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Many studies have been pointing to a high diversity of bacteria associated to legume
root nodules. Even though most of these bacteria do not form nodules with legumes
themselves, it was shown that they might enter infection threads when co-inoculated
with rhizobial strains. The aim of this work was to describe the diversity of bacterial
communities associated with cowpea (Vigna unguiculata L. Walp) root nodules using
16S rRNA gene amplicon sequencing, regarding the factors plant genotype and soil
type. As expected, Bradyrhizobium was the most abundant genus of the detected
genera. Furthermore, we found a high bacterial diversity associated to cowpea nodules;
OTUs related to the genera Enterobacter, Chryseobacterium, Sphingobacterium, and
unclassified Enterobacteriacea were the most abundant. The presence of these groups
was significantly influenced by the soil type and, to a lesser extent, plant genotype.
Interestingly, OTUs assigned to Chryseobacterium were highly abundant, particularly
in samples obtained from an Ultisol soil. We confirmed their presence in root nodules
and assessed their diversity using a target isolation approach. Though their functional
role still needs to be addressed, we postulate that Chryseobacterium strains might help
cowpea plant to cope with salt stress in semi-arid regions.

Keywords: Vigna unguiculata (L.) Walp, endophytes, microbiome, Bradyrhizobium, Chryseobacterium

INTRODUCTION

Many leguminous plants are able to establish symbiosis with a variety of bacterial
species of the phylum Proteobacteria, which are collectively referred to as rhizobia. This
symbiosis is characterized by the formation of nodules on the roots and/or stems of
plants, where the bacteria encounter optimal conditions for biological nitrogen fixation
(BNF; Graham, 2008). The formation of these nodules is a highly regulated process, the
success of which depends on the exchange of specific signaling molecules between the
micro and the macrosymbiont (Oldroyd et al., 2011). Bacteria have been isolated from
legumes nodules since 1888 (Frank, 1889; Beijerinck, 1890), resulting in more than a
hundred described species (Peix et al., 2015). Bacteria capable of inducing nitrogen-fixing
nodules on the roots of leguminous plants are found among the Alphaproteobacteria
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(e.g., Rhizobium, Bradyrhizobium, Ochrobactrum, Ensifer,
Phyllobacterium, Mesorhizobium, Devosia, Azorhizobium,
Allorhizobium, Shinella, Methylobacterium, and Microvirga)
and Betaproteobacteria (genera Burkholderia and Cupriavidus;
Gyaneshwar et al., 2011; Remigi et al., 2016).

In the past it was assumed that the interior of root nodules
are exclusively colonized by rhizobial strains. However,
recent studies have been pointing to a much higher diversity
of bacteria associated to root nodules (De Meyer et al.,
2015). Several studies on rhizobial diversity using standard
cultivation methods (Vincent, 1970) detected non-rhizobial
endophytes (NRE) in nodules of different legumes species.
They belong to many different genera including Agrobacterium,
Arthrobacter, Acinetobacter, Bacillus, Bosea, Enterobacter,
Micromonospora, Mycobacterium, Paenibacillus, Pseudomonas,
and Stenotrophomonas (Velázquez et al., 2013). Even though
those strains do not induce nodule formation, they might be
able to enter infection threads when co-inoculated with rhizobial
strains (Pandya et al., 2013; Zgadzaj et al., 2015). NRE include
potential plant growth promoting rhizobacteria (PGPR), as
some of the investigated strains display PGPR traits, such as
indole acetic acid production or phosphate solubilization (Li
et al., 2012), or enhance nodulation when co-inoculated with a
rhizobial symbiont compatible with the host plant (Martínez-
Hidalgo et al., 2014). Nevertheless, the role of NRE present in
the nodules remains mostly unknown. Interactions between
endophytes and hosts are very complex and might vary from
mutualistic to antagonistic, depending on the environmental
conditions (Partida-Martinez and Heil, 2011).

The overwhelming effect of the soil on the setup of the
rhizosphere bacterial communities has been demonstrated in
many studies (Marschner et al., 2001; Girvan et al., 2003;
Berg and Smalla, 2009). Even for bacteria living inside or
strongly adhered to root tissue and, hence, probably submitted
to analogous selective pressure, it was shown that the soil
significantly influences community composition (Bulgarelli et al.,
2012). We hypothesized that the composition of NREs is more
influenced by the native soil microbial community than by the
plant genotype. Moreover, this should not apply to rhizobial
bacterial symbionts, for which the infection is regulated by a
highly specific signal exchange between host and symbionts
(Kobayashi and Broughton, 2008; Oldroyd et al., 2011). To
address those questions, we performed field trials in two soils with
different textures, where we cultivated two different genotypes
of cowpea (Vigna unguiculata L. Walp), a major legume crop in
semi-arid regions of Africa, South America and Asia. In those
trials, we evaluated the diversity of bacteria inside the nodules
by 16S amplicon sequencing and isolated the major NRE genus
detected in the libraries.

MATERIALS AND METHODS

Field Experiment
For the investigation of the diversity of bacterial communities
associated to root nodules, cowpea was grown in two
experimental stations of the Embrapa Semiárido located at

the Northeast of Brazil, in a semi-arid climate zone. The areas
were chosen mainly due to their differences in soil characteristics.
At the Mandacaru experimental field {(MEF) municipality of
Juazeiro, State of Bahia: 09◦24′S 40◦26′W} cowpea was grown
in a silty clay Haplic Vertisol. At the Bebedouro experimental
field {(BEF) municipality of Petrolina, State of Pernambuco:
09◦09′S 40◦22′W} the soil was characterized as a sandy loam
Red Yellow Dystrophic Ultisol. Both sites had no history of
cowpea cultivation and were previously cultivated with annual
crops. Before cowpea was sowed, the MEF and BEF sites had
been cropped with maize and watermelon, respectively. The
physico-chemical analysis of the top soil of the stations is shown
in Table 1. Soils were fertilized with 20 kg of P2O5 ha−1 and
20 kg of K2O ha−1. We chose the cultivars BRS Acauã and BRS
Pujante (Embrapa, Brazil) which were specifically bred for this
climatic region. Uninoculated seeds were sown in May 2013.
A completely randomized block design was used with four
replications per cultivar, resulting in eight plots (5m × 4m) per
area. Each plot was composed by eight rows (5 m long) spaced by
a distance of 0.5 and 0.2 m between plants in the rows.

Samples were taken during flowering, at 35 days after
emergence. From each plot four plants were collected. We
analyzed one composite sample per plot, which was formed by
80 nodules taken from the four plants (20 per plant). For surface
sterilization, nodules were treated with 70% ethanol for 1 min,
followed by 2% hypochlorite for 5 min and washed six times
with sterile distilled water. The efficiency of the sterilization was
checked by plating 100 µl from the water of the last washing
step on nutrient agar plates incubated for 72 h at 28◦C. Surface
sterilized nodule samples were kept at −20◦C until further
analysis.

DNA Extraction from Nodule Samples
For DNA extraction, 20 nodules of each composite sample
(described above) were frozen in liquid nitrogen and ground
with sterile mortars and pestles. One gram of macerated nodules
(2× 0.5 g) was extracted according to Töwe et al. (2011). The
quality and quantity of the DNA extracts were evaluated in 1%

TABLE 1 | Soil chemical characteristic of the top soil of the stations is
shown.

Soils type Haplic
Vertisol

Red yellow
dystrophic Ultisol

Organic matter (g.kg−1) 7.2 6.3

pH (H2O) 6.8 6.3

P (mg.dm3) 44.62 11.92

K (cmolc.dm−3) 0.36 0.33

Ca (cmolc.dm−3) 20.4 2.0

Mg2+ (cmolc.dm−3) 5.6 0.4

Al3+ (cmolc.dm−3) 0.05 0.05

H+Al3+ (cmolc.dm−3) 4.62 0.66

Some of bases – S (cmolc.dm−3) 26.45 2.78

Cation exchange capacity – CEC
(cmolc.dm−3)

31.07 3.44

Base saturation – V (%) 85 81
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agarose gels and using the PicoGreen dsDNA quantification assay
(Invitrogen, USA), respectively.

16S rRNA Gene Amplification, Library
Preparation, and Pyrosequencing
High-throughput sequencing was performed on a second-
generation pyrosequencer (454 GS FLX Titanium, Roche,
Germany). We used tagged-primers with Multiplex Identifiers
(MIDs; Roche, Germany) for the PCR reaction. Amplification
was performed using the primers 27 F (5′ AGA GTT TGA TCM
TGG CTC 3′, Wilson et al., 1990) and 984 R (5′GTA AGG
TTC YTC GCG 3′, Klindworth et al., 2013). Reaction mixtures
contained 1.25 U FastStart Taq DNA Polymerase (Roche,
Germany), 10 pmol of each primer (Metabion, Germany),
200 µM dNTPs (Roche, Germany), 0.3% bovine serum albumin
(Sigma-Aldrich, Germany) and 5 ng DNA template to a final
volume 25 µl. PCR reaction conditions were as follows: 95◦C for
5 min; 30 cycles of denaturation at 94◦C for 1 min, annealing at
50◦C for 1 min, and extension at 72◦C for 1 min; followed by
final elongation at 72◦C for 10 min. All samples were purified
using the NucleoSpin R© Gel and PCR Clean-up kit (Macherey-
Nagel, Germany) according to manufacturer’s instructions. The
quality and quantity of the amplicon libraries were evaluated
using 2% agarose gels and Quant-iTTM PicoGreen R© dsDNA Assay
Kit (Life technologies, Germany). The average fragment size
of the amplicon libraries was measured with an Agilent 2100
bioanalyzer instrument using the Agilent DNA 7500 Kit (Agilent
Technologies, Germany).

Data Analysis
The automatic amplicon pipeline of the GS Run Processor
(Roche, Germany) was used to perform an initial quality filtering
of the pyrosequencing raw reads to remove failed reads, low
quality reads and adaptor sequences. Sequences were processed
for further analyses and quality checking using the Mothur
software package version 1.33.3 (Schloss et al., 2009) and
subjected to denoising (PyroNoise implemented in Mothur,
Quince et al., 2009), clustering and data evaluation. Sequences
shorter than 200 nt, with more than 7 nt long homopolymers or
chimeras were removed. The remaining sequences were aligned
using SILVA-based bacterial reference alignment1 (Release 119;
Pruesse et al., 2007), with confidence threshold of 80%, to
obtain the best taxonomic classification. OTUs were clustered
with similarity of 97%, as it is the narrowest clustering distance
recommended for 454 sequences (Kunin et al., 2010) as well as
with similarity of 95 and 90%. OTUs occurring only one time
in the dataset (singletons) were excluded from the evaluation
to avoid overestimation of the diversity. For diversity analyses
equal sample effort is required. Therefore, all samples were
subsampled to the number that corresponded to the one obtained
for the library with the smallest number of reads. The subsampled
datasets were submitted to rarefaction analyses at OTU similarity
levels of 97, 95, and 90%. Statistics with the subsampled dataset
was performed using the software R-project version R 2.15.12

1http://www.mothur.org/wiki/Silva_reference_files
2https://www.r-project.org/

(R Core Team, 2014) with RStudio [version 0.98.10623 and the
packages MASS (Venables and Ripley, 2002), gplots (Warnes
et al., 2012), and vegan (Oksanen et al., 2012)]. The R software
package was used to calculate ANOVA and multiple comparisons
with adjusted p-values including Bonferroni tests. Phylogenetic
trees based on representative sequences of OTUs as well as
sequences from the isolated bacteria were generated using the
ARB software package (Ludwig et al., 2004) using the All-
Species Living Tree Project (Yarza et al., 2008) as basis for
calculation. Sequence files were deposited in the NCBI Sequence
Read Archive4 under the accession numbers SAMN05437328–
SAMN05437342.

Isolation of Chryseobacterium
Associated to Cowpea Nodules
To confirm the presence of living cells from one of the major
groups detected by the 16S rRNA gene amplicon analyses, we
used a target isolation approach described by Nishioka et al.
(2016). The cowpea genotypes BRS Pujante and BRS Acauã were
sown in BEF in June, 2016 using the same experimental design
as described above, except for the number of plots (n = 3 per
genotype). Sampling was done at the flowering stage. Four plants
were taken per plot and mixed to form a composite sample,
resulting in three replicates per cultivar. The roots were separated
from the shoots, washed with tap water to remove all adhered
soil, transferred to plastic bags and stored at 10◦C until further
isolation procedures. Nodules were then detached from the roots,
surface sterilized using 3% hypochlorite for 5 min, and washed
10 times in sterile distilled H2O. This sterilization method has
been previously evaluated by rolling the nodules over agar plates.
Furthermore, the water used in the last washing step was spread
on R2A plates. After sterilization, 10 healthy, undamaged nodules
were randomly chosen per sample. Each nodule was crushed in
2 ml tubes with 1 ml sterile 0.85% NaCl using sterile pestles.
One hundred microliter of the extracts were spread in R2A agar
supplemented with 50 µg ml−1 cycloheximide and 1 µg ml−1

tobramycin. After 4 days of incubation at 28◦C, characteristic
colonies were purified by streaking on R2A agar plates.

Amplification and Sequencing of 16S
rRNA Genes from Bacterial Isolates
To obtain genomic DNA, bacterial isolates were grown for
2 days in R2A broth. DNA extraction was carried out with
the commercial kit Wizard Genomic DNA purification System
(Promega, USA) according to the manufacturer’s instructions.
The 16S rRNA genes of the isolated strains were amplified by
PCR using the GoTaq Flexi kit (Promega). Reactions occurred in
50 µl volumes containing 1.25 U GoTaq Flexi DNA Polymerase
(Promega), 10 pmol of each primer (Alpha DNA, Montreal,
Canada), 200 µM dNTPs (Invitrogen), 1.5 mM MgCl2 and
50 ng DNA template. PCR reaction conditions were as follows:
95◦C for 5 min; 30 cycles of denaturation at 94◦C for 1 min,
annealing at 50◦C for 1 min, and extension at 72◦C for 1 min;

3https://www.rstudio.com/
4http://www.ncbi.nlm.nih.gov/sra
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followed by final elongation at 72◦C for 10 min and the primers
27F (5′ AGA GTT TGA TCM TGG CTC 3′) and 1492R (3′-
TAC CTT GTT ACG ACT T - 5′; Wilson et al., 1990; Lane,
1991). Amplicons were partially sequenced with the 27F primer
in a 3500 Genetic Analyzer device (Applied Biosystems), using
the BigDye Terminator v3.1 Cycle Sequencing kit following
the manufacturer’s instructions. Comparative analyses of the
obtained sequences and close relatives found in the database were
performed using the ARB software package5 (Ludwig et al., 2004)
with the All-Species Living Tree Project (Yarza et al., 2008) as
basis for calculation. Sequences were deposited in the GenBank
under the accession numbers KX907716–KX907726.

RESULTS

Basic Characteristics of the Amplicon
Libraries
We evaluated the microbiome of cowpea root nodules in two
different soil types and two cultivars at the stage of flowering
using 16S rRNA gene amplicon sequencing. We obtained
1040–11528 reads per sample with an average of 6489 reads.
After equalizing the sampling effort, 16640 reads were further
analyzed and subsampling for statistical analyses was performed
using 1040 reads per samples. When the threshold was set
at 97% similarity and singletons were excluded, we obtained,
overall, 707 OTUs. On average 87 ± 19 OTUs were detected
per sample, indicating that only a minor part of the OTUs
were shared among libraries from the different treatments.
Rarefaction analyses did not indicate complete saturation at 97%
similarity (Supplementary Figure S1), thus further analyses were
performed at 95% similarity, for which, on average, coverages of
95% ± 1 were reached (Table 2). At this level 99 different OTUs
were obtained after the filtering of the reads (Supplementary
Table 1).

Based on these data, we calculated the community richness,
diversity and evenness of nodule samples taken from the plant
genotypes BRS Acauã and BRS Pujante grown in the two different

5http://www.arb-home.de/

TABLE 2 | Richness estimates, alpha diversity, and evenness based on
OTUs clustered at 95% similarity level.

Source Coverage Chao Shannon

Diversity (D) Evenness (ED)

BRS Acauã
Ultisol

96.0 (±1.0) 143.0 (±17.3) 0.28 (±0.04) 0.05 (±0.01)

BRS Acauã
Vertisol

95.0 (±1.0) 174,2 (±19.7) 0.14 (±0.06) 0.10 (±0.05)

BRS Pujante
Ultisol

95.0 (±1.0) 202.4 (±42.2) 0.22 (±0.11) 0.06 (±0.02)

BRS Pujante
Vertisol

95.0 (±1.0) 200.9 (±53.0) 0.19 (±0.05) 0.06 (±0.02)

Source = cowpea nodule samples collected from different plant genotypes and
soil types.

soil types (Table 2). Similar values (p > 0.05) were obtained for
all measured parameters, indicating that the diversity of bacterial
communities associated to cowpea nodules was not influenced by
soil type or plant genotype, at least at the similarity level of 95%.

OTUs Assigned to Rhizobia
We filtered the sequences of “true rhizobial symbionts,” here
defined as bacteria that were previously demonstrated to
induce nodule formation. As expected, sequences assigned to
Bradyrhizobium spp. were detected in high abundances in
all libraries, contributing, on average, to 25% of the total
reads. OTU003 and OTU004, which formed a cluster with
Bradyrhizobium neotropicale, were the only OTUs detected in
all libraries, independent of soil or cultivar type (Figure 1A).
Interestingly, we observed an effect of the plant genotype on
their relative abundance, being OTU003 and OTU004 the most
predominant for the genotypes BRS Acauã and BRS Pujante,
respectively. Furthermore, we observed higher abundances of
OTU003 in the Vertisol, indicating a combined effect of plant
and soil type. In addition, the ubiquitous, but less predominant
OTU027 and OTU266 are also included in this cluster with
B. neotropicale. Another, less abundant, OTU closely related to
B. pachyrhizi and B. elkanii, was more influenced by soil type
than the predominant OTUs, being detected only in the Ultisol
samples. No other putative rhizobial sequences were detected in
the libraries, after quality check and filtering of the sequences.

Nodule Associated Non-rhizobial OTUs
After filtering the putative rhizobial OTUs, we visualized the
Euclidean distances of the remaining OTUs using principal
component analysis and between group analyses (BGA) to
determine if the composition of the NREs is influenced by soil
type and/or plant genotype (Figure 2). Although for one of the
areas, we observed grouping based on plant genotype, the soil
was the major driver of composition of bacterial communities
associated to the nodules. A PERMANOVA test was carried out
to test the significance of the groupings. The soil type significantly
affected the bacterial community composition (p = 0.001) found
in the cowpea nodules. Even though this was not verified for plant
genotype (p= 0.193), we detected a significant combined effect of
soil and plant genotype (p= 0.042).

The OTUs were aligned with the SILVA database for
classification. OTUs detected in nodule samples were assigned
to the phyla Proteobacteria, Bacteroidetes, Actinobacteria, and
Firmicutes, although the last phylum was only detected in
the Ultisol samples and at very low abundance. As expected,
Proteobacteria was the most predominant phylum. In general,
Gammaproteobacteria and Alphaproteobacteria were the most
abundant classes among the Proteobacteria and represented in
average 29 and 25% of the reads, respectively. Moreover, we
found differences in bacterial community composition at the class
level, as Flavobacteria and Actinobacteria were mainly present in
nodules collected from the Ultisol and the Vertisol, respectively.

Analyses of the data at genus level gave a much more
complex picture of bacterial communities associated to nodules.
In total, 25 genera were observed in the libraries. From
those, Enterobacter, Chryseobacterium, Sphingobacterium, and
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FIGURE 1 | Continued

unclassified Enterobacteriaceae made up approximately 60%
of the reads (Figure 3). Although some Enterobacteriaceae
OTUs were highly abundant (see also Figure 1A), such as
OTU002, none was ubiquitous and in most of the cases those
were found only in a few libraries. Moreover, neither plant
genotype nor soil type had clear effects on their presence. For
the genus Chryseobacterium, we observed differences in OTU
composition related to soil type. In general, the OTUs were
related to five different clusters within the genus. The abundance
of Chrysobacterium-OTUs was higher in the Ultisol compared
to the Vertisol. Two clusters, one related to C. daeguense
and C. daecheongense (cluster I) and the other related to
C. aquifrigidense and C. flavum (cluster II), contained OTUs
detected in both soil types. OTU001, which had the highest
number of reads of all OTUs, clustered with C. aquifrigidense
and was mainly detected in the Ultisol samples (Cluster IV).
The other two clusters exclusively contained OTUs found
in Ultisol samples and are related to C. profundimaris and
C. takakiae as well as C. bernardetii, respectively. OTU033 formed
a cluster with C. geocarposphaerae and was exclusively found in
Vertisol. Furthermore, other low abundant OTUs affiliated to
the genera Chitinophaga, Roseateles, Cronobacter, and Bacillus
were identified only in nodules of the Ultisol samples. On the

other hand, Halomonas, Streptomyces, and Nocardioides were
exclusively found in nodules from Vertisol. No clear presence
pattern was observed for the plant genotype.

NRE Isolated from Cowpea Nodules
In total, 29 characteristic yellow/orange colonies were detected
on plates after inoculation with nodule extracts from both cowpea
cultivars. Phylogenetic analyses based on 16S rRNA sequences
showed that the 11 strains were affiliated to three previously
described phylotypes within the genus Chryseobacterium
(Figure 1B). Interestingly, we found the strains ESA 26, 28 and
30 were mainly detected in nodules of the genotype Pujante,
as also observed for libraries (Cluster III). Similar results were
obtained for strains ESA 21, 22, 27 (cluster IV) and 29, and ESA
19, 23, 24 and 25 (cluster V). Interestingly, eight other isolates
were identified as Actinobacteria, most of them belonging to the
genus Microbacterium (data not shown).

DISCUSSION

In the present study, we aimed to investigate the diversity
of bacterial communities associated to cowpea nodules using
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FIGURE 1 | Phylogenetic affiliation of major OTUs (A: Proteobacteria) as well as the OTUs and isolates of Chryseobacterium (B: Sphingobacterium and
Chryseobacterium) found in the 16S rRNA amplicon libraries. The phylogenetic trees were calculated with the neighbor joining method (Saitou and Nei, 1987). All
sequences from valid described bacterial species are derived from type strains. Bootstrap values were inferred from 1000 replicates and are indicated at tree
branches when ≥50%. The trees are drawn to scale, with branch lengths in the same units. The bars represent 10 estimated substitution per 1000 nucleotide
positions. Blue (dark and light) and brown (dark and light) bars indicate the percentage of the OTU occurrence from cowpea genotype and soil, respectively. Number
of reads for each OTU is given in parentheses. All isolates are identified as ESA and the genotypes they were detected (Acauã and Pujante).

a cultivation independent approach. It cannot be completely
excluded that, besides true endophytes, also the DNA of some
bacteria tightly attached to the surface of the nodules remains
stable after the surface sterilization procedure. Therefore, to
avoid misconception, we referred here to associated bacteria

whenever DNA based methods were used to analyze the bacterial
communities present in the nodules.

The 16S rRNA amplicon analyses of DNA extracts from
surface sterilized root nodules detected 99 OTUs at 5%
dissimilarity level. These OTUs were assigned to different genera
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FIGURE 2 | Between group analysis (BGA) out of principal component analysis (PCA) based on 16S rRNA barcoding sequence data (OTU 5%
dissimilarity). A = BRS Acauã and P = BRS Pujante, U = Ultisol and V = Vertisol.

FIGURE 3 | Relative abundance (in total number of reads) of the bacterial genera present in the nodules of cowpea genotypes cultivated in different
soil. Only genera that represented more than 1% of the total reads are shown.

within the Proteobacteria, Bacteroidetes, Actinobacteria, and
Firmicutes phyla. Studies based on cultivation carried out in
Africa and Asia, which are considered to be the origin of cowpea
diversity, reported only the presence of rhizobial strains assigned
to the different genera within the Proteobacteria phylum in
the nodules (Pule-Meulenberg et al., 2010; Krasova-Wade et al.,
2014). Those strains were mainly classified as Bradyrhizobium sp.,
although Sarr et al. (2009) also detected a strain of Ralstonia, a
genus from the Betaproteobacteria class. In Brazil, where cowpea

is an introduced species, a higher diversity of bacteria associated
to the nodules has been described (Martins et al., 1997; Leite
et al., 2009). Bacterial strains assigned to the phylum Firmicutes
(genera Bacillus and Paenibacillus) were obtained from root
nodules of cowpea plants cultivated in Brazilian semi-arid soils
(Costa et al., 2013). Particularly for the Amazonian region,
a number of strains classified as Pseudomonas, Enterobacter
(Gammaproteobacteria), Bacillus, and Paenibacillus were isolated
from cowpea nodules (Jaramillo et al., 2013; Oliveira-Longatti
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et al., 2014). Those strains are not able to form nodules in
association with cowpea, although some can fix nitrogen and,
hence, could possibly contribute to the N supply of the plants.

In the present study, only sequences assigned to
Bradyrhizobium were found in high abundance in all samples.
This strongly indicates that, as expected (Pule-Meulenberg
et al., 2010), Bradyrhizobium species were the major rhizobial
symbionts of cowpea irrespectively, of plant genotype and soil
type. Furthermore, our data suggest that in the northeast of
Brazil, B. neotropicale-like strains are the major symbionts of
cowpea in soils with no previous cowpea cultivation. These
bacteria were first isolated from the neotropical leguminous
tree Centrolobium paraense and proven to effectively nodulate
cowpea (Zilli et al., 2014). Interestingly, sequences of other
rhizobial groups more rarely isolated from cowpea nodules, e.g.,
Microvirga vignae (Radl et al., 2014), were in very low abundance
in the libraries and, hence, not detectable after the data filtering.

We observed differences between the major OTUs detected in
the genotypes BRS Acauã and BRS Pujante, showing that different
Bradyrhizobium populations were selected by the genotypes. It
is possible that differences in exudation pattern lead to the
selection of the different bacterial populations, as the spectrum
of flavonoids exuded by a legume is considered to be one
determinant of host specificity (Kobayashi and Broughton, 2008).
Apparently, for the rhizobia-host interaction the plant genotype
has a higher influence on the selection of the bacterial symbiont
than soil type, as the major OTUs were detected in samples
from both soils, but their abundance differs due to plant
genotype.

Furthermore, we assumed that a dense populations of
Bradyrhizobium is present in the investigated soils (Herridge,
2008), even though the areas selected for the experiment had
no history of cowpea cultivation. An experiment carried out by
Marinho et al. (2014), also at MEF and BEF, showed that the
inoculation with high performance rhizobial strains did not lead
to significant increases of the nodulation or productivity of all
evaluated cowpea genotypes. As discussed by Herridge (2008)
these results are normally observed in soils that either have high
nitrogen availability or more than 1000 rhizobia per gram of soil.
We still do not know how successive cultivation of cowpea would
influence the microbiome of cowpea nodules.

We observed a diverse bacterial community associated to
cowpea nodules. Similar results were obtained by De Meyer et al.
(2015), which carried out a very comprehensive study on the
presence of NRE in several plant species grown in different eco-
regions. They found that certain bacterial groups dominate in
an eco-region when all plants species where analyzed. In our
study, we showed that soil type was the major factor driving
the composition of the NRE within the same plant species.
In cultivation-dependent studies Pseudomonas, Bacillus, and
Paenibacillus were the most frequently detected NRE strains.
Interestingly, these groups were not abundant in our libraries. We
assume this difference reflect the ability of those microorganisms
to grow on the commonly used cultivation conditions. As
performed in the present study, combining both strategies might
be more appropriated for future investigations on the role of NRE
on plant growth and on plant-rhizobia interactions.

We detected a high number of Gammaproteobacteria
sequences in our study; those were mainly assigned to the
genus Enterobacter or were unclassified Enterobacteriaceae. This
bacterial family has been frequently described as part of the
root microbiome of a number of plants and Enterobacter strains
were isolated from nodules of many different species of legumes
including soybean and cowpea (Li et al., 2008; Deng et al., 2011;
Aserse et al., 2013; Oliveira-Longatti et al., 2014; De Meyer
et al., 2015). By applying immunofluorescence based microscopy,
Muresu et al. (2008) found that around 10% of the cells in nodules
of the Mediterranean wild legume Hedysarum spinosissimum
contained cells of Pantoea agglomerans. There has been no
evidence that such bacteria can trigger nodule formation, but
these endophytic bacteria might enter the nodule via the junction
between nodule and the root. Furthermore, as shown by Zgadzaj
et al. (2015) endophytic bacteria may also invade legume nodules
using the infection thread induced by rhizobia.

Some OTUs from the family Enterobacteriaceae were
highly abundant in nodule samples. However, their presence
was sporadic, meaning that they are found in only a few
of the investigated samples. Even though many strains of
Enterobacteriaceae possess plant growth promoting traits, such
as production of indole acetic acid (Aserse et al., 2013), and,
as shown for other bacterial groups (Martínez-Hidalgo et al.,
2014), might actually promote plant growth, the role of these
NRE still needs to be investigated. It is possible that depending
on environmental conditions effects on plant fitness might vary.
Moreover, as already observed for rhizobial symbionts, there
might be differences among populations colonizing nodules in
the benefits they provide to the host. In this case it was shown that
plants tend to sanction nodules colonized by these bacteria, e.g.,
by decreasing oxygen diffusion or by decreasing carbon delivery
(Kiers et al., 2006).

The soil type did significantly influence the composition
of the microbiome of cowpea nodules. Some bacterial groups,
generally represented by low abundant OTUs, were only detected
in plants grown in one soil type. Most interestingly, we observed
differences in the composition of Chryseobacterium populations.
In samples from the Ultisol, a single Chryseobacterium OTU
(OTU001) was detected, which was even more abundant than
Bradyrhizobium OTUs. Even though this can be a consequence
of bias in multi-template PCR as shown elsewhere (Pinto and
Raskin, 2012), it still points to a very high abundance of
Chryseobacterium sp. in these samples. Interestingly, OTU001
was almost absent in nodules of plants grown in the Vertisol
soil. The soil has been described as one of the major factors
affecting the composition of endophytic bacterial communities of
plant roots (Bulgarelli et al., 2012; Lundberg et al., 2012). It was
postulated that a few soil bacteria are either selected by the host
immune system or by competition with other microorganisms
that also colonize the root tissue. We did not observe a significant
effect of plant genotype on NRE composition.

Although the functions of endophytic bacterial communities
remain mostly unknown, there are many speculations about
their role on plant growth promotion (Velázquez et al., 2013).
Chryseobacterium was described to increase the tolerance of
common bean (Phaseolus vulgaris) to moderate saline stress
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(Estévez et al., 2009). Promotion of germination as well as
increase root surface and total nitrogen content in wild lupine
could be shown by Gutiérrez-Mañero et al. (2003). It is possible
that the presence of Chryseobacterium in the root of legume
plants might influence interactions between rhizobial symbionts
and hosts, as their inoculation caused qualitative changes on the
pattern of flavonoids exudated by the host (Dardanelli et al.,
2010). Chryseobacterium might also help cowpea plants to cope
with salinity stress that normally occur in semi-arid regions, as
the areas where the cowpea were cropped in this study.

We confirmed the presence of living NRE cells by using a
target isolation approach. Chryseobacterium strains were detected
in the nodules of both genotypes growing in the Ultisol
almost 3 years after the first field trial. This proves that the
Chryseobacterium sequences detected in the libraries did not
derive only from extra cellular DNA and that these bacteria
indeed colonize cowpea nodules. This evidence also indicates
that Chryseobacterium is an established member of the bacterial
community in the BEF soils. Several studies already isolated
other NRE from cowpea nodules belonging to Proteobacteria,
Firmicutes, and Actinobacteria phyla (Guimarães et al., 2012;
Costa et al., 2013; Jaramillo et al., 2013) using standard
media for rhizobial isolation. Nevertheless, Bacteroidetes, such
as Chryseobacterium, were not obtained up to now, probably
because the great part of environmental isolates from this genus
are not able to metabolize mannitol (Cho et al., 2010), the carbon
source preferred by rhizobia. The role of Chryseobacterium and
other non-rhizobial nodule-associated bacteria as plant growth
promoters must be evaluated in future studies.

Recent studies gave a hint on the possible roles of NRE. For
example, there are evidences for the role of Paenibacillus on
the reduction of oxidative stress in cowpea nodules, leading to
a delay of the process of nodule senescence (Rodrigues et al.,
2013). However, the authors did not show that these bacteria
actually colonize the interior of the nodules after inoculation of
cowpea seeds. Therefore, the development of strains expressing
fluorescence proteins for the localization of NREs in plant tissue
as well as transcriptomic and proteomic studies could help to
understand the role of those bacteria in the development of
the host plant. Moreover, our data indicate that the soil is a
major driver for the composition of the microbiome associated
to nodules. This observation could be related to two different
mechanisms. Either the plant is able to select, depending on the

environmental conditions present, its nodule microbiome from
the microbes being present in soil, or soils differ in the abundance
of selected microbes and those which are more dominant become
part of the nodule microbiome simply as a result of probability.
The latter hypothesis is, however, very difficult to prove, as the
observed OTUs with high abundance in the nodules are mostly
part of the rare biosphere in soil with a total share to the soil
microbiome of less than 0.5%. In our study this was also true, for
example, for OTUs assigned to Chryseobacterium, when Ultisol
samples were analyzed (data not shown). Thus, for these OTUs,
the assessment of statistical significant differences would require
further techniques like qPCR to prove the relevance of soil born
bacteria for the composition of the nodule microbiome.
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