteristics, such as yield, nutrient use efficien-
cy, and disease resistance, but generally do not consider the
effect of plant-associated soil microflora, which can promote
plant growth through phytohormone and vitamin production
(Vessey 2003; Ali et al. 2009; Palacios et al. 2014); suppress
phytopathogens through competition, antagonism, and hyper-
parasitism (Weller et al. 2002; Innerebner et al. 2011); and
help plants to withstand heat (Castiglioni et al. 2008), salt
(Zhang et al. 2008), and other abiotic stresses (Figueiredo
et al. 2008). Different plant cultivars or genotypes may have
specific phenotypic traits, including root properties (Fan et al.
2001; Czarnota et al. 2003; Bais et al. 2006), which are key
factors in shaping microbial assembly and community com-
position (Grayston and Campbell 1996; Baudoin et al. 2003;
Haichar et al. 2008). It would be possible to increase the ag-
ronomic potential of crops, while conserving soil and system
sustainability, using a breeding strategy directed toward geno-
types able to support abundant populations of beneficial
rhizobacteria.

The rhizosphere soil of different crop genotypes is
inhabited by bacteria, such as Paenibacillus spp. (Araújo da
Silva et al. 2003), Pseudomonas fluorescens antagonist of
Fusarium wilt (Leeman et al. 1995), Bacillus cereus antago-
nist of the seed pathogen Pythium torulosum (Smith et al.
1999), and plant growth-promoting Azospirillum (Chamam
et al. 2013). Plant genotypes have important roles in the ge-
netic composition of resident fluorescent pseudomonad pop-
ulations and their biocontrol efficacy on soil-borne diseases
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(Raaijmakers et al. 2002). The ancient landrace wheat rhizo-
sphere had more abundant pseudomonads than the newer cul-
tivars (Germida and Siciliano 2001). Specific wheat cultivars,
such as BLewjain,^ could enhance resident soil populations of
the 2,4-diacetylphloroglucinol (DAPG)-producing strains
(such as P. fluorescens BLR3-A28^). The two newfound
phlD+ genotypes, referred to as genotypes BPfZ^ and BPfY ,̂
respectively, inhabited the rhizosphere soil of wheat cultivars
Lewjain and BPenawawa^ (Mazzola et al. 2004). The wheat
cultivar–Pseudomonas interactions may have the potential to
efficiently suppress the take-all disease of wheat and the re-
plant disease of apple (root infection or infestation by Pythium
spp., Rhizoctonia spp., and Pratylenchus penetrans) (Mazzola
and Gu 2000). Different maize cultivars also influence the
expression of the DAPG biosynthesis gene phlA in
P. fluorescens BCHA0^ (Notz et al. 2001). Maize hybrids
BLo964^ and BH99^ select their own specific DAPG+ diverse
populations and facilitate more numerous and, genetically,
more diverse, populations of Pseudomonas, which produce
the antibiotic DAPG, than those supported by their parental
lines under field conditions (Picard et al. 2004; Picard and
Bosco 2005, 2006). Meanwhile, the hybrid genotype also
has an important effect on the frequency and the diversity of
the auxin producers (Chanway et al. 1988; Kucey 1988;
Picard et al. 2004). In addition, several studies have reported
different responses to pathogen and biocontrol agents among
cultivars (Vakili and Bailey 1989; Vakili 1992; King and
Parke 1993; Liu et al. 1995; Smith et al. 1997). There also
seem to be extensive interactions between cultivar and the
plant growth-promoting bacteria involved in nutrient cycling
in the agroecosystems (Pathan et al. 2015b). The maize rhizo-
sphere with low N use efficiency (NUE) was dominated by
δ-Proteobacteria with β-glucosidase genes, whereas the high
NUE maize rhizosphere mainly selected α-, β-, and γ-
Proteobacteria with β-glucosidase genes. This difference in
the diversity of β-glucosidase encoding genes may be due
the difference in root exudates of the two maize lines
(Pathan et al. 2015a, b). Rice cultivar-specific differences
were found in the activity and diversity of ammonia-
oxidizing bacteria in rhizospheres by a multiphasic approach
(Briones et al. 2002). Compared with rhizoplane and
endosphere compartments, the greatest effect of the rice culti-
var on the microbiome was in the rhizosphere where the most
operational taxonomic units (OTUs) exhibit a notable differ-
ence of α-diversity (Edwards et al. 2015). In field-grown po-
tato, 4% of the OTUs from three cultivars show quantitative
cultivar dependence (Weinert et al. 2011). Genetically modi-
fied plants with altered root exudates also exhibit cultivar-
specific effects in root-associated bacterial, as well as in the
composition of fungal communities (Mansouri et al. 2002;
Milling et al. 2004). In the transgenic Bt-maize rhizosphere,
the microbial communities composition differed from those in
their non-transgenic counterpart, including the rare taxa

(contributing <0.5% of the genera-assigned sequences) at the
genus level (Brusetti et al. 2004; Castaldini et al. 2005;
Dohrmann et al. 2013).

Using plant host genetics to understand plant–microbe in-
teractions in the rhizosphere soil has been studied for the last
10 years, but studies were time-consuming, and the findings
are often difficult to be compared due to differences in the
experimental plan. Some responsive genera might have been
overlooked by conventional cloning and sequencing ap-
proaches owing to their rareness (Dohrmann et al. 2013).
With the advances in pyrosequencing technology, it is possi-
ble to have better insights in the microbial community com-
position and further elucidate how the rhizosphere microflora
varies with plant cultivars. In northeast China, different culti-
va r s , t ou t i ng improved y i e ld , adap t ab i l i t y, o r
disease-resistance were released and popularized in different
decades. Our objectives were to determine whether there were
differences in the composition of the rhizospheres’ bacterial
community among these maize cultivars in the field. If the
differences were detected in relation to the cultivar, then it
may be useful to exploit plant germplasms stemming from
crop diversification (Den Herder et al. 2010) and to conserve
soil and system sustainability by reducing the fertilizer use
(Gahoonia and Nielsen 2004) and pesticide inputs
(Bradshaw et al. 2003).

Site, sampling, and analyses

Site and sampling

The experimental site was located in Fanjiatun County (44°
45′ N, 125° 01′ E), Jilin Province, northeastern China. This
region has a temperate continental monsoonal climate with an
average annual temperature of 4–6 °C and annual sunshine
hours of approximately 2800 h, with 140 frost-free days. The
mean annual precipitation is 567 mm, belonging to the typical
rain-fed farming area. The soil is characterized as a thin layer
black soil with an average organic matter content of
35.2 g kg−1, total N content of 0.4 g kg−1, available P content
of 0.16 g kg−1, available K content of 0.2 g kg−1, and an
average pH of 6.12.

The experiment was conducted in 2013. The maize culti-
vars from different decades were BYe Dan 4^ (BYD4^), BBen
Yu 9^ (BBY9^), BZheng Dan 958^ (BZD958^), and BLi Min
33^ (BLM33^) popularized in the 1980s, 1990s, 2000s, and
2010s, respectively, in Jilin Province (Table 1). The maximum
planting areas of YD4, BY9, and ZD958 were 1,228,667,
964,667, and 3,450,667 ha, respectively, in China.

The four cultivars were planted at the same time in the
same field. Three replications were included and fully ran-
domized in a 4 × 3 Latin rectangle, with each plot having a
size of 31.2 m2 in the experiment. The experimental blocks
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were separated by 1 m walkways. Crop management was the
same as adopted by local farmers. All of the treatments were
fertilized with urea (N) at 60 kg ha−1, phosphorus pentoxide
(P2O5) at 75 kg ha

−1, and potassium oxide (K2O) at 90 kg ha
−1

as the base fertilizer, with N at 100 kg ha−1 at jointing and
40 kg ha−1 at tasseling, as topdressings.

All of the soil samples were collected at the tasseling stage,
July 12 in 2013. One maize plant showing uniform growth
was selected and dug out from each plot. The soil loosely
adhering to the root systems of the plants was discarded by
vigorously shaking. Each root system still held some rhizo-
sphere soil (tightly adhering soil), which was collected
(Sanguin et al. 2009; Aira et al. 2010) and a portion was stored
at −20 °C for DNA extraction. The remaining soil was
air-dried, sieved (<2 mm), and analyzed for pH (1:2 soil to
H2O ratio), total organic C, total N, and available P and K, as
previously described (Sparks et al. 1996).

Soil moisture and plant characteristic measurements

At the time of soil sampling, the soil moisture at a depth of
10 cm was recorded by time domain reflectometry (Model
Diviner-2000, Sentek Pty Ltd., Stepney, Australia). The
aboveground plant was dried and weighed and the leaf area
was measured. The plant leaf area index (LAI) is the leaf area
divided by the ground area.

DNA extraction and amplification of the 16S rDNA
variable region

DNA was extracted from the soil samples (1 g wet weight)
using the E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Norcross,
GA, USA) according to the manufacturer’s instructions.

An aliquot of the extracted DNA from each sample was
used as a template for amplification. To sequence the V1-V3
region of the bacterial 16S rDNA amplicon, each DNA was
amplified with the 27F and 533R primers containing the B and
A sequencing adaptors, respectively. The forward primer
(B-27F), 5′-CCTATCCCCTGTGTGCCTTGGCAGTCTCAG
AGA GTT TGA TCC TGG CTC AG-3′, contained the B
adaptor, which is shown in italics and underlined. The reverse
primer (A-533R), 5 ′-CCATCTCATCCCTGCGTGTC
TCCGACTCAG NN NNN NNN NNT TAC CGC GGC

TGC TGG CAC-3′ (Kumar et al. 2011), contained the A
adaptor, which is shown in italics and underlined, and the Ns
represent an eight-base sample-specific barcode sequence.

PCRs was performed and replicated three times in a 20-μL
mixture containing 4 μL of 5× FastPfu Buffer, 2 μL of
2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of
FastPfu polymerase, and 10 ng of template DNA. The follow-
ing thermal program was used for amplification: 95 °C for
2 min, followed by 25 cycles at 95 °C for 30 s, 55 °C for
30 s, and 72 °C for 30 s, followed by an extension at 72 °C
for 5 min. The PCR products were pooled and purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA). An equal amount of the PCR product
from the same sample was combined in a single tube to be run
on Roche Genome Sequencer GS FLX Titanium platform at
Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China.

Processing the pyrosequencing data

Raw fastq files were demultiplexed, quality-filtered using
QIIME (version 1.17) with the following criteria: (i) 300-bp
reads were truncated at any site receiving an average quality
score <20 over a 50-bp sliding window, discarding the trun-
cated reads that were shorter than 50 bp; (ii) exact barcode
matching, two nucleotidemismatches in primer matching, and
reads containing ambiguous characters were removed; and
(iii) only sequences that had overlaps longer than 10 bp were
assembled using their overlapping sequences. Reads that
could not be assembled were discarded.

OTUs were clustered with a 97% similarity cutoff using
UPARSE (version 7.1 http://drive5.com/uparse/), and
chimeric sequences were identified and removed using
UCHIME. The taxonomy of each 16S ribosomal RNA
(rRNA) gene sequence was analyzed by RDP Classifier
(http://rdp.cme.msu.edu/) against the silva (SSU115)16S
rRNA database using a confidence threshold of 70% (Amato
et al. 2013).

Statistical analysis

A principal component analysis (PCA) was used to determine
the overall structural changes at the OTU level in the microbial
communities. Bray–Curtis dissimilarity-based distance matrices

Table 1 The cultivars used in the
experiment Cultivar Release decades Parents Crossing model

YD4 1980s U8112 × Huang Zao Si Reid × Tangshan Sipingtou

BY9 1990s 7884Ht × Mo17Ht Ludahonggu × Lancaster

ZD958 2000s Zheng 58 × Chang 7-2 Reid × Tangshan Sipingtou

LM33 2010s L201×L269 Reid × Foreign Inbred Lines

YD4, BYe Dan 4^ cultivar; BY9, BBen Yu 9^ cultivar; ZD958, BZheng Dan 958^ cultivar; LM33, BLi Min 33^
cultivar
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were used with the ADONIS algorithm to compare the 454
pyrosequencing data of the four cultivars. The Mantel test and
canonical correspondence analysis (CCA) were used to evaluate
the linkages between microbial compositions and environmental
attributes. To select attributes in CCA modeling, we used varia-
tion inflation factors (VIFs) to examine whether the variances of
the canonical coefficients were inflated by the presence of corre-
lations to other attributes. If an attribute had a VIF value higher
than 20, then we deemed it to be affected by other attributes and,
consequently, removed it from CCA modeling. All analyses
were performed by functions in the Vegan package (v.1.15-1)
in R v. 2.8.1 (R C Team 2013).

Data accession numbers

All the 454 sequencing data (.fq files) were uploaded to the
National Center for Biotechnology Information sequence
reads archive and can be accessed with the BioSample number
SAMN06118453 under BioProject PRJNA356669
(http://www.ncbi.nlm.nih.gov/bioproject/PRJNA356669).

Results

A total of 153,048 valid reads and 108,650 OTUs were ob-
tained from the 12 samples through a 454 pyrosequencing
analysis. These OTUs were assigned to 44 different phyla.
Each of the 12 samples contained between 9581 and 15,198
reads, with OTU richness values ranging from 6700 to 11,262.
Rarefaction curves seemed to approach a saturation plateau by
increasing the sample size, indicating that the sequencing
depth was sufficient to wholly capture the richness (Fig. S1).

The cultivar LM33 had significantly low Chao1 richness
and Shannon diversity indices (P < 0.05) (Fig. 1). The results
revealed that the LM33 rhizosphere had the lowest levels of
bacterial richness and diversity. The PCA showed that the
microbial community in LM33 was well separated from those
of the other three cultivars (Fig. 2), which was supported by
the dissimilarity test using the ADONIS algorithm (Table S1).

Most of the sequences (84%) of the four cultivars belonged
to the seven phyla Proteobacteria, Actinobacteria,
Acidobacteria, Bacteroidetes, Chloroflexi, Planctomycetes,
and Gemmatimonadetes (Fig. S2). Each phylum accounted
for 2 to 45% of the classified sequences. Other phyla were
less abundant accounting for less than 2%.

The most prevalent phylum Proteobacteria showed signif-
icant differences at the class and genus levels between LM33
and other cultivars, although no differences were observed at
the phylum level. LM33 had a lower proportion of
β-Proteobacteria than BY9 and ZD958 and a lower propor-
tion of δ-Proteobacteria than ZD958. Additionally, LM33 had
a significantly higher proportion ofγ-Proteobacteria (18.41%)
than the other cul t ivars ( less than 7.10%), with
Rhodanobacter (12.43%) being the most abundant genus
compared with in the other cultivars (less than 2.80%)
(P < 0.05) (Fig. S3a).

The four cultivars exhibited significant differences in the
percentage of five majority phyla, Actinobacteria,
Ac idobac te r i a , Bac te ro ide tes , Ch loro f l ex i , and
Planctomycetes, especially between LM33 and the three other
cultivars (P < 0.05) (Table 2). LM33 had significantly lower
percentage of the Actinobacteria phylum than YD4, with the
genusMicrolunatus being less abundant than BY9 (P < 0.05)
(Fig. S3b). It also had a significantly lower relative abundance
of Acidobacteria than BY9, with less of the Holophagae class
than BY9 and ZD958 (P < 0.05) (Fig. S3c). This cultivar had a
higher relative abundance of the Bacteroidetes phylum than
BY9 and the most abundant Sphingobacteriia class, with more
ofMucilaginibacter genus than ZD958 and less ofFlexibacter
genus than ZD958 (P < 0.05) (Fig. S3d). It had a lower rela-
tive abundance of Chloroflexi phylum than ZD958, with
Sphaerobacter being the most abundant genus among the cul-
tivars (P < 0.05) (Fig. S3e). Additionally, it had a lower rela-
tive abundance of Planctomycetes phylum than BY9, with
less of Planctomycetacia class than BY9 (P < 0.05)
(Fig. S3f) and none of Phycisphaerae class, which was present
in the other cultivars.

To gain more insights into the potential effects of cultivars
on rhizosphere bacteria, the most abundant OTUs were

Fig. 1 Estimated bacterial α-
diversity for 16S rDNA libraries
of rhizosphere soil of different
cultivars. a, b Significant
differences among the four
cultivars within one field using
Tukey’s test (P < 0.05). YD4, BYe
Dan 4^ cultivar; BY9, BBen Yu 9^
cultivar; ZD958, BZheng Dan
958^ cultivar; LM33, BLi Min 33^
cultivar

224 Biol Fertil Soils (2017) 53:221–229

http://www.ncbi.nlm.nih.gov/bioproject/PRJNA356669


analyzed. LM33 had the highest total percentage of the top 10
abundant OTUs. Additionally, it had the highest OTU18710
abundance, which was the second dominant OTU in ZD958
and fourth in BY9, but was not in the top 10 OTUs in YD4.
Furthermore, it contained 6 OTUs that were not in the top 10
of the 3 other cultivars. The distributions of the top 10 OTUs
indicated that different cultivars had their own dominant spe-
cies (Fig. 3).

To compare the relationships among the composition of
these bacterial communities in detail, the shared and specific
species were determined using a Venn diagram (Fig. 4a). The
species shared among the four cultivars represented small per-
centages of each bacterial community, 24.35% for YD4,
21.25% for BY9, 22.69% for ZD958, and 29.70% for
LM33. The percentage of specific species were a little greater
than shared species, accounting for 30.33% of YD4, 34.44%
of BY9, 34.84% of ZD958, and 31.99% of LM33.

The compositions of specific species were different
(Fig. 4b). Again, the LM33 rhizosphere had a distinctly high
percentage of specific Proteobacteria, containing a high per-
centage of γ-Proteobacteria class and Rhodanobacter genus.
It had a greater percentage of specific Actinobacteria, with
more of genus Nocardioides and Streptomyces than BY9
and ZD958. Additionally, it had a greater abundance of
Bacteroidetes, with more of Sphingobacteriia class and
Mucilaginibacter genus than BY9 and ZD958.

The CCAwas used to identify soil chemical and vegetation
factors, including plant biomass and LAI controlling the soil
microbial composition (Table S2). Significant model at the
confidence level of P < 0.05 indicated that soil organic C, soil
pH, plant LAI, and soil moisture were important environmen-
tal factors controlling the microbial community composition
because they were significantly correlated with axis 1
(P < 0.05), which represented the major variations among
the composition of microbial communities (Fig. 5).

Discussion

The microbiota diversity may reflect resource allocation

LM33 was very different from the other cultivars for its low
bacteria α-diversity, which may be related to its different
crossing model (Table 1) and high plant density-tolerant
(PDT) genotypes. Both of its crossing parents could be
planted at high population, namely being density-tolerant,
while at least one of other three cultivars’ parents is not
density-tolerant (Li 2013). LM33 was also higher
density-tolerant than other three cultivars. These PDT geno-
types accumulated more assimilates to the aboveground than
the belowground tissues (Herbert et al. 2001). The root system

Fig. 2 Principle component analysis (PCA) of 454 pyrosequencing data.
The values of PCA 1 and 2 are percentages of total variations that can be
attributed to the corresponding axis. YD4, BYe Dan 4^ cultivar; BY9, BBen
Yu 9^ cultivar; ZD958, BZheng Dan 958^ cultivar; LM33, BLi Min 33^
cultivar

Table 2 Relative abundance of dominant phyla within the different
cultivar communities

Dominant phyla YD4 (%) BY9 (%) ZD958 (%) LM33 (%)

Proteobacteria 37.91a 37.23a 39.20a 44.59a

Actinobacteria 13.79a 12.74ab 11.21ab 10.27b

Acidobacteria 11.66ab 14.13a 12.09ab 9.01b

Bacteroidetes 7.57ab 6.30b 7.40ab 11.16a

Chloroflexi 6.49ab 6.56ab 7.37a 4.91b

Planctomycetes 3.75ab 4.69a 4.09ab 2.39b

Gemmatimonadetes 3.51a 4.45a 3.51a 3.16a

Letters a and b indicate significant differences among the four cultivars
within one field using Tukey’s test (P < 0.05)

YD4, BYeDan 4^ cultivar;BY9, BBenYu 9^ cultivar; ZD958, BZhengDan
958^ cultivar; LM33, BLi Min 33^ cultivar

Fig. 3 Relative read abundance of the most abundant OTUs within the
different cultivar communities. YD4, BYe Dan 4^ cultivar; BY9, BBen Yu
9^ cultivar; ZD958, BZheng Dan 958^ cultivar; LM33, BLi Min 33^
cultivar
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of PDT maize quickly accumulated dry matter by rapid nutri-
tion uptake at the seedling stage and the accumulated amount
remained stable later (Liu et al. 1994; Li 2013). After short
vegetative growth (emergence-tassel stage) (Table S3), the
PDT genotypes could accumulate more aboveground dry mat-
ter and maintained a green leaf area thus allocating more dry
matter to the grain during the long grain filling period (grain
filling–maturity) (Table S3) (Tollenaar and Daynard 1978;
Lee and Tollenaar 2007; Mansfield and Mumm 2014). Thus,
LM33 had a high harvest index (HI) (Table S2) that is the ratio
of grain weight to total plant weight. High HI reflects the
partitioning of more photosynthates to the grain than to the
vegetative part such as the root system for rhizosphere bacte-
rial, which means less food sources for bacterial community
and consequently low bacterial diversity. Therefore, the bac-
teria diversity indirectly reflects photosynthate allocation

within the plant. For example, a non-diverse microbiota ac-
companied by a high HI may indicate less overall C exudation
because more carbohydrates are diverted to the kernels than to
the roots (Peiffer et al. 2013). In the same way, BY9 had the
highest bacterial α-diversity (Fig. 1) and the lowest harvest
index (HI) (Table S3).

Statistically enriched bacteria in particular cultivars

Proteobacteria are generally considered to be r-selected or weedy
fast-growing bacteria, adapted to the plant rhizosphere across
diverse plant species. Their populations fluctuate opportunistical-
ly because of their response to labile C sources (Fierer et al. 2007;
Lauber et al. 2009). However, some subsets of Proteobacteria
exhibited statistically different percentages among cultivars.

A significant enrichment of the genus Rhodanobacter was
observed in LM33. Rhodanobacter was first proposed by
Nalin et al. (1999) as belonging to the Xanthomonadaceae
family and the γ-Proteobacteria class. Described species have
been isolated under aerobic conditions from surface soils, in-
dicating their ubiquitous presence (Im et al. 2004; De Clercq
et al. 2006; An et al. 2009; Bui et al. 2010; Wang et al. 2011).
Rhodanobacter denitrificans was reported to carry out com-
plete denitrification in low pH, high nitrate, and uranium pol-
luted soil (Kostka et al. 2012), as well as reducing the N2O
emissions from low pH soils (van den Heuvel et al. 2010). The
low pH tolerance is a key physiological capability of the
Rhodanobacter genus (Weon et al. 2007; An et al. 2009;
Bollmann et al. 2010; van den Heuvel et al. 2010). The pH
of LM33 rhizosphere was lower than those of three other
cultivar rhizosphere soils (Table S3) probably due to the
root-mediated pH changes, such as proton extrusion to com-
pensate for unbalanced cation–anion uptake (Hinsinger et al.
2003; Sangabriel-Conde et al. 2014; Pathan et al. 2015a).
Root exudates from maize are composed of 65% sugars,
33% organic acids, and 2% amino acids, but the composition
varies according to maize lines (Corrales et al. 2007). Some

Fig. 4 Specific OTU analyses of the different cultivar libraries. a Venn
diagram showing the unique and shared OTUs (3% distance level); b
specific species existing in each cultivar community. YD4, BYe Dan 4^

cultivar; BY9, BBen Yu 9^ cultivar; ZD958, BZheng Dan 958^ cultivar;
LM33, BLi Min 33^ cultivar

Fig. 5 Canonical correspondence analysis (CCA) of 454
pyrosequencing data and soil and plant characteristics. The percentage
of variation explained by each axis is shown, and the relationship is
significant (P < 0.05). YD4, BYe Dan 4^ cultivar; BY9, BBen Yu 9^
cultivar; ZD958, BZheng Dan 958^ cultivar; LM33, BLi Min 33^
cultivar; TN, soil total N; AP, soil available P; SOC, total soil organic C;
LAI, plant leaf area index; Biomass, aboveground plant dry weight
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microbial species inhabiting the rhizosphere are likely
attracted by species- and genotype-specific molecular signals
released from the plant, probably as specific components of
the root exudates (Merbach et al. 1999; Haichar et al. 2008).
Two maize genotypes differing in two genes responsible for
encoding the amount and type of sugar in the endosperm, and
probably in the amount and type of sugar exuding to the rhi-
zosphere, strongly promoted rhizosphere microbial communi-
ty differing in composition and activity (Aira et al. 2010). The
same conclusionwas recently obtained using Arabidopsismu-
tants or ecotypes that could alter root phytochemical secre-
tions and then strongly change composition and succession
of the fungal and bacterial community in the rhizosphere
(Badri et al. 2009; Channer et al. 2009). Such progress high-
lights the possibility to unravel the plant genotypic traits able
to select specific functional strains that contribute to plant
growth, disease resistance, and bioremediation (Bell et al.
2014).

Cultivar was an important driver of bacterial
communities

Mantel tests showed that only the cultivar type significantly cor-
relatedwith the bacterial composition (Table S4), confirming that
the genotypic factors directly affect microbial community in the
rhizosphere soil (Edwards et al. 2015). However, we could not
identify the key traits responsible for the significant differences in
the composition of rhizosphere bacterial community probably
due to the low heritability and the fact that only four cultivars
were used. These cultivars exhibited low levels of heritable var-
iance (Table 1) and were being used in modern agricultural man-
agement, based on heavy fertilization. Root colonization by
rhizobacteria with disease suppressive functions may be an
inherited trait, probably related to heterosis (Picard et al. 2004;
Picard and Bosco 2006). It has been hypothesized that the com-
position and diversity of rhizosphere microbiota are influenced
by a few major alleles and environmental conditions which are
field-specific (Peiffer et al. 2013). Therefore, more effective
maize genotypes including landraces are necessary to explore
the functional alleles and heritable plant–microbe interactions
under natural environmental conditions. Future advances in these
areas will ultimately allow rhizosphere microbiota to be incorpo-
rated into plant breeding.
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