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Abstract

BACKGROUND: Plant-growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal (AM) fungi have the ability to enhance
the growth, fitness, and quality of various agricultural crops, including cowpea. However, field trials confirming the benefits of
microbes in large-scale applications using economically viable and efficient inoculation methods are still scarce. Microbial seed
coating has a great potential for large-scale agriculture through the application of reduced amounts of PGPR and AM fungi
inocula. Thus, in this study, the impact of seed coating with PGPR, Pseudomonas libanensis TR1 and AM fungus, Rhizophagus
irregularis (single or multiple isolates) on grain yield and nutrient content of cowpea under low-input field conditions was
evaluated.

RESULTS: Seed coating with P. libanensis+multiple isolates of R. irregularis (coatPMR) resulted in significant increases in shoot
dry weight (76%), and in the number of pods and seeds per plant (52% and 56%, respectively) and grain yield (56%), when
compared with non-inoculated control plants. However, seed coating with P. libanensis+R. irregularis single-isolate (coatPR)
did not influence cowpea grain yield. Grain lipid content was significantly higher (25%) in coatPMR plants in comparison with
control. Higher soil organic matter and lower pH were observed in the coatPMR treatment.

CONCLUSIONS: Our findings indicate that cowpea field productivity can be improved by seed coating with PGPR and multiple 
AM fungal isolates under low-input agricultural systems.
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INTRODUCTION
In recent decades agricultural production has been centered
largely on unsustainable inputs of agrochemicals and water.1

There is currently a demand for sustainable agricultural prac-
tices that safeguard food, air, water, and soil quality, ensuring
a safer environment for contemporary and future generations.2

Low-input and organic agriculture is consequently gaining world-
wide as a way to preserve agro-ecosystem functionality and to
reduce economic, environmental, and health costs.3–6 The evolu-
tion to more sustainable agriculture includes reducing or elimi-
nating the use of non-renewable off-farm anthropoid inputs and
giving high importance to the soil and its inhabitants to preserve
and maintain ecosystem health.7,8

There is currently a great interest in plant-beneficial microbes
such as arbuscular mycorrhizal (AM) fungi and plant-growth-
promoting rhizobacteria (PGPR), as they play an important role
in crop yield improvement and sustainable improvement in
agriculture.9 Inoculation of AM fungi and PGPR can protect plants
against biotic and abiotic stresses and increase the nutritional
value of crops in different plant cultivation systems.10 Application
of these microbes has been considered a key strategy to enhance
legume production and quality while reducing the excessive use
of chemical fertilizers and pesticides.11–14

Cowpea is one of the most important edible grain legumes
worldwide with excellent nutritional and nutraceutical properties
and it offers several agronomic, environmental, and economic
advantages for developed and developing countries.15–17

Enhancement of biomass, grain yield, and nutrient content in
cowpea inoculated with AM fungi and PGPR has been demon-
strated previously.18,19 Yet, the lack of efficient inoculation
methods for these microbes is a constraint for their large-scale
application.

Broadcasting of inocula of AM fungi and PGPR in open agricul-
tural fields can be costly.20,21 Seed coating is considered a viable
tool for precise and broad delivery of AM fungi and PGPR to
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https://orcid.org/0000-0003-3380-602X
mailto:ines.sousa.rocha@uc.pt


different agricultural crops, and it has been explored in cowpeas
under greenhouse conditions.22,23 This inoculation method allows
the application of low amounts of inocula in combination with
other exogenous ingredients onto the seed surface, resulting
in close plant-microbe contact at the early plant development
stage. Despite studies showing the excellent potential of AM
fungi to enhance the nutritional status and productivity of various
crops,24–27 the application of AM fungi (single or in consortia) via
seed coating is still rare.

Moreover, although greenhouse experiments provide important
and useful data regarding the benefits of microbial inoculation,
the validation of microbial effects under field conditions across a
range of environments is required.28 In fact, the lack of consistency
in field performance can be a major constraint on the wider use
of microbial seed coating.9,29 The aim of the present study was to
evaluate the effects of seed coating with the PGPR Pseudomonas
libanensis and the AM fungus Rhizophagus irregularis (single or
multiple isolates) on cowpea productivity under low-input field
conditions. We hypothesized that inoculation of multiple AM fun-
gal isolates + PGPR results in superior cowpea performance when
compared to single AM fungal isolate + PGPR or no inoculation
under field conditions.

MATERIALS AND METHODS
Seeds, microbial inocula and coating
The seeds of cowpea, Vigna unguiculata (L.) Walp. cv. Fradel,
used in this study were obtained from the collection of the
National Institute for Agrarian and Veterinary Research (INIAV).
Pseudomonas libanensis TR1 (GenBank accession no. KR051238),
previously isolated from Trifolium repens rhizosphere existing
in serpentine soils in Bragança (Portugal), was obtained from
the collection of the Center for Functional Ecology, University
of Coimbra.30 Pseudomonas libanensis TR1 exhibited tolerance
to heat (38 ∘C), salinity (8%) and severe drought (−1.5 Mpa) and
it was tested positively for 1-aminocyclopropane-1-carboxylate
(ACC) deaminase, indoleacetic acid (IAA), siderophores and
ammonia production, phosphate solubilization, and N fixation.22

To prepare the inoculum for seed coating, the bacterial strain
was grown in Luria Bertani media overnight at 28–30 ∘C and
200 revolutions per minute, according to Ma et al.30 Two differ-
ent AM fungal inocula were used: (i) a single fungal isolate of
R. irregularis (BEG140) and (ii) a mixture of R. irregularis isolates
(BEG141, BEG236, DAOM 197198, KW and AS). Previously, all AM
fungi inocula (provided by Symbiom Ltd, Czech Republic) were
grown for 8 months with Zea mays L. as host plant, in a multi-
spore pot culture with 1:1 (v/v) of zeolite and expanded clay. The
AMF inocula were cultivated as single isolate cultures and then
equal parts of inocula were mixed to prepare the R. irregularis
mixture.

For seed-coating inoculation, cowpea seeds were previously
immersed (for 45 min) in a P. libanensis solution with a concen-
tration of 107 colony-forming units (CFU) mL−1, then air-dried
and dressed using a rotating pan.31 Cowpea seeds were first
dusted with sieved (500 μm) R. irregularis inoculum and sec-
ondly with biochar (0.25% per seed weight) (Ecochar, Ibero Massa
Florestal, Portugal), using a sticker solution of 2% gum ara-
bic. Twenty AM fungal propagules were applied per seed (for
both inocula), estimated according to the most probable num-
ber method.32 After coating, the final bacterial concentration was
106 CFU per coated seed. The CFU was estimated as described in
Rocha et al.27

Field experimental conditions and design
The experiment was conducted in an agricultural field located
in Elvas, Portugal (38∘ 53′16.3′′ N, 7∘ 08′16.8′′ W), between June
and September 2018. The soil had a clay texture and presented
the following properties: 0.40 mS cm−1 electrical conductivity,
8.1 pH (1:2.5 w/v water), 1.1% organic matter, 0.08% nitrogen
(N) (Kjeldahl method), >200 mg kg−1 extractable (Egner-Riehm
method) phosphorus (P), 138 mg kg−1 extractable (Egner-Riehm
method) potassium (K), 2768 mg kg−1 extractable (ammonium
acetate) calcium, and 417 mg kg−1 extractable (ammonium
acetate) magnesium. The field is used for cowpea and cereals (i.e.
wheat and triticale) production in a crop rotation system. The
site had been uncultivated for 1 year before the beginning of the
field experiment. The experimental design was based on three
dissimilar inoculations: (i) non-coated / non-inoculated seeds,
control; (ii) coated seeds with P. libanensis + R. irregularis BEG140,
coatPR; and (iii) coated seeds with P. libanensis+ the mixture of R.
irregularis and coatPMR described above. The experimental plot
consisted of two rows of 3 m (with 10 seeds each and spaced at a
distance of 60 cm) in a total of three repetitions per treatment set,
organized in a split-plot randomized block. Seeds from different
inoculation treatments were sown manually at 2–3 cm depth.
No synthetic components were added to the soil (i.e. fertilizers or
pesticides) before or during the experiment. Watering was done
twice a week during 2 h to avoid water stress using a drip irrigation
system. During the experiment the temperature, relative humidity
and precipitation ranged from 13 to 26 ∘C, 42 to 78% and 0 to
8 mm, respectively.

Plant, soil, and grain analyses
Approximately 83 days after sowing (DAS) cowpea was harvested.
Data regarding DAS to flowering (50% of the plants flowering)
and maturity (maturity of 50% of the plants) were collected. The
numbers of pods and seeds per plant were counted. Seeds were
weighed and plant shoots dried at 70 ∘C for 48 h and weighed. The
grain yield (kg ha−1), weight of 100 seeds (average of 300 seeds
from each treatment), and harvest index (the ratio of seed weight
to shoot dry weight) were calculated.

At plant harvest, samples of the rhizosphere soil from the dif-
ferent treatments were collected and analyzed for pH (1:5 v/v),
organic matter (dry combustion at 590 ∘C), N (Kjeldahl method),
P (Egner-Riehm method), and K (Egner-Riehm method) content.
Samples of cowpea grains were dried (70 ∘C for 48 h), finely ground
and used to determine crude protein, fiber, fat, and ash con-
tent. Crude protein was analyzed by the Kjeldahl method accord-
ing to the international standard ISO 20 483:2006 and the pro-
tein was calculated as Ncontent × 6.25. Crude fiber content was
obtained using the ratio between the reduction in mass resulting
from ashing of the dried digestion grain residue (acid and alka-
line digestion) and the mass of the test sample, according to the
method of intermediate filtration from the Portuguese norm (NP)
ISO 6865:2009. The determination of grain fat content was carried
out using the Soxtec System HT1043 extraction apparatus with
ether ethylic (NP 876:2001). The ash yield was obtained by the ratio
between the difference in the mass of the ashing dish and incin-
erated grain residue, divided by the mass of the test sample (ISO
2171:2007).

Mycorrhizal root colonization
Roots were separated from shoots, washed, cut into 1 cm pieces,
and stained in a trypan blue solution in accordance with a modified
Phillips and Hayman33 protocol.34 The grid-line intersect method35



was used to estimate the percentage of root length colonized (RLC)
through observation of stained roots under a stereomicroscope
(Leica EZ4 HD, Germany).

Bacterial detection in cowpea rhizosphere
During harvest, plants were gently uprooted and 2 g of soil firmly
adhered to roots (considered as rhizosphere soil) was collected
and kept in plastic bags. Bags were labeled and maintained in cold
conditions (4 ∘C) during transport to the laboratory, where they
were frozen at−20 ∘C. About 0.25 g of soil was used for DNA extrac-
tion using the NucleoSpin® soil extraction kit (Macherey-Nagel,
Germany). Extracted DNA was stored at −20 ∘C. DNA purity was
verified through absorbance (A260/A280) using a UV-visible
spectrophotometer (NanoVue Plus, Biochrom, England). The
presence of bacterial DNA was verified by amplification with the
general primer pair 27f (5′-AGAGTTTGATCCTGGCTCAG-3′) and
1492r (5′-GGTTACCTTGTTACGACTT-3′),36 targeted at the 16S rRNA
of eubacteria. The reaction mix contained 2.5 μmol L−1 of each
primer, 12.5 μL of DSF Taq Master Mix (BIORON, Germany) (2.5 μL
of buffer, 200 μmol L−1 of dNTPs, 0.5 U of DFS-Taq polimerase), and
1 μL of template DNA in a final volume of 25 μL. A rapid amplifica-
tion cycle was carried out with the following conditions: an initial
denaturation step of 2 min at 95 ∘C, followed by 25 cycles of 20 s
at 94 ∘C, 30 s at 57 ∘C, and 1 min at 72 ∘C, with a final extension
step of 10 min at 72 ∘C.

Once the presence of bacteria was positively confirmed, the
presence of P. libanensis TR1 in cowpea rhizosphere was studied
using a nested-Polymerase chain reaction (PCR) approach. Initially,
the specific primer pair GyrBF (5′-AGCATCAAGGTGCTGAAAGG-3′)
GyrBR (5′-GGTCATGATGATGATGTTGTG-3′), targeted at the gyrB
gene,37 was used to detect the presence of Pseudomonas using
the following PCR conditions: an initial denaturation step of
5 min at 94 ∘C, followed by 35 cycles of 30 s at 94 ∘C, 30 s at
57 ∘C, and 1 min at 72 ∘C, with a final extension step of 5 min
at 72 ∘C. Reaction mix contained 2.5 μmol L−1 of each primer,
12.5 μL of DSF Taq Master Mix (BIORON) (2.5 μL of buffer,
200 μmol L−1 of dNTPs, 0.5 U of DFS-Taq polimerase), and 1 μL
of template DNA. Amplification produced a PCR product of
approximately 1460 bp that was used for the specific identifi-
cation of our strain. On the basis of the nucleotide sequence
of the GyrB gene of P. libanensis TR1, we designed a set of spe-
cific primers targeted to unique regions within this sequence
(Souza-Alonso et al., in preparation). In this study, two primer
pairs designed to amplify specific regions of our strain were
tested, including PsTR1aFor (5′-CGACGACATCAGCATTATCA-3′)
and PsTR1bRev (5′-CAGTGAGGATCAGTTCTTCG-3′), as well as
PsTR1aFor (5′-CGACGACATCAGCATTATCA-3′) and PsTR1cRev (5′-
CGGACAGTGAGGATCAGTTC-3′). The PCR products (5 μL) of the
first round were further used for the nested-PCR using specific
primers. In this case, reaction mix contained 2.5 μmol L−1 of each

primer, 10 μL of DSF Taq Master Mix (BIORON) (2.5 μL of buffer,
200 μmol L−1 of dNTPs, 0.5 U of DFS-Taq polimerase), and 5 μL of
amplified DNA (using GyrB primers) as template. In both cases,
amplification conditions were as follows: an initial denaturation
step of 5 min at 95 ∘C, followed by 30 cycles of 30 s at 95 ∘C, 45 s
at 52 ∘C, and 30 s at 72 ∘C, with a final extension step of 5 min at
72 ∘C.

In all cases, 5 μL of the obtained PCR products was analyzed
using agarose (1%) gel electrophoresis stained with GreenSafe
Premium (NZYTech, Portugal). DNA extracted from pure culture
of P. libanensis TR1 served as positive control. Amplified DNA was
visualized by GelDoc™ XR+ system with the Image Lab software
(2.0.1, BIO-RAD, California, United States).

Statistical analysis
Data were analyzed using one-way analysis of variance (ANOVA)
for each dependent variable versus the independent variable
(inoculation), when normality and homogeneity of variances were
confirmed. Duncan’s multiple-range test was use to compare treat-
ment means, when F-values were significant (P < 0.05). When
normality assumptions of parametric tests were not met, differ-
ences between groups of data were tested for significance using
a non-parametric Kruskal–Wallis test with a sequential Bonferroni
correction for multiple comparisons, at 𝛼 = 0.05/n with n the num-
ber of pairwise comparisons. All statistical analyses were carried
out using the IBM SPSS Statistics 25.0 software package (IBM SPSS
Inc., Chicago, IL, USA).

RESULTS
Seed coating did not hinder cowpea germination. Seeds took
approximately 6 DAS to germinate, 50 DAS to flowering, and 69
DAS to maturation, showing no significant differences between
the different treatments.

Cowpea productivity and grain quality
In general, seed coating with P. libanensis and a mixture of R. irregu-
laris isolates (CoatPMR) increased cowpea productivity when com-
pared with the control treatment (Table 1). The coatPMR treatment
showed a significant increase of 76% in shoot dry weight, 52% in
the number of pods, 56% in the number of seeds per plant and
grain yield. No differences were obtained in the weight of 100
seeds among treatments.

CoatPR treatment had a negative influence on individual seed
weight when compared with control and CoatPMR, and lower
harvest index percentage, comparing to CoatPMR (Table 1 and
Fig. 1). A summary of cowpea harvesting productivity parameters
among the different treatments is presented in Fig. 2.

Protein and crude fiber grain contents were not influenced by
microbial coating (Table 2). Fat content was significantly higher in

Table 1. Growth and productivity parameters of cowpea in different treatments: control, Pseudomonas libanensis + Rhizophagus irregularis (coatPR), 
P. libanensis + mixture of R. irregularis (coatPMR) under field conditions

Treatment
Shoot dry
weight (g)

Number of pods
per plant

Number of seeds
per plant

Weight of individual
seeds per plant (g)

Weight of 100
seeds (g)

Grain yield
(kg ha−1)

Control 23.7 ± 2.9a 34.2 ± 3.9a 254.6 ± 28.9a 0.18 ± 0.003b 18.5 ± 0.3 2537.2a

CoatPR 31.2 ± 3.3ab 34.6 ± 3.2a 264.5 ± 26.9a 0.17 ± 0.004a 18.8 ± 0.4 2489.3a

CoatPMR 41.5 ± 4.8b 52.1 ± 5.0b 396.1 ± 25.7b 0.18 ± 0.004b 19.3 ± 0.3 3952.2b

Mean (± SE) followed by letters that indicate significant differences between treatments according to Duncan’s multiple range test at P < 0.05.



Figure 1. Harvest index (ratio of seeds to shoot dry weight) of cow-
pea with different inoculation treatments: control, Pseudomonas libanen-
sis+ Rhizophagus irregularis (coatPR), P. libanensis+mixture of R. irregularis
(coatPMR).

seeds of coatPMR treatment in comparison to control and coatPR
treatments. Ash content increased 6% in plants from the coatPR
treatment.

Soil physicochemical properties
Soil organic matter (SOM) and pH (Table 3) were significantly
influenced by coatPMR inoculation. In terms of SOM, the values
were higher in CoatPMR when compared with the control. pH was
lower in CoatPMR than that in control and coatPR. Both P and K
had similar concentrations among different treatments.

Microbial colonization
Mycorrhizal colonization was significantly lower in coatPMR plants,
which had a RLC of 29%, a substantial reduction in comparison

Table 2. Cowpea grain content in different inoculation treatments:
control, Pseudomonas libanensis+ Rhizophagus irregularis (coatPR), P.
libanensis and a mixture of R. irregularis isolates (coatPMR)

Treatment
Crude

protein (%) Fat (%)
Crude

fiber (%) Ash (%)

Control 20.8 ± 0.3 1.0 ± 0.03a 3.8 ± 0.1 3.2 ± 0.05a

CoatPR 20.8 ± 0.5 1.1 ± 0.04a 3.9 ± 0.1 3.4 ± 0.06b

CoatPMR 21.1 ± 0.4 1.3 ± 0.02b 3.7 ± 0.1 3.2 ± 0.05a

Mean (± SE) followed by letters that indicate significant differences
between treatments according to Duncan’s multiple range test and
Kruskal–Wallis test at P < 0.05.

with the 41% of colonization observed in control roots (Fig. 3).
Although coatPR treatment also showed a reduced percentage
of RLC (37%), in this case the difference was not significant. After
83 days of plant growth, the presence of P. libanensis TR1 could
not be confirmed in the roots and rhizosphere of coated cowpea.
The presence of general bacteria and the Pseudomonas genus
were positively confirmed in cowpea rhizosphere by PCR detection
using general primers (27f-1492r and GyrBF-GyrBR). However, the
use of specific primers did not evidence the presence of our strain
by the end of the assay.

DISCUSSION
Previous greenhouse studies reported benefits from AM fungi
and PGPR, either inoculated by the conventional method (direct
application in the soil)21,38–40 or through seed coating23 in cowpea
performance. Nevertheless, there is still lack of information on
the effect of AM fungi and PGPR, which can represent a signif-
icant barrier to up-scale microbial applications.29,41 According
to Malusà et al.,13 consortia of beneficial microbes can be more
efficient than single-strain inoculants, due to the combination of
various mechanisms of action of the different microorganisms
present. In the field, plant global response should be considered
multi-factorial and so versatile consortia of microbes that harbor

Figure 2. Harvesting productivity parameters of cowpea in different inoculation treatments: control, coated with Pseudomonas libanensis+ Rhizophagus
irregularis (coatPR) or coated with P. libanensis+ a mixture of different R. irregularis isolates (coatPMR). Radial graphs represent results relative to the higher
value (indicated as 100%) for each productivity parameter.



Table 3. Soil physicochemical properties after plant growth

Treatment pH (H2O) SOM (%) N (%) P (mg P2O5 kg−1) K (mg K2O kg−1)

Control 8.2 ± 0.03a 0.8 ± 0.06a 0.07 ± 0.00 358 ± 27 175 ± 3
CoatPR 8.2 ± 0.03a 0.9 ± 0.03ab 0.08 ± 0.03 354 ± 11 166 ± 1
CoatPMR 8.1 ± 0.00b 1.1 ± 0.00b 0.08 ± 0.03 355 ± 5 173 ± 4

Mean (± SE) followed by letters that indicate significant differences between treatments according to Duncan’s multiple range test and Kruskal–Wallis
test at P < 0.05. CoatPR (Pseudomonas libanensis+ Rhizophagus irregularis), coatPMR (P. libanensis+mixture of R. irregularis isolates), nitrogen (N), soil
organic matter (SOM), phosphorus (P) and potassium (K).

different characteristics can complement each other and become
more functional. Yet, host specificity of microbial strains and grow-
ing conditions (e.g. soil properties, native microbiota, nutrition)
can greatly affect the efficacy of beneficial microbes in improv-
ing the productivity of agricultural crops.5 In our study, coating
with P. libanensis+multiple isolates of R. irregularis showed max-
imum cowpea growth and yield among treatments, while P.
libanensis+ R. irregularis single-isolate coating did not bring any
advantage to cowpea performance. Despite having the same
shoot biomass, plants from coatPR treatment produced fewer
seeds than control, resulting in a lower harvest index. The absence
of beneficial effects of co-inoculation of P. libanensis+ R. irregularis
BEG140 coated onto cowpea seeds has already been shown in a
greenhouse trial conducted by Ma et al.22 In the study, improve-
ment in plant growth was only observed when P. libanensis was
inoculated alone. Inoculation of a consortium of P. libanensis and
R. irregularis showed no growth improvement in cowpea. Further
research is required to evaluate which AM fungal isolates in the
treatment coatPMR were active and benefited cowpea, as well as
the role of PGPR in the consortium.

An estimation of the production cost of seed coating with
microbial inoculants and the grain yield obtained in our study
showed that choosing the right inoculum is crucial to obtain
substantial profits for the farmer. Considering the producer price
of chickpea in the USA as 0.824 USD/kg42 and the cost of seed
coating as 154.67 USD/ha (estimation from the price of inocula and
seed coating procedure, including coating materials and labor) the
obtained profit for the farmer would be of 2090.65, 1896.13, and
3101.56 USD/ha for the control treatment, PRcoat and PMRcoat,
respectively. This corresponds to an increase of 48% in profit
brought by the use of seeds coated with the mixture of R. irregularis
isolates.

Besides yield and growth promotion, PGPR and AM fungi can
improve the nutritional quality of leaves, fruits or seeds of dif-
ferent crops,43–45 and soil properties.9,46 In our study, lipid con-
tent and ash were increased by coatPMR and coatPR, respectively.
Soil physicochemical properties were slightly modified after the
growth of plants inoculated with P. libanensis+multiple AM fungi
isolates. After plant harvest, soil pH was slightly reduced (0.1 units)
and SOM experienced a significant increase (37.5%) when com-
pared with the control. Microbial activity can decrease the rhi-
zosphere pH of inoculated plants and lead to the production of
root exudates, which can increase SOM.47 It is well known that
soil parameters such as SOM and pH strongly affect soil functions
and nutrient bioavailability.48,49 Soil organic matter contributes
significantly to improving soil structure and aggregation, soil fer-
tility, water retention, and soil biodiversity. Usually, increases in
SOM correspond to higher plant productivity.50 The influence of
inoculation of P. libanensis+multiple AM fungi isolates in soil

Figure 3. Mycorrhizal colonization, expressed as percentage of root length
colonization (% RLC) in the roots of cowpea non-inoculated (control) and
inoculated with Pseudomonas libanensis+ Rhizophagus irregularis BEG140
(coatPR) or P. libanensis + mixture of R. irregularis BEG141, BEG236, DAOM
197198, KW and AS (coatPMR) via seed coating. Columns are means ±1 SE
and letters indicate significant differences (P < 0.05) according to Duncan’s
multiple range test.

physicochemical properties may have helped to increase cowpea
productivity.

High levels of AM fungi root colonization do not always corre-
spond with an excellent crop yield.28,51 Inoculation with AM fungi
can significantly influence (by promoting or hampering) the devel-
opment of rhizobacteria and other fungi in plant roots and rhi-
zosphere soils.5,52 Our results showed that cowpea coated with
P. libanensis+multiple isolates of AM fungi had the highest pro-
ductivity but the lowest mycorrhizal root colonization. Interspe-
cific competition possibly decreased the presence of native AM
fungi, reducing overall colonization in cowpea roots. Arbuscular
mycorrhizal colonization can be highly dependent on its host and
in the symbiotic relationship plants can mediate competition to
favor high-quality interactions.53 By providing different amounts
of resources to fungal species, plants can affect the outcome of
fungal competition.54,55 For instance, Bever et al.56 showed that
plants could allocate resources in their roots in a selective way,
giving preference and supporting the fungal species that provide
more nutrients. Thus, either AM fungi mixture was more competi-
tive than native AM fungi or a specific AM fungal isolate presented
better host specificity with cowpea, thereby prevailing over native.
Consequently, it is possible that the reduction in the extent of
mycorrhizal root colonization resulted in lower carbon cost for the
host plant and thus improved plant yield. According to Janoušková
et al.57 inoculation may substantially decrease the diversity of the
root-colonizing AM fungal community by suppressing root colo-
nization by native AMF, which can possibly explain the lower root
colonization in the coatPMR treated plants.

The presence of P. libanensis TR1 in the roots and rhizosphere
of cowpea was not confirmed at the end of the field experiment.
The PGPR colonization in the roots and rhizosphere of host plants



can decline from high concentrations to low in a short time,58

depending on plant species.59 After being inoculated, bacteria
can successfully colonize roots, yet their concentrations frequently
decline rapidly due to competition with native microorganisms
and / or predation by protozoa and nematodes. It is possible that
83 days after sowing (harvest time) the concentration of bacteria
was too low to be detected with the methodology used. Never-
theless, the absence of the inoculated bacterial strain does not
necessarily imply the absence of its effects, as demonstrated by
Rosas et al.,60 who found that the concentration of the inocu-
lated Pseudomonas aurantiaca can decrease over time in the rhi-
zosphere, with benefits in plant growth during the entire cycle of
the crop.

CONCLUSIONS
In this study, results indicate that seed coating with multiple AM
fungal isolates and PGPR can be a promising tool to enhance
cowpea productivity under field conditions, depending on the
combination of beneficial microbes. Seed coating of multiple AM
fungal isolates + P. libanensis improved cowpea productivity and
seed quality in the field, when compared with non-inoculated
plants. Apart from the increase in grain ash content, inoculation
of single R. irregularis+ P. libanensis did not influence cowpea
performance, indicating that the right microbial combination is
essential to achieve improved crop productivity. Substantial profit
for farmers can be obtained through seed coating of cowpea
with effective consortia of beneficial microbes. Seed coating can
be a valid approach to deliver beneficial microbes into low-input
and sustainable agricultural systems, aiming at improving soil
properties, grain yield, and quality.
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