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Abstract
Over the past century, plant breeding programs have substantially improved plant growth and health, but have not yet
considered the potential effects on the plant microbiome. Here, we conducted metatranscriptome analysis to determine if and
how breeding for resistance of common bean against the root pathogen Fusarium oxysporum (Fox) affected gene expression
in the rhizobacterial community. Our data revealed that the microbiome of the Fox-resistant cultivar presented a significantly
higher expression of genes associated with nutrient metabolism, motility, chemotaxis, and the biosynthesis of the antifungal
compounds phenazine and colicin V. Network analysis further revealed a more complex community for Fox-resistant
cultivar and indicated Paenibacillus as a keystone genus in the rhizosphere microbiome. We suggest that resistance breeding
in common bean has unintentionally co-selected for plant traits that strengthen the rhizosphere microbiome network structure
and enrich for specific beneficial bacterial genera that express antifungal traits involved in plant protection against infections
by root pathogens.

The rhizosphere microbiome significantly impacts plant
growth, development and resistance against soil-borne
pathogens [1]. Plants shape their rhizosphere microbiome
through exudates that stimulate or repress the abundance of
specific microbial groups [2]. In return, rhizosphere
microbes provide a range of ecosystem services for the
plant, such as nutrient acquisition [3], abiotic stress toler-
ance [4], and protection against pathogens either directly
via antagonism or indirectly via induction of systemic
resistance [5, 6]. Recent studies further indicated that
plant breeding for disease resistance has affected

microbiome assembly in the rhizosphere [7, 8]. Considering
that the rhizosphere microbiome provides a first line
of defense for plants against pathogen invasion, we inves-
tigated if and how breeding of common bean (Phaseolus
vulgaris) to the soil-borne pathogen Fusarium oxysporum
f. sp. phaseoli (Fox) affected gene expression in the rhi-
zosphere microbiome. In our previous study [7], using 16S
rRNA and metagenome sequencing, we showed that
beneficial bacterial groups such as Pseudomonas and
Bacillus, and genes involved in the biosynthesis of phena-
zines and rhamnolipids were more abundant in the rhizo-
sphere of Fox-resistant bean cultivar. Whether these
bacterial genera are active and if the enriched genes are
actually expressed in the rhizosphere of the Fox-
resistant cultivar remains unclear. To further investigate
the biological relevance of these DNA-based descriptive
analyses, we set out a metatranscriptome analysis (RNA-
based) to test if these and other putative bacterial genes
are differentially expressed in the rhizosphere of the Fox-
resistant cultivar as compared to the Fox-susceptible.
Here, both cultivars were grown under the same controlled
conditions in a greenhouse experiment and metatran-
scriptome analysis was used to assess the active microbial
taxa and functions in the rhizosphere of two common
beans with contrasting levels of resistance to the soil-borne
pathogen.
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Our results showed high microbial activity in the
rhizosphere of both cultivars, with parameters such as pH
(F= 3.81, P < 0.05), magnesium (F= 6.30, P < 0.005), and
cupper (F= 6.23, P < 0.005) correlated with the overall
community structure (Fig. 1a and Supplementary Table 1).
Although the resolution obtained in taxonomical classifi-
cation from the metatranscriptomic data did not show
distinct communities between the two cultivars, the func-
tional profile revealed a clear cultivar-specific clustering

of the samples (Fig. 1b). For both cultivars, the rhizosphere
presented high activity of several taxa known as plant
growth-promoting bacteria, such as the families Bradyrhi-
zobiaceae, Rhizobiaceae, Rhodospirillaceae (Fig. 1c).
Comparing the contrasting bean cultivars, we found higher
activity of taxa affiliated to Paenibacillaceae in the Fox-
resistant rhizosphere. Several members of this bacterial
family are well known for the production of antibiotics
with inhibitory activity against phytopathogenic fungi [9].

Fig. 1 Structure and composition of the microbial communities in the
rhizosphere of two common bean cultivars with contrasting levels of
resistance to F. oxysporum. a Redundancy analysis (RDA) performed
on taxonomic profile (genus level) and environmental characteristics.
Arrows indicate correlation between environmental parameters and
community structure. Only significant correlations evaluated via the
Monte Carlo permutation test (P < 0.05) are shown; b Principal
component analysis (PCA) based on functional profile (SEED
database). c Heatmap showing the differential abundance of

phylum and family and d heatmap for functional categories. The
color key relates the heatmap colors to the standard score (z-score),
i.e., the deviation from row mean in units of standard deviations
above or below the mean. Different lower case letters refer to sig-
nificant differences between the treatments based on Welch’s t-test
with Benjamini-Hochberg correction (P < 0.05). Significant clusters
(ANOSIM, P < 0.05) are indicated by lines in the graph B (color
figure online)
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Within this family, the genus Paenibacillus was found
abundantly in the rhizosphere of the Fox-resistant cultivar
(Supplementary Fig. 1). This genus is widely distributed in
the environment and known as an antagonist of soil-borne
pathogens, including Fusarium [9–11]. Comparing these
results with those from our previous DNA-based analyses
[7], we found the same patterns/dynamics for all bacterial
families and functions detected in both studies (Fig. 2a).
Interestingly, we detected in both datasets (DNA and RNA)
a higher abundance of bacterial groups belonging to the
order Bacillales and the family Geodermatophilaceae in the

Fox-resistant cultivar when compared with the susceptible
cultivar. Species of Bacillales are known for the production
of antimicrobial compounds such as bacteriocins, non-
ribosomally synthesized peptides (NRPs), polyketides
(PKs) and lipopeptides (LPs) [12]. Members of Geo-
dermatophilaceae play a vital role in several biogeochem-
ical processes and are characterized as plant growth-
promoting rhizobacteria [13]. Our data also revealed that
functions related to the metabolism of nitrogen, phosphorus,
iron, nucleotides sugars and transcriptional regulation
were significantly more expressed in the rhizosphere of the

Fig. 2 a Taxonomic and b functional comparison between metatran-
scriptome data from this study and DNA-based data from Mendes
et al. [7]. Different lower case letters indicate significant differences (P
< 0.05) within DNA-based data, while upper case letters indicate dif-
ferences within RNA-based data. c Network co-occurrence analysis of
microbial communities in the rhizosphere of two common bean cul-
tivars with contrasting levels of resistance to F. oxysporum. Each node
represents a microbial phylotype (Bacteria or Archaea) at genus level.

A connection stands for SparCC correlation with a magnitude >0.7
(positive correlation—blue edges) or <−0.7 (negative correlation—red
edges) and statistically significant (P < 0.01). The size of each node is
proportional to the number of connections (that is, degree). Each node
was labeled at the phylum level, except for Proteobacteria phylum,
shown at the class level. Rs= Fox-resistant cultivar; Sc= susceptible
cultivar (color figure online)
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Fox-resistant cultivar (Fig. 1d and Supplementary Tables 2
and 3). A higher abundance of genes related to nutrient
metabolism could promote plant growth and health, and
healthier plants are more prone to fend off pathogen inva-
sions [14]. Also, the resistant cultivar presented more
expression of cell motility and chemotaxis genes, which
functions are important for the assembly of the rhizosphere
microbiome, as they propel microbial populations to avail-
able resources [15]. This ability to move also provides a
competitive advantage in the rhizosphere, thereby hamper-
ing pathogen invasion.

Further exploration of the data revealed higher expres-
sion of genes involved in phenazine and colicin V bio-
synthesis in the Fox-resistant rhizosphere microbiome
(Fig. 1d). Phenazine antibiotics have strong activity against
F. oxysporum in several crops and contribute to Fusarium-
wilt suppressiveness of soils [16]. Colicin V (colV) is a
secreted peptide antibiotic capable to kill bacterial cells,
thereby reducing competition for nutrients [17]. In a recent
study, the production of colV by an Enterobacter sp. strain
was related to the suppression of Fusarium wilt in finger
millet [18]. Interestingly, genes involved in the biosynthesis
of these two ‘anti-Fusarium’ compounds were also found
more abundantly in the rhizosphere of the Fox-resistant
bean based on the metagenome data (Fig. 2b). Summariz-
ing, our results suggest that the rhizosphere of the Fox-
resistant cultivar is enriched with beneficial taxa and func-
tional traits that help the plant to fend off the pathogen. This
hypothesis is further supported by the results of the co-
occurrence network analysis based on the active commu-
nity, which showed a more complex network for the Fox-
resistant cultivar, based on the high number of correlations,
high modularity, small diameter, and low average path
length (Fig. 2c and Supplementary Table 4). A more com-
plex network has been proposed to better resist pathogen
invasions, because of the higher number of species inter-
actions and intensified competition for niche space [15, 19].
To infect root tissue, the fungi have to compete with
members of the rhizosphere microbiome for nutrients and
microsites [5]. Using the metrics of the network topology
we also identified the genus Paenibacillus as key taxon
in the Fox-resistant co-occurrence network with high
betweenness centrality and high correlations, which can be
interpreted as keystone species within a community (Sup-
plementary Table 5). As discussed above, this bacterial
genus is widely known for its activity against Fusarium. A
pathogen invader may manage to displace the key taxa and
collapse the network structure [20]. For example, it was
demonstrated that F. oxysporum produces fusaric acid,
which down regulates the production of the antibiotic
compound DAPG in Pseudomonas, a key factor for its
antagonistic activity in rhizosphere [21]. Although we have
identified a key taxon in the network of the Fox-resistant

cultivar, the microbiome is more complex and dynamic.
Several other microorganisms that can confer suppressive-
ness have been found among other bacterial phyla, such as
Proteobacteria and Firmicutes [22]. The putative beneficial
effects of these and other identified bacterial taxa will be
subject of future studies.

In light of our results, we suggest that breeding for
resistance in common bean have selected a specific active
microbial community which presented high expression of
beneficial microbial traits that may complement disease
protection in addition to the resistance traits of the plant
itself. Our study reinforces the importance of understanding
the processes of microbiome assembly in the rhizosphere,
where the identification of microbial groups and traits
related to pathogen suppression could help the future
development of plant breeding to select for plant traits that
enrich and activate beneficial microbial groups and genes
that will protect plants against root pathogens.
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