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ABSTRACT
The common bean (Phaseolus vulgaris L.) is the most important grain legume in the
human diet with an essential role in sustainable agriculture mostly based on the
symbiotic relationship established between this legume and rhizobia, a group of
bacteria capable of fixing atmospheric nitrogen in the roots nodules. Moreover,
root-associated bacteria play an important role in crop growth, yield, and quality
of crop products. This is particularly true for legume crops forming symbiotic
relationships with rhizobia, for fixation of atmospheric N2. The main objective of this
work is to assess the substrate and genotype effect in the common bean (Phaseolus
vulgaris L.) root bacterial community structure. To achieve this goal, we applied
next-generation sequencing coupled with bacterial diversity analysis. The analysis of
the bacterial community structures between common bean roots showed marked
differences between substrate types regardless of the genotype. Also, we were able to
find several phyla conforming to the bacterial community structure of the common
bean roots, mainly composed by Proteobacteria, Actinobacteria, Bacteroidetes,
Acidobacteria, and Firmicutes. Therefore, we determined that the substrate type was
the main factor that influenced the bacterial community structure of the common
bean roots, regardless of the genotype, following a substrate-dependent pattern.
These guide us to develop efficient and sustainable strategies for crop field
management based on the soil characteristics and the bacterial community that it
harbors.

Subjects Agricultural Science, Biodiversity, Bioinformatics, Microbiology, Plant Science
Keywords Bacterial community structure, Growth substrates, Next-generation sequencing,
Root inner bacteria, Root genotype

INTRODUCTION
Plants have evolved with an overabundance of microorganisms having important
functions supporting plant growth and health. Since the first agricultural revolution,
humans have domesticated a considerable number of plant species with desirable traits,
and the careful breeding of high yielding genotypes. Furthermore, the transition from food
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gathering to farming has hindered beneficial interactions between plants and microbes.
For example, constant nitrogen fertilization has resulted in the loss of soil microbial
diversity due to the evolution of less-mutualistic rhizobia (Pérez-Jaramillo, Mendes &
Raaijmakers, 2016). Nonetheless, plants host a high diversity of microorganisms known
as the plant microbiota (which encompass all microorganisms) (Bulgarelli et al., 2013).
Particularly, land plants host abundant and diverse microbial communities in the
rhizosphere, the area surrounding the plant roots (McNear, 2013). The plants and
microbes may have commensalistic, mutualistic, or even pathogenic relationships, and
some rhizobacteria enter the root and live as endophytes (Buée et al., 2009). Consequently,
rhizobacteria have been linked to soil-borne diseases, resistance to abiotic stresses, the
facility of nutrient acquisition, and they are considered a crucial aspect of the plant’s
performance, growth, survival, and also, are directly influenced by plant root exudates
(rhizodeposition), mucilage, and cellular debris that influences the chemical and physical
composition of the rhizosphere and provides signaling molecules and organic substrates
for microbial growth (Wu et al., 2015; Bulgarelli, 2018).

Also, the genotype of the plant and the type of soil (its edaphic characteristics), influence
the function and metabolic activities of rhizobacteria, as well as the structure of their
communities (Shang et al., 2016). Indeed, the particular bacterial communities present
in the rhizosphere are influenced by the plant species, in a host-dependent way, and
even by the type of cultivars or inbred lines within a single species (Peiffer et al., 2013;
Pérez-Jaramillo, Mendes & Raaijmakers, 2016; Pérez-Jaramillo et al., 2019). Moreover,
several studies have shown that breeding and domestication have altered the interactions
between crops and beneficial microorganisms, such as symbiotic rhizobia associations
of domesticated legumes present a reduced diversity when they are compared to wild
legumes (Mutch & Young, 2004; Lynch et al., 2004). Also, Brisson et al. (2019) have shown
that advances in hybrid development have had a reduction of rhizosphere microbial
communities diversity and also a decrease of network assembly and that the changes in
microbial community recruitment associated with modern breeding may have been
higher than those associated with domestication. Root microbiome composition is also
affected by soil type, soil moisture, soil structure, pH, salinity, and soil organic matter and
exudates. It is essential to bring microbial innovations into practice owing to the exciting
functional potential of the plant microbiome, as well as to the new challenges in crop
production (Compant et al., 2019).

Crop diversification, intercropping, and other cultural practices have been used for
sustainable agricultural production. In recent years, plants have been engineered to, for
example, create enhanced crops. Genetically modified plants can have many valuable
attributes for crop improvement, such as disease or pest resistance, herbicide tolerance,
improved nutritional value, or more significant biofuel potential (Stuart et al., 2010;
Robertson-Albertyn et al., 2017; Garcia Ruiz, Knapp & Garcia-Ruiz, 2018; Wang et al.,
2019a). Several studies indicate that while transgenic plants may affect the rhizosphere
and endophytic microbiome, it is not always the expected result, such as in transgenic rice
and transgenic poplars (Wang et al., 2019a, 2019b). Understanding the interactions
between bacterial communities, their host plants, and soil type will be of great importance
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in future plant breeding programs and plant biotechnology. This knowledge should
facilitate the advancement of novel crop and plant production systems to successfully deal
with harsh environmental conditions, the stress imposed by pests and pathogens, and
limited resource availability. Given the ever-increasing world population, this knowledge
should be of value in our ability to sustain food production (Martin, Uroz & Barker, 2017).

The common bean (Phaseolus vulgaris L.) is the most important grain legume in the
human diet (http://www.fao.org/3/a-av015e.pdf) and has a critical role in sustainable
agriculture. This role is based on the symbiotic relationship between legumes and rhizobia,
a group of bacteria capable of fixing atmospheric nitrogen in the roots nodules
(Crespi & Frugier, 2008). Also, P. vulgaris is recalcitrant to in vitro induction of somatic
embryogenesis and regeneration. However, composite common bean plants, with
wild-type shoots and transgenic hairy roots (composite plants), have been successfully
developed (Estrada-Navarrete et al., 2006, 2007). We used this approach to compare the
effect of common bean (P. vulgaris L.) root genotypes (wild-type and transgenic) and
substrate type (soil and vermiculite) on the assembly of their inner bacterial communities
through 16S rDNA (V3 region) for bacterial diversity analysis. Our main goal was to
establish whether different common bean root genotypes associate, or not, with different
bacterial communities and to show the effect of transgenic hairy roots on their inner
bacterial communities when compared to common bean roots wild-type grown in
different substrate types.

MATERIALS AND METHODS
Plant material and growth conditions
Phaseolus vulgaris L. cultivar Negro Querétaro seeds were surface sterilized with 2% (v/v)
sodium hypochlorite for fifteen minutes. Then, seeds were rinsed five times with sterile
water, placed in sterile plates containing wet paper towels, covered with aluminum foil,
and placed for 3 days at 28 �C in a Percival growth chamber (16 h light; 8 h dark cycle;
Percival Scientific, Perry, IA, USA; Barraza et al., 2018). At the end of this time, the
seedlings were planted in pots containing vermiculite (is an inert and nutrient lack
substrate) or potting soil (is an acid substrate with a minimal nitrogen content) (brand
“Vigoro”; Sulfatos y Derivados S.A., México) and returned to the growth chamber.

Bacterial strains
Competent Agrobacterium rhizogenes strains K599: NCPPB 2659 containing either the
PvTRX1h-asRNA silencing vector (also known as PvTRX1h-RNAi), or the pK7Neg
control expression vector were used to transform the roots of common bean (Phaseolus
vulgaris L.). Control transformations were performed with A. rhizogenes K599 (with no
vector). These bacterial strains have been previously described by Barraza et al. (2018).
Wild-type common bean plants were not treated with A. rhizogenes.

Construction of transgenic hairy root genotypes
A. rhizogenes K599 (without any vector), A. rhizogenes K599 containing the PvTRX1h-
asRNA (RNAi) silencing vector, and the pK7Neg control expression vector were used to
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generate transgenic hairy roots as previously described (Barraza et al., 2015, 2018). In brief,
an A. rhizogenes bacterial suspension was collected in a syringe (Estrada-Navarrete et al.,
2007). Next, the cotyledonary node of 6-day-old seedlings was slightly wound with
the needle tip (four times at different positions around the node) and ~5 � 106 cells/mL of
the inoculum were injected into the wound (Estrada-Navarrete et al., 2007; Barraza et al.,
2018). Fourteen days after infection with A. rhizogenes, transgenic hairy roots were
well developed, and untransformed non-fluorescent hairy roots were cut off (Fig. S1).
The primary root was removed by cutting the stem below where the hairy roots emerged
(Estrada-Navarrete et al., 2007) and the obtained composite plants were placed in 2.3-L
pots containing either potting soil or vermiculite. Common bean roots wild-type (WT)
genotype were not inoculated with A. rhizogenes K599. No bacterial inoculum was
added neither the beginning nor during the study in any of the experimental conditions
(WT or transgenic roots K599, pK7Neg, and RNAi) in soil or vermiculite. All plants were
watered every other day with a Broughton and Dilworth (B&D) solution for 15 days
(Barraza et al., 2015, 2018).

Experimental design
A two-factorial nested (substrate and genotype) design (with five conditions: unplanted
substrate, wild-type roots, transgenic roots K599, transgenic roots pK7Neg, and transgenic
roots RNAi) was used. Three plants represented one biological replicate per experimental
replicate for both common bean composite plants (with transgenic hairy roots) and
for common bean wild-type plants (roots without any genetic modification). Three
biological replicates were employed per experimental replicate, and three experimental
(n = 3) replicates were conducted (Fig. 1). In total 45 pots were employed per substrate
(soil and vermiculite). For both substrates, we used 90 pots, of which 30 experimental
samples were processed for total DNA extraction for next-generation sequencing.

Extraction of total DNA
At harvest after 15 days, the plants of each pot (Fig. 1) were removed, and the substrate
(vermiculite or soil) shaken off from the roots. The root system was rinsed with sterile
de-ionized water. The WT roots and transgenic roots were collected, pooled, frozen in
liquid nitrogen, and stored at −80 �C. All experiments were performed in triplicate per
treatment (each replicate containing fully grown hairy roots samples from three different
pots per treatment). Samples (5 g) of the unplanted substrate (soil or vermiculite) were also
collected and stored at −80 �C.

The total DNA from the roots and unplanted growth substrate was extracted
(transgenic hairy roots, WT roots, and unplanted substrates) according to the procedure of
Caamal-Chan et al. (2019) with some modifications. In brief, roots or substrates were
ground in liquid nitrogen. Five grams of each sample (roots or unplanted growth
substrates) were transferred to 15-mL tubes and suspended in 10 mL of ice-cold lysis buffer
(2% CTAB (w/v), 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl pH 8.0, 0.2% (v/v)
β-mercaptoethanol, and proteinase K) (Chen et al., 2015; Caamal-Chan et al., 2019).
The samples (roots or unplanted growth substrates) were incubated at 50 �C for 30 min
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Figure 1 Schematic experimental representation applied in this study. For three biological replicates
by three experimental replicates (n = 3 × 3). (A) Wild-type common bean plants; (B) composite common
bean plants (untransformed shoot with transgenic hairy roots); (C) composite common bean plants,
wild-type common bean plants in soil substrate, and unplanted soil substrate; (D) composite common
bean plants, wild-type common bean plants in vermiculite substrate, and unplanted vermiculite sub-
strate; (E) experimental replicates criteria. Full-size DOI: 10.7717/peerj.9423/fig-1
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with occasional shaking; then, they were incubated for 72 h at room temperature and were
centrifugated for 2 min at 5,000×g’s in a microcentrifuge; the supernatant was transferred
to a new 15 mL tube. For DNA extraction, one volume of phenol:chloroform:isoamyl
alcohol (25:24:1) was added, then the samples were centrifugated for 15 min at 12,000�g’s.
After the ethanol precipitation, DNA was resuspended in 100 µL of TE buffer (pH 8.0).
The total DNA was treated with RNase A (10 mg/mL¸ Promega, Madison, WI, USA)
at 37 �C for 30 min. DNA integrity was analyzed by agarose gel electrophoresis and
its purity (λ 260 nm/280 nm ratio) and quantity assessed with a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). All DNA samples
were stored at −20 �C.

PCR amplification, sequencing, and community analyses
The V3 region of the bacterial 16S rDNA was amplified by PCR (35 cycles) using the
primers V3-338f and V3-533r with Illumina adapters and sample-specific tags; indices
were also added, following the manufacturer’s recommendations (Illumina, San Diego,
CA, USA). The V3 amplicons were quantified using a Qubit (Thermo Fisher Scientific,
Waltham, MA, USA) for equimolar sample pooling (1.5 pM). Sequencing reads were
generated using the 2 × 150 (300 cycles) for the base-read length chemistry of the Illumina
MiniSeq platform. After quality filtering (Q ≥ 33) using the modified-Mott algorithm, the
reads were pair-end assembled in BBmerge (Ewing et al., 1998; Ewing & Green, 1998;
Kearse et al., 2012; Bushnell, Rood & Singer, 2017). The paired-end-merged reads were then
de novo clustered with the Geneious Assembler with a minimum identity of 98%, and both
contigs and unassembled reads were compared against the non-redundant nucleotide
collection (“nr/nt”) GenBank database using Megablast (Randle-Boggis et al., 2016).
Megablast results were used to create a curated database specific for each substrate and
genotype (Soil: 1-3; Vermiculite: 1-3; WT roots in soil: WTs1-3; WT roots in vermiculite:
WTv1-3; K599 roots in soil: K599s1-3; K599 roots in vermiculite: K599v1-3; pK7Neg
roots in soil: pK7NegS1-3; pK7Neg roots in vermiculite: pK7NegV1-3; PvTRX1h-asRNA
roots in soil: RNAiS1-3; PvTRX1h-asRNA roots in vermiculite: RNAiV1-3; see Fig. 1).
The sequence reads of each sample were compared with the created database using
Sequence Classifier, with a minimum of 99% identity for species’ taxonomic assignation,
to finally obtain the table of operational taxonomic units (OTUs) in Geneious Prime
v2019.2.1 (www.geneious.com). For data normalization, the frequency of best hits to
each individual taxon for each metagenome was divided by the total number of hits
per sample. We estimated the Chao1, Shannon, and Simpson (alpha) diversity indices
with the package “vegan” and carried out the inter- and extrapolation analysis for such
diversity indices with “iNEXT” function (order (q) set to 0, 1, and 2, respectively) of the
package ‘iNEXT’. PERMANOVA statistical analysis was performed with the “adonis”
function of the package “iNEXT” (Oksanen et al., 2014;Hsieh, Ma & Chao, 2016; Junqueira
et al., 2017), and one-way ANOVA tests were carried out followed by Tukey post hoc test
with the “TukeyHSD” function. Bray-Curtis distance was calculated using the “vegdist”
function; as well as non-metric multidimensional scaling analysis, with the “metaMDS”
function, coupled with a constrained correspondence analysis (CCA) and a distance-based
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redundancy analysis (dbRDA), with the “capscale” and “dbrda” functions, respectively,
of the package “vegan” (Oksanen et al., 2014; Coleman-Derr et al., 2016; Castañeda &
Barbosa, 2017; Pavloudi et al., 2017). The differentially abundant OTUs (DAOTUs;
acquired with the DESeq2 package) as a function of root genotype (WT, K599, pK7Neg,
and RNAi) were determined by fitting a generalized linear model (GLM) with a negative
binomial distribution (Love, Huber & Anders, 2014). Likelihood ratio tests and contrast
analyses were performed on the fitted GLM to identify DAOTUs. The OTUs counts
from WT roots were used as the control, and compared with those of the transgenic roots
(K599, pK7Neg, and RNAi) by contrast analyses. The significance levels were adjusted
using the Benjamin-Hochberg false discovery rate correction (P < 0.05) (Poudel et al.,
2019). General community profiles were constructed using OTUs labeled at the phylum
level and visualized in a bar plot graph.

RESULTS
Next-generation sequencing metrics and overall bacterial community
structures in common bean roots
From all samples sequenced, 2,063,426 reads were generated, and after processing, we held
with 795,463 high-quality pair-end-assembled reads, we analyzed only those 645,916
reads that could be assigned to bacteria, based on comparisons with the entries in the
non-redundant GenBank nucleotide database. From all reads, 18.3% were excluded due
to an apparent origin from eukaryotes and 0.5% because they could not be assigned to
any taxon (Fig. S2), and the mean value of Good’s coverage for all sample reads was
99.3% ± 0.46% (sequencing effort). Of the bacterial reads, we obtained 13,793 OTUs by
similarity clustering at 99% nucleotide identity and 9,711 OTUs after excluding singletons
within each sample. The latter’s occurrence and prevalence were used after rarefaction
sampling curves (all OTUs and at Genus taxonomic rank) to calculate and develop the
graphical and statistical analysis the bacterial alpha- and beta-diversity (Fig. S3A).

The resulting OTUs abundance of this study revealed an unexpectedly high diversity
of bacteria that assemble the bacterial communities inside the roots of the common bean
for all genotypes. At the phylum level, Proteobacteria (55.6–98.72%) was the most
abundant phylum for all samples, followed by Actinobacteria (0.17–27.11%), Firmicutes
(0.02–26.8%), Bacteroidetes (0.95–7.39%), Acidobacteria (0.007–4.44%), and Tenericutes
(0–9.44%) (Fig. 2A). The Proteobacteria in the soil was less abundant than in the
vermiculite and there were more Actinobacteria in soil than vermiculite. The most
abundant genera were Rhizobium (0.33–47.23%), Novosphingobium (0.30–47.15%),
Ralstonia (0.01–13.96%), Enterobacter (0–29.64%), Methylophilus (0.05–18.21%),
Sphingomonas (0.04–8.29%), Hydrocarboniphaga (0.002–27.8%), Mesorhizobium
(0.08–10.35%), Streptomyces (0.0008–3.14%), Flavobacterium (0.01–4.18%),
Bradyrhizobium (0.38–2.04%), and Methylobrevis (0.006–3.61%) (Fig. 2B). Based on
the relative abundance of the bacteria from soil and vermiculite conditions, the bacterial
communities present were taxonomically diverse at the genus level. Rhizobia were also
more abundant when the common bean roots were raised in vermiculite than soil. A large

Barraza et al. (2020), PeerJ, DOI 10.7717/peerj.9423 7/19

http://dx.doi.org/10.7717/peerj.9423/supp-2
http://dx.doi.org/10.7717/peerj.9423/supp-3
http://dx.doi.org/10.7717/peerj.9423
https://peerj.com/


proportion of bacteria in the substrates were of low abundance (<1%) and thus assigned as
“others” (Fig. 2B).

Estimations of bacterial diversity in common bean roots
To determine the bacterial taxonomic diversity, richness, and evenness of the bacterial
communities within each common bean root genotype grown in two different substrates
(soil and vermiculite), alpha diversity indices were calculated (Chao1, Shannon, and
Simpson indices). Furthermore, to determine the effects of substrate type, endophytic root

S
oi

l1

S
oi

l2

S
oi

l3

W
T

s1

W
T

s2

W
T

s3

K
59

9s
1

K
59

9s
2

K
59

9s
3

pK
7N

eg
S

1

pK
7N

eg
S

2

pK
7N

eg
S

3

R
N

A
iS

1

R
N

A
iS

2

R
N

A
iS

3

V
er

m
ic

ul
ite

1

V
er

m
ic

ul
ite

2

V
er

m
ic

ul
ite

3

W
T

v1

W
T

v2

W
T

v3

K
59

9v
1

K
59

9v
2

K
59

9v
3

pK
7N

eg
V

1

pK
7N

eg
V

2

pK
7N

eg
V

3

R
N

A
iV

1

R
N

A
iV

2

R
N

A
iV

3

S
oi

l1

S
oi

l2

S
oi

l3

W
T

s1

W
T

s2

W
T

s3

K
59

9s
1

K
59

9s
2

K
59

9s
3

pK
7N

eg
S

1

pK
7N

eg
S

2

pK
7N

eg
S

3

R
N

A
iS

1

R
N

A
iS

2

R
N

A
iS

3

V
er

m
ic

ul
ite

1

V
er

m
ic

ul
ite

2

V
er

m
ic

ul
ite

3

W
T

v1

W
T

v2

W
T

v3

K
59

9v
1

K
59

9v
2

K
59

9v
3

pK
7N

eg
V

1

pK
7N

eg
V

2

pK
7N

eg
V

3

R
N

A
iV

1

R
N

A
iV

2

R
N

A
iV

3
0

0

0

0

0

0

S
oi

l1

S
oi

l2

S
oi

l3

W
T

s1

W
T

s2

W
T

s3

K
59

9s
1

K
59

9s
2

K
59

9s
3

pK
7N

eg
S

1

pK
7N

eg
S

2

pK
7N

eg
S

3

R
N

A
iS

1

R
N

A
iS

2

R
N

A
iS

3

V
er

m
ic

ul
ite

1

V
er

m
ic

ul
ite

2

V
er

m
ic

ul
ite

3

W
T

v1

W
T

v2

W
T

v3

K
59

9v
1

K
59

9v
2

K
59

9v
3

pK
7N

eg
V

1

pK
7N

eg
V

2

pK
7N

eg
V

3

R
N

A
iV

1

R
N

A
iV

2

R
N

A
iV

3

0

20

40

60

80

100

0

20

40

60

80

100

R
el

at
iv

e 
A

b
un

d
an

ce
 (%

)
R

el
at

iv
e 

A
b

un
d

an
ce

 (%
)

Occalatibacter
Mycolicibacterium
Nocardia
Rhodococcus
Arthrobacter
Actinocatenispora
Kribbella
Nocardioides
Amycolatopsis
Pseudonocardia
Streptacidiphilus
Streptomyces
Filimonas
Flavobacterium
Mucilaginibacter
Prochlorothrix
Cohnella
Paenibacillus
Aquidulcibacter
Caulobacter
Phenylobacterium
Bradyrhizobium
Blastochloris
Devosia
Methylobrevis
Chelativorans
Mesorhizobium
Rhizobium
Azospirillum
Reyranella
Erythrobacter
Novosphingobium
Sphingomonas
Burkholderia
Paraburkholderia
Ralstonia
Acidovorax
Pelomonas
Mitsuaria
Massilia
Methylophilus
Enterobacter
Hydrocarboniphaga
Rhodanobacter
Xanthomonas
Others

Acidobacteria
Actinobacteria
Armatimonadetes
Bacteroidetes

Cyanobacteria
Firmicutes
Gemmatimonadetes
Planctomycetes
Proteobacteria
Tenericutes
Verrucomicrobia
Others

Phylum

Genus

a)

b)

Figure 2 Profiles of the bacterial communities in soil and vermiculite and associated with roots of common bean (P. vulgaris L.) at the phylum
and genus level, based on operational taxonomic units (OTUs). (A) Bacterial community profiles at the phylum level. (B) Bacterial community
profiles at the genus level. OTUs with relative sequence abundances <1% are summed as “others” (Soil1-3, without plants; Vermiculite1-3, without
plants; WTs1-3, wild-type roots grown in soil; WTv1-3, WT roots grown in vermiculite; K599s1-3, K599 roots grown in soil; K599v1-3, K599 roots
grown in vermiculite; pK7NegS1-3, pK7Neg roots grown in soil; pK7NegV1-3, pK7Neg roots grown in vermiculite; RNAiS1-3, PvTRX1h-asRNA
roots grown in soil; RNAiV1-3, PvTRX1h-asRNA roots grown in vermiculite). Full-size DOI: 10.7717/peerj.9423/fig-2
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compartment, and root genotype, on the diversity indices, two-way ANOVA followed
with a Tukey test were performed. The bacterial communities of common bean roots
assessed between those from the soil and those from vermiculite showed significant
differences for all indices (P = 8.47 × 10−7, P = 1.51 × 10−6, P = 1.54 × 10−4, respectively),
except for the evenness (Simpson index) (P = 0.379) (Fig. 3A). Moreover, we assessed
the effect of genotype on diversity indices of the root-associated bacterial communities
from transgenic roots (K599, pK7Neg, and RNAi) and WT roots without significant
differences (P = 0.0955, P = 0.147, P = 0.195, P = 0.365, respectively). Also, after assessing
the diversity (Chao1), richness (Shannon), and evenness (Simpson) indices via rarefaction
(interpolation) and extrapolation (R/E) sampling curves analysis, the estimation of
Chao1 (order q = 0), Shannon (order q = 1), and Simpson (order q = 2) indices clearly
showed significant differences due to the substrate type (Fig. 3B). Next, rarefaction

Figure 3 Alpha diversity of bacterial communities in soil and vermiculite and associated with roots of common bean (P. vulgaris L.).
(A) Observed OTUs, (B) Chao1 index, (C) Shannon Index, (D) Simpson index, (E) Chao1 index estimations (q = 0), (F) Shannon index estima-
tions (q = 1), (g) Simpson index estimations (q = 2) through rarefaction (interpolation) and extrapolation (R/E) sampling curves (refer to Fig. 2 for
the explanations of the abbreviations). Statistical significance was determined with a two-way ANOVA followed with a Tukey’s test. Means with the
same letter are not statistically different. Full-size DOI: 10.7717/peerj.9423/fig-3
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sampling curves estimated for all OTUs and at the genus level showed the same behavior;
that is, differences due to the substrate type (Figs. S3A and S3B). Furthermore, a
completeness analysis showed that full coverage for all samples was reached below
10,000 reads (Fig. S4A); and coverage analysis for all indices was reached before the
extrapolation estimation for all samples (Fig. S4B), which indicates that the differences
were not due to a sample size effect.

Effect of substrate type in common bean roots bacterial communities
clustering
A comparative analysis of the common bean roots OTUs shared between all genotypes,
shown that a high proportion of OTUs was shared between all root genotypes either for
common bean roots grown in soil (67.5%) or common bean roots grown in vermiculite
(48.1%). That is, 1,086 OTUs were shared in common bean roots grown in soil, and
583 OTUs were shared in common bean roots grown in vermiculite between all genotypes
compared (Fig. 4A). Then, we proceeded to compare the common bean root WT genotype
with each common bean root transgenic genotype, grown in soil and vermiculite
independently. We found that 50% to 60% of the common bean roots OTUs were
shared between common bean roots WT and each common bean root transgenic genotype
grown in soil (Fig. 4B), and 32% to 40% of the common bean roots OTUs were shared
between common bean roots WT and each common bean root transgenic genotype grown
in vermiculite (Fig. 4C). Interestingly, a half (51.3%) of the common bean roots OTUs were
shared between soil and vermiculite regardless of the genotype (Fig. 4D).

The bacterial communities of the common bean roots for all genotypes were clustered in
two distinct groups according to the type of substrate in which the common bean roots
were grown (Fig. 5). The bacterial communities in the unplanted substrates were both
distinct from those inside the common bean roots grown in these same substrates.
Also, the clustering results for the PCoA, PCA, NMDS, CCA, and dbRDA analyses showed
that the bacterial communities from the common bean roots were clustered according to
the type of substrate and independently of the genotype, and also were similar to those
observed in the hierarchical clustering analysis: there were two distinct clusters according
to the type of substrate (Figs. S5A–S5E).

The results from the PERMANOVA analysis indicated that the type of substrate was the
main factor influencing the bacterial community structures in the common bean roots
(R2 = 0.354, P = 0.001) and that the root genotype did not have a significant effect
(R2 = 0.200, P = 0.592). Furthermore, the ANOSIM analysis also revealed that the substrate
type influences the bacterial community structures (P = 0.005) (Fig. S3C). Also, the
PERMANOVA analysis for the interaction substrate:genotype (R2 = 0.228, P = 0.042)
showed that the substrate was the main factor influencing the common bean roots bacterial
community structures regardless of the root genotype (R2 = 0.201, P = 0.066) (Fig. S3D).

Finally, we proceeded to analyze the differential abundance of common bean roots
OTUs for all genotypes (WT and transgenics). The analysis for differential abundance
between each common bean roots transgenic (K599, pK7Neg, RNAi) genotype and the
common bean roots WT genotype per substrate independently, showed that there were
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Figure 4 Venn diagrams for OTUs shared among genotypes (transgenics and WT), for both
substrates (soil and vermiculite). (A) OTUs shared among all genotypes (WT, K599, pK7Neg, and
RNAi) in soil; (B) OTUs shared among all genotypes (WT, K599, pK7Neg, and RNAi) in vermiculite;
(C) OTUs shared between K599 transgenic roots and WT roots in soil; (D) OTUs shared between
pK7Neg transgenic roots andWT roots in soil; (E) OTUs shared between RNAi transgenic roots andWT
roots in soil. (F) OTUs shared between K599 transgenic roots and WT roots in vermiculite; (G) OTUs
shared between pK7Neg transgenic roots and WT roots in vermiculite; (H) OTUs shared between RNAi
transgenic roots and WT roots in vermiculite. (I) OTUs shared between common bean roots (WT, K599,
pK7Neg, and RNAi) in soil and in vermiculite substrates. Full-size DOI: 10.7717/peerj.9423/fig-4
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slight differences in the number of DAOTUs. The enriched OTUs for K599, pK7Neg,
and RNAi roots were 1 (Blastocatellia, enriched), 2 (Enterobacter, enriched; Mitsuaria,
depleted), and 1 (Mitsuaria, depleted), which represent 0.05%, 0.1%, and 0.05% of the
OTUs analyzed, respectively (Figs. S6A–S6C). In RNAi, the more abundant DAOTUs
were Mucilaginibacter, Cohnella, Paenibacillus glycanilyticus; and eight that were less
abundant: Aquidulcibacter, Rhizobium esperanzae, Novosphingobium guangzhouense,
Burkholderiales, Acidovorax, Pelomonas puraquae, Mitsuaria, and Mycoplasmataceae
(representing 0.55% of OTUs analyzed; Fig. S6D). Thus, the limited number of
significantly different DAOTUs between all common bean roots genotypes (WT and
transgenics) might support why the root genotype is not an influential factor in the
structures of the bacterial communities.

DISCUSSION
The rhizosphere around plant roots contains a high diversity of microorganisms.
The plants, through their roots, interact with the microorganism of the rhizosphere,
and plant physiology may alter the soil-associated microorganisms and vice versa.
The understanding of these interactions seems an essential aspect of the future
development of agriculture (Lee et al., 2011; Garcia Ruiz, Knapp & Garcia-Ruiz, 2018). It is
thus essential to compare the bacterial diversity in the rhizospheres surrounding the roots
of genetically modified and non-genetically modified plants, as well as the bacterial
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diversity in the endophytic compartments of these last. The first step is to assess the
bacterial community assembly to determine whether the bacterial communities of open
environments, such as agricultural soils, can induce changes into the endophytic
compartments of transgenic plant material (Sahoo & Tuteja, 2013).

The common bean roots colonization studies were restricted only for microorganism
symbionts, specifically rhizobia, using gene-specific markers (GFP or DsRed) in these
bacterial organisms, and then coupled with the common bean transgenic hairy roots
model (Estrada-Navarrete et al., 2006, 2007; Barraza et al., 2015; Estrada-Navarrete et al.,
2016). This approach was used to characterize nodule development from the early
stages of root colonization up to functional aspects of symbioses, but it has been restricted
only to Rhizobium-related species (Barraza et al., 2015; Estrada-Navarrete et al., 2016).
Moreover, several studies have characterized the microbiome structures of legume nodules
with a wide range of approaches, including fully sequencing 16S rDNA and other
housekeeping genes, restriction fragment length polymorphism (RFLP) profiling, and
next-generation sequencing (454-pyrosequencing platform and Illumina platforms;
Yan et al., 2014; Naamala, Jaiswal & Dakora, 2016; Lu et al., 2017; Leite et al., 2017;
Sharaf et al., 2019). Those studies applying next-generation sequencing, coupled with
bacterial diversity analysis, has been an excellent approach to characterize the bacterial
community structures in the legume nodules. We have undertaken the first step in the
common bean root bacterial community structure characterization, selecting the common
bean transgenic hairy root model to assess the effect of the root genotype and the impact of
two different substrates on bacterial community structure.

Based on our results, we found that the bacterial community structures of the
common bean roots were affected mostly by the substrate, rather than by the root genotype
(WT or transgenic); since the bacterial community structure showed a differential
assembly for each substrate. For roots grown in soil substrate, the dominant phylum
was Proteobacteria, and the second most abundant phyla were Actinobacteria and
Acidobacteria. Whereas for roots grown in vermiculite substrate, the dominant
phylum was also Proteobacteria, but in higher proportion than in roots grown in soil,
and the second most abundant phyla were Bacteroidetes and Firmicutes (Fig. 2).
This bacterial assembly distribution was in accordance with other reports in legume plants
for which those phyla were found, with a substrate-dependent differential distribution
(Heuer et al., 2002; Sahoo & Tuteja, 2013; Leite et al., 2017; Lu et al., 2017; Sharaf et al.,
2019).

Interestingly, we determined an unexpected higher bacterial diversity (observed OTUs
and Chao1 index) for common bean roots, either WT or transgenic, compared with
substrate either for both soil and vermiculite, suggesting an enrichment phenomenon of
bacteria from the substrate inside the common bean roots, but the richness was quite
similar (Fig. 3). This phenomenon might be explained by the fact that vermiculite is an
inert and nutrient lack substrate (which makes it ideal for experimental assessment in
controlled conditions, as we applied in this study). Potting soil has a low pH (acid) and also
has a minimal nitrogen content (which provides the environmental and controlled
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conditions to ensure the bacterial colonization into the common bean roots either WT or
transgenic). This enrichment phenomenon was similar to which observed between several
common bean roots accessions and bulk native soil (Pérez-Jaramillo et al., 2019). Both
substrates soil and vermiculite did not interact with common bean roots, neither WT nor
transgenic at any time. However, we were able to determine a substrate-dependent and
genotype-independent diversity, richness, and evenness distribution that was even more
discrete applying inter- and extrapolation (R/E) sampling curves (for all OTUs and at
Genus taxonomic rank level) (Fig. 3B), and applying PERMANOVA and ANOSIM
analysis. The high proportion of OTUs shared (~70% in soil, and ~50% in vermiculite)
between all common bean root genotypes (WT and transgenics) (Fig. 4). The hierarchical
clustering and bi-clustering (heatmap) analyzes of the Bray-Curtis dissimilarity distance
matrix (Fig. 5) and the dimensionality reduction or clustering analyzes (PCoA, PCA,
NMDS, CCA, and dbRDA) (Fig. S5) showed the same trend: a substrate-dependent
distribution of the bacterial community structures of the common bean roots. And finally,
the differential abundance of OTUs (DAOTUs) contrasting analyzes between WT and
each transgenic genotype per substrate (<1%) also support the genotype-independent
distribution of the bacterial community structures (Fig. S6). The WT and transgenic
roots genotypes showed a highly similar bacterial communities with small variations.
Altogether, the common bean root genotypes did not have a significant influence on
the root inner bacterial community structures and strongly suggest that the substrate,
which is the main source of nutrients for both the bacterial organisms and plants, is the
main factor that shapes the root inner bacterial community. This is a similar conclusion
reached for previous reports in P. vulgaris and another legume (Leite et al., 2017;
Pérez-Jaramillo et al., 2017, 2019).

CONCLUSIONS
The bacterial community structures of common bean roots with four different genotypes
were characterized, and all root genotypes showed a direct and significative effect of
the substrate type where those roots were grown. This gave rise to suggest that the
distribution of the bacterial community structures in this plant organ was modeled
following a substrate-dependent pattern. Interestingly, the common bean root genotype
did not play as a significant factor that might influence on to the distribution of the
bacterial community structures. These give us the guidance to develop efficient, low cost,
and ecofriendly biofertilizers with bacterial consortia based on the physicochemical
features and nutrient availability of the substrate to enhance the crop production and
reduce the environmental impact by decreasing the agrochemical usage in the crop fields.

ACKNOWLEDGEMENTS
The authors thank Bruno Gomez-Gil for 16S V3 rDNA next-generation sequencing at
Laboratorio de Genómica Microbiana, CIAD-Mazatlán, México. We also thank Andrea
Murillo-Gallo for critical reviewing of this manuscript, and José Luis Hernández-Chávez
and Biotechnologika A2 for technical assistance.

Barraza et al. (2020), PeerJ, DOI 10.7717/peerj.9423 14/19

http://dx.doi.org/10.7717/peerj.9423/supp-5
http://dx.doi.org/10.7717/peerj.9423/supp-6
http://dx.doi.org/10.7717/peerj.9423
https://peerj.com/


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by CONACYT-México through financial support to CIBNOR
and to Aarón Barraza, and by a CONACYT-México grant (CB2015/257129) to Raúl
Alvarez-Venegas. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
CONACYT-México.
CONACYT-México: CB2015/257129.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Aarón Barraza conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the paper, and approved the final
draft.

� Juan Carlos Vizuet-de-Rueda performed the experiments, prepared figures and/or
tables, and approved the final draft.

� Raúl Alvarez-Venegas conceived and designed the experiments, analyzed the data,
prepared figures and/or tables, authored or reviewed drafts of the paper, and approved
the final draft.

Data Availability
The following information was supplied regarding data availability:

Sequences are available at NCBI BioProject: PRJNA552113.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.9423#supplemental-information.

REFERENCES
Barraza A, Luna-Martínez F, Chávez-Fuentes JC, Álvarez-Venegas R. 2015. Expression profiling

and down-regulation of three histone lysine methyltransferase genes (PvATXR3h, PvASHH2h,
and PvTRX1h) in the common bean. Plant Omics J 8:429–440.

Barraza A, Coss-Navarrete EL, Vizuet-de-Rueda JC, Martínez-Aguilar K,
Hernández-Chávez JL, Ordaz-Ortiz JJ, Winkler R, Tiessen A, Alvarez-Venegas R. 2018.
Down-regulation of PvTRX1h increases nodule number and affects auxin, starch, and metabolic
fingerprints in the common bean (Phaseolus vulgaris L.). Plant Science 274:45–58
DOI 10.1016/j.plantsci.2018.05.006.

Barraza et al. (2020), PeerJ, DOI 10.7717/peerj.9423 15/19

http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA552113
http://dx.doi.org/10.7717/peerj.9423#supplemental-information
http://dx.doi.org/10.7717/peerj.9423#supplemental-information
http://dx.doi.org/10.1016/j.plantsci.2018.05.006
http://dx.doi.org/10.7717/peerj.9423
https://peerj.com/


Brisson VL, Schmidt JE, Northen TR, Vogel JP, Gaudin ACM. 2019. Impacts of maize
domestication and breeding on rhizosphere microbial community recruitment from a nutrient
depleted agricultural soil. Scientific Reports 9(1):15611 DOI 10.1038/s41598-019-52148-y.

Buée M, De Boer W, Martin F, Van Overbeek L, Jurkevitch E. 2009. The rhizosphere zoo: an
overview of plant-associated communities of microorganisms, including phages, bacteria,
archaea, and fungi, and of some of their structuring factors. Plant and Soil 321(1–2):189–212
DOI 10.1007/s11104-009-9991-3.

Bulgarelli D, Schlaeppi K, Spaepen S, Ver Loren van Themaat E, Schulze-Lefert P. 2013.
Structure and functions of the bacterial microbiota of plants. Annual Review of Plant Biology
64(1):807–838 DOI 10.1146/annurev-arplant-050312-120106.

Bulgarelli D. 2018. How manipulating the plant microbiome could improve agriculture.
The Scientist. Available at https://www.the-scientist.com/features/how-manipulating-the-plant-
microbiome-could-improve-agriculture-30124 (accessed 1 February 2018).

Bushnell B, Rood J, Singer E. 2017. BBmerge: accurate paired shotgun read merging via overlap.
PLOS ONE 12(10):e0185056 DOI 10.1371/journal.pone.0185056.

Caamal-Chan MG, Loera-Muro A, Castellanos T, Aguilar-Martínez CJ, Marfil-Santana MD,
Barraza A. 2019. Analysis of the bacterial communities and endosymbionts of natural
populations of Bemisia tabaci in several crop fields from Mexico semi-arid zone.
Annals of Microbiology 69(9):909–922 DOI 10.1007/s13213-019-01483-6.

Castañeda LE, Barbosa O. 2017. Metagenomic analysis exploring taxonomic and functional
diversity of soil microbial communities in Chilean vineyards and surrounding native forests.
PeerJ 5(1–2):e3098 DOI 10.7717/peerj.3098.

Chen W, Hasegawa D, Arumuganathan K, Simmons AM, Wintermantel WM, Fei Z, Ling KS.
2015. Estimation of the whitefly Bemisia tabaci genome size based on k-mer and flow cytometric
analyses. Insects 6(3):704–715 DOI 10.3390/insects6030704.

Coleman-Derr D, Desgarennes D, Fonseca-Garcia C, Gross S, Clingenpeel S, Woyke T,
North G, Visel A, Partida-Martinez LP, Tringe SG. 2016. Plant compartment and
biogeography affect microbiome composition in cultivated and native Agave species.
New Phytologist 209(2):798–811 DOI 10.1111/nph.13697.

Compant S, Samad A, Faist H, Sessitsch A. 2019. A review on the plant microbiome: ecology,
functions, and emerging trends in microbial application. Journal of Advanced Research 19:29–37
DOI 10.1016/j.jare.2019.03.004.

Crespi M, Frugier F. 2008. De novo organ formation from differentiated cells: root nodule
organogenesis. Science Signaling 1(49):re11 DOI 10.1126/scisignal.149re11.

Estrada-Navarrete G, Alvarado-Affantranger X, Olivares JE, Díaz-Camino C, Santana O,
Murillo E, Guillén G, Sánchez-Guevara N, Acosta J, Quinto C, Li D, Gresshoff PM,
Sánchez F. 2006. Agrobacterium rhizogenes transformation of the Phaseolus spp.: a tool for
functional genomics. Molecular Plant-Microbe Interactions 19(2):1385–1393
DOI 10.1094/MPMI-19-1385.

Estrada-Navarrete G, Alvarado-Affantranger X, Olivares J-E, Guillén G, Díaz-Camino C,
Campos F, Quinto C, Gresshoff PM, Sanchez F. 2007. Fast, efficient and reproducible genetic
transformation of Phaseolus spp. by Agrobacterium rhizogenes. Nature Protocols 2(7):1819–1824
DOI 10.1038/nprot.2007.259.

Estrada-Navarrete G, Cruz-Mireles N, Lascano R, Alvarado-Affantranger X, Hernández-
Barrera A, Barraza A, Olivares JE, Arthikala MK, Cárdenas L, Quinto C, Sanchez F. 2016.
An autophagy-related kinase is essential for the symbiotic relationship between

Barraza et al. (2020), PeerJ, DOI 10.7717/peerj.9423 16/19

http://dx.doi.org/10.1038/s41598-019-52148-y
http://dx.doi.org/10.1007/s11104-009-9991-3
http://dx.doi.org/10.1146/annurev-arplant-050312-120106
https://www.the-scientist.com/features/how-manipulating-the-plant-microbiome-could-improve-agriculture-30124
https://www.the-scientist.com/features/how-manipulating-the-plant-microbiome-could-improve-agriculture-30124
http://dx.doi.org/10.1371/journal.pone.0185056
http://dx.doi.org/10.1007/s13213-019-01483-6
http://dx.doi.org/10.7717/peerj.3098
http://dx.doi.org/10.3390/insects6030704
http://dx.doi.org/10.1111/nph.13697
http://dx.doi.org/10.1016/j.jare.2019.03.004
http://dx.doi.org/10.1126/scisignal.149re11
http://dx.doi.org/10.1094/MPMI-19-1385
http://dx.doi.org/10.1038/nprot.2007.259
http://dx.doi.org/10.7717/peerj.9423
https://peerj.com/


Phaseolus vulgaris and both rhizobia and arbuscular mycorrhizal fungi. Plant Cell
28(9):2326–2341 DOI 10.1105/tpc.15.01012.

Ewing B, Hillier L, Wendl MC, Green P. 1998. Base-calling of automated sequencer traces using
phred I: accuracy assessment. Genome Research 8(3):175–185 DOI 10.1101/gr.8.3.175.

Ewing B, Green P. 1998. Base-calling of automated sequences traces using phred II.
Genome Research 8(3):186–194 DOI 10.1101/gr.8.3.186.

Garcia Ruiz MT, Knapp AN, Garcia-Ruiz H. 2018. Profile of genetically modified plants
authorized in Mexico. GM Crops Food 9(3):152–168 DOI 10.1080/21645698.2018.1507601.

Heuer H, Kroppenstedt RM, Lottmann J, Berg G, Smalla K. 2002. Effects of T4-lysozyme release
from transgenic potato roots on bacterial rhizosphere communities are negligible relative to
natural factors. Applied and Environmental Microbiology 68(3):1325–1335
DOI 10.1128/AEM.68.3.1325-1335.2002.

Hsieh TC, Ma KH, Chao A. 2016. iNEXT: an R package for rarefaction and extrapolation of
species diversity (Hill numbers). Methods in Ecology and Evolution 7(12):1451–1456
DOI 10.1111/2041-210X.12613.

Junqueira ACM, Ratan A, Acerbi E, Drautz-Moses DI, Premkrishnan BNV, Costea PI, Linz B,
Purbojati RW, Paulo DF, Gaultier NE, Subramanian P, Hasan NA, Colwell RR, Bork P,
Azeredo-Espin AML, Bryant DA, Schuster SC. 2017. The microbiomes of blowflies and
houseflies as bacterial transmission reservoirs. Scientific Reports 7(1):16324
DOI 10.1038/s41598-017-16353-x.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper A,
Markowitz S, Duran C, Thierer T, Ashton B, Meintjes P, Drummond A. 2012. Geneious
basic: an integrated and extendable desktop software platform for the organization and analysis
of sequence data. Bioinformatics 28(12):1647–1649 DOI 10.1093/bioinformatics/bts199.

Lee YE, Yang SH, Bae TW, Kang HG, Lim PO, Lee HY. 2011. Effects of field-grown genetically
modified Zoysia grass on bacterial community structure. Journal of Microbiology and
Biotechnology 21(4):333–340 DOI 10.4014/jmb.1010.10004.

Leite J, Fischer D, Rouws LFM, Fernandes-Junior PI, Hofmann A, Kublik S, Schloter M,
Xavier GR, Radl V. 2017. Cowpea nodules harbor non-rhizobial bacterial communities that are
shaped by soil type rather than plant genotype. Frontiers in Plant Science 7(e1):2064
DOI 10.3389/fpls.2016.02064.

Love MI, Huber W, Anders S. 2014. Moderate estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biology 15(12):550 DOI 10.1186/s13059-014-0550-8.

Lu J, Yang F, Wang S, Ma H, Liang J, Chen Y. 2017. Co-existence of rhizobia and diverse
non-rhizobial bacteria in the rhizosphere and nodules of Dalbergia odorifera seedlings
inoculated with Bradyrhizobium elkanii, Rhizobium multihospitium-like and Burkholderia
pyrrocinia-like strains. Frontiers in Microbiolgy 8:2255 DOI 10.3389/fmicb.2017.02255.

Lynch JM, Benedetti A, Insam H, Nuti MP, Smalla K, Torsvik V, Nannipieri P. 2004.Microbial
diversity in soil: ecological theories, the contribution of molecular techniques and the impact of
transgenic plants and transgenic microorganisms. Biology and Fertility of Soils 40(6):363–385
DOI 10.1007/s00374-004-0784-9.

Martin FM, Uroz S, Barker DG. 2017. Ancestral alliances: plant mutualistic symbioses with fungi
and bacteria. Science 356(6340):eaad4501 DOI 10.1126/science.aad4501.

McNear DH Jr. 2013. The rhizosphere: roots, soil and everything in between. Nature Education
Knowledge 4:1.

Barraza et al. (2020), PeerJ, DOI 10.7717/peerj.9423 17/19

http://dx.doi.org/10.1105/tpc.15.01012
http://dx.doi.org/10.1101/gr.8.3.175
http://dx.doi.org/10.1101/gr.8.3.186
http://dx.doi.org/10.1080/21645698.2018.1507601
http://dx.doi.org/10.1128/AEM.68.3.1325-1335.2002
http://dx.doi.org/10.1111/2041-210X.12613
http://dx.doi.org/10.1038/s41598-017-16353-x
http://dx.doi.org/10.1093/bioinformatics/bts199
http://dx.doi.org/10.4014/jmb.1010.10004
http://dx.doi.org/10.3389/fpls.2016.02064
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.3389/fmicb.2017.02255
http://dx.doi.org/10.1007/s00374-004-0784-9
http://dx.doi.org/10.1126/science.aad4501
http://dx.doi.org/10.7717/peerj.9423
https://peerj.com/


Mutch LA, Young JPW. 2004. Diversity and specificity of Rhizobium leguminosarum biovar viciae
on wild and cultivated legumes. Molecular Ecology 13(8):2435–2444
DOI 10.1111/j.1365-294X.2004.02259.x.

Naamala J, Jaiswal SK, Dakora FD. 2016. Microsymbiont diversity and phylogeny of native
bradyrhizobia associated with soybean (Glycine max L. merr) nodulation in south African soils.
Systemic and Applied Microbiology 39(2016):336–344 DOI 10.1016/j.syapm.2016.05.009.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’hara RB, Simpson GL,
Solymos P, Stevens MHH, Wagner H. 2014. Vegan: community ecology package. R package
version 2.2-0. Available at http://CRAN. Rproject.org/package=vegan.

Pavloudi C, Kristoffersen JB, Oulas A, De Troch M, Arvanitidis C. 2017. Sediment microbial
taxonomic and functional diversity in a natural salinity gradient challenge Remane’s species
minimum concept. PeerJ 5(Suppl. 1):e3687 DOI 10.7717/peerj.3687.

Peiffer JA, Spor A, Koren O, Jin Z, Tringe SG, Dangl JL, Buckler ES, Ley RE. 2013.Diversity and
heritability of the maize rhizosphere microbiome under field conditions. Proceedings of the
National Academy of Science of the USA 110(16):6548–6553 DOI 10.1073/pnas.1302837110.

Pérez-Jaramillo JE, Mendes R, Raaijmakers JM. 2016. Impact of plant domestication on
rhizosphere microbiome assembly and functions. Plant Molecular Biology 90(6):635–644
DOI 10.1007/s11103-015-0337-7.

Pérez-Jaramillo JE, Carrión VJ, Bosse M, Ferrão LFV, De Hollander M, Garcia AAF,
Ramírez CA, Mendes R, Raaijmakers JM. 2017. Linking rhizosphere microbiome composition
of wild and domesticated Phaseolus vulgaris to genotypic and root phenotypic traits.
International Society for Microbial Ecology Journal 11(10):2244–2257
DOI 10.1038/ismej.2017.85.

Pérez-Jaramillo JE, De Hollander M, Ramírez CA, Mendes R, Raaijmakers JM, Carrión VJ.
2019. Deciphering rhizosphere microbiome assembly of wild and modern common bean
(Phaseolus vulgaris) in native and agricultural soils from Colombia. Microbiome 7(1):114
DOI 10.1186/s40168-019-0727-1.

Poudel R, Jumpponen A, Kennelly MM, Rivard Cl, Gomez-Montano L, Garret KA. 2019.
Rootstocks shape the rhizobiome: rhizosphere and endosphere bacterial communities in the
grafted tomato system. Applied and Environmental Microbiology 85(2):e01765-18
DOI 10.1128/AEM.01765-18.

Randle-Boggis RJ, Helgason T, Sapp M, Ashton PD. 2016. Evaluating techniques for
metagenome annotation using simulated sequence data. FEMS Microbiology Ecology
92(7):fiw095 DOI 10.1093/femsec/fiw095.

Robertson-Albertyn S, Alegria Terrazas R, Balbirnie K, Blank M, Janiak A, Szarejko I,
Chmielewska B, Karcz J, Morris J, Hedley PE, George TS, Bulgarelli D. 2017. Root hair
mutations displace the barley rhizosphere microbiota. Frontiers in Plant Science 8:1094
DOI 10.3389/fpls.2017.01094.

Sahoo RK, Tuteja N. 2013. Effect of salinity tolerant PDH45 transgenic rice on physicochemical
properties, enzymatic activities and microbial communities of rhizosphere soils. Plant Signal
Behavior 8(8):e24950 DOI 10.4161/psb.24950.

Shang Q, Yang G, Wang Y, Wu X, Zhao X, Hao H, Li Y, Xie Z, Zhang Y, Wang R. 2016.
Illumina-based analysis of the rhizosphere microbial communities associated with healthy and
wilted Lanzhou lily (Lilium davidii var. unicolor) plants grown in the field. World Journal of
Microbiology and Biotechnology 32(6):95 DOI 10.1007/s11274-016-2051-2.

Barraza et al. (2020), PeerJ, DOI 10.7717/peerj.9423 18/19

http://dx.doi.org/10.1111/j.1365-294X.2004.02259.x
http://dx.doi.org/10.1016/j.syapm.2016.05.009
http://CRAN.Rproject.org/package=vegan
http://dx.doi.org/10.7717/peerj.3687
http://dx.doi.org/10.1073/pnas.1302837110
http://dx.doi.org/10.1007/s11103-015-0337-7
http://dx.doi.org/10.1038/ismej.2017.85
http://dx.doi.org/10.1186/s40168-019-0727-1
http://dx.doi.org/10.1128/AEM.01765-18
http://dx.doi.org/10.1093/femsec/fiw095
http://dx.doi.org/10.3389/fpls.2017.01094
http://dx.doi.org/10.4161/psb.24950
http://dx.doi.org/10.1007/s11274-016-2051-2
http://dx.doi.org/10.7717/peerj.9423
https://peerj.com/


Sharaf H, Rodrigues RR, Moon J, Zhang B, Mills K, Williams MA. 2019. Unprecedented
bacterial community richness in soybean nodules vary with cultivar and water status.
Microbiome 7(1):63 DOI 10.1186/s40168-019-0676-8.

Stuart RM, Romão AS, Pizzirani-Kleiner AA, Azevedo JL, Araújo WL. 2010. Culturable
endophytic filamentous fungi from leaves of transgenic imidazolinone-tolerant sugarcane and its
non-transgenic isolines. Archives of Microbiology 192(4):307–313
DOI 10.1007/s00203-010-0557-9.

Wang Y, ZhangW, Ding C, Zhang B, Huang Q, Huang R, Su X. 2019a. Endophytic communities
of transgenic poplar were determined by the environment and niche rather than by transgenic
events. Frontiers in Microbiology 10:588 DOI 10.3389/fmicb.2019.00588.

Wang J, Chapman SJ, Ye Q, Yao H. 2019b. Limited effect of planting transgenic rice on the soil
microbiome studied by continuous 13CO2 labeling combined with high-throughput sequencing.
Applied Microbiology and Biotechnology 103(10):4217–4227 DOI 10.1007/s00253-019-09751-w.

Wu Z, Hao Z, Zeng Y, Guo L, Huang L, Chen B. 2015. Molecular characterization of microbial
communities in the rhizosphere soils and roots of diseased and healthy Panax notoginseng.
Antonie van Leeuwenhoek 108(5):1059–1074 DOI 10.1007/s10482-015-0560-x.

Yan J, Han XZ, Ji ZJ, Li Y, Wang ET, Xie ZH, Chen WF. 2014. Abundance and diversity of
soybean-nodulating rhizobia in black soil are impacted by land use and crop management.
Applied and Environmental Microbiology 80(17):5394–5402 DOI 10.1128/AEM.01135-14.

Barraza et al. (2020), PeerJ, DOI 10.7717/peerj.9423 19/19

http://dx.doi.org/10.1186/s40168-019-0676-8
http://dx.doi.org/10.1007/s00203-010-0557-9
http://dx.doi.org/10.3389/fmicb.2019.00588
http://dx.doi.org/10.1007/s00253-019-09751-w
http://dx.doi.org/10.1007/s10482-015-0560-x
http://dx.doi.org/10.1128/AEM.01135-14
http://dx.doi.org/10.7717/peerj.9423
https://peerj.com/

	Highly diverse root endophyte bacterial community is driven by growth substrate and is plant genotype-independent in common bean (Phaseolus vulgaris L.) ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


