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ABSTRACT
Legume yields on phosphorus-deficient soils are frequently constrained less by nitrogen availability, which
symbiotic rhizobia can supply, than by the plant's limited access to sparingly soluble soil phosphate. We
assembled a five-member synthetic microbial consortium (SynCom) combining an elite Rhizobium phaseoli
nodulating strain with four phosphate-solubilising and siderophore-producing rhizobacteria isolated from
bean-cropped soils, and tested it against single-strain and uninoculated controls in common bean (Phaseolus
vulgaris L. cv. Carioca) grown in low-phosphorus Ferralsol under greenhouse and confirmatory field conditions
across two seasons. SynCom-treated plants formed 38% more root nodules and accumulated 61% more shoot
phosphorus than uninoculated controls, with shoot dry biomass increased by 42% at the R6 reproductive stage.
16S rRNA amplicon profiling of the rhizosphere community showed that SynCom introduction reshaped
indigenous community structure beyond simple addition of the inoculated taxa, enriching native Pseudomonas and
Bacillus lineages associated with organic-acid-mediated phosphate release. Field validation at two sites
reproduced the biomass and seed-yield gains seen under controlled conditions, though the magnitude of benefit
varied with baseline soil phosphorus status and was smallest at the site with the highest native rhizobial
population. These results indicate that a rationally assembled, functionally complementary consortium can
outperform single-strain inoculants for phosphorus-limited legume production and that consortium performance is
contingent on the resident soil microbiome rather than acting as an independent, additive input.
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1. INTRODUCTION

Grain legumes occupy a peculiar position in global
agriculture: they are simultaneously celebrated for their
capacity to fix atmospheric nitrogen through symbiosis
with rhizobia and chronically under-yielding relative to
cereals on the smallholder farms where they are most

widely grown. Phosphorus, not nitrogen, is very often the
proximate constraint. Biological nitrogen fixation itself is
phosphorus-hungry, since nodule development and
nitrogenase activity both carry a substantial ATP cost, so
a bean crop growing in phosphorus-poor soil can find
itself unable to fully exploit the rhizobial symbiosis it has
already established [1,2]. Tropical and subtropical
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Ferralsols and Oxisols, which host a large share of the
world's common bean production, fix applied phosphate
into iron and aluminium oxide complexes so effectively
that a substantial fraction of fertiliser phosphorus
becomes plant-unavailable within a single season,
making repeated high-rate fertilisation both expensive
and, over the medium term, environmentally
counterproductive [3,4].
Microbial solutions to this problem have a long history,
but most commercial inoculants remain single-strain
products, typically a Rhizobium or Bradyrhizobium
selected purely for nodulation efficiency, applied without
regard to whether the surrounding rhizosphere
community can supply the mineral nutrients that
nodulation itself later demands. Phosphate-solubilising
bacteria (PSB), a functionally defined group spanning
genera such as Pseudomonas, Bacillus and
Enterobacter, mobilise sparingly soluble mineral
phosphate through organic acid secretion, phosphatase
activity and proton extrusion, and inoculation with
individual PSB strains has repeatedly improved
phosphorus uptake in pot trials, if less consistently in the
field [5,6,7]. Co-inoculation of rhizobia with PSB, and in
some systems with arbuscular mycorrhizal fungi as a
third functional partner, has produced additive or
synergistic gains in several legume species, suggesting
that the constraint is at least partly one of community
composition rather than of any single organism's intrinsic
activity [8,9].
Synthetic microbial consortia (SynComs) extend this
logic deliberately: rather than screening single isolates
for a target trait, a small number of functionally
complementary strains are assembled and their
combined effect on the plant and the surrounding
community evaluated as a unit. The approach has
matured rapidly in Arabidopsis and cereal
root-microbiome research, where defined consortia of a
few dozen to a few hundred taxa have been used to
dissect community assembly rules and to identify
keystone taxa whose presence shapes the recruitment of
the wider indigenous community [10,11,12]. Legume
rhizosphere engineering has been slower to adopt this
framework, in part because nodulation itself is a
strain-specific, tightly regulated process that can be
perturbed by an poorly chosen partner strain, and in part
because most agronomic trials still evaluate inoculants
one at a time against an uninoculated control rather than
testing whether a consortium outperforms its best single
member [13,14].
We reasoned that a deliberately small, functionally
defined SynCom -- one elite nodulating rhizobium plus a
handful of phosphate-solubilising and
siderophore-producing rhizobacteria selected from the
same bean-cropped soils the trial would be conducted in
-- could improve both nitrogen fixation and phosphorus
acquisition simultaneously, while remaining simple
enough to characterise mechanistically and to
manufacture as a practical inoculant. The specific

questions we set out to answer were threefold: whether a
five-member SynCom improves nodulation, phosphorus
uptake and biomass relative to the single-strain rhizobial
inoculant currently used in regional bean production;
whether any benefit reflects a genuine restructuring of
the indigenous rhizosphere community rather than
simple co-existence of the introduced strains; and
whether greenhouse results, generated under
standardised low-phosphorus soil, reproduce under field
conditions where native microbial populations and
phosphorus status both vary.

2. MATERIALS AND METHODS

All experiments used common bean (Phaseolus vulgaris
L. cv. Carioca), a determinate bush-type cultivar widely
grown across tropical smallholder systems and
previously characterised for its response to rhizobial
inoculation.

2.1 Strain isolation and consortium assembly

The nodulating partner was Rhizobium phaseoli strain
BIBR-114, isolated from nodules of field-grown bean in
the trial region and selected for high nitrogenase activity
and competitive nodule occupancy in a prior screening
trial. Four phosphate-solubilising rhizobacteria were
isolated from the rhizosphere soil of the same fields on
Pikovskaya agar, screened for halo-forming solubilisation
of tricalcium phosphate, siderophore production on
chrome azurol S medium, and indole-3-acetic acid
secretion, and identified by 16S rRNA gene sequencing
as Pseudomonas fluorescens PSB-7, Bacillus
megaterium PSB-12, Enterobacter cloacae PSB-19 and
Bacillus subtilis PSB-23. The four PSB strains were
confirmed compatible with R. phaseoli BIBR-114 in vitro
by cross-streak assay, showing no growth inhibition in
either direction, before being combined at equal cell
density (1x10^8 CFU/mL per strain) into the five-member
SynCom used for all subsequent inoculation.

2.2 Greenhouse trial design

Ferralsol collected from a low-phosphorus field site
(Olsen P 4.2 mg/kg, pH 5.6) was sieved, homogenised
and distributed into 4 L pots. Five treatments were
applied at sowing: uninoculated control, R. phaseoli
alone (current regional standard practice), R. phaseoli
plus a single PSB strain (Pseudomonas fluorescens
PSB-7, the best-performing PSB in a preliminary
single-strain comparison), the full five-member SynCom,
and a SynCom-minus-rhizobium treatment containing
only the four PSB strains without R. phaseoli, included to
separate PSB-driven phosphorus effects from
nodulation-driven nitrogen effects. Each treatment was
replicated in twelve pots arranged in a randomised
complete block design across three greenhouse
benches, with two seeds per pot thinned to one seedling
after emergence. Plants were watered to 70% field
capacity and received no additional phosphorus fertiliser;
a basal, phosphorus-free nutrient solution supplied other
macro- and micronutrients weekly.
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2.3 Plant sampling and nutrient analysis

Six plants per treatment were destructively harvested at
the V4 trifoliate stage for nodule counts and nodule fresh
weight, and the remaining six were grown to the R6
reproductive stage for shoot biomass, shoot phosphorus
and nitrogen concentration, and seed yield. Nodules
were counted and weighed within four hours of harvest.
Shoot tissue was oven-dried at 65°C to constant weight,
ground, and analysed for total phosphorus by the
molybdate-blue colorimetric method following
nitric-perchloric acid digestion, and for total nitrogen by
the Kjeldahl method. Shoot phosphorus content was
calculated as the product of tissue phosphorus
concentration and shoot dry biomass.

2.4 Rhizosphere community profiling

Rhizosphere soil, defined as soil adhering to roots after
gentle shaking, was collected from three plants per
treatment at the V4 stage for 16S rRNA amplicon
sequencing. DNA was extracted with a soil DNA
extraction kit, and the V3-V4 hypervariable region was
amplified and sequenced on an Illumina MiSeq platform
(2x300 bp). Reads were processed with the DADA2
pipeline to generate amplicon sequence variants,
taxonomically classified against the SILVA reference
database, and analysed for alpha diversity (Shannon
index), beta diversity (Bray-Curtis dissimilarity, visualised
by principal coordinates analysis) and differential relative
abundance between treatments using DESeq2.

2.5 Field validation and statistical analysis

Field trials were conducted over two consecutive growing
seasons at two sites differing in baseline soil phosphorus
and native rhizobial population density, using the same
five treatments in a randomised complete block design
with four replicate plots per treatment per site. Shoot
biomass, phosphorus content and seed yield were
measured as in the greenhouse trial.
Most-probable-number counts of indigenous rhizobia
were performed on composite pre-planting soil samples
at each site. All data were analysed by two-way ANOVA
(treatment and, for field data, site) followed by Tukey's
honestly significant difference test, after confirming
normality and homogeneity of variance; amplicon
community differences were tested by PERMANOVA on
Bray-Curtis distances with 999 permutations. Analyses
were performed in R version 4.3 using the vegan and
DESeq2 packages.

3. RESULTS

In the greenhouse trial, nodulation and phosphorus
uptake responded differently across treatments,
consistent with the two functional groups in the SynCom
targeting largely separate constraints. Nodule number at
V4 was significantly higher in both rhizobium-containing
treatments than in the uninoculated or PSB-only controls,
but the SynCom treatment produced 38% more nodules
than R. phaseoli alone (mean 46.2 versus 33.5 nodules

per plant, Tukey P<0.001), indicating that the PSB
partners enhanced nodulation rather than simply adding
a parallel phosphorus-acquisition pathway. Shoot
phosphorus content at R6 followed a similar pattern but
with a larger relative effect: SynCom plants accumulated
61% more shoot phosphorus than uninoculated controls
and 29% more than the R. phaseoli-only treatment
(P<0.001), while the SynCom-minus-rhizobium treatment
achieved an intermediate phosphorus gain over control
(34%) despite the complete absence of nodulation,
confirming that the PSB consortium itself was driving a
substantial share of the phosphorus benefit. Table 1
summarises nodulation and nutrient outcomes across all
five treatments.
Table 1. Nodulation and nutrient outcomes across
inoculation treatments (greenhouse trial, mean ± SD).

Treatment
Nodules per
plant (V4)

Shoot P
content
(mg/plant, R6)

Shoot dry
biomass
(g/plant, R6)

Uninoculated control 0.0 ± 0.0 8.4 ± 1.1 6.2 ± 0.7

PSB consortium only
(no rhizobium)

0.0 ± 0.0 11.3 ± 1.4 7.4 ± 0.8

R. phaseoli alone 33.5 ± 4.2 10.5 ± 1.3 7.6 ± 0.9

R. phaseoli + PSB-7
(single strain)

39.8 ± 5.0 12.2 ± 1.5 7.9 ± 0.8

Full SynCom
(rhizobium + 4 PSB)

46.2 ± 5.6 13.5 ± 1.6 8.8 ± 0.9

P = phosphorus. Values are means of twelve replicate pots per
treatment; SD = standard deviation.

Shoot dry biomass at R6 was 42% higher in the SynCom
treatment than in uninoculated controls and 18% higher
than in the R. phaseoli-only treatment (two-way ANOVA,
F(4,55)=24.7, P<0.001), and seed yield showed a
proportionally similar advantage. Figure 1 plots shoot dry
biomass across the five treatments together with the
field-trial biomass data described below, illustrating that
the ranking of treatments was consistent across the
greenhouse and both field environments even though
absolute values differed. The single-PSB co-inoculation
treatment (R. phaseoli plus P. fluorescens PSB-7 alone)
produced an intermediate benefit between the R.
phaseoli-only and full SynCom treatments, improving
shoot biomass by 27% over control but falling short of
the full consortium's 42% gain, indicating that the
additional three PSB strains contributed measurably
beyond what the single best-performing PSB strain
achieved on its own.

Figure 1. Shoot dry biomass at the R6 reproductive stage across
five inoculation treatments in the greenhouse trial and at two field
validation sites (error bars show SD; letters indicate significant
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differences within each environment, Tukey HSD, P<0.05).

16S rRNA amplicon sequencing of rhizosphere soil
revealed that SynCom inoculation altered indigenous
community structure well beyond the direct contribution
of the five introduced strains, which together accounted
for only 6.8% of total sequencing reads in
SynCom-treated samples at V4. Shannon diversity did
not differ significantly between treatments (P=0.31), but
Bray-Curtis community composition separated clearly by
treatment on the first principal coordinate axis
(PERMANOVA, R2=0.29, P=0.001), with SynCom and
PSB-only samples clustering apart from uninoculated
and R. phaseoli-only samples. Differential abundance
analysis identified 34 indigenous amplicon sequence
variants significantly enriched in SynCom-treated
rhizosphere relative to uninoculated control (DESeq2,
adjusted P<0.05), of which 21 belonged to native
Pseudomonas and Bacillus lineages distinct from the
inoculated strains, most carrying annotated organic-acid
or phosphatase gene homologues in reference genome
comparisons. Table 2 lists the ten most strongly enriched
native genera.
Table 2. Ten native rhizosphere genera most strongly
enriched by SynCom inoculation at V4 (DESeq2, adjusted
P<0.05).

Genus
Log2 fold
change

Adjusted
P-value

Candidate function

Pseudomonas
(native)

2.8 0.0002 Organic acid secretion

Bacillus (native) 2.5 0.0004 Phosphatase activity

Burkholderia 2.1 0.003 Siderophore production

Sphingomonas 1.9 0.006
Root exudate
metabolism

Rhodanobacter 1.8 0.008 Organic acid secretion

Variovorax 1.7 0.011 IAA/ACC deaminase

Massilia 1.6 0.014 Phosphatase activity

Flavobacterium 1.5 0.019
Root exudate
metabolism

Chryseobacterium 1.4 0.024 Phosphatase activity

Devosia 1.3 0.031 Organic acid secretion

Field validation reproduced the direction of the
greenhouse results at both sites but with clear
site-dependent variation in magnitude. At the
lower-native-rhizobium site, SynCom treatment
increased seed yield by 33% over uninoculated control
and 15% over R. phaseoli alone, closely tracking the
greenhouse pattern, whereas at the
higher-native-rhizobium site the SynCom advantage over
R. phaseoli alone narrowed to 6% (not statistically
significant, P=0.14), even though both
rhizobium-containing treatments still substantially
outyielded the uninoculated and PSB-only treatments.
Pre-planting most-probable-number counts confirmed
roughly an order-of-magnitude higher indigenous
rhizobial population at the second site, consistent with
competitive nodule occupancy by resident rhizobia
diluting the benefit of the inoculated R. phaseoli strain

regardless of which PSB partners accompanied it.

4. DISCUSSION

The central finding of this study is that a small,
functionally defined SynCom outperformed the current
single-strain rhizobial inoculant on both the nitrogen and
phosphorus sides of legume nutrition simultaneously,
and that the PSB partners' contribution extended beyond
direct phosphate solubilisation to include a measurable
improvement in nodulation itself. This pattern is broadly
consistent with earlier reports that PSB co-inoculation
can enhance nodule number and nitrogenase activity in
soybean and common bean, plausibly because the
additional phosphorus supply relieves the substantial
ATP cost of nodule development and nitrogen fixation,
though the mechanistic link has rarely been
demonstrated this directly within a single controlled
experiment spanning both nodulation and whole-plant
nutrient accumulation endpoints [8,15,16].
The rhizosphere community data help explain why the
full five-member consortium outperformed the best single
PSB strain: SynCom introduction recruited a substantial
cohort of indigenous Pseudomonas and Bacillus taxa
that were not part of the inoculum itself, several carrying
organic-acid or phosphatase gene signatures consistent
with a phosphorus-mobilising function. This is consistent
with the emerging view from Arabidopsis and cereal
SynCom studies that introduced strains often act less as
direct nutrient suppliers than as ecosystem engineers
that reshape niche availability for a wider indigenous
community, sometimes described as a 'cry for help' or
facilitation cascade in which the plant's own root exudate
profile shifts in response to the introduced consortium
and in turn recruits additional beneficial taxa [10,17,18].
If that interpretation holds here, it would argue against
viewing the SynCom purely as a phosphorus-delivery
vehicle and toward viewing it as a community-level
intervention whose downstream recruitment of native
taxa is itself an important, and difficult to fully predict,
part of its mechanism of action.
The field results temper how far the greenhouse findings
should be generalised. The SynCom advantage over the
single-strain standard practice was large and consistent
at the site with lower native rhizobial abundance, but
shrank to a non-significant margin at the site where
indigenous rhizobia were an order of magnitude more
abundant, presumably because competitive nodule
occupancy by resident strains limited how much
additional benefit the inoculated R. phaseoli, and by
extension its PSB partners acting through improved
nodulation, could provide. This is a familiar problem in
rhizobial inoculant research: competitiveness against an
established indigenous population is often the single
largest determinant of whether an elite inoculant strain
achieves meaningful nodule occupancy in the field, and
inoculant performance data collected on soils with low
native rhizobial background can systematically overstate
the benefit growers will see on soils with a
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well-established resident population [19,20]. Site-specific
screening of baseline rhizobial abundance, which is
inexpensive relative to a full inoculant trial, would be a
reasonable prerequisite for deploying this or any similar
SynCom commercially.
A further consideration is manufacturing and regulatory
complexity. A five-strain consortium is more complicated
to formulate, maintain at defined ratios through
production and storage, and register as an agricultural
input than a single-strain product, and the marginal
agronomic benefit needs to be weighed against these
practical costs [21,22]. Our data suggest that the
single-PSB co-inoculation treatment, using only P.
fluorescens PSB-7 alongside R. phaseoli, captured a
meaningful fraction of the full SynCom's benefit at
presumably lower formulation complexity, and a
two-strain product may represent a more commercially
tractable intermediate step even if it forgoes some of the
additional gain from the broader four-strain PSB cohort.
Future work comparing formulation stability and shelf-life
across these different consortium sizes would help
translate the present agronomic result into a deployable
product.
Two further caveats deserve mention. First, both field
sites were located within a single agroecological region,
and soil type, climate and native microbial community
composition all vary considerably across the broader
geography where common bean is grown, so additional
multi-site testing would be needed before broad
recommendations could be made [23]. Second, the
amplicon-based community analysis characterises
taxonomic shifts but does not directly demonstrate that
the enriched native taxa are functionally responsible for
the observed phosphorus gain; shotgun metagenomic or
metatranscriptomic profiling, or reciprocal transplant
experiments removing candidate native taxa, would be
needed to establish causality rather than correlation
between community shift and plant nutrient outcome
[24,25].

5. CONCLUSION

A five-member synthetic microbial consortium combining
an elite nodulating Rhizobium phaseoli strain with four
phosphate-solubilising rhizobacteria improved
nodulation, shoot phosphorus accumulation, biomass
and seed yield in common bean beyond what the current
single-strain rhizobial inoculant achieved, and did so
partly by reshaping the indigenous rhizosphere
community rather than acting solely through the
introduced strains themselves. Field validation confirmed
the direction of these effects but showed that the
magnitude of benefit depends on the resident rhizobial
population at a given site, underscoring that SynCom
performance is contingent on local soil biology rather
than a fixed, portable property of the consortium.
Practical translation of this approach will require
site-specific baseline screening for native rhizobial
abundance, further work on formulation and storage

stability at consortium scale, and functional follow-up to
establish whether the recruited native taxa identified here
are mechanistically responsible for the phosphorus gain
or are simply correlated markers of a favourable
rhizosphere state. We are now extending the trial to two
additional bean-growing regions with contrasting soil
types, and are testing whether a reduced two- or
three-strain version of the consortium retains a
commercially meaningful share of the full SynCom's
benefit while easing the manufacturing burden
associated with a five-strain product. A parallel
metagenomic study is underway to test directly whether
the native Pseudomonas and Bacillus lineages enriched
by SynCom inoculation contribute causally to the
phosphorus gain reported here, using targeted strain
removal and re-addition experiments in a simplified
gnotobiotic rhizosphere system.
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