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The low availability of phosphorus (P) in the soil drastically limits the world productivity of
crops such as cotton. In order to contribute sustainably to the solution of this problem,
the current study aimed to evaluate the capacity of phosphate-solubilising bacteria
to improve plant growth and its relationship with physiological parameters, as well as
the shoot P content in cotton plants in a soil with low P availability amended with
rock phosphate. The results showed that, of the six plant growth-promoting bacteria
strains evaluated under greenhouse conditions, the Rhizobium strain BO2 significantly
promoted growth, shoot P content and photosynthetic rate. This strain also improved the
transpiration rate and the relative content of chlorophyll but without significant differences.
Remarkably, Rhizobium sp. BO2 had a more significant effect on plant growth compared
to the P nutrition. Furthermore, the effect of its inoculation was more pronounced on the
roots’ growth compared to the shoot. Finally, application of Rhizobium strain BO2 showed
the capacity to optimize the use of low-solubility fertilizer as the rock phosphate. These
findings could be associated with the metabolic activities of plant growth promotion
exhibited by phosphate-solubilising strains, such as phosphate solubilisation, production
of indole compounds and siderophores synthesis. In conclusion, this research provides
evidence of the biotechnological potential of the Rhizobium genus as phosphate-
solubilising bacteria with multiple plant growth-promoting activities capable of improving
the plant growth and phosphate nutrition of non-leguminous crops such as cotton in soil
with low P availability amended with rock phosphate.

Keywords: phosphate-solubilising bacteria, PGPB, rock phosphate, indole compounds, siderophores

INTRODUCTION

Phosphorus (P) is an essential element for various plant metabolic processes and contributes to
the formation of cellular biomolecules such as adenosine triphosphate (ATP), nucleic acids and
proteins (Heuer et al., 2017). The biological role of this macronutrient is significant, but its low
availability (~0.1%) in the soil, estimated in 5.7 billion hectares of land worldwide, severely limits
the yield of crops such as cotton, corn, rice, soybeans and wheat in tropical soils (Granada et al.,
2018). In addition to this, P is derived from finite resources such as P-rich rock in the form of
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phosphate, which has been 83% exploited in its world reserves
(Magallon-Servin et al., 2019). Despite this problem, regular
applications of phosphate fertilizers are required to maintain
crop yields; nevertheless, its application is increasing rapidly—
around 2.5% per year under intensified agriculture due to the
growing demand for food (Bashan et al., 2013).

Unlike many countries with agricultural potential, Colombia
has not shown substantial progress in the management of
nutrients like P from the soil to the plant nor in optimizing
the efficiency of the use of fertilizers (Dhir, 2017). For example,
cotton (Gossypium hirsutum L.) is a widely planted crop
(~10,000 ha) in Colombia, mainly under soils of the order
Vertisol and Inceptisol, but its production is being affected
by the high costs of the excessive use of phosphate fertilizers
(Martinez-Reina and Herndndez, 2015). One of the causes
associated with this problem is that soils where cotton has been
planted in the last 20 years present excessive accumulation of
P fixed to soil minerals (Vargas et al, 2019). Cotton is one
of the most critical and sensitive fiber-producing crops to P,
as this macronutrientit plays an indispensable role during the
early developmental phase, production of biomass and final
yield of the cotton crop (Amin et al, 2017). Specifically, P
deficiency in cotton plants causes slow shoot development
and flower buds, dark green leaves, flower bud necrosis, and
yellowing of older leaves (Li et al., 2020). Therefore, new
strategies to improve the efficiency of the use of phosphate
fertilizers and reduce their application, while maintaining high
cotton crop yields, have become one of the greatest challenges
in Colombia.

As the efficiency of the use of P is composed of two
major components, P uptake and utilization efficiency, some
researchers have already reported that an effective strategy is
the integration of the increase of the availability of P in the soil
through microbial action and the improvement of genotypes with
high-absorption efficiency of P (Mai et al.,, 2018; Igbal et al,
2019). Currently, studies in plant growth-promoting bacteria
(PGPB) have become a focus of soil science research for plant
nutrition and agriculture (Rai et al.,, 2020). Within the PGPB,
there is a bacterial group with the ability to affect the dynamics
of phosphorus in the soil and increase its availability that is
denominated as phosphate-solubilising bacteria (PSB), and the
genera Pseudomonas, Bacillus, Azotobacter, and Rhizobium are
the most reported with this metabolic capacity (Alori et al., 2017).
Among those bacterial genera, the role of Rhizobium strains on
P cycling in plant nutrition is the least explored. To provide P
to plants, PSB alter the sorption balance of P in the soil and
solubilises and mineralises P in unavailable inorganic and organic
forms (Richardson and Simpson, 2011). In some studies, PSB
have shown biofertilising potential, allowing the reduction of 33—
75% of the dose of soluble phosphate fertilizers in different crops
(Sahandi et al., 2019; Rosa et al., 2020). Likewise, PSB have also
shown the ability to optimize the efficiency of low P solubility
fertilizers such as rock phosphate and compost (Estrada-Bonilla
etal., 2021). However, there are limited reports on the potential of
PSB in cotton cultivation, since the major focus of development
has been on nitrogen nutrition and phytostimulation (Pereg and
McMillan, 2015; Diaz et al., 2019).

Curiously, several results of studies on PSB have shown
discrepancies between the methodologies used and the results
obtained in vitro and in vivo assays (Kishore et al., 2015; Pii
et al.,, 2015; Granada et al., 2018). The main inconsistencies
that have been found are focused on effective selection of
PSB and the appropriate environmental conditions to evaluate
if PSB contribute to plant nutrition and plant growth from
the laboratory to the field. Two of the most common criteria
proposed by various researchers (Collavino et al., 2010; Bashan
etal., 2013) to evaluate and show the impact of PSB are as follows:
(i) a high capacity to increase soluble P from sources with a very
low degree of solubility, e.g., rock phosphate, hydroxyapatite,
metal-phosphorous compounds and organic phosphate esters,
associated with physicochemical parameters (organic matter and
pH, among others) of the soil, and (ii) a plant growth-promoting
effect by metabolic activities in soils deficient in available P.
Based on these two criteria, as well as the P fertilization
challenge in cotton crops and the scarce information about PSB
inoculation in the same context, the objective of this research
was to study how PSB inoculation influences plant growth, P
nutrition and physiological parameters of cotton plants on soil
with limited P available and amended with an insoluble source
like rock phosphate.

MATERIALS AND METHODS

Bacterial Strains and Preparation of

Inoculants

In this study, we used the PGPB strains SP20, N8, N9, G56,
G58, and B02, which were provided by the microorganism
collection of Colombian Corporation for Agricultural Research
(AGROSAVIA), Colombia. Strains G56, G58, and B02 were
isolated from nodules of Vigna unguiculata (Mendoza and
Bonilla, 2014), while strains N8 and N9 were isolated from the
rhizosphere of silvopastoral systems composed of Pennisetum
clandestinum, Plantago major, and Lolium perenne (unpublished
data). Regarding SP20 strain, it has been reported to have various
phenotypes required for colonization of plant root surface and
endurance in the rhizosphere and was isolated from the cotton
rhizosphere (Amaya-Gomez et al., 2020). These strains were
selected because in previous experiments they proved capable
of promoting the growth of cotton seedlings under in vitro
conditions (Supplementary Figure 1). For the preparation of the
inocula, the strains were grown on yeast-mannitol agar plates
(Vincent, 1970) under standard conditions, i.e., 30°C for 24h
of incubation. Each bacterial inoculum (~10° CFU mL™!) was
produced aerobically under standard conditions on a rotary
shaker (150 rpm) in yeast-mannitol broth.

In vivo Screening of Plant Growth

Promotion With Phosphorus-Deficient Soil

Greenhouse experiments were carried out at the research
center Nataima of AGROSAVIA in Espinal, Tolima, Colombia
(4°11'28.39” N latitude and 74°57'38.69” W longitude). The soil
type used in the study is sieved airdried Inceptisol soil (Soil
Science Division Staff, 2017) typical of the region where the
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cotton crop is cultivated. In pots, 1kg of unsterile soil with low
P content was placed (pH: 6.12, organic matter: 1.69 mg kg™,
P: 12.28 mg kg™, effective cation exchange coefficient: 6.90 cmol
kg™!, Ca:4.79 cmol kg~!, Mg: 1.74 cmol kg~ !, K: 0.23 cmol kg !,
Na: < 0.14 cmol kg !). Four cotton seeds (Gossypium hirsutum
L.) of the M-123 variety were sown per pot. A completely
randomized experimental design was carried out with eight
treatments, three replicates and two independent experiments.

The treatments were as follows: (i) complete fertilization
without bacterial inoculation [urea, diammonium phosphate
(DAP) and potassium chloride (KCI)], (ii) control treatment
with fertilization using urea and KCI replacing DAP with
rock phosphate (RP) (9 mg kg’1 P, 05 total) without bacterial
inoculation, and (iii-viii) fertilization with urea, RP and KCI, and
inoculation with each of the PGPB strains evaluated. Based on
soil analysis and conventional fertilization rates recommended
in the cotton crop [urea (75kg ha™!), DAP (50kg ha~!) and
KCI (50kg ha™!)], 5mL pot™! of the following concentrations
were applied: 6.3g L™ of urea, 16g L™! of DAP, and 5¢g
L~! of KCL Regarding RP, 0.152g pot~! was applied, which
is equivalent to the DAP doses. Inoculation and fertilization,
according to the treatments, were carried out 8 and 13 days after
sowing, respectively.

Inoculation was carried out by applying 5mL of each
inoculum or sterile YM broth (uninoculated treatment) to the
rhizosphere. After 30 days at 18-38°C and ~55% humidity,
the relative chlorophyll content measurement was carried out
employing a SPAD-502 chlorophyll meter (Konica Minolta,
Tokyo, Japan) when the plants had reached the main growth
stage (the fifth leaf unfolded) (Munger et al., 1998). Likewise,
gas exchange measurements were carried out as follows: net
photosynthesis (Pn) and transpiration rate (E), between 09:00
and 11:00 h with the LI-6400 XT infrared gas analyser (Lincoln,
NE. USA). The evaluation parameters were established at 400
pwmol s~! for the flow rate, with a concentration of 400 pmol of
CO; and a photonic flux density of 1,200 pmol of light photons
m~2 s7! (Chastain et al, 2016). Then, the length of the root
and the shoot were measured. Plant tissues were oven-dried
separately at 60°C for 48 h to measure their dry weights. Shoot
tissues were ground to powder and wet oxidized in a solution of
nitric acid and 30% hydrogen peroxide (4:2, v-v). Digests were
analyzed for P concentration by the molybdenum blue method
(Murphy and Riley, 1962).

Genome Sequencing

The total genomic DNA of the selected PGPB with the highest
plant growth-promoting effect was extracted using the QIAamp
DNA Mini Kit (Qiagen, Canada). The concentration of the
DNA was measured using a Qubit Fluorometer (Thermofisher
Scientific, United Stated) through the Quant-iT dsDNA HS
Assay Kit following the manufacturer’s instructions. Genome
library preparation was done with the Nextera XT (Illumina)
and the sequencing was conducted on a MiSeq (Illumina) with
250 bp pair end reads at the Microbial Genomics Laboratory
of the Molecular Genetics and Antimicrobial Resistance Unit
at Universidad El Bosque, Bogotd, Colombia. Read quality
was evaluated using FastQC; low quality reads were removed

using Trimmomatic v0.32. High quality reads were assembled
into contigs using IDBA-UD. Taxonomic mapping was then
performed using MyTaxa. From these results, evolutionary
associations with nearby complete genomes stored in NCBI were
inferred by calculating the Average Nucleotide Identity (ANI)
value using FastANI (Santos-Torres et al., 2021).

Screening of Plant Growth-Promoting
Activities

The in vitro characterization consisted of biochemical tests
to determine if the selected strain exhibited plant growth-
promoting traits related to the improvement of P nutrition.
For the following assays, a bacterial suspension (~10° CFU
mL™!) in sterile saline solution (0.89% w v~!), washed twice and
centrifuged (5,220 xg for 10 min) from an inoculum produced
under the standard conditions mentioned above, was used.
First, the ability of the strains to increase the availability of P
was evaluated in both P solubilisation and mineralisation. In
solubilisation, two types of insoluble sources of P at 5g L~}
were used: tricalcium phosphate and RP. For this, experiments
were performed in 250 mL Erlenmeyer flasks filled with 75 mL
of NBRIP medium supplemented with each P source (Nautiyal,
1999). Bacteria were inoculated by adding 7.5 mL aliquots of the
bacterial suspension. The medium inoculated with sterile water
was used as a control treatment. After the culture was incubated
for 5 days for tricalcium phosphate and 12 days for RP at 30
£ 1°C at 200 rpm on a rotary shaker, the liquid medium was
centrifuged at 16,000 xg for 10 min. The culture supernatant
was then used to evaluate the P released into the solution using
the molybdate blue colorimetric method (Fiske and Subbarow,
1925). The P quantities were calculated from a standard curve
of soluble phosphate (KH,POy). For mineralisation, qualitative
detection of phytase production was carried out by growing the
cultures (50 pwL) from bacterial suspension in a solid NBRIP
medium supplemented with 1% (w v~!) sodium phytic acid
(C6H13024 x NaH,O, Sigma-Aldrich, Germany) for 15 days, as
described by Kerovuo et al. (1998).

As a second feature, the synthesis of indole compounds with
and without the addition of tryptophan was estimated using
the colorimetric assay based on the modified Salkowski reagent
(Glickmann and Dessaux, 1995). Bacteria were inoculated by
adding 7.5mL aliquots of the bacterial suspension in 250 mL
Erlenmeyer flasks filled with 75mL of tryptic soy broth (TSB)
supplemented with 100mM of tryptophan. After the culture
was incubated for 3 days at 200 rpm, the liquid medium
was centrifuged at 16,000 xg for 10min, and supernatants
obtained were mixed with the Salkowski reagent in a 4:1 ratio
for 20min under dark conditions. Indole compounds were
spectrophotometrically determined at 535nm. Finally as third
trait, the production of siderophores was qualitatively detected
by the method of Schwyn and Neilands (1987). For this, 50 pL
bacterial suspension was inoculated in plates containing agar
Chrome Azurol S (CAS). These plates were incubated at 30°C
for 5 days and observed for orange color formation around each
colony. Each test was performed in a completely randomized
design, with three replicates and two independent experiments.
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Data Analysis

The data were subjected to one-way ANOVA and multivariate
analysis of variance (MANOVA) to examine the significance
of differences and variability at the 95% confidence level (p <
0.05), respectively, using the SPSS 22.0 programme (SPSS Inc.,
Chicago, IL, USA). Moreover, treatment means were compared
by applying the Duncan’s test. The correlation between the
variables evaluated in in vivo screening was conducted through
a principal component analysis (PCA) with a biplot using the
software PAST 3.03 (Hammer et al., 2001). The graphics were
performed using the GraphPad Prism 8 software (Graphpad, San
Diego, CA).

RESULTS

Greenhouse Study

As expected, the application of the DAP fertilizer had a more
positive impact on all the parameters measured in cotton
plants than RP in the absence of PGPB inoculation. In
contrast, when analyzing all treatments, we observed significant
increases of 36 and 21% in shoot dry weight with DAP
and B024+RP compared to the treatment RP uninoculated
(Figure 1A). In the shoot length, improvements of 13 and 7%
were found when DAP and B02+RP were applied compared
to the control (Figure 1B). In root development, uninoculated
treatment plants with RP exhibited a biomass of 1.86 g plant~!.
In contrast, DAP and B02+4RP treatments produced higher
biomass with values of 3.36 and 3.25g plant™!, representing
significant increases of 81 and 75%, respectively (Figure 1C).
The application of B02+RP significantly promoted the root
length by 34% with a value of 24.73cm plant™! (Figure 1D).
Meanwhile, DAP promoted length by 24% (23.02cm plant™!)
compared to the control (18.44 cm plant ~!). The other biological
treatments did not differ significantly from the control. In P
nutrition, a beneficial effect was observed when B02, SP20,
and N8 were inoculated. For example, the shoot P content
in control treatment increased by 12 and 9% with DAP and
B02+4RP (Figure 1E). Regarding the physiological parameters,
the photosynthetic rate increased by 15 and 14% in the
SP20+RP and DAP treatments (Figure 2A). For the chlorophyll
measurement, a 9% increase was observed with B02+RP and
DAP (Figure 2B). In addition, increases of 12, 8, and 6% were
evidenced with N8+RP, DAP, and SP20+RP in transpiration
rate (Figure 2C).

PCA analysis (Figure 3) allowed us to evidence the effect
of PGPB application in a more integrated way between
the eight response variables initially raised. The first two
components of PCA, ie, PCl and PC2, explained ~64%
of the experiment variation. PC1 accounted for 48.55% and
was associated positively with all parameters evaluated. PC2
accounted for 15.34% and showed a positive correlation with
photosynthetic rate, P content and transpiration rate and
negatively with the other parameters. The angle included
between the arrows pointing at two variables determined the
correlation between the parameters as follows: sharp angles
defined positive correlations, squared angles defined a null
correlation, and obtuse angles defined negative correlations

(de Almeida Carvalho-Estrada et al., 2020). Based on this, we
observed a positive relationship between the three growth
parameters (shoot dry weight, root length, and shoot length)
and between the photosynthetic rate and P content. In addition,
the position over the two dimensions on the graph indicates
how the variables clustered and revealed that all treatments
were grouped into two major clusters. Cluster 1 was composed
of uninoculated treatment amended with DAP, B024RP, and
SP20+RP, while Cluster 2 was composed of the other strains
with RP and the uninoculated treatment amended with RP. The
relative position of clusters with respect to the arrows for each
parameter suggests that the treatments in Cluster 1 exerted the
greatest beneficial influence on plant growth, which corroborates
what was evidenced when analyzing each parameter in the one-
way ANOVA. Remarkably, the MANOVA analysis (Table 1)
confirmed that there were significant differences between the
treatments of inoculation with B02 and SP20 compared to
the uninoculated treatment with RP, but that there were no
significant differences with the treatment with DAP application.
Among the strains B02 and SP20, it was observed that B02 caused
the greatest plant growth-promoting effect in five parameters of
the eight evaluated. Hence, our data indicate that B02 was the
strain with the highest increase of soil P lability and was selected
for the following trials. Based on the P-limiting conditions of the
experiment and the improvement in the physiological parameters
and P content, this strain is considered PSB.

Phylogeny and Characterization of Plant
Growth-Promoting Features of Selected

PSB

Strain B02 has a genome size of 4.99 Mb and belongs to the
Rhizobium genus (p-value: 0.024). Nevertheless, it probably
does not belong to any species stored in the NCBI, since
the closest species were Agrobacterium pusense GCF013285525
(formerly Rhizobium pusense) and Rhizobium oryzihabitans
GCF010669145 with an ANI values of 87 and 85%. The
genome is available at the NCBI genome database under
the de accession number SAMNI16969919 in the bioproject
number PRINA627728.

We observed that the B02 strain showed several plant
growth-promoting activities (Table 2). This strain was active
in P solubilisation using tricalcium phosphate and RP as P
sources. We found approximately 10 times more P soluble
in tricalcium phosphate than RP. The observed values were
0.41mg PO, mL~! for tricalcium phosphate and 0.5mg
POZ3 mL~! for RP. Regarding organic P mineralisation, we
did not observe halos around the colonies as a positive
indicator of sodium phytate hydrolysis; therefore, B02 strain
showed that they are not capable of producing phytases. In
the production of indole compounds, the strain exhibited
this activity. Interestingly, we observed the B02 strain also
produce indole compounds without tryptophan addition, though
the highest amount (more than double) was measured with
tryptophan addition. Finally, the strain showed the capacity for
producing siderophores through orange color formation around
each colony.
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phosphate.

DISCUSSION

There is a global demand for developing sustainable crop
production, where adequate use of phosphate represents a
challenge in the agricultural sector worldwide (Bindraban et al.,
2020). Due to the environmental concerns associated with
improving the efficient use of phosphate sources such as DAP
fertilizer with high solubility and RP with low solubility, the study
and appropriate selection of PGPB with biofertiliser potential
acquire more and more relevance (Wan et al., 2020). In this
research, evidence of the plant growth-promoting effects of PSB
inoculation using RP as P source on cotton was shown in P-
deficient soils.

Previously, the plant growth-promoting capacity of our
strains was evaluated under controlled in vitro conditions
on cotton plants (Supplementary Figure 1). The six strains

showed the ability to significantly (p < 0.05) promote cotton
seedling length between 10 and 71%. The above showed the
positive interaction between plant and microorganism. Then,
the greenhouse experiment was carried out in a nutritionally
deficient soil with the application of an insoluble source like RP.
The results showed that bacterial inoculation caused significantly
different responses in the plants. Of the six strains evaluated
under greenhouse conditions, inoculation of Rhizobium sp.
B02 exerted a significant influence (p < 0.05) on plant
morphometric parameters (biomass and length), shoot P content
and photosynthetic rate of cotton. In the other parameters, i.e.,
transpiration rate and relative chlorophyll content, increases
were observed but without significant differences. As the
sampling time is a determining condition to assertively select
bacterial strains and is one of the most criticized aspects (Bashan
et al., 2020), we measured these findings in the growth stage of
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three true leaves (30 days), during which cotton plants require
more nutrients, especially P, and respond positively to their
availability (Grant et al., 2001; Igbal et al., 2020).

Interestingly, when comparing the results of both biomass
and length obtained in the treatments with bacterial
inoculation plus RP with respect to the control (RP
uninoculated), we inferred that the positive influence was
more pronounced on the development of the root compared
to shoot. Furthermore, based on the PCA obtained between
plant parameters, we deduced that the inoculation of B02
and SP20 had a higher effect on growth parameters in
contrast to parameters related to P nutrition and plant
physiology. Likewise, the inoculation of Rhizobium sp. B02
with RP application generated a similar response without
significant differences to the application of DAP fertilizer
uninoculated in cotton plants, which allows us to infer that the
individual inoculation of this strain could partially replace the
DAP application.

Several studies have reported on the use of Rhizobium sp.
as a successful strategy to improve the growth of legumes,
such as bean, lentil, pea, chickpea and soybean (Wang et al.,
2019). Interestingly, over the last few years, many studies
have reported the presence of Rhizobium in the rhizosphere,
endosphere and phyllosphere of non-leguminous crops (Diez-
Méndez and Menéndez, 2021). However, the number of
publications on the inoculation of Rhizobium sp. on cotton
is very scarce. For example, Hafeez et al. (2004) showed
that the inoculation of rhizobia improves seedling emergence,
nutrient absorption (K* and Ca™2) and cotton growth. To
our knowledge, no reports demonstrate whether the single use

of Rhizobium sp. beneficially influences cotton development in
phosphorus-deficient soils.

A determining condition in this study was the soil
characteristics. The soil used had low available P (12.28 mgkg ™).
According to Ramirez and Kloepper (2010), this condition is
necessary to observe plants respond to an increase in soluble P
generated by microbial action. Another parameter of the soil,
which is often forgotten in PSB studies, is the P sorption index,
which represents the retention capacity of P in soil. Previous
findings have shown that the effectiveness of PSB is controlled
by the sorption capacity of P in the soil, demonstrating an
inverse relationship (Osorio and Habte, 2015). In our study,
the soil used belongs to the order of the inceptisols, which are
characterized by having an average P sorption capacity (andisols
> inceptisols > entisols) (Brenner et al., 2019). This condition
allows the released P ions to be moderately absorbed by the
soil components, reducing their availability to the plant, which
does not show the full effectiveness of the biological activity
of the strains. However, under this average level of P sorption,
a beneficial effect of Rhizobium strain B02 on cotton plants
growth was observed. Additionally, the soil was not sterilized
and was obtained from fields where cotton is regularly planted.
The objective of using these conditions was to demonstrate the
effect of plant growth promotion of the PSB by simulating real
commercial crop conditions (Romero-Perdomo et al., 2017).

In the biochemical tests carried out for the PSB selected,
we show that Rhizobium sp. B02 have multiple plant growth-
promoting features. Our results suggest that B02 strain is
capable of solubilising tricalcium phosphate and RP. Tricalcium
phosphate was used because calcium is immobilized in soils with
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TABLE 1 | P-values of the MANOVA analysis at « = 0.05 between treatments evaluated under greenhouse conditions.

DAP RP SP20+RP N8+RP N9+RP G56+RP G58+RP B02+RP
DAP 0.02 0.13 0.01 0.01 0.01 0.02 0.16
RP 0.02 0.04 0.15 0.27 0.30 0.46 0.02
SP20+RP 0.13 0.04 0.02 0.03 0.02 0.04 0.14
N8+RP 0.01 0.15 0.02 0.29 0.37 0.16 0.01
N9+RP 0.01 0.27 0.038 0.29 0.25 0.56 0.02
G56+RP 0.01 0.30 0.02 0.37 0.25 0.18 0.01
G58+RP 0.02 0.46 0.04 0.16 0.56 0.18 0.03
B02+RP 0.16 0.02 0.14 0.01 0.02 0.01 0.03
DAR, diammonium phosphate; RF, rock phosphate.
TABLE 2 | Plant growth-promotion mechanisms exhibited by Rhizobium sp. BO2.
Strain PO;3 (mg mL™") Indole compounds (g mL~! per ODg30 unit) Sider. (+/-)

TCP RP Phytases (+/-) Without Trp. With Trp.

B02 0.41 +£0.02 0.05 +£0.010 - 37.51 £ 4.16 136.36 £ 10.47 +

Data are presented as mean =+ standard deviations. Means and standard deviations are the results of three replicates per biochemical analysis, and the results are representative of
two independent experiments. (+) indicates the presence of the activity and (-) indicates the absence of the activity. Trp: tryptophan; TCP: tricalcium phosphate; RP: rock phosphate;

Sider: siderophores.

a pH between 6 and 8 (Estrada et al., 2013), like the soil used
in this study. In addition, we added RP, an insoluble source of
P, to activate and evaluate the metabolic features of the strain
in relation to P. These results suggest that the strain solubilised
the insoluble P associated with both soil and insoluble fertilizer
(RP), which improves cotton plant P absorption. Therefore,
it is possible to suggest that Rhizobium sp. B02 increased
the efficiency of the RP fertilizer. Regarding the synthesis of
siderophores, B02 showed positive results for their production.
Siderophores are mainly associated with the sequestration of iron
in the soil, which may increase P availability (Pii et al., 2015).
Furthermore, we evaluated the synthesis of indole compounds,
an activity that stimulates various processes at the root level of
the plant (Moreno-Galvan et al., 2020). We observed that the
strain exhibits this activity, and that tryptophan improves their
production. Interestingly, BO2 produce indole compounds in the
absence of tryptophan, revealing different biosynthetic pathways
for their production (Patten and Glick, 1996). Moreover,
according to Amaya-Gomez et al. (2020), Rhizobium strain
B02 is able to move, survive various concentrations of H,O,,
form biofilms and metabolize different carbon substrates as
phenotypes required for colonization of plant root surfaces and
endurance in the rhizosphere. In that study, the strain B02 was
identified by partial 16S rRNA gene sequencing.

A possible explanation for these findings could be based
on a theoretical relationship between the in vitro and in vivo
results. Based on Ramirez and Kloepper (2010) and Romero-
Perdomo et al. (2017), the indole compounds produced by the
strains stimulate the length of the cotton root, allowing greater
exploration of the soil and higher absorption of nutrients. As
P is limited, the phosphate solubilisation and the siderophores
production of the strains increase its availability. Additionally,
the enhancement of the transpiration rate could also have

contributed to the improvement of the shoot P content in
the inoculated plants, providing additional influences on the
movement of P toward the roots. This process is mediated by
the P function at the aquaporin level, since the phosphorylation
process regulates the activity and the number of aquaporins
that are directly related to the hydraulic conductivity and water
absorption in roots (Zhou et al., 2013). The synergy of these
plant growth-promoting activities could also have a beneficial
influence on the chlorophyll content and photosynthetic capacity
of cotton plants. Hence, plants could absorb more light energy to
drive photosynthesis, which is related to the significant increase
and the positive correlation evidenced in this parameter. This
is consistent with previous reports in other plants (Sahandi
et al., 2019; Wu et al., 2019). Furthermore, several findings
have shown that the P supply generated by the increase in the
photosynthetic rate directly influences the accumulation of dry
matter, increasing its dry weight (Liu et al., 2020). To prove the
biological contribution of these metabolic activities, research with
mutant strains will be required (Rilling et al., 2019). The present
description of the plant growth-promoting abilities of Rhizobium
strain BO2 corroborates that Rhizobium sp. is well-known for
being a P solubiliser, a synthesis of indole compounds and a
producer of siderophores (Garcia-Fraile et al., 2012; Estrada-
Bonilla et al., 2021).

Additionally, we did not perform a statistical correlation
between in vitro results and in vivo results in the plant. Previous
reports have shown that the number of growth-promoting
features is not directly proportional to the effect on the plant
and that the measurement of the capacity of each mechanism,
such as P solubilising and mineralising under in vitro conditions,
does not occur similarly in soil (Raymond et al., 2020). According
to Patel et al. (2010), the soil provides very different conditions
than a solid or liquid medium under controlled conditions.

Frontiers in Sustainable Food Systems | www.frontiersin.org 8

January 2021 | Volume 4 | Article 618425


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Romero-Perdomo et al.

PGPB in Cotton Phosphorus Nutrition

Moreover, the soil has different physical properties (adsorption,
absorption, etc.) that can affect the behavior of microorganisms.
A finding that corroborates this suggestion was found by
Collavino et al. (2010). They found low statistical correlations
between solubilisation halos and soluble P in both solid and
liquid NBRIP medium with the P content in plant tissue.

Based on these findings, we show that PSB inoculation
improves the growth, the P content of plant tissue and the
physiological parameters in plants. For this, selection criteria
such as strains that release soluble P from sources with a very
low degree of solubility associated with environment conditions
and strains that promote plant growth in soils deficient in
available P are suggested. Although over the years, the taxonomy
of the genus Agrobacterium and Rhizobium has undergone
various revisions due to the transfer of species, the taxonomic
analysis obtained with the sequencing of the genome of the B02
strain indicates a possible new species of the genus Rhizobium
(Mousavi et al,, 2015; Delamuta et al., 2020). Therefore,
polyphasic taxonomic studies are necessary to carry out, such as
housekeeping genes recA and atpD, to confirm the position of
the BO2 strain as distinct from the recognized Rhizobium species
(Flores-Félix et al., 2020). Rhizobium, among many other PGPB,
are the most studied microorganisms—mainly for their ability
to form an effective symbiosis with leguminous crops in order
to transform atmospheric nitrogen into assimilable nitrogen—
the presented results show the biotechnological potential of this
genus as a PSB in cotton plants. Likewise, this work provides
evidence on the potential of PSB inoculation to increase the
efficient nutritional use of P for developing more sustainable
cotton production.

CONCLUSION

In this research, the inoculation of Rhizobium sp. B02 together
with the application of RP in cotton plants, improves growth,
shoot P content, photosynthetic rate, transpiration rate and
relative chlorophyll content in soil with low P availability.
Furthermore, this strain showed potential as phosphate-
solubilising bacteria to increase the efficient use of RP. These
findings might be associated with the ability of the strains to
solubilise both tricalcium phosphate and rock phosphate, to
synthesize indole compounds, and to produce siderophores. This
work is a first approximation to optimize the efficient use of P
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