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The bacterial communities inhabiting the rhizosphere play an important role in plant

development and health. Here we studied the effect of inoculation with Pseudomonas

fluorescens LBUM677, a plant growth promoting rhizobacterium that promotes seed oil

accumulation, on the rhizosphere microbiome of three oilseed crops (Brassica napus,

Buglossoides arvensis, and Glycine max) over time. Next-Generation high-throughput

sequencing targeting the V4 region of 16S rDNA was used to characterize the

microbial communities associated with the three different crops, inoculated or not with

LBUM677, over a time period of up to 90 days post-inoculation. A total of 1,627,231

amplicon sequence variants were obtained and were taxonomically grouped into 39

different phyla. LBUM677 inoculation and sampling date were found to significantly

influence the rhizosphere microbiome of the three oil-producing crops under study.

Specifically, inoculation with LBUM677 and sampling date, but not the plant species,

were found to significantly alter the alpha- and the beta-diversity of the rhizosphere

microbial communities. Differential abundance analyses found that 29 taxonomical

bacterial groups were significantly more abundant in the LBUM677 treatments while

30 were significantly more abundant in the control treatments. Predicted functions of

the microorganisms were also enriched, including 47 enzymatic pathways in LBUM677

treatments. These non-targeted effects on rhizosphere bacterial communities are

discussed in the context of oilseed crops.

Keywords: Pseudomonas fluorescens, Brassica napus, Glycine max, Buglossoides arvensis, rhizosphere,

microbiome

INTRODUCTION

The soil region surrounding plant roots, known as the rhizosphere, is a highly complex
matrix supporting rich microbial communities, and is considered as one of the most dynamic
interfaces on Earth (Berendsen et al., 2012; Del Carmen Orozco-Mosqueda et al., 2018).
Microbial interactions occurring in the rhizosphere are of crucial importance for plant health
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and productivity (Schmeisser et al., 2007; Philippot et al., 2013).
In order to promote beneficial microbial interactions in the
rhizosphere, there is an increasing interest in inoculating plants
with beneficial microorganisms (Aeron et al., 2011). Among
these organisms, plant growth promoting rhizobacteria (PGPR)
represent a functional group including diverse bacterial taxa
capable of promoting plant nutrient availability, growth, and
disease suppression (Kloepper et al., 1980; Chabot et al., 1993;
Edwards et al., 2015; Morrison et al., 2017). Among PGPRs,
Pseudomonas spp. represent a group of significant importance
that has been widely studied in agriculture (Pathma et al., 2011;
Santoro et al., 2015; Kong et al., 2016).

The microbiome of the plant, comprising all microorganisms
associated to a plant’s rhizosphere, phyllosphere, and endosphere
play an important part in the plant’s health and growth and has
even been referred to as the plant’s second genome (Berendsen
et al., 2012; Compant et al., 2019). The plant roots directly
influence the rhizosphere through the secretion of a variety
of compounds, including organic acids, amino acids, fatty
acids, sugars and vitamins creating a nutrient-rich location for
microbial growth (Del Carmen Orozco-Mosqueda et al., 2018;
Compant et al., 2019; Pascale et al., 2020; Saad et al., 2020).
The rhizosphere was also found to contain a greater microbial
species richness than the endosphere or the phyllosphere
(Rodriguez et al., 2019). Many studies have demonstrated that
the plant’s genotype and edaphic characteristics like soil nutrient
concentration, pH and moisture content, may have a significant
impact on rhizosphere microbial communities (Lemanceau et al.,
1995; Bakker et al., 2015). It is also of interest to investigate and
document the impact that PGPR inoculations have on indigenous
soil microbiomes as this is a growing research area (Martínez-
Hidalgo et al., 2019). Previous studies that have measured
the non-target effects of PGPR on the indigenous bacterial
community have demonstrated contrasting results. Many studies
found that a significant effect is generally rare, transient, and
spatially limited. Some examples include inoculation of nitrogen-
fixing Azospirillum strains in tomato (Solanum lycopersicum
L.), wheat (Triticum sativum L.), and maize (Zea mays L.)
rhizospheres (Bashan et al., 1995; Castro-Sowinski et al., 2007;
Felici et al., 2008) and various Pseudomonas strains in maize,
barley (Hordeum vulgare L.), and potato (Solanum tuberosum L.)
rhizospheres (Castro-Sowinski et al., 2007; Buddrus-Schiemann
et al., 2010; Roquigny et al., 2018). However, there have also
been studies that have shown a direct effect on the plant
microbiome due to bacterial inoculations. Examples include
inoculations of Rhizobium species in faba beans (Vicia faba
L.) (Zhang et al., 2010) and soybean (Glycine max L.) (Zhang
et al., 2011), Proteus vulgaris in Kimchi cabbage (Brassica rapa
L.) (Bhattacharyya and Lee, 2016), and Pseudomonas species
in maize (Kozdrój et al., 2004; Kozdrój, 2008). The advent of
metagenomic sequencing to examine the effects of microbial
inoculation on the non-target soil microbiome will be a research
area that will see great developments in the near future (Martínez-
Hidalgo et al., 2019). In this context, non-target effects of
inoculation with selected Pseudomonas spp. on the rhizosphere
microbiome of oilseed crops has, to our knowledge, never
been studied before.

We have previously demonstrated that P. fluorescens strain
LBUM677 (hereafter LBUM677) can significantly promote lipid
accumulation in three different oilseed crops (Jiménez et al.,
2020): canola (Brassica napus L.) and soybean (Glycine max
L.), two crops with a considerable seed oil content and
great commercial importance (Ruddle et al., 2013), as well as
corn gromwell (Buglossoides arvensis L.), an oilseed crop with
an increasing nutraceutical interest due to its unusual seed
accumulation of the omega-3 stearidonic acid (Cumberford and
Hebard, 2015). In the present study, we wanted to determine
the effect of LBUM677’s inoculation over time on the indigenous
rhizosphere bacterial communities associated with these three
different oilseed crops.

MATERIALS AND METHODS

Bacterial Inoculum and Seeds
P. fluorescens LBUM677 (Genbank accession CP038438.1) was
originally isolated from the rhizosphere of strawberry plants
cultivated in Bouctouche, NB, Canada. LBUM677 was grown in
Tryptic Soy Broth (Becton, Dickinson and Company, Burlington,
Canada), incubated at 25◦C with agitation at 200 rpm for 48 h
and the bacterial concentration was adjusted to 1 × 109 cells
mL−1 based on OD600 nm measurements and a previously
determined growth curve. G. max and B. napus seeds were
obtained from Pioneer Hi-Bred (Mississauga, ON, Canada)
and B. arvensis seeds were obtained from Technology Crops
International (Kensington, PE, Canada).

Growth Chamber Experiment,
Rhizosphere Soil Sampling, and DNA
Extraction
The experimental set-up consisted of three plant species (G. max,
B. napus, and B. arvensis) inoculated with LBUM677 or water
(negative control), sampled at three time points (30, 60, and
90 days post-inoculation) using four replicates per treatment
and time combination for each plant species. A complete
randomized block design was used for a total of 72 experimental
units. The experiments were conducted in a PGR15 growth
chamber (Conviron,Winnipeg,MB, Canada) under the following
conditions: 20◦C, 80% relative humidity and a 16 h photoperiod
at 500 µmol (m2)−1s−1. The soil used was obtained from the
Senator Hervé J. Michaud Agriculture and Agri-Food Canada
Research Farm (Bouctouche, NB, Canada) and was characterized
as a Gleyed Podzolic Gray Luvisol (GLPZ.GL), per the Canadian
Soil Classification System with 62% sand, 25% silt, 13% of clay,
2.6% organic matter and a pH of 5.2 (Canada, 1987). Seeds
of G. max, B. napus, or B. arvensis were sown 1 cm deep in
pots containing 400 g of soil. Ten milliliter of either LBUM677
inoculum (1 × 109 cells mL−1) or water (for control treatments)
was added to the seeds at sowing. The pots were initially watered
24 h after the inoculation and then every 2 days. Fertilization
was carried out 30 d after sowing and then every 2 weeks using
100 mL of Hoagland solution per pot (Hoagland and Arnon,
1938). Rhizosphere soil sampling (destructive sampling) was
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carried out at 30, 60, and 90 days post-inoculation by shaking
the plants to remove loosely adhering soil and collecting the
soil remaining on the roots. Rhizosphere soil was immediately
frozen in liquid nitrogen to prevent nucleic acid degradation and
then lyophilized using a lyophilizer (Thermo Fisher Scientific,
Mississauga, ON, Canada). Samples were stored at −80◦C until
DNA extraction. DNA was extracted from 0.25 g of rhizosphere
soil using the method described in Griffiths et al. (2008). DNA
quantity was measured using the Quanti-It PicoGreen dsDNA
Assay Kit (Molecular Probes, Eugene, OR, United States).

PCR Reaction, Illumina MiSeq
Sequencing, and Sequence Analysis
PCR amplification of the V4 region of the bacterial 16 rRNA
gene and Illumina sequencing was performed by the Genome
Quebec and McGill University Genome Centre (Montreal, QC,
Canada). The 515F and 806R primers were used to target the
V4 region and were designed to be universal for bacterial and
archaeal taxa (Bates et al., 2011; Bergmann et al., 2012). Purified
amplicons were pooled in equimolar concentrations and paired-
end sequenced (2 × 250) on an Illumina MiSeq platform.

The raw paired-end reads were processed using the QIIME2
pipeline (v2019.10) (Bolyen et al., 2019). Briefly, raw FASTQ

files were demultiplexed and quality filtered using the q2-demux
plugin followed by denoising with the DADA2 pipeline (Callahan
et al., 2016) to identify amplicon sequences variants (ASVs)
(Callahan et al., 2017). All ASVs were aligned with mafft (Katoh,
2002) and used to construct a phylogenetic tree with fasttree2
(Price et al., 2010). Alpha-diversity metric (Shannon’s diversity
index), beta-diversity metric (weighted UniFrac) (Lozupone and
Knight, 2005), and Principle Coordinate Analysis (PCoA) were
estimated following rarefaction of samples to 6,000 sequences per
samples. A rarefaction depth of 6,000 sequences was determined
to retain the most samples and to assure adequate sequencing
depth of each sample (three samples were removed from
subsequent analyses due to having less than 6,000 sequences).
Taxonomy was assigned to ASVs using a naïve Bayes taxonomy
classifier against the Silva 138 99% OTUs reference sequences
(Quast et al., 2013). Metagenome functions were predicted using
the PICRUSt2 pipeline in QIIME2 (Langille et al., 2013).

Statistical Analyses
Statistical analyses were performed using the QIIME2 pipeline
(Bolyen et al., 2019). Kruskal-Wallis tests were used to determine
statistical significance of Shannon’s diversity index between
treatments, sampling dates, or plant species. Permutational

FIGURE 1 | Bar plot of the relative abundance of the bacterial taxa at the class level for each plant, date, and treatment combination under study.
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multivariant analysis of variance (PERMANOVA) was used to
determine statistically significant differences of the weighted
UniFrac beta-diversity measurement between treatments,
sampling dates, or plant species. Differences in bacterial
abundance and the enzyme pathways between treatments were
calculated using linear discriminant analysis (LDA) effect size
(LEfSe) (Segata et al., 2011).

All sequences generated in this study have been
deposited in DDBJ/EMBL/GenBank under the BioProject
ID number: PRJNA634202.

RESULTS

Sequencing Results and Diversity
Metrics Effects
During the course of the experiment three plants died, and their
rhizosphere soil was not sampled (sample B. arvensis 60 days
Control rep 4; sample B. napus 60 days LBUM677 rep 3; and
sample B. napus 90 days LBUM677 rep 4). Following the Illumina

sequencing, a total of 3,904,076 raw sequences were obtained and
following the DADA2 filtering, these sequences were clustered
into 1,627,231 ASVs. Each library (one library per sample)
contained between 1,810 and 46,980 ASVs, with an average of
23,583 (Supplementary Table S1). All samples were subsequently
rarefied to 6,000 ASVs for alpha- and beta-diversity analyses
and to confirm that Illumina sequencing depth was adequate
(Supplementary Figure S1). Three samples were removed from
the subsequent analyses because they contained less than 6,000
ASVs (sample B. arvensis 30 days Control rep 3; sample
B. arvensis 60 days Control rep 3; and B. napus 60 days Control
rep 4). Taxonomy was assigned to the ASVs and they were found
to be associated to 39 different phyla (Figure 1). Sequences that
could not be classified into any known group were assigned
to the group Unassigned. The most dominant phyla across
the samples were Chloroflexi, Acidobacteria, Actinobacteria, and
Proteobacteria, the sum of which comprisedmore than 79% of the
total reads in every library, representing on average 27, 22, 19, and
12% of all ASVs, respectively (Figure 1). 21 phyla were detected
in all libraries, while only two phyla were found to be exclusively

FIGURE 2 | Temporal variations of alpha-diversity metrics in the bacterial microbiome of three oil-producing crops. (A) Alpha-diversity metric (Shannon’s index) of

temporal variations for all plants and treatments combined. (B) Alpha-diversity metric (Shannon’s index) of temporal variations for B. arvensis plants and treatments

combined. (C) Alpha-diversity metric (Shannon’s index) of temporal variations for G. max plants and treatments combined. (D) Alpha-diversity metric (Shannon’s

index) of temporal variations for B. napus plants and treatments combined. Kruskal-Wallis pair-wise test was used to assess statistical significance between groups

(**p < 0.001, *p < 0.05).
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associated with the rhizosphere of one plant species, namely
B. napus (phyla Dadabacteria and Abditibacteriota), although
these phyla comprised very small percentages of the total reads
(less than 1% in both cases).

Alpha diversity was calculated using Shannon’s diversity
index. An initial general analysis was performed by grouping
the results for all plant species together. A second analysis was
performed where the alpha diversity was calculated for each
plant species separately. For all analyses, significant differences
in the diversity of the bacterial communities were measured
by Kruskall-Wallis tests. For the general analysis, differences
in alpha diversity was observed when comparing the three
sampling dates (Figure 2A) and when comparing the two
treatments: inoculated with LBUM677 and control (Figure 3A).
Specifically, for the sampling date analysis, a significant difference
was found between 30 days post-inoculation (dpi) and 60 dpi
(H = 13.16; p = 0.0009) and between 30 and 90 dpi (H = 11.22;
p = 0.001; Figure 2A). No difference in the diversity of bacterial
communities was found between 60 and 90 dpi (H = 0.26; p = 0.6),
indicating that the bacterial diversity was greatest at 30 days and
decreased thereafter. Treatment with LBUM677 was found to

significantly decrease the diversity of the rhizosphere samples
(H = 4.0; p = 0.04) (Figure 3A). Additionally, no general effect
of plant species was observed (Supplementary Figure S2A). The
general effect of sampling date on the microbiome was further
decomposed by LBUM677 treatment for each time-point. This
analysis showed that the only significant difference between the
LBUM677-treated and control microbiomes was observed at
90 dpi (H = 12.74; p = 0.0004) (Figure 4).

When examining the effects of sampling date on each plant
species independently, it was found that the sampling date had
a significant effect only on the bacterial communities found in
the rhizosphere of G. max (Figure 2C). Specifically, a significant
difference was found between 30 and 60 dpi (H = 9.93; p = 0.005)
and between 30 and 90 dpi (H = 8.65; p = 0.005), while
no significant effects were found in the bacterial communities
of B. arvensis (Figure 2B) or B. napus (Figure 2D). When
examining the effects of the bacterial treatment, it was found that
there was no significant difference in the alpha diversity of both
groups for each plant species (Figures 3B–D).

In order to identify the treatments associated with
compositional dissimilarity in microbiota, we examined the

FIGURE 3 | Treatment variations of alpha-diversity metrics in the bacterial microbiome of three oil-producing crops. (A) Alpha-diversity metric (Shannon’s index) of

treatment variations for all plants and sampling dates combined. (B) Alpha-diversity metric (Shannon’s index) of treatment variations for B. arvensis plants and

sampling dates combined. (C) Alpha-diversity metric (Shannon’s index) of treatment variations for G. max plants and sampling dates combined. (D) Alpha-diversity

metric (Shannon’s index) of treatment variations for B. napus plants and sampling dates combined. Kruskal-Wallis pair-wise test was used to assess statistical

significance between groups (*p < 0.05).

Frontiers in Microbiology | www.frontiersin.org 5 October 2020 | Volume 11 | Article 569366

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


Jiménez et al. LBUM677 Impacts the Rhizosphere Microbiome

FIGURE 4 | Temporal and treatment variations of alpha-diversity metric in the

bacterial microbiome of three oil-producing crops. Alpha-diversity metric

(Shannon’s index) of temporal variations amongst treatments at (A) 30 days,

(B) 60 days, and (C) 90 days post-inoculation. Kruskal-Wallis pair-wise test

was used to assess statistical significance between treatments (*p < 0.05).

beta-diversity between samples using the weighted UniFrac
measure. Initial tests were performed by grouping the results
for all plant species together (Figure 5A). Three tests were
performed using PERMANOVA to analyze either the effect
of sampling time, plant species, or treatment, irrespective of
the other two effects. Statistically significant differences in the
beta-diversity were only found when comparing the effect of
sampling date or of LBUM677 treatment (F = 5.51; p = 0.001).
For the sampling date analysis, a significant difference was
found between the 30 and 60 dpi samples (F = 5.13; p = 0.001),
between 30 and 90 dpi (F = 8.25; p = 0.001) and 60 and

90 dpi (F = 1.62; p = 0.04). Finally, the effect of plant species
on the bacterial community was found to be not significant
(Supplementary Figure S2B). Principal coordinates analysis
based on weighted UniFrac distances between samples showed
differences between sampling time (Figure 5A) and LBUM677
inoculation (Figure 6A). The first two principal components
explained 37.15% of the total variation.

Following the general analysis, the effect of sampling time and
bacterial treatment was examined using the weighted UniFrac
beta-diversity measure. For B. arvensis, statistically significant
differences were found when comparing the sampling dates
(F = 2.67; p = 0.005) and treatments (F = 3.20; p = 0.011).
For G. max, statistically significant differences were found when
comparing the sampling dates (F = 4.01; p = 0.001) and
treatments (F = 2.41; p = 0.021). Finally, for B. napus, statistically
significant differences were found only when comparing the
sampling dates (F = 2.19; p = 0.002) and not the treatments
(F = 1.52; p = 0.106). Principal coordinates analysis based on
weighted UniFrac distances between samples showed differences
between sampling time and LBUM677 inoculation for B. arvensis
(Figures 5B, 6B), G. max (Figures 5C, 6C), and B. napus
(Figures 5D, 6D).

Differentially Abundant Bacteria Across
Samples
To further examine the effects of LBUM677 inoculation on
the rhizosphere microbiome, we investigated which taxa were
differentially abundant between the two groups using LeFSE.
A general analysis was performed with all plant species combined
followed by analyses of each plant species individually. For the
general analysis, Twenty-nine bacterial groups were found to
be more abundant in the rhizosphere of plants treated with
LBUM677, while 30 bacterial groups were found to be more
abundant in the rhizosphere of control plants (Figures 7A, 8A).
Taxonomic classification of the differentially abundant groups
to the order level was attempted but was not possible in all
cases. In the LBUM677 treatments, Actinobacteria (nine groups),
Alpha-Proteobacteria (five groups), Gamma-Proteobacteria (four
groups), Bdellovibrionota (three groups), Armatimonadota (two
groups), and Bacteropodota (two groups) were the only phyla that
showed enrichment with more than one bacterial order, while in
the control group, Acidobacteria (eight groups), Chloroflexi (five
groups), Planctomycetota (four groups), Elusimicrobiota (three
groups), Methylomirabilota (three groups), Fibrobacterota (three
groups), and Cyanobacteria (two groups) were the only phyla
containing more than one enriched order.

When examining which taxonomic groups were differentially
abundant in the rhizosphere of each plant species, it was
found that B. arvensis had 14 differentially abundant taxa in
the LBUM677 treatment and 19 in the control, G. max had
17 differentially abundant taxa in the LBUM677 and control
treatments while B. napus had 6 differentially abundant taxa in
the LBUM677 treatments and 10 in the controls (Figures 7B–
D, 8B–D). Interestingly, when examining the individual groups
that were differentially abundant, some phyla were noted as
differentially abundant in the B. arvensis samples that were
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FIGURE 5 | Temporal variations of beta-diversity metrics in the bacterial microbiome of three oil-producing crops. (A) PCoA plot representative of temporal

beta-diversity variations using weighted UniFrac metric for all plants and treatments combined (F = 5.51, p = 0.001). Each point represents a sample, (B) PCoA plot

representative of temporal beta-diversity variations using weighted UniFrac metric for all B. arvensis plants and treatments combined (F = 2.67, p = 0.005). Each

point represents a sample, (C) PCoA plot representative of temporal beta-diversity variations using weighted UniFrac metric for all G. max plants and treatments

combined (F = 4.01, p = 0.001). Each point represents a sample, (D) PCoA plot representative of temporal beta-diversity variations using weighted UniFrac metric

for all B. napus plants and treatments combined (F = 2.19, p = 0.002). Each point represents a sample.

not in the general analysis (for example, Sumerlaeota, and
Latescibacterota), while in the G. max samples, archaea were
found to be more abundant in the control samples. Finally,
B. napus showed the smallest number of differentially abundant
taxa in the LBUM677-treated and control samples.

Predicted Genome Functions
The analytic pipeline Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States (PICRUSt) (Langille
et al., 2013) was used to predict functions based on bacterial
taxa. The PICRUSt results gave abundances of MetaCyc
pathways which were subsequently analyzed in the LeFSE
pipeline. A general analysis, combining all plant species found
that 47 pathways were significantly more abundant in the
LBUM677-treated rhizospheres while 70 pathways were more
abundant in the control rhizospheres (Figure 9A). Some of
the more abundant pathways in the LBUM677 treatment
includes pathways involved in the tricarboxylic acid cycle (TCA),
including TCA cycle IV, cycle V, cycle VI, and cycle VII
and certain menaquinol biosynthesis pathways, including those
for menaquinol-6, menaquinol-9, and menaquinol-10. Certain
pathways more abundant in the control treatments include
the super-pathways of various cellular compounds, including
pyrimidine, L-isoleucine, L-lysine, and L-tryptophan.

When examining the more abundant pathways by individual
plant species, it was observed that 75 pathways were more
abundant in the LBUM677-treated rhizosphere of B. arvensis
plants, while 83 pathways were more abundant in the control
samples (Figure 9B). The G. max samples were found to have
39 pathways that were more abundant in the LBUM677-treated
samples and 39 that were more abundant in the control samples
(Figure 10A) while the B. napus samples had 10 pathways more
abundant in the LBUM677-treated samples and three in the
control samples (Figure 10B). The LBUM677-treated samples
displayed various pathways that were more abundant, with some
including the biosynthesis of ubiquinol-7, -8, -9, and -10 in
B. arvensis, the superpathway of menaquinol-6, -9, and -10 and
the superpathway of demethylmenaquinol-6, and -9 in B. arvensis
and B. napus. The implications of these metabolic functions
remain to be explored as these results are based on taxonomical
predictions and have not been validated experimentally.

DISCUSSION

A PGPR inoculation is often deemed successful if the inoculant
is found to be beneficial to the plant, either through increased
plant biomass accumulation, productivity, or reduction of disease
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FIGURE 6 | Treatment variations of beta-diversity metrics in the bacterial microbiome of three oil-producing crops. (A) PCoA plot representative of treatment

beta-diversity variations using weighted UniFrac metric for all plants and sampling dates combined (F = 5.51, p = 0.001). Each point represents a sample, (B) PCoA

plot representative of treatment beta-diversity variations using weighted UniFrac metric for all B. arvensis plants and sampling dates combined (F = 3.20, p = 0.011).

Each point represents a sample, (C) PCoA plot representative of treatment beta-diversity variations using weighted UniFrac metric for all G. max plants and sampling

dates combined (F = 2.41, p = 0.021). Each point represents a sample, and (D) PCoA plot representative of treatment beta-diversity variations using weighted

UniFrac metric for all B. napus plants and sampling dates combined (F = 1.52, p = 0.106). Each point represents a sample.

symptoms. A previous study examining the effect of LBUM677
on B. napus, B. arvensis, and G. max has shown that this
bacterium is a successful PGPR inoculant. Specifically, LBUM677
can significantly increase seed oil yield and fatty acids content
of the three different plants (Jiménez et al., 2020). Additionally,
LBUM677 demonstrated certain general plant growth promotion
properties, including significantly increasing total plant weight
in B. napus and B. arvensis, but not in G. max. LBUM677 was
also found to persist to a similar level in the rhizosphere of
the three plants, even though there was a general decrease in
its population levels over time (Jiménez et al., 2020). Following
the demonstration that LBUM677 is an effective PGPR capable
of significantly increasing seed oil accumulation in these three
oilseed crops, it was logical to subsequently examine its possible
non-target effects on the indigenous soil microbial populations of
these three plant species.

Few studies have evaluated the effect that PGPR inoculation
has on the soil microbiome (Ambrosini et al., 2016). This
information is important to first determine if any significant
adverse effects are observed on the soil microbial communities
and secondly to better understand the indirect effect that a

targeted PGPR inoculation may have on the plant due to specific
changes in its microbiome. An important factor to take into
consideration when interpreting the results of such studies, is
the experimental and technical approach used to characterize the
impact of PGPR on the soil microbiome. So far, studies have
often relied on low-resolution methods to examine the effects
of bacterial inoculations on the indigenous rhizosphere bacterial
populations (Kozdrój et al., 2004; Kozdrój, 2008; Zhang et al.,
2010, 2011; Ke et al., 2019). Recent advances in metagenomics
analyses have led to increased research on non-target effects of
bacterial inoculations (Crecchio et al., 2018; Martínez-Hidalgo
et al., 2019) and in this study we took advantage of these recent
technical developments coupled to a rigorous experimental
design to study the impact of LBUM677 on the rhizosphere
soil microbiome.

Surprisingly, in our study, only inoculation with LBUM677
and sampling date, and not the plant species under study,
significantly influenced the rhizosphere microbiomes of B. napus,
B. arvensis, or G. max. Previous studies have shown that the first
microorganisms forming the microbiome of a plant are obtained
through vertical transmission by seeds (Compant et al., 2019).
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FIGURE 7 | Cladograms representing the differentially abundant taxa between control samples and LBUM677-inoculated samples. (A) the combination of all three

plant species, (B) B. arvensis plants, (C) G. max plants and (D) B. napus plants. Red indicates an increased abundance in control samples while green indicates an

increase in LBUM677-treated samples. Differentially abundant sequences were determined using the non-parametric factorial Kruskal-Wallis sum-rank test.

A subsequent Linear Discriminant Analysis was used to estimate the effect size of each differentially abundant feature.

Plants have also been shown to actively recruit members of the
bulk soil microbial community by modulating their exudates
to recruit a particular set of rhizosphere microbes (Pérez-
Jaramillo et al., 2016). In general, it is acknowledged that plant
genotypes and/or cultivars have at least some influence on
their microbiomes. For example, one study attributed 5–7% of
the microbiome variation to different maize genotypes (Peiffer
et al., 2013), while another study found a significant effect of
barley genotype on the diversity of root-associated bacterial
communities (Bulgarelli et al., 2015). Other studies found that the
microbiome of genetically modified canola was different than the
microbiome of conventional varieties (Dunfield and Germida,
2001, 2003). However, it should be mentioned that similarly to
our study, some reports indicated no effect of different plant
genotypes on their microbiomes. For example, in one study
examining the effect of different soybean genotypes on the
bacterial communities in the rhizosphere, no significant influence
of the different genotypes on the bacterial communities in either
pot or field assays was found (Xu et al., 2009). Another study
examining the microbiomes associated with five genotypes of
perennial wild mustard plants (Boechera stricta) showed no effect
of the plant genotype on the microbial communities associated
with the roots (Wagner et al., 2016). However, in these studies,
different genotypes of a single plant species were compared, while
in ours, different plant species were instead compared.

Another factor to consider is that in our study, the first
rhizosphere sampling was performed 30 days after the seeds
were planted; this period of time could have been too long to
observe the initial effect of vertical seed transmission. Under
our experimental conditions, the sampling date was found to be
a significant factor affecting the microbiome population in the
rhizosphere of the plants under study. This effect was clearly
more pronounced for G. max (Figure 2C). These changes were
probably due to changes in nutrient availability and different
plant development stages, which have previously been shown
to have an impact on bacterial populations in response to
plant biomass increases and the secretion of compounds and
phytochemicals that are produced at different plant growth stages
(Chaparro et al., 2014; Yang et al., 2015). Results have shown that
the rhizosphere microbiome of soybean (Xu et al., 2009; Wang
et al., 2019) and canola (Farina et al., 2012) changes with the
plant’s growth stage. It has also been reported that microbiome
changes due to PGPR inoculation are generally smaller than those
caused by the impact of plant growth (Kröber et al., 2014). For
example, a study examining the effects of inoculating Bacillus
velezensis NJAU-Z9 on pepper seedlings found that differences
in the microbial community of the rhizosphere were mainly due
to the growth stage of the plant, followed by the introduction
of the bacterium (Zhang et al., 2019). Although root exudates
of the plants were not examined in this study, previous reports
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FIGURE 8 | Histogram of the LDA scores computed for differentially abundant taxa between control samples and LBUM677-treated samples as determined using

LEfSe. (A) the combination of all three plant species, (B) B. arvensis plants, (C) G. max plants, and (D) B. napus plants. Red indicates an increased abundance in

control samples while green indicates an increase in LBUM677-treated samples. Differentially abundant sequences were determined using the non-parametric

factorial Kruskal-Wallis sum-rank test. A subsequent Linear Discriminant Analysis was used to estimate the effect size of each differentially abundant feature.

have demonstrated that the root exudates usually change over the
course of the different growth stages of the plants and can lead to
variations in the microbial community (Yang and Crowley, 2000;
Garbeva et al., 2004; Xu et al., 2009; Zhalnina et al., 2018).

The diversity analysis of the rhizosphere microbiomes under
study was found to significantly decrease over time (Figure 2)
and LBUM677 inoculation was also found to further decrease
this diversity (Figure 3). Contrary to this long lasting effect
of LBUM677 on the soil microbiome shown in our study,
previous work has often concluded that non-target effects
due to bacterial inoculation were only transient or inexistent.
For example, inoculation with Pseudomonas sp. DSMZ 13134
only showed a transient effect on the rhizosphere microbial
community structure associated with barley (Hordeum vulgare)
in the first 3 weeks post-inoculation (Buddrus-Schiemann et al.,
2010). Pseudomonas stutzeri A1501 inoculation showed no
significant microbial enrichments in the rhizosphere of maize
(Zea mays L.) (Ke et al., 2019) and inoculation of Pseudomonas
synxantha LBUM223 (previously Pseudomonas fluorescens) did
not alter the indigenous bacterial populations in the rhizosphere
or the geocaulosphere of potato (Solanum tuberosum L.)

(Roquigny et al., 2018). No significant differences in richness and
diversity between inoculated and non-inoculated rhizosphere
microbial populations were also observed in lettuce (Lactuca
sativa) (Cipriano et al., 2016). However, there are also few
studies that have instead demonstrated, as in ours, long-lasting
differences between the microbial populations of inoculated
and non-inoculated rhizospheres. Pre-inoculation of Bacillus
velezensis in the soil surrounding pepper (Capsicum annuum L.)
seedlings was found to increase the rhizosphere bacterial richness
and diversity (Zhang et al., 2019), while a shift in the community
structure of non-inoculated and inoculated rhizosphere bacterial
populations was observed in tomato rhizosphere inoculated
with Pseudomonas fluorescens pc78 (Kong et al., 2016) and in
chamomile (Chamomilla recutita L.) rhizosphere inoculated with
six different PGPR (Schmidt et al., 2014).

It is generally assumed that soil microbial communities with
a greater diversity are less susceptible to changes caused by
invading microorganisms (Fließbach et al., 2009). Additionally,
the soil microbiome is thought to be resilient to the perturbations
caused by inoculating non-indigenous bacteria (Moënne-Loccoz
et al., 2001). We delved further into the decreasing microbial
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FIGURE 9 | Histogram of the LDA scores computed for differentially abundant MetaCyc pathways in control samples and in LBUM677-treated samples as

determined using LEfSe. (A) the combination of all three plant species and (B) B. arvensis plants. Differentially abundant sequences were determined using the

non-parametric factorial Kruskal-Wallis sum-rank test. A subsequent Linear Discriminant Analysis was used to estimate the effect size of each differentially abundant

feature.

diversity of the rhizosphere samples under study and compared
the diversity of control and LBUM677-treated samples at each
time point. These results indicated that even if the diversity was
generally decreasing over time, the diversity between the control
and LBUM677 samples was only significant at 90 dpi (Figure 4).
The results seem to suggest a confounding effect of sampling time
and LBUM677 inoculation on the diversity of the rhizosphere
microbiomes. This is in part surprising since a general decrease in
the population levels of LBUM677 over time in these conditions
was also previously demonstrated (Jiménez et al., 2020). In
this context, it would be expected that this reduction in the
population levels of LBUM677 would not increasingly impact
on the rhizosphere microbiome diversity over time. Apparently,
the effect of LBUM677 on shaping the rhizosphere microbiome
diversity is not population-level dependent, at least under a range
of 3 × 106 to 6 × 107 LBUM677 cells g−1.

Interestingly, a decrease in the microbial diversity in the
rhizosphere of canola and soybean plants during the growth of

the plants has also previously been observed. A study examining
the effects of the growth stage of canola on the microbial
populations in the rhizosphere found that the bacterial richness
was 20% larger at the rosette stage and decreased over time as
the plant grew to maturity (Farina et al., 2012). For soybean,
studies have shown that the abundance and diversity of the
bacterial communities in the rhizosphere of the seedling stage
were higher than those at the plant’s maturity (Xu et al., 2009;
Wang et al., 2019). The decrease in diversity and richness in
the rhizosphere microbiome as a plant matures seems counter-
intuitive to what is observed in most plant species, however, it
might be a particularity observed in the microbiome of specific
plant species or, possibly, in the case of oilseed crops.

The most dominant bacterial phyla that were found across
the samples in this study were Chloroflexi, Acidobacteria,
Actinobacteria, and Proteobacteria. These phyla are dominant
rhizosphere inhabitants with Actinobacteria and Proteobacteria
being two of the four most common phyla associated with plants
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FIGURE 10 | Histogram of the LDA scores computed for differentially abundant MetaCyc pathways in control samples and in LBUM677-treated samples as

determined using LEfSe. (A) G. max plants and (B) B. napus plants. Differentially abundant sequences were determined using the non-parametric factorial

Kruskal-Wallis sum-rank test. A subsequent Linear Discriminant Analysis was used to estimate the effect size of each differentially abundant feature.

(Bulgarelli et al., 2013; Levy et al., 2018) and Acidobacteria
being one of the most abundant phyla found in terrestrial
ecosystems (Barns et al., 1999). These phyla have also been found
to be dominant in other studies examining the rhizosphere
microbiome. A study examining the microbiome of canola
found that the most abundant genera were Agrobacterium,
Burkholderia, Enterobacter, and Pseudomonas (Farina et al.,
2012). Four of the five most abundant genera in these
samples belonged to the Proteobacteria phylum. Studies
examining the microbiome of soybean found that the most
abundant phyla were Actinobacteria, Acidobacteria, and
Proteobacteria in one study (Wang et al., 2019) and in another
study they found Bacteroidetes, Nitrospirae, Firmicutes, and
Verrucomicrobia in addition to the previous phyla to be
the most abundant (Xu et al., 2009). Acidobacteria have
previously been demonstrated to play an important role in
carbon cycling due to their ability to degrade complex plant
parts, including cellulose and lignin, however, their role in
the rhizosphere is not well documented (Ward et al., 2009).
Our results showed that 12 bacterial groups were more
abundant in the rhizosphere when LBUM677 was inoculated.
These groups belong to the Actinobacteria, Proteobacteria,
Bacteroidetes, Planctomycetes, and Armatimonadetes phyla.
Many species belonging to Proteobacteria and Actinobacteria
exhibit traits associated with plant growth promotion and

disease suppression (Mendes et al., 2011; Zhang et al., 2019),
while Bacteroidetes contain bacterial species that are involved
in nitrogen cycling through denitrification (Chaparro et al.,
2014). The Armatimonadetes phylum is relatively new and was
previously identified as candidate phylumOP10 (Hu et al., 2014).
Little is known of its function in the rhizosphere or of that of the
Planctomycetes.

Functional variations based on differences in the microbial
communities using predicted metagenomic pathway analysis
were identified. Among these, the metabolic pathways involved
in the biosynthesis of ubiquinol-7, -8, -9, and -10, menaquinol-
6, -9, and -10 and demethylmenaquinol-6, and -9 were found to
be enriched in the LBUM677 treatments (Figure 9). Ubiquinols
are widespread in the alpha-, beta-, and gamma-proteobacteria
(Pelosi et al., 2016) and are redox-active lipids consisting of a
conserved aromatic ring and a polyprenyl hydrophobic tail, with
the number of isoprenyl units varying among species (Aussel
et al., 2014). Ubiquinol-8 and ubiquinol-9 are common forms
among bacteria, and ubiquinol-9 is the major quinone of several
large families of aerobic Gram-negative bacteria, including the
Pseudomonadaceae and the Rhodospirillaceae, while ubiquinol-
10 has been described in many bacterial species belonging to the
Alphaproteobacteria (Lester and Crane, 1959). While ubiquinol-
9 is their major form, Pseudomonadaceae are known to produce
smaller amounts of other ubiquinols, including ubiquinol-7
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and ubiquinol-8 (Matsushita et al., 1980). Menaquinols
and demethylmenaquinols are isoprenoid quinones of the
naphthalene series, and are constituents of bacterial plasma
membranes, where they play important roles in electron
transfer and oxidative phosphorylation. Menaquinols are the
most widespread respiratory quinones in biological systems
(Fujimoto et al., 2012). Although we did not confirm these
functional differences experimentally, these differentially
abundant predicted pathways are of interest and may serve
as a basis for future studies. The differences in the isoprenoid
quinones between bacterial species have been previously used as
a taxonomic tool (Pelosi et al., 2016).

In conclusion, this study highlighted the significant effect of
P. fluorescens LBUM677 inoculation on the rhizospheremicrobial
communities of three oilseed crops, in a plant-independent
manner. Further studies will be needed to determine if these
changes observed in the rhizosphere microbiomes contribute, at
least in part, to the increased seed oil yield and fatty acids content
observed when LBUM677 is inoculated in the rhizosphere
or if these microbial changes are simply a consequence of
LBUM677 inoculation with no significant impact on plant’s lipid
accumulation. Despite our current incapacity to clearly answer
this question, the results reported in this study contributed to
a better understanding of how non-targeted effects of microbial
inoculations impact plant-microbe interactions, and will most
probably be useful in the development of specific PGPR-
inoculation strategies in oilseed crop agroecosystems.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and

accession number(s) can be found in the article/Supplementary

Material.

AUTHOR CONTRIBUTIONS

JJ, AN, and MF contributed to the conception and design
of the study. JJ was responsible for part of the sampling,
preparing samples for microbiome sequencing, and wrote
the first draft of the manuscript. AN was responsible for
part of the sampling and microbiome analyses. All authors
contributed to manuscript revision, read, and approved the
submitted version.

FUNDING

This study was funded by an Atlantic Innovation
Fund grant to MF.

ACKNOWLEDGMENTS

We acknowledge the Atlantic Innovation Fund grant to MF for
supporting this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.569366/full#supplementary-material

REFERENCES

Aeron, A., Kumar, S., Vishwavidyalaya, G. K., and Pandey, P. (2011). Bacteria in

Agrobiology: Crop Ecosystems, ed. D. K. Maheshwari (Berlin: Springer). doi:

10.1007/978-3-642-18357-7

Ambrosini, A., de Souza, R., and Passaglia, L. M. P. (2016). Ecological role of

bacterial inoculants and their potential impact on soil microbial diversity. Plant

Soil 400, 193–207. doi: 10.1007/s11104-015-2727-7

Aussel, L., Pierrel, F., Loiseau, L., Lombard, M., Fontecave, M., and Barras,

F. (2014). Biosynthesis and physiology of coenzyme Q in bacteria. Biochim.

Biophys. Acta 1837, 1004–1011. doi: 10.1016/j.bbabio.2014.01.015

Bakker, M. G., Chaparro, J. M., Manter, D. K., and Vivanco, J. M. (2015). Impacts

of bulk soil microbial community structure on rhizosphere microbiomes of Zea

mays. Plant Soil 392, 115–126. doi: 10.1007/s11104-015-2446-0

Barns, S. M., Takala, S. L., and Kuske, C. R. (1999). Wide distribution and diversity

of members of the bacterial kingdomAcidobacterium in the environment.Appl.

Environ. Microbiol. 65, 1731–1737. doi: 10.1128/aem.65.4.1731-1737.1999

Bashan, Y., Puente, M. E., Rodriguez-Mendoza, M. N., Toledo, G., Holguin, G.,

Ferrera- Cerrato, R., et al. (1995). Survival of Azospirillum brasilense in the bulk

soil and rhizosphere of 23 soil types. Appl. Environ. Microbiol. 61, 1938–1945.

doi: 10.1128/aem.61.5.1938-1945.1995

Bates, S. T., Berg-Lyons, D., Caporaso, J. G., Walters, W. A., Knight, R., and Fierer,

N. (2011). Examining the global distribution of dominant archaeal populations

in soil. ISME J. 5, 908–917. doi: 10.1038/ismej.2010.171

Berendsen, R. L., Pieterse, C. M. J., and Bakker, P. A. H. M. (2012). The rhizosphere

microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.

tplants.2012.04.001

Bergmann, G. T., Bates, S. T., Eilers, K. G., Lauber, C. L., Caporaso, G., Walters,

W. A., et al. (2012). The under-recognized dominance of Verrucomicrobia in

soil bacterial communities. Soil Biol. Biochem. 43, 1450–1455. doi: 10.1016/j.

soilbio.2011.03.012

Bhattacharyya, D., and Lee, Y. H. (2016). The bacterial community in the

rhizosphere of Kimchi cabbage restructured by volatile compounds emitted

from rhizobacterium Proteus vulgaris JBLS202. Appl. Soil Ecol. 105, 48–56.

doi: 10.1016/j.apsoil.2016.03.020

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-

Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible

microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi:

10.1038/s41587-019-0209-9

Buddrus-Schiemann, K., Schmid, M., Schreiner, K., Welzl, G., and Hartmann, A.

(2010). Root colonization by Pseudomonas sp. DSMZ 13134 and impact on

the indigenous rhizosphere bacterial community of barley. Microb. Ecol. 60,

381–393. doi: 10.1007/s00248-010-9720-8

Bulgarelli, D., Garrido-Oter, R., Münch, P. C., Weiman, A., Dröge, J., Pan, Y.,

et al. (2015). Structure and function of the bacterial root microbiota in wild

and domesticated barley. Cell Host Microbe 17, 392–403. doi: 10.1016/j.chom.

2015.01.011

Bulgarelli, D., Schlaeppi, K., Spaepen, S., van Themaat, E. V. L., and Schulze-

Lefert, P. (2013). Structure and functions of the bacterial microbiota of plants.

Annu. Rev. Plant Biol. 64, 807–838. doi: 10.1146/annurev-arplant-050312-12

0106

Callahan, B. J., McMurdie, P. J., and Holmes, S. P. (2017). Exact sequence variants

should replace operational taxonomic units in marker-gene data analysis. ISME

J. 11, 2639–2643. doi: 10.1038/ismej.2017.119

Frontiers in Microbiology | www.frontiersin.org 13 October 2020 | Volume 11 | Article 569366

https://www.frontiersin.org/articles/10.3389/fmicb.2020.569366/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.569366/full#supplementary-material
https://doi.org/10.1007/978-3-642-18357-7
https://doi.org/10.1007/978-3-642-18357-7
https://doi.org/10.1007/s11104-015-2727-7
https://doi.org/10.1016/j.bbabio.2014.01.015
https://doi.org/10.1007/s11104-015-2446-0
https://doi.org/10.1128/aem.65.4.1731-1737.1999
https://doi.org/10.1128/aem.61.5.1938-1945.1995
https://doi.org/10.1038/ismej.2010.171
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.soilbio.2011.03.012
https://doi.org/10.1016/j.soilbio.2011.03.012
https://doi.org/10.1016/j.apsoil.2016.03.020
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1007/s00248-010-9720-8
https://doi.org/10.1016/j.chom.2015.01.011
https://doi.org/10.1016/j.chom.2015.01.011
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1038/ismej.2017.119
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


Jiménez et al. LBUM677 Impacts the Rhizosphere Microbiome

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and

Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina

amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Canada, E. C. (1987). The Canadian Soil Classification System. Available

online at: https://library.carleton.ca/sites/default/files/find/gis/metadata/cssc3_

manual.pdf

Castro-Sowinski, S., Herschkovitz, Y., Okon, Y., and Jurkevitch, E. (2007).

Effects of inoculation with plant growth-promoting rhizobacteria on resident

rhizosphere microorganisms. FEMS Microbiol. Lett. 276, 1–11. doi: 10.1111/j.

1574-6968.2007.00878.x

Chabot, R., Antoun, H., and Cescas, M. P. (1993). Stimulation De La Croissance

Du Mais Et De La Laitue Romaine Par Des Microorganismes Dissolvant

Le Phosphore Inorganique. Can. J. Microbiol. 39, 941–947. doi: 10.1139/m9

3-142

Chaparro, J. M., Badri, D. V., and Vivanco, J. M. (2014). Rhizosphere microbiome

assemblage is affected by plant development. ISME J. 8, 790–803. doi: 10.1038/

ismej.2013.196

Cipriano, M. A. P., Lupatini, M., Lopes-Santos, L., da Silva, M. J., Roesch,

L. F. W., Destéfano, S. A. L., et al. (2016). Lettuce and rhizosphere microbiome

responses to growth promoting Pseudomonas species under field conditions.

FEMS Microbiol. Ecol. 92:fiw197. doi: 10.1093/femsec/fiw197

Compant, S., Samad, A., Faist, H., and Sessitsch, A. (2019). A review on the plant

microbiome: ecology, functions, and emerging trends in microbial application.

J. Adv. Res. 19, 29–37. doi: 10.1016/j.jare.2019.03.004

Crecchio, C., Mimmo, T., Bulgarelli, D., Pertot, I., Pii, Y., Perazzolli, M., et al.

(2018). Beneficial soil microbiome for sustainable agriculture production.

Sustain. Agric. Rev. 31, 443–481. doi: 10.1007/978-3-319-94232-2_9

Cumberford, G., and Hebard, A. (2015). Ahiflower oil: a novel non-GM

plant-based omega-3+6 source. Lipid Technol. 27, 207–210. doi: 10.1002/lite.

201500044

Del Carmen Orozco-Mosqueda, M., Del Carmen, Rocha-Granados, M., Glick,

B. R., and Santoyo, G. (2018). Microbiome engineering to improve biocontrol

and plant growth-promoting mechanisms. Microbiol. Res. 208, 25–31. doi: 10.

1016/j.micres.2018.01.005

Dunfield, K. E., and Germida, J. J. (2001). Diversity of bacterial communities in

the rhizosphere and root interior of field-grown genetically modified Brassica

napus. FEMS Microbiol. Ecol. 38, 1–9. doi: 10.1016/S0168-6496(01)00167-2

Dunfield, K. E., and Germida, J. J. (2003). Seasonal changes in the rhizosphere

microbial communities associated with field-grown genetically modified canola

(Brassica napus). Appl. Environ. Microbiol. 69, 7310–7318. doi: 10.1128/AEM.

69.12.7310-7318.2003

Edwards, J., Johnson, C., Santos-Medellín, C., Lurie, E., Podishetty, N. K.,

Bhatnagar, S., et al. (2015). Structure, variation, and assembly of the root-

associated microbiomes of rice. Proc. Natl. Acad. Sci. U.S.A. 112, E911–E920.

doi: 10.1073/pnas.1414592112

Farina, R., Beneduzi, A., Ambrosini, A., De Campos, S. B., Lisboa, B. B.,

Wendisch, V., et al. (2012). Diversity of plant growth-promoting rhizobacteria

communities associated with the stages of canola growth. Appl. Soil Ecol. 55,

44–52. doi: 10.1016/j.apsoil.2011.12.011

Felici, C., Vettori, L., Giraldi, E., Forino, L. M. C., Toffanin, A., Tagliasacchi, A. M.,

et al. (2008). Single and co-inoculation of Bacillus subtilis and Azospirillum

brasilense on Lycopersicon esculentum: effects on plant growth and rhizosphere

microbial community. Appl. Soil Ecol. 40, 260–270. doi: 10.1016/j.apsoil.2008.

05.002

Fließbach, A., Winkler, M., Lutz, M. P., Oberholzer, H. R., and Mäder, P. (2009).

Soil amendment with Pseudomonas fluorescens CHA0: lasting effects on soil

biological properties in soils low inmicrobial biomass and activity.Microb. Ecol.

57, 611–623. doi: 10.1007/s00248-009-9489-9

Fujimoto, N., Kosaka, T., and Yamada, M. (2012). “Menaquinone as well as

ubiquinone as a Crucial component in the Escherichia coli respiratory chain,”

in Chemical Biology, ed. D. Ekinci (Rijeka: InTech Publishers), 187–208. doi:

10.5772/35809

Garbeva, P., van Veen, J. A., and van Elsas, J. D. (2004). Microbial diversity in

soil: selection of microbial populations by plant and soil type and implications

for disease suppressiveness. Annu. Rev. Phytopathol. 42, 243–270. doi: 10.1146/

annurev.phyto.42.012604.135455

Griffiths, R. I., Manefield, M., Whiteley, A. S., and Bailey, M. J. (2008). “DNA

and RNA extraction from soil,” in Molecular Microbial Ecology Manual, eds

G. Kowalchuk, F. de Bruijn, I. Head, A. Akkermans, and J. van Elsas (Berlin:

Springer), 149–158. doi: 10.1007/978-1-4020-2177-0_111

Hoagland, D. R., and Arnon, D. I. (1938). The Water-Culture Method for Growing

Plants without Soil. Berkeley, BA: University of California.

Hu, Z. Y., Wang, Y. Z., Im, W. T., Wang, S. Y., Zhao, G. P., Zheng, H. J., et al.

(2014). The first complete genome sequence of the class Fimbriimonadia in

the phylum Armatimonadetes. PLoS One 9:e100794. doi: 10.1371/journal.pone.

0100794

Jiménez, J. A., Novinscak, A., and Filion, M. (2020). Pseudomonas fluorescens

LBUM677 differentially increases plant biomass, total oil content and lipid

composition in three oilseed crops. J. Appl. Microbiol. 128, 1119–1127. doi:

10.1111/jam.14536

Katoh, K. (2002). MAFFT: a novel method for rapid multiple sequence alignment

based on fast Fourier transform.Nucleic Acids Res. 30, 3059–3066. doi: 10.1093/

nar/gkf436

Ke, X., Feng, S., Wang, J., Lu, W., Zhang, W., Chen, M., et al. (2019). Effect of

inoculation with nitrogen-fixing bacterium Pseudomonas stutzeri A1501 on

maize plant growth and the microbiome indigenous to the rhizosphere. Syst.

Appl. Microbiol. 42, 248–260. doi: 10.1016/j.syapm.2018.10.010

Kloepper, J. W., Leong, J., Teintze, M., and Schroth, M. N. (1980). Enhanced plant

growth by siderophores produced by plant growth-promoting rhizobacteria.

Nature 286, 885–886. doi: 10.1038/286885a0

Kong, H. G., Kim, N. H., Lee, S. Y., and Lee, S. W. (2016). Impact of a recombinant

biocontrol bacterium, Pseudomonas fluorescens pc78, on microbial community

in tomato rhizosphere. Plant Pathol. J. 32, 136–144. doi: 10.5423/PPJ.OA.08.

2015.0172

Kozdrój, J. (2008). Microbial community in the rhizosphere of young maize

seedlings is susceptible to the impact of introduced pseudomonads as indicated

by FAME analysis. J. Gen. Appl. Microbiol. 54, 205–210. doi: 10.2323/jgam.54.

205

Kozdrój, J., Trevors, J. T., and Van Elsas, J. D. (2004). Influence of introduced

potential biocontrol agents on maize seedling growth and bacterial community

structure in the rhizosphere. Soil Biol. Biochem. 36, 1775–1784. doi: 10.1016/j.

soilbio.2004.04.034

Kröber, M., Wibberg, D., Grosch, R., Eikmeyer, F., Verwaaijen, B., Chowdhury,

P., et al. (2014). Effect of the strain Bacillus amyloliquefaciens FZB42 on the

microbial community in the rhizosphere of lettuce under field conditions

analyzed by whole metagenome sequencing. Front. Microbiol. 5:252. doi: 10.

3389/fmicb.2014.00252

Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes,

J. A., et al. (2013). Predictive functional profiling of microbial communities

using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821. doi:

10.1038/nbt.2676

Lemanceau, P., Corberand, T., Gardan, L., Latour, X., Laguerre, G., Boeufgras,

J. M., et al. (1995). Effect of two plant species, flax (Linum usitatissinum L.)

and Tomato (Lycopersicon esculentum Mill.), on the diversity of soilborne

populations of fluorescent pseudomonads. Appl. Environ. Microbiol. 61, 1004–

1012. doi: 10.1128/aem.61.3.1004-1012.1995

Lester, R. L., and Crane, F. L. (1959). The natural occurrence

of coenzyme Q and related compounds. J. Biol. Chem. 234,

2169–2175.

Levy, A., Salas Gonzalez, I., Mittelviefhaus, M., Clingenpeel, S., Herrera Paredes, S.,

Miao, J., et al. (2018). Genomic features of bacterial adaptation to plants. Nat.

Genet. 50, 138–150. doi: 10.1038/s41588-017-0012-9

Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for

comparing microbial communities. Appl. Environ. Microbiol. 71, 8228–8235.

doi: 10.1128/AEM.71.12.8228-8235.2005

Martínez-Hidalgo, P., Maymon, M., Pule-Meulenberg, F., and Hirsch, A. M.

(2019). Engineering root microbiomes for healthier crops and soils using

beneficial, environmentally safe bacteria. Can. J. Microbiol. 65, 91–104. doi:

10.1139/cjm-2018-0315

Matsushita, K., Yamada, M., Shinagawa, E., Adachi, O., and Ameyama,

M. (1980). Function of ubiquinone in the electron transport system of

Pseudomonas aeruginosa grown aerobically. J. Biochem. 88, 757–764. doi: 10.

1093/oxfordjournals.jbchem.a133028

Mendes, R., Kruijt, M., de Bruijn, I., Dekkers, E., van der Voort, M., Schneider,

J. H. M., et al. (2011). Deciphering the rhizosphere microbiome for disease-

suppressive bacteria. Science 332, 1097–1100. doi: 10.1126/science.1203980

Frontiers in Microbiology | www.frontiersin.org 14 October 2020 | Volume 11 | Article 569366

https://doi.org/10.1038/nmeth.3869
https://library.carleton.ca/sites/default/files/find/gis/metadata/cssc3_manual.pdf
https://library.carleton.ca/sites/default/files/find/gis/metadata/cssc3_manual.pdf
https://doi.org/10.1111/j.1574-6968.2007.00878.x
https://doi.org/10.1111/j.1574-6968.2007.00878.x
https://doi.org/10.1139/m93-142
https://doi.org/10.1139/m93-142
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1093/femsec/fiw197
https://doi.org/10.1016/j.jare.2019.03.004
https://doi.org/10.1007/978-3-319-94232-2_9
https://doi.org/10.1002/lite.201500044
https://doi.org/10.1002/lite.201500044
https://doi.org/10.1016/j.micres.2018.01.005
https://doi.org/10.1016/j.micres.2018.01.005
https://doi.org/10.1016/S0168-6496(01)00167-2
https://doi.org/10.1128/AEM.69.12.7310-7318.2003
https://doi.org/10.1128/AEM.69.12.7310-7318.2003
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1016/j.apsoil.2011.12.011
https://doi.org/10.1016/j.apsoil.2008.05.002
https://doi.org/10.1016/j.apsoil.2008.05.002
https://doi.org/10.1007/s00248-009-9489-9
https://doi.org/10.5772/35809
https://doi.org/10.5772/35809
https://doi.org/10.1146/annurev.phyto.42.012604.135455
https://doi.org/10.1146/annurev.phyto.42.012604.135455
https://doi.org/10.1007/978-1-4020-2177-0_111
https://doi.org/10.1371/journal.pone.0100794
https://doi.org/10.1371/journal.pone.0100794
https://doi.org/10.1111/jam.14536
https://doi.org/10.1111/jam.14536
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1016/j.syapm.2018.10.010
https://doi.org/10.1038/286885a0
https://doi.org/10.5423/PPJ.OA.08.2015.0172
https://doi.org/10.5423/PPJ.OA.08.2015.0172
https://doi.org/10.2323/jgam.54.205
https://doi.org/10.2323/jgam.54.205
https://doi.org/10.1016/j.soilbio.2004.04.034
https://doi.org/10.1016/j.soilbio.2004.04.034
https://doi.org/10.3389/fmicb.2014.00252
https://doi.org/10.3389/fmicb.2014.00252
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1128/aem.61.3.1004-1012.1995
https://doi.org/10.1038/s41588-017-0012-9
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
https://doi.org/10.1139/cjm-2018-0315
https://doi.org/10.1139/cjm-2018-0315
https://doi.org/10.1093/oxfordjournals.jbchem.a133028
https://doi.org/10.1093/oxfordjournals.jbchem.a133028
https://doi.org/10.1126/science.1203980
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


Jiménez et al. LBUM677 Impacts the Rhizosphere Microbiome

Moënne-Loccoz, Y., Tichy, H. V., O’Donnell, A., Simon, R., and O’Gara, F. (2001).

Impact of 2,4-diacetylphloroglucinol-producing biocontrol strain Pseudomonas

fluorescens F113 on intraspecific diversity of resident culturable fluorescent

pseudomonads associated with the roots of field-grown sugar beet seedlings.

Appl. Environ. Microbiol. 67, 3418–3425. doi: 10.1128/AEM.67.8.3418-3425.

2001

Morrison, C. K., Arseneault, T., Novinscak, A., and Filion, M. (2017). Phenazine-

1-carboxylic acid production by Pseudomonas fluorescens LBUM636 alters

phytophthora infestans growth and late blight development. Phytopathology

107, 273–279. doi: 10.1094/PHYTO-06-16-0247-R

Pascale, A., Proietti, S., Pantelides, I. S., and Stringlis, I. A. (2020).Modulation of the

root microbiome by plant molecules: the basis for targeted disease suppression

and plant growth promotion. Front. Plant Sci. 10:1741. doi: 10.3389/fpls.2019.

01741

Pathma, J., Kennedy, R. K., and Sakthivel, N. (2011). Bacteria in Agrobiology:

Plant Growth Responses, ed. D. K. Maheshwari (Berlin: Springer), 77–105. doi:

10.1007/978-3-642-20332-9

Peiffer, J. A., Spor, A., Koren, O., Jin, Z., Tringe, S. G., Dangl, J. L., et al. (2013).

Diversity and heritability of the maize rhizosphere microbiome under field

conditions. Proc. Natl. Acad. Sci. U.S.A. 110, 6548–6553. doi: 10.1073/pnas.

1302837110

Pelosi, L., Ducluzeau, A., Loiseau, L., Barras, F., Schneider, D., Junier, I., et al.

(2016). Evolution of ubiquinone biosynthesis: multiple proteobacterial enzymes

with three contiguous aromatic hydroxylation reactions.mSystems 1:e00091-16.

doi: 10.1128/mSystems.00091-16

Pérez-Jaramillo, J. E., Mendes, R., and Raaijmakers, J. M. (2016). Impact of plant

domestication on rhizosphere microbiome assembly and functions. Plant Mol.

Biol. 90, 635–644. doi: 10.1007/s11103-015-0337-7

Philippot, L., Raaijmakers, J. M., Lemanceau, P., and Van Der Putten,W. H. (2013).

Going back to the roots: the microbial ecology of the rhizosphere. Nat. Rev.

Microbiol. 11, 789–799. doi: 10.1038/nrmicro3109

Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). FastTree 2 - approximately

maximum-likelihood trees for large alignments. PLoS One 5:e9490. doi: 10.

1371/journal.pone.0009490

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013).

The SILVA ribosomal RNA gene database project: improved data processing

and web-based tools. Nucleic Acids Res. 41, 590–596. doi: 10.1093/nar/gks1219

Rodriguez, P. A., Rothballer, M., Chowdhury, S. P., Nussbaumer, T., Gutjahr, C.,

and Falter-Braun, P. (2019). Systems biology of plant-microbiome interactions.

Mol. Plant 12, 804–821. doi: 10.1016/j.molp.2019.05.006

Roquigny, R., Novinscak, A., Léger, G., Marcoux, N., Joly, D. L., and Filion,

M. (2018). Deciphering the rhizosphere and geocaulosphere microbiomes of

potato following inoculation with the biocontrol agent Pseudomonas fluorescens

strain LBUM223. Phytobiomes J. 2, 92–99. doi: 10.1094/PBIOMES-03-18-0

013-R

Ruddle, P., Whetten, R., Cardinal, A., Upchurch, R. G., and Miranda, L. (2013).

Effect of a novel mutation in a 19-stearoyl-ACP-desaturase on soybean seed

oil composition. Theor. Appl. Genet. 126, 241–249. doi: 10.1007/s00122-012-1

977-5

Saad, M. M., Eida, A. A., and Hirt, H. (2020). Tailoring plant-associated microbial

inoculants in agriculture: a roadmap for successful application. J. Exp. Bot. 71,

3878–3901. doi: 10.1093/jxb/eraa111

Santoro, M. V., Cappellari, L. R., Giordano, W., and Banchio, E. (2015). Plant

growth-promoting effects of native Pseudomonas strains on Mentha piperita

(peppermint): an in vitro study. Plant Biol. 17, 1218–1226. doi: 10.1111/plb.

12351

Schmeisser, C., Steele, H., and Streit, W. R. (2007). Metagenomics, biotechnology

with non-culturable microbes. Appl. Microbiol. Biotechnol. 75, 955–962. doi:

10.1007/s00253-007-0945-5

Schmidt, R., Köberl, M., Mostafa, A., Ramadan, E. M., Monschein, M., Jensen,

K. B., et al. (2014). Effects of bacterial inoculants on the indigenous microbiome

and secondary metabolites of chamomile plants. Front. Microbiol. 5:64. doi:

10.3389/fmicb.2014.00064

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S.,

et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol.

12:R60. doi: 10.1186/gb-2011-12-6-r60

Wagner, M. R., Lundberg, D. S., Del Rio, T. G., Tringe, S. G., Dangl, J. L.,

and Mitchell-Olds, T. (2016). Host genotype and age shape the leaf and root

microbiomes of a wild perennial plant. Nat. Commun. 7:12151. doi: 10.1038/

ncomms12151

Wang, L., Li, Z., Liu, R., Li, L., andWang, W. (2019). Bacterial diversity in soybean

rhizosphere soil at seedling and mature stages. Pol. J. Microbiol. 68, 281–284.

doi: 10.33073/PJM-2019-023

Ward, N. L., Challacombe, J. F., Janssen, P. H., Henrissat, B., Coutinho, P. M., Wu,

M., et al. (2009). Three genomes from the phylumAcidobacteria provide insight

into the lifestyles of these microorganisms in soils. Appl. Environ. Microbiol. 75,

2046–2056. doi: 10.1128/AEM.02294-08

Xu, Y., Wang, G., Jin, J., Liu, J., Zhang, Q., and Liu, X. (2009). Bacterial

communities in soybean rhizosphere in response to soil type, soybean genotype,

and their growth stage. Soil Biol. Biochem. 41, 919–925. doi: 10.1016/j.soilbio.

2008.10.027

Yang, A., Liu, N., Tian, Q., Bai, W., Williams, M., Wang, Q., et al. (2015).

Rhizosphere bacterial communities of dominant steppe plants shift in response

to a gradient of simulated nitrogen deposition. Front. Microbiol. 6:789. doi:

10.3389/fmicb.2015.00789

Yang, C. H., and Crowley, D. E. (2000). Rhizosphere microbial community

structure in relation to root location and plant iron nutritional status.

Appl. Environ. Microbiol. 66, 345–351. doi: 10.1128/AEM.66.1.345-351.

2000

Zhalnina, K., Louie, K. B., Hao, Z., Mansoori, N., Da Rocha, U. N., Shi, S., et al.

(2018). Dynamic root exudate chemistry and microbial substrate preferences

drive patterns in rhizosphere microbial community assembly.Nat. Microbiol. 3,

470–480. doi: 10.1038/s41564-018-0129-3

Zhang, N. N., Sun, Y. M., Li, L., Wang, E. T., Chen, W. X., and Yuan, H. L. (2010).

Effects of intercropping and Rhizobium inoculation on yield and rhizosphere

bacterial community of faba bean (Vicia faba L.). Biol. Fertil. Soils 46, 625–639.

doi: 10.1007/s00374-010-0469-5

Zhang, Y., Gao, X., Shen, Z., Zhu, C., Jiao, Z., Li, R., et al. (2019). Pre-colonization

of PGPR triggers rhizosphere microbiota succession associated with crop

yield enhancement. Plant Soil 439, 553–567. doi: 10.1007/s11104-019-04

055-4

Zhang, Y. Z., Wang, E. T., Li, M., Li, Q. Q., Zhang, Y. M., Zhao, S. J., et al.

(2011). Effects of rhizobial inoculation, cropping systems and growth stages

on endophytic bacterial community of soybean roots. Plant Soil 347, 147–161.

doi: 10.1007/s11104-011-0835-6

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest. A patent has been granted on P. fluorescens LBUM677

and its use to enhance total lipid and SDA yields in an oilseed crop (US patent

10,165,743).

Copyright © 2020 Jiménez, Novinscak and Filion. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice. No

use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 15 October 2020 | Volume 11 | Article 569366

https://doi.org/10.1128/AEM.67.8.3418-3425.2001
https://doi.org/10.1128/AEM.67.8.3418-3425.2001
https://doi.org/10.1094/PHYTO-06-16-0247-R
https://doi.org/10.3389/fpls.2019.01741
https://doi.org/10.3389/fpls.2019.01741
https://doi.org/10.1007/978-3-642-20332-9
https://doi.org/10.1007/978-3-642-20332-9
https://doi.org/10.1073/pnas.1302837110
https://doi.org/10.1073/pnas.1302837110
https://doi.org/10.1128/mSystems.00091-16
https://doi.org/10.1007/s11103-015-0337-7
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1016/j.molp.2019.05.006
https://doi.org/10.1094/PBIOMES-03-18-0013-R
https://doi.org/10.1094/PBIOMES-03-18-0013-R
https://doi.org/10.1007/s00122-012-1977-5
https://doi.org/10.1007/s00122-012-1977-5
https://doi.org/10.1093/jxb/eraa111
https://doi.org/10.1111/plb.12351
https://doi.org/10.1111/plb.12351
https://doi.org/10.1007/s00253-007-0945-5
https://doi.org/10.1007/s00253-007-0945-5
https://doi.org/10.3389/fmicb.2014.00064
https://doi.org/10.3389/fmicb.2014.00064
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1038/ncomms12151
https://doi.org/10.1038/ncomms12151
https://doi.org/10.33073/PJM-2019-023
https://doi.org/10.1128/AEM.02294-08
https://doi.org/10.1016/j.soilbio.2008.10.027
https://doi.org/10.1016/j.soilbio.2008.10.027
https://doi.org/10.3389/fmicb.2015.00789
https://doi.org/10.3389/fmicb.2015.00789
https://doi.org/10.1128/AEM.66.1.345-351.2000
https://doi.org/10.1128/AEM.66.1.345-351.2000
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1007/s00374-010-0469-5
https://doi.org/10.1007/s11104-019-04055-4
https://doi.org/10.1007/s11104-019-04055-4
https://doi.org/10.1007/s11104-011-0835-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Inoculation With the Plant-Growth-Promoting Rhizobacterium Pseudomonas fluorescens LBUM677 Impacts the Rhizosphere Microbiome of Three Oilseed Crops
	Introduction
	Materials and Methods
	Bacterial Inoculum and Seeds
	Growth Chamber Experiment, Rhizosphere Soil Sampling, and DNA Extraction
	PCR Reaction, Illumina MiSeq Sequencing, and Sequence Analysis
	Statistical Analyses

	Results
	Sequencing Results and Diversity Metrics Effects
	Differentially Abundant Bacteria Across Samples
	Predicted Genome Functions

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


