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ABSTRACT
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Limited solubility of the Tanzania's Minjingu phosphate rock (MPR) in non-acidic soil conditions has held back

its potential for widespread use in agricultural production. This study was designed to isolate, characterize and test
phosphate-solubilizing bacteria for their potential to increase solubility of MPR and enhance maize plant growth
under field conditions. Ten out of 19 isolates showing greatest phosphate solubilization indices on a Pikovskaya agar
medium were further characterized for other plant-growth promoting traits including production of I1AA, siderophores
and ammonia. Two of them, namely isolates-MdE4 and MdG1 substantially outperformed other isolates in phosphate
solubilization and production of IAA, ammonia and siderophores. The two isolates molecularly identified as Klebsiella
variicola-MdE4 and K. variicola-MdG1 produced up 701, 699 and 750, 680 ug/ml of soluble phosphate from tricalcium
phosphate and hard Minjungu rock phosphate, respectively. Additionally, Biorock P- a biofertilizer formulation containing
MdE4 and MdG1 co-cultured in a molasses-based modified broth medium retained most of the phosphate solubilizing
potential and other plant-growth promoting traits of MdE4 and MdG1. Co-application of MdE1 and MdG1-containing
“bio-rock P” and inorganic phosphate at 20 kg P/ha resulted in higher maize grain yield than that of positive control (40
kg P/ha) under field conditions. The two isolates- Klebsiella variicola-MdE4 and K. variicola-MdG1 have the potential for

use in a biofertilizer formulation for commercial field applications.
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INTRODUCTION

Despite its abundance in soils, phosphorus availability
to plants in most tropical soils, including agricultural soils
of Tanzania, is limited mainly due to fixation by kaolinitic
clays and sesquioxides (Msolla et al., 2005; Mtama, 2018).
Its replenishment through water-soluble fertilizers is not
always cost-effective for resource-poor farmers. One
of the suggested approaches to address this challenge
is the direct application of phosphate rocks as a source
of phosphorus to plants growing on such soils (Savini et
al., 2016; Tapiwa et al., 2018). However, the practice of
directlyapplying phosphaterocksintosoilsis characterized
by insolubility of the phosphate rocks in non-acidic soils

(Savini et al., 2015). This is because, most of the world’s
phosphate rocks such as the Minjingu phosphate rock
(MPR) locally available in Tanzania, are extremely water-
insoluble and may remain unavailable to plants in non-
acidic soil conditions. Solubility of phosphate rocks in
soils can be enhanced through various techniques which
may be either microbial or non-microbial (Sumner, 2000).
Non-microbial techniques include use of acidifying agents
such as lemon and pineapple juices (Mwangi et al., 2020)
or buttermilk (Cicek et al., 2020). These approaches are,
however, only feasible on small-scale field applications.
On the other hand, microbial approaches involve the
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use of phosphate solubilizing microorganisms (PSMs)
(Sumner, 2000; Sharma et al., 2013; Alori et al., 2017).
The PSMs solubilize phosphate by producing organic
acids and metal chelating agents, leading to (1) lowering
the pH, or (2) chelation of the cations responsible for
precipitation of P, (3) competing with P for sorption
sites on the soil, and (4) forming soluble complexes with
the metal ions associated with insoluble P compounds
(phosphates of Ca, Al, and Fe). Several microbial species
are known for their P solubilisation abilities. They include
bacteria from genus of Pseudomonas, Klebsiella, Bacillus,
and Proteus, fungi from genus Aspergillus, Penicillium,
Rhizopus, and actinomycetes from genus Streptomyces
(Khan et al., 2014). Other strong phosphate solubilizing
microorganisms include arbuscular mycorrhizal fungi
(Sharma et al., 2013; Etesami, 2020; Etesami et al., 2021)
and ectomycorrhizal fungi (Lapeyrie, et al., 1991).

When such PSMs have additional
promoting traits, their use in developing phosphate

plant-growth

rock-based multi-purpose bio fertilizer products is more
rational and urgently needed now than ever before. PSMs
with additional plant growth-promoting traits, including
those possessing antifungal properties have been widely
documented (Singh, 2013; Timmusk et al., 2017; Macik
et al., 2020). Ironically, there are no known attempts
in literature to enhance solubility of Tanzania’s locally
available Minjingu Phosphate Rock PSMs.

There are reports, however, that quality and
quantity of the carbon substrate influences the ability
of microorganism to solubilize phosphates resources
(Mardad et al., 2014; Rathore, 2014; lbrahim et al., 2017;
Macik et al., 2020; Vassilev et al., 2020). We hypothesized
that replacing laboratory-grade glucose with locally
available molasses as alternative carbon sources
can enhance phosphate solubilization at a reduced
cost without negatively affecting other plant-growth
promoting traits such as IAA production, siderophore

production and antifungal activity of isolates.

MATERIALS AND METHODS

Isolation and selection of phosphate solubilizing

microorganisms

Soil samples were collected at depth of O - 30 cm
from randomly selected agricultural fields in the central
and southern highlands of Tanzania and transported to
the University laboratory. One gram of each soil sample
was placed into an Erlemeyer flask containing 0.9% NaCl
solution and vortexed prior to performing serial dilution.
Duplicate serial dilutions of 10 - 10-® were spread-plated
on Pikovskaya (PVK) agar medium (Khan et al., 2014 ;
Simfukwe and Tindwa, 2018) and incubated at 28 °C for
8 days. At the end of incubation period the phosphate
solubilization index (PSI) was calculated as a ratio of the
total diameter (colony + halo zone) to the colony diameter,
i.e., PSI (cm) = (diameter of colony + halo zone / diameter

of colony).

Ten bacterial isolates with greatest PSI values were
further selected and individually inoculated either on
(a) Pikovskaya broth (glucose, 10 g; Calcium phosphate
5 g; Ammonium sulphate 0.5 g; Potassium chloride 0.2
g; Magnesium sulphate 0.1; Manganese sulphate 0.0001
g; Ferrous sulphate 0.0001 g) or (b) modified Pikovskaya
broth (Fe-PVK) or (c) hard Minjingu phosphate rock
(HMPR) broth. The Fe-PVK and HMPR broths were
developed by replacing the original calcium phosphate in
PVK with either Ferric phosphate (FePO4) or finely ground
powder of hard Minjingu phosphate rock, respectively. All
preparations were incubated forup to 14 days at 28°C. The
final acidification of the growth medium was measured
using a pH meter and the concentration of soluble P in
the broth was measured spectrophotometrically by the
chlorostannous reduced molybdo-phosphoric acid blue
colour method (Olsen and Sommers 1982; Bashan et
al.2013). Results were compared and two best performing
isolates- MdE4 and MdG1 were selected for further tests
and field studies.
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Characterization of phosphate solubilising isolates for
other plant growth-promoting traits

Siderophore production assay

Siderophore production by isolates was detected on
crome azurol S (CAS) agar assay. CAS agar was prepared
according to protocol described by Louden et al., (2011).
Each isolate was innoculated on the a CAS agar plate
and incubated at 28 °C for 24 h. Development of a halo
zone around the colony with a distinct colour change of
the medium from deep blue to purplish-red or orange
was taken to signify production of siderophore by the
involved isolate.

IAA production and quantification

Pure cultures of bacterial isolates were grown in
nutrient broth amended with (or without) tryptophan
and incubated at 30 = 2 °C for five days. The cultures
were then centrifuged at 7500 x g for 30 min. Then, 2
ml of the supernatant were mixed with two drops of 10
mM orthophosphoric acid and 4 mL of the Salkowski
reagent (50 mL, 35% of perchloric acid, 1 mL 0.5 M ferric
chloride solution) and incubated at 28 + 2 in darkness
by wrapping the container with aluminum foil (Khan et
al., 2014; Gang et al., 2019). A change of colour of the
mixture from a clear to pink or reddish orange solution
was taken to represent ability of the isolate to produce
IAA in vitro (Gang et al., 2019). IAA quantification was
done spectrophotometrically by comparing absorbance
values of culture supernatants to those of standard
solutions read at 530 nm on an iCE 3300

Ammonia production and quantification

The modified Nesslerization method (Heonsang et
al., 2013) was used to quantify ammonia production by
the isolates. Accordingly, bacterial isolates were grown
in peptone water (g/l: peptone 10; NaCl 5; pH 7) and
incubated at 28 +2 °C for 4 days. After incubation, the
cultures were centrifuged at 2000 x g for 10 minutes.
Separately, standard solutions (0, 10, 20, 40, and 80 mg/L
of ammonia) were prepared froma 1000 mg/LNH,Cl stock
solution. Then, 0.2 ml of Ethylenediaminetetraacetic acid
(EDTA) were added to each of the supernatants as well

as standard solutions in order to eliminate calcium and

magnesium interference. Then, 0.4 ml of Nessler’s (K Hgl,)
reagent was added to each standard and supernatants
and the intensity of yellow colour that developed was
read by iCE 3300 atomic absorption spectrophotometer
(Thermo-scientific) at 420 nm.

Sugar fermentation and starch hydrolysis test

Fermentation of glucose, lactose and sucrose were
tested using the Klingler's Iron agar (KIA) and Triple Sugar
Iron (TSI) test methods. KIA medium contained in g/L:
lactose -10, glucose- 1, and peptone. TSI contained in
addition to KIA’s ingredients, 10 g of sucrose per litter. In
each medium, 0.024 g of phenol red and 0.2 g of ferrous
sulphate were added as indicators of acidification and
H,S formation, respectively. Accordingly, a loop-full of
each of the bacterial isolates was inoculated separately
into sterile slant tubed TSI or KIA medium and incubated
at room temperature for 48 hours after which the results
were observed. A yellow butt was taken to indicate acid
production, a red pink slope indicated the fermentation
of glucose only while a red pink slope and butt was taken
to indicate lack of fermentation of both sugars. To test
starch hydrolysis, overnight bacterial cultures in nutrient
broth were streaked onto the surfaces of starch agar
medium (peptone 5 g, sodium chloride 5 g, yeast extract
1.5 g, beef extract 1.5 g, starch soluble 2 g, and agar 15
g into 1 L of distilled water, pH 7.4) and incubated for 48
hours at 28 °C. Presence of a clear zone around the line
of bacterial colonies after the addition of iodine solution
was considered a positive test for starch hydrolysis.

Antibiotic Sensitivity test

The agar well diffusion assay (Balouiri et al., 2016)
was used to test isolates’ antibiotic sensitivity. 100 uL
of overnight bacterial cultures were spread-plated on
Mueller Hinton agar plates after which 8 mm holes were
punched on the inoculated plates by using sterile tips,
and then 100 pL of either penicillin and streptomycin
solution at a concentration of 50 uM were added to the
wells, separately. The plates were incubated at 28 °C for
24 hours before making observations of inhibition zones.
The interpretation of inhibition zones was done based on
standards described in (CLSI, 2020).
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Molecular identification of the isolates

All ten bacterial isolates were identified by using
partial sequencing of the 16S rRNA gene fragments.
For each of the bacterial isolates, total DNA was
prepared by using a commercial DNA extraction kit
(ZymoBiomics Tm DNA Miniprep Kit, Irvine, CA, U.S.A)
The 16S
rRNA gene fragments were amplified using universal
primers (27F 5'-AGAGTTTGATCMTGGCTCAG-3' and
1492R 5'-TACGGYTACCTTGTTACGACTT-3') (Frank et
al., 2008). The sg-PCR reaction mixture comprised of
OneTag® Quick-Load® 2X Master Mix with Standard
Buffer, primers and the genomic DNA. The mixture was

by following manufacturer’s instructions.

incubated at 94 °C for 4 min, followed by 35 cycles of
denaturation at 94 °C for 30 s, annealing at 54 °C for 15
s, and extension at 72 °C for 45 s and a final extension at
72 °C for 10 minutes. Amplification of the fungal ITS1-
5.85-ITS2 rDNA was done using universal primers ITS-
1F and ITS-4R primers and the sq-PCR reaction. The
reaction included an initial denaturation at 94 °C for 10
minutes followed by 35 cycles each for 45 seconds at 94
°C, 30 seconds at 55 °C, and 1 minute at 72 °C, and a final
extension at 72 °C for 10 minutes. The resultant bacterial
PCR products were purified and the DNA sequenced
and directly determined using a BrilliantDye™ Terminator
v3.1 and ABI 3500XL Genetic Analyzer, POP7™ (Ingaba
Biotechnical Industries Ltd, SA). The gene sequences were
aligned using CLUSTALW software version 2.1 and the
homology trees were constructed using Mega5 software
(Tamura et al., 2011). Strain MdE4 and MdG1 were,
respectively, identified as Klebsiella variicola and Klebsiella
variicola, with 99.8 and 100 % similarity, respectively.

Effect of replacing glucose for molasses on phosphate
solubilization by MdE4 and MdG1 isolates

Molasses was initially evaluated forits physicochemical
properties according to methods described by Peters et
al. (2003). From the standard composition of PVK, 10 g
of glucose were replaced by either, 30, 20, 10 or 5 ml of
molasses per liter of the PVK broth. The pH of each of the
preparations was adjusted to 7.0 and autoclaved at 121
°C for 15 minutes. After cooling, MdG1 or MdE4 isolate

was inoculated to each preparation and the resultant
cultures were incubated at 28 °C and 150 rpm for 10 days
in an orbital shaking incubator. The amount of soluble P
in the culture supernatants were -quantified using the
chlorostannous reduced molybdo-phosphoric acid blue
-colour method (Olsen and Sommers 1982) and their
values compared to both the positive control (inoculated
standard PVK broth).

A preparation (20 ml molasses-amended PVK broth
plus inoculant) that produced the highest amount of
soluble P was amended, further, by replacing the 5 g of
calcium phosphate with 5 g of sterile powder of Minjingu
phosphate rock as source of P. This formulation was
labelled “Bio-rock P” in this report. Therefore, the Biorock
P medium contained per litre of solution:- 20 ml molasses;
0.5 g, sulphate of ammonia; 10 g, hard Minjingu phosphate
rock powder; 0.1 g, MgSO,; 0.2 g, KCl; 0.00001 g, FeSO,
and 0.00001 g MnSO,. The pH of this medium was
adjusted to 7 £ 0.2 prior to sterilization by autoclaving
at 115 °C for 15 minutes. After cooling, a loop-full of the
starter culture of each isolate was aseptically transferred
into a 5 L bottle and incubated for 72 h to produce a co-
culture of the two isolates (Bio-rock P inoculum) for field

application.

Performance of Biorock P inoculum containing MdE4
and MdG1 isolates as phosphate solubilizers

Study sites and soils

Two agro-ecologically distinct study sites were selected
for the field trials. Magadu site sits on the foot slopes of
the Uluguru Mountain range in the Eastern Plateau and
Mountain blocks of Tanzania and characterized by soils
formed from gneiss parent material overlain with coastal
sands on undulating to rolling topography at an altitude
of about 550 m.a.s.l. (De Pauw, 1984). Magadu'’s climate
is a warm sub-humid tropical type with bimodal rainfall
distribution and receives an annual rainfall of 950 mm,
and its mean annual air temperature is about 24°C.
Madaba site is located over 650 km away from Magadu in
the southern highlands of Tanzania and has soils formed
from gneiss parent material on hilly topography at around
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2000 m.a.s.l. (De Pauw, 1984). The climate in Madaba
district warm sub-humid tropical with unimodal rainfall
between late November and early May with around 800

to 1,200 mm per annum and a mean 15 °C.

Selected properties of the soils at study sites

From each site, ten soil sub-sample portions were
collected randomly from a 1 acre area at the rooting
depth of 0-30 cm and mixed to make 1 kg composite
sample which was then transported to the laboratory.
Each of the compound samples was air-dried, ground
and sieved through a 2 mm sieve. Soil pH, was measured
electromagnetically in 1:2.5 (weight/volume) soil: water
suspensions (Okalebo, 2006). Phosphorus was extracted
by Bray and Kurtz-1 method (Bray and Kurtz, 1945)
and determined spectrophotometrically (Murphy and
Riley, 1962). Total nitrogen was determined by micro-
kjeldah method. Particle size distribution was determined
by the hydrometer method after dispersion with 5%
sodium hexametaphosphate (Gee and Bauder, 1986)
and soil textural class was determined using the USDA
soil textural class triangle (United State Department of
Agriculture, 1975). Cation Exchange Capacity (CEC) and
exchangeable bases were determined by 1 M (pH 7) NH,
- acetate saturation method followed by displacing the
adsorbed NH,* using 1 M KCI. CEC was then determined
by quantifying the NH,* displaced by 1 M KCI whereas
the Exchangeable Ca?* and Mg?* were quantified using
an atomic absorption spectrophotometer (AAS) and
exchangeable K* and Na by the use of a flame photometer
(Thomas, 1996). Organic carbon was determined by the
Walkely and Black wet oxidation method (Nelson and
Sommers, 1996).

Similarly, the soil’'s phosphorus adsorption-desorption
behaviour was determined by following a procedure
developed by Nair et al. (1984). Eventually, the quantity
of sorbed phosphate was calculated as the differences
between quantities of P initially present in the solution
and the P concentration in equilibrated solution. The
adsorption data were fitted to the Langmuir equation
and adsorption parameters, b (sorption maxima) and K

(Affinity parameter) were estimated by using the linear

least-squares regression, as described in (Essington,
2005).

Field experiments

The experiments at both Magadu and Madaba
sites were laid out in a randomized complete block
design (RCBD) replicated four times. As informed by a
prior soil fertility assessment, all nutrient deficiencies
except phosphorus were corrected by applying them to
recommended rates. The source of P used in the field
treatments was hard MPR powder and the Biorock P
inoculum used had an average of 109 cells/ml and was
applied at the rate of 10 L/ha. The seven treatments for
the experiment were 0 kg P/ha (absolute control), O kg P/
ha + Biorock P inoculum, 20 P/ha + Biorock P inoculum,
40 kg P/ha (Recommended rate), 40 kg P/ha + Biorock P
inoculum; 60 P/ha + Biorock P inoculum, and 80 P/ha +
Biorock P inoculum. Treatment and fertilizer application
was by placement to the planting holes 2 cm deeper than
the sowing depth. The inoculum was first diluted in 1:20
(inoculum: water ratio), and then five millilitres of the
mixture was applied to each planting hole. Test crop was
maize variety Aminika planted at a spacing of 75 cm x 30
cm. Parameters monitored included available phosphorus
content of the soil, total P uptake by the maize plants,
maize grain yield, and biomass yield phosphorus use
efficiency (PUE) of maize crop under each treatment
(Syers et al., 2008; van de Wiel et al., 2016).

Statistical analysis

The GenStat statistical package was used for the
Analysis of Variance (ANOVA) and comparison of means
for soil available P, plant P uptake, and yields was done by
Duncan’s New Multiple Range Test (DMRT).

RESULTS AND DISCUSSION

Isolation, biochemical characterization and molecular
identification of isolates

19 bacterial strains with ability to solubilize inorganic
phosphate on Pikovskaya (PVK) agar medium were
isolated and subjected to series of sub-culturing to obtain
pure colonies. Only 10 of the isolates with substantially
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larger halo zones around their colonies and significant
amounts of soluble P in PVK broth were selected for
further characterization on their potential plant-growth
promoting traits. Of these 10, isolates MdE1 and MdG1
were substantially superior in all the four major plant-
growth promoting traits tested- phosphate solubilization,
IAA, ammonia and siderophore production (Table 1).
Further tests on phosphate solubilization in liquid
cultures affirmed that isolate MdE1 and MdG1 were
distinct from the rest as they produced higher (P<0.05)
quantities of soluble P in regardless of the source of
inorganic phosphate. In this study, we used the PVK
agar plate assay to detect isolates abilities to solubilize
phosphate resources. Similar approaches on isolation and
characterization of phosphate solubilising bacteria have
been reported by other researchers (Mendoza-Arroyo
et al., 2020) although other different approaches using
different culture media have also been successfully used
before (Singh et al., 2016). The ten isolates characterized
for additional plant-growth promoting traits exhibited
varying abilities in IAA, ammonia and siderophore
production (Table 1). Overall, two isolates- Klebsiella

variicola-MdE4 and K. variicola MdG1 showed high overall
plant growth promoting potential compared to the rest of
the studied isolates

Phosphate solubilizing rhizobacteria with additional
plant-growth promoting traits may exhibit greater
potential to increase yields of target crops by promoting
general plant growth. This may be through the produced
IAA (Simfukwe and Tindwa, 2018; Myo et al., 2019) or
improvement of iron nutrition of crops and tolerance to
iron deficiency chlorosis through produced siderophores
(Lurthy et al., 2020) or protection of the crop plants from
damage by pathogenic bacteria through their antifungal
activities (Panda et al., 2016; Ibafiez et al., 2021).

In addition, the isolates exhibited varying abilities
to starch hydrolysis and sugar fermentation. Majority
of the isolates were more susceptible to Streptomycin
than Penicillin. Only one isolate Klebsiella variicola-NA5
was 100 % susceptible and thus its growth on solid agar
completely inhibited by both Penicillin and Streptomycin
(Table 2).

Table 1. Selected plant growth-promoting traits possessed by PSB isolates

Solubilization index in: -

IAA production (pg/ml)

Isolate

Without NH, prodution  Antifungal Siderophore production
o) a 3
FePO, Ca(HPO,); ZnCO, 1% Tryp®. Tryp. (ng/ml) efficiency (%) ability test
contrl 0 0 0 1.4 1.3 9.9 - -
SLSp1 2.4 2.7 7.3 8.3f" 1.680' 147.9° 38.5° -
NA19a 2.9 3.3 8.6 8.6% 6.0ghik 168.3* 32.3¢ +
NA4b 2.3 2.7 84 5.28hikl 2.2 114.5¢ 39.1° +
SUApp3 1.7 2.7 7.3 14.1¢ 6.28" 119.0¢ 34.5¢ -
MdG1 2.5 3.6 10.1 29 .5 10.6¢f 179.32 27.24 +
Mk10 1.9 2.6 5.8 17.35 6.0ghi 15.94 47.7? +
MbMz1 2.4 3.5 6.0 13.2¢¢ 3.2iK 143.4% 22.7¢ +
NA5 3.1 29 1.0 nd 140.6" 27.44 +
MdE4 1.8 3.8 9.9 32.8? 11.8" 163.7* 38.5° +++
Kim3 2.2 2.5 7.9 3.6 4 .4hik 134.1 32.8¢ +

Tryp? = Tryptophan; nd = Not detected,; -

= negative for the test + = Positive for the test; +++ = Highly positive for the test. Means followed by the

same letter or set of letters within a row are not significntly different at (P<0.05) according to the Duncan’s New Multiple Range Test (DNMR)
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Two of the 10 isolates were identified as species of as well as those of Burkholderia are known to solubilise
Burkholderia while the remainder are members of the phosphates and produce other plant growth promoting
genus Klebsiella (Table 2; Figure 1). Species of Klebsiella  substances (Singh et al., 2015; Trinetra et al., 2020).

Table 2. Molecular Identity and selected biochemical properties of studied isolates

Isolate Species Accession Number Selected biochemical properties
3 ) L2 -8 _8 .g c c % c
£2 52 $2 t8 §8 88 2. E2
t§8 B85 S£ 28 §g %S9 g28 £2
25 9% & P§ Ts Ts vE EF
SLSp1 Klebsiella sp. MZ502674 99.8 + - + - - 23 (0]
OMk10 Burkholderia sp. MZz502221 99.9 + - - - - 18 0
NA19a Klebsiella sp. MZ502673 99.8 + - + + + 47 38
NA4b Klebsiella sp. MZ502671 99.8 + + + - - 23 41
SUApp3 Klebsiella sp. MZ502675 99.7 + + + - + 25 0
MdG1 Klebsiella variicola MZ502670 99.8 + + + + + 12 0
Kim3 Burkholderia sp. MZ502220 99.9 + - - - - 18 47
MbMz1 Klebsiella sp. MZ502668 99.8 + - + + + 25 0
NA5 Klebsiella variicola MZ502672 99.8 + - + - + 0 0
MdE4 Klebsiella variicola MZ502669 100 + - - - - 25 44

+/- Isolate is positve/ negative for the indicated test. Values are means of three replicate trials

KP216808.1-Klebsiclla sp-source River bed soil-China

GO416021.1-Klebsiella sp source Environment-France B
MKG91486.1-Klebsiella sp source Tomato roots-Bangladesh

Klebsiella sp. isolate NA19a source maize-Tanzania

Klebsiella sp. isolate MdE4 source Common bean-Tanzania

A Klebsiella sp. isolate Mbmzl source Maize-Tanzania

Klebsiclla sp. isolate MdG1 source Banana-Tanzania 11

Burkholderia sp. isalate MK10 source Maize-Tanzania

Klebsiella sp. isolate SI-Sp1 source Sweet potato-Tanzania MW3R621.1 source Ovbow Lake-Tndia
Klebsiella sp. isolate NAS source Sweet potato-Tanzania

Klebsiella sp. isolate SUA-PP3 source Sweet paper-Tanzania
MEKS560009.1-Klebsiella variicola source Soil-Mexico
Klebsiella sp. isolate NA4b source Irish potato-Tanzania

1 MN258617.1-Klebsiella sp source Environment-India
50 ‘ ! IN049604.1-source Waste water-China
46 KM233642.1-Klebsiella sp.-source Marine sediments-China

KF758550.1-Klebsiella variicola-source Blackgram bean-India
CP020847.1-Klebsiella variicola source Human-USA
KT804627.1-Klehsiella sp source Soil-Iran
JQ907393.1-Klebsiella sp source pepper endophytes-India
M-i MK426650.1-Klebsiella sp source Fish gastrointestinal-Colombia
CP017289.1-Klchsiclla variicola source River water-South Korea

——— Burkholderia sp. isolate KIM3 source Maize-Tanzania

L LC462133.1 source JCM-Japan

——— MN810235.1 source Soil from Antarctie-China

MNS10189.1 source Soil from Antarctic-China

CPO22083.2 source Omion-1'SA

APOIR3SK.I source Airborne-Japan

|
0.001

Figure 1. (A) Molecular phylogenetics of Klebsiela species isolated from Tanzanian agricultural soils. Klebsiella variicola sequence
sourced from river water in Korea was used as an outgroup (B): Molecular phylogenetics of various Burkholderia species isolated
from rhizosphere soils in Tanzania. Sequence no. AP018358.1 sourced from air in Japan was used as an outgroup. A bootstrap con-
census tree is shown based on the Jones-Taylor-Thornton matrix model.
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Performance of isolates on phosphate solubilization
from various inorganic P resources

Studied
solubilize inorganic phosphate from three different forms

isolates exhibited differing abilities to

namely ferric phosphate (FeP), tricalcium phosphate
(TCP) and the powdered Hard Minjingu phosphate rock
(HMPR). Amounts of soluble phosphate after 10 days of
incubation in liquid cultures were numerically higher in
TCP and HMRP broths than in FeP for all the ten isolates
(Figure 2). Irrespective of the inorganic phosphate
resource used, Klebsiella variicola-MdE4 and K. variicola-
MdG1 outperformed the rest of the isolates by producing
up 701, 699 and 750, 680 ug/ml of soluble phosphate
from TCP and HMRMP, respectively. Ironically, no
differences (P<0.05) were observed in the amounts of
soluble P from FeP for all the ten isolates tested. These
results reaffirmed the selection of Klebsiella variicola-
MdE4 and K. variicola-MdG1 for further tests as potential
ingredients in an inoculant formulation.

Effect of replacing glucose for molasses as a carbon
source in growth medium

Replacing the 10 g glucose with 20 ml of molasses in
the original PVK medium led to a decrease (P<0.05) in
the amounts of inorganic phosphate solubilized by both

1000 =
B00 4

600 A

400 A

Soluble phosphate (pg/mL)

200 A

isolates- Klebsiella variicola-MdE4 and K. variicola-MdG1.
However, the amounts of soluble phosphate in the 20
ml molasses-based preparations were high enough to
support a bio-inoculant formulation (Figure 3). A further
increase in amount of molasses used in the growth
medium from 20 to 30 ml did not result in any increment
in amounts of soluble phosphate by either isolate. So
the 20 ml molasses-containing preparation was used to
develop a modified medium for the development of the
Biorock P inoculum.

The two isolates also showed abilities to solubilize
phosphate while using molasses as alternative carbon
sources without reductions in amounts of P solubilized.
A recent report has indicated molasses as a good carbon
source to support bacterial growth and phosphate
solubilization in liquid cultures (Mazylyte et al., 2022).
Use of molasses (cane or beet molasses) as alternative
carbon source in microbial fermentation cultures is
advocated due to low cost and high (40-50%) sugar
content (Vandenberghe et al., 1999; Wang et al., 2020).
We therefore, used the 20 ml molasses and powdered
hard Minjingu phosphate rock (HMPR) to amend the
original PVK medium into MdG1 and MdE4-based
Biorock P inoculum for field application studies.

aTCP mHMRP OFeP

Control MdE4 NA19 NA4b MdG1

MKI10

SUAPP3 NAS KIM3 MbMZ1 SL-SP1

Bacterial isolates

Figure 2. Performance of various bacterial isolates on different types of inorganic phosphate resources as sole sources of P in the
growth medium. Error bars indicate standard error of the mean for at least three replications

TCP - Tricalcium phosphate, HMRP = Hard Minjingu Phosphate rock, FeP = Ferric phosphate as a sole source of P.
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Figure 3. Effect of replacing glucose with molasses as a source of carbon on phosphate solubilization of isolates MdG1 and MdE4.
Error bars indicate standard error of the mean for at least three replications

Field performance of the Biorock P inoculum application
with maize as a test crop

The selected physicochemical properties of the soils at

study site

Main physical chemical properties of the soils at the
study sites are presented in Table 3. The soils’ textural
classes are clay and Sandy clay for Magadu and Madaba
sites, respectively, based on soil textural triangle of the
United State Department of Agriculture (1975). The soils
were characterized as very strongly acidic and strongly
acidic for Magadu and Madaba sites, respectively. Bray-
1 extractable soil P for the soils of both site were very
low. Both soil had also very low total nitrogen, and low
to medium organic carbon content (Table 3). The two
soils were poorly suited for maize production and needed
corrective measures. Soils of the two sites exhibited
different P adsorption properties with that of Magadu
having a higher adsorption maxima (769.23 mg P/kg) as

compared to that of Madaba (185.185 mg P/kg) (Figure
4). Consequently, Magadu soil is considered a high
phosphorus fixing soil since it removes more than 700
mg P/kg of soil (adsorption maxima = 769.23 kg P/ha)
while Madaba soil are considered low P-fixing (Figure 4).

Effect of Bio-rock P inoculation on available phosphorus,
maize P uptake, Phosphorus Use Efficiency (PUE)

There has been a general increase in soil available P
as the applied inorganic phosphate + Biorock P inoculant
increased at both Madaba and Magadu sites (Figure
5). Irrespective of the differences in physico-chemical
properties, and especially the P-fixing potentials of
the soils of the two study sites, inclusion of biorock P
inoculant during the inorganic P fertilizer application
showed an increase (P<0.05) in the amount of available
P. (c.f. values for OP vs OP+I and values for 40P vs 40P + 1)
at both site sites.

Table 3. Selected physicochemical properties of Magadu and Mabada site soils used in this study

. CEC
. pHH.O *Avail P K Ca Mg

Site Texture 2 OC (% TN (% Cmolc /

(1:1.25) % (mg/ke) W meke mekel (mekel (T

Magadu Clayey 4.9 0.9 3.34 0.08 1.41 1.29 1.2 10.7

Madaba Sandy Clay 5.1 14 3.9 0.09 2.745 1.8 1.08 17.4

*Available P based on Bray 1 extraction method, TN = Total Nitrogen. Values are means of three replicate trials
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Figure 4. Phosphorus adsorption properties of soils in Magadu and Madaba experimental sites

Generally, however, at any inorganic phosphate +
inoculant application rate, there were numerically higher
amounts of available P at Madaba than Magadu study site
(Figure 5) which is attributable to the lower fixing capacity
of the Madaba than Magadu site.

While there is plenty of information on the ability of
soil microorganisms to solubilise inorganic phosphate
resources under laboratory conditions, only a few studies,
demonstrated effects of such organisms on plant growth
and development under field conditions (Batool, and
Igbal, 2020; Wang et al., 2021). We have demonstrated
in the current study that field application of Biorock P-
a molasses-based biofertilizer formulation containing
Klebsiella variicola-MdE4 and K. variicola-MdG1 can
enhance phosphate solubilisation and promote maize
plant growth and yield. We have shown further that
the effects of Biorock P inoculant formulation were
numerically more pronounced in soils with low P
absorption maxima (Madaba site) than higher P-fixing
soils of Magadu site.

Total phosphorus accumulation in the whole plant was
taken to reflect P uptake by plants. There were differences
(P<0.001) in the total P uptake among treatments at
both experimental sites (Figure 6). Although all levels of
inorganic phosphate application (with or without biorock
P inoculant) resulted into an increase in total P uptake by
plants, addition of the biorock P inoculant did result into
increment (< 0.001) in total P uptake compared to the
absolute control (0 kg P /ha). Respectively, the highest
P uptake values by maize plants were recorded in plots
treated with 80 kg P ha + biorock P inoculant (Figure 6).
Furthermore, the influence of biorock P inoculant/ on
total P content of plants was so significant that applying
20 kg P/ha + biorock P inoculant resulted into higher
plant P uptake than where inorganic phosphate alone was
applied at a rate of 40 kg P/ha (Figure 6).

(P<0.05) with
different inorganic phosphorus plus biorock P inoculant

Phosphorus use efficiency varied

application rates. At the recommended P application
rates (40 kg P/ha) addition of biorock P inoculant resulted
into the higher PUE values than when inorganic P was
applied without the inoculant.
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Figure 5. Effects of Bio-rock P application rates on available phosphorus under field conditions after two growing seasons at Mad-
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Using biorock P at a lower inorganic P application rate
(20 kg P/ha) gave even higher PUE values than at higher
application rates (>40 kg P/ha)

The observed numerically lower values of available
phosphorus, lower P concentration in plants and lower
P use efficiency at the Magadu site compared to those
of Madaba site could be directly attributable to a higher
P adsorption maximum of the soils at the Magadu site.
The observed differences between sites may also be due
to unsorted conditions such as soil moisture availability,
temperature, soil reaction, and soil texture.

The higher P adsorption tendencies of the Magadu
soils may have rendered most of the microbially solubilized
phosphate unavailable to the plant due to transformation
of P into less available forms including adsorption by soil
colloids. The differences in the extent of P adsorption in
soils and consequently availability of P to plants at the

W Season 1

MADABA SITE
9r BSeason 2

Grain Yield (tha'")
T - i (=2

(&}

0P OPi 20Pi 40P 40Pi 60Pi BOPI
Inorganic phosphate and Biorock P inoculant application rates

two study sites could be a result of their differences in
physicochemical properties and management (Muindi et
al., 2015; Ayenew et al., 2018).

Effects of Bio-rock P inoculation on maize grain yield

Co-application of inorganic phosphate and bio-rock
P inoculant under field conditions resulted into higher
(P<0.05) maize grain yields compared to non-inclusion
of bio-rock P. Accordingly, application of the bio-rock P
inoculant without additional inorganic P (OP +l) resulted
into nearly doubling the maize grain yield at both sites
for two consecutive growing seasons (Figure 7). Co-
application of bio-rock P and inorganic phosphate at 20
kg P/ha gave higher (P<0.05) maize grain yield than that
of positive control (40 kg P/ha). Bio-rock p inoculant in
the 40 kg P/ha treatment or higher did not result into any
higher grain yield compared to that of 20 kg P/ha plus
bio-rock P (Figure 7).

Bseason 1
5 MAGADU SITE Dseason 2
q | C Cc T [ C
5 le
b B T be

¥y
o
w

Grain yield (tha')
N w

-

oP OPi 20Pi 40P 40Pi 6OPi BOPI
Inorganic phosphate and Bio-rock P inoculant application rates

Figure 7. Effects of Bio-rock P application rates on maize grain yield under field conditions after two growing seasons at Madaba and
Magadu sites. Bars of the same category followed by the same type of letters are not different according to the DNMRT at P=0.05.
Error bars indicate standard error of the mean for at least three replications
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CONCLUSION

In conclusion, the present study has demonstrated
that the two isolates Klebsiella variicola-MdE4 and K.
variicola MdG1 can solubilize Minjingu Phosphate Rock
(MPR) in concentrations high enough to constitute a
reliable bio fertilizer inoculant. These strains exhibited
additional qualities through production of siderophores,
IAA and ammonia. All of these qualities are important in
enhancing plant growth and development and ultimately
better yields. Their compatibility when grown in a single
culture formulation that uses molasses as an alternative
and cheaper source of carbon make them a potent bio

fertilizer formulation for commercial application.

REFERENCES

Alori, ET., Glick, B.R., Babalola, O.0. (2017) Microbial Phosphorus
Solubilization and Its Potential for Use in Sustainable Agriculture.
Frontiers Microbiology, 8, 971.

DOI: https://doi.org/10.3389/fmicbh.2017.00971.

Ayenew, B., Tadesse, A.M., Kibret, K., Malese, A. (2018) Phosphorous
status and adsorption characteristics of acid soils from Cheha and
Dinsho districts, southern highlands of Ethiopia. Environmental
Systems Research, 7, 17.

DOI: https://doi.org/10.1186/s40068-018-0121-1

Balouiri, M., Sadiki, M., Ibnsouda, S.K. (2016) Methods for in vitro
evaluating antimicrobial activity: Areview. Journal of Pharmaceutical
Analysis, 6 (2), 71-79.

DOI: https://doi.org/10.1016/j.jpha.2015.11.005

Bashan, Y., Kamnev, A.A., de-Bashan, L.E. (2013) A proposal for isolating
and testing phosphate-solubilizing bacteria that enhance plant
growth. Biology and Fertility of Soils, 49 (1), 1-2.

DOI: https://doi:10.1007/s00374-012-0756-4

Batool, S., Igbal, A. (2020) Phosphate solubilizing rhizobacteria as
alternative of chemical fertilizer for growth and yield of Triticum
aestivum (Var. Galaxy 2013). Saudi Journal of Biological Sciences, 26
(7), 1400-1410. DOI: https://doi.org/10.1016/j.sjbs.2018.05.024

Bray, R.H., Kurtz, LT. (1945) Determination of Total, Organic, and
Available Forms of Phosphorus in Soils. Soil Science, 59, 39-45.
DOI: https://doi.org/10.1097/00010694-194501000-00006

Cicek, H., Bhullar, G.S., Mandloi, L.S., Andres, C., Riar, A.S. (2020) Partial
Acidulation of Rock Phosphate for Increased Productivity in Organic
and Smallholder Farming. Sustainability, 12 (2), 607.

DOI: https://doi.org/10.3390/s5u12020607

CLSI (2020) Performance Standards for Antimicrobial Susceptibility
Testing. 30th edition, CLSI Supplement 100. Available at https:/
hrcak.srce.hr/en/89951?lang=en [Accessed 10 July 2022]

De Pauw, E. (1984) Soils, Physiography and Agroecological Zones of
Tanzania. Ministry of Agriculture, Dar-es-Salaam, Tanzania/FAO,
Rome. 1- 75.

Elhaissoufi, W., Ghoulam, C., Barakat, A., Zeroual, Y., Bargaz, A. (2021)
Phosphate bacterial solubilization: A key rhizosphere driving force
enabling higher P use efficiency and crop productivity. Journal of
Advanced Research,

DOI: https://doi.org/10.1016/j.jare.2021.08.014

Essington, M.E., (2005). Soil and water chemistry: An Integrative
approach CRC Press, New York.

Etesami, H. (2020) Enhanced phosphorus fertilizer use efficiency
with microorganisms. In: Meena R., ed. Nutrient Dynamics for
Sustainable Crop Production. Springer, 215-245.

Etesami, H., Jeong, B.R, Glick, B.R. (2021) Contribution of Arbuscular
Mycorrhizal Fungi, Phosphate-Solubilizing Bacteria, and Silicon to
P Uptake by Plant. Fontiers in Plant Sciences.

DOI: https://doi.org/10.3389/fpls.2021.699618

Gang, S., Sharma, S., Saraf, M., Buck, M., Schumacher, J. (2019). Analysis
of Indole-3-acetic Acid (IAA) Production in Klebsiella by LC-MS/MS
and the Salkowski Method. Bio-protocol, 9 (9), e3230.

DOI: https://doi.org/10.21769/BioProtoc.3230

Khan, M.S., Zaidi, A., Musarrat, J., Technology, M. (2014) Phosphate
solubilizing microorganisms under non-sterile conditions. In: Khan,
M.S., Zaidi, A., Musarrat, J. eds. Switzerland, Springer International
Publishing.

Heonsang, J., Jongtaek, P., Hyunook, K. (2013) Determination of NH,*
in Environmental Water with Interfering Substances Using the
Modified Nessler Method. Journal of Chemistry, 359217.

DOI: https://doi.org/10.1155/2013/359217

Ibanez, A., Diez-Galan, A., Cobos, R., Calvo-Peia, C., Barreiro, C.,
Medina-Turienzo, J., Sdnchez-Garcia, M., Coque, J.J.R. (2021) Using
Rhizosphere Phosphate Solubilizing Bacteria to Improve Barley
(Hordeum wvulgare) Plant Productivity. Microorganisms, 9, 1619.
DOI: https://doi.org/10.3390/microorganisms?081619

Ibrahim, A., Shahid, A.A., Ahmad, A. (2017) Evaluation of carrier
materials to develop Bacillus subtilis formulation to control root knot
nematode infection and promote agroeconomic traits in eggplant.
Journal of Animal and Plant Sciences, 27 (4), 1321-1330.

Lapeyrie, F., Ranger, J., Vairelles, D (1991) Phosphate-solubilizing activity
of ectomycorrhizal fungi in vitro. Canadian Journal of Botany, 69 (2),
342-346.

Louden, B.C., Haarmann, D., Lynne, A.M. (2011) Use of Blue Agar CAS
Assay for Siderophore Detection. Journal Microbiology and Biology
Education, 12 (1), 51-53.

DOI: https//doi.org/10.1128/jmbe.v12i1.249

Lurthy, T., Cantat, C., Jeudy, C., Declerck, P., Gallardo, K., Barraud, C.,
Leroy, F., Ourry, A., Lemanceau, P., Salon, C., Mazurier, S. (2020)
Impact of Bacterial Siderophores on Iron Status and lonome in Pea.
Frontiers of Plant Science, 11.

DOI: https://doi.org/10.3389/fpls.2020.00730

Macik, M., Gryta, A., Frac, M. (2020) Biofertilizers in agriculture: An
overview on concepts, strategies and effects on soil microorganisms.
Advances in Agronomy, 162, 31-87.

DOI: https://doi.org/10.1016/bs.agron.2020.02.001

Mardad, 1., Serrano, A., Soukri, A. (2014) Effect of Carbon, Nitrogen
Sources and Abiotic Stress on Phosphate Solubilization by Bacterial
Strains Isolated from a Moroccan Rock Phosphate Deposit. Journal
of Advanced Chemical Engineering, 04 (1), 1-10.

DOI: https://doi.org/10.4172/2090-4568.1000102

Mazylyte, R., Kaziuniene, J., Orola, L., Valkovska, V., Lastauskiene,
E., Gegeckas, A. (2022) Phosphate Solubilizing Microorganism
Bacillus sp. MVY-004 and Its Significance for Biomineral Fertilizers’
Development in Agrobiotechnology. Biology, 11, 254.

Mendoza-Arroyo, G.E., Chan-Bacab, M.J., Aguila-Ramirez, R.N., Ortega-
Morales, B.O., Canché Solis, R.E., Chab-Ruiz, A.O., Cob-Rivera,
K.l., Dzib-Castillo, B., Tun-Che, R.E., Camacho-Chab, J.C. (2020)
Inorganic Phosphate Solubilization by a Novel Isolated Bacterial
Strain Enterobacter sp. ITCB-09 and Its Application Potential as
Biofertilizer. Agriculture, 10, 383.

DOI: https://doi.org/10.3390/agriculture10090383

JOURNAL

Central European Agriculture
ISSN 1332-9049

829


https://doi.org/10.5513/JCEA01/23.4.3636

Original scientific paper

DOI: /10.5513/JCEA01/23.4.3636

KWASLEMA et al.: Minjingu phosphate rock solubilization and potential for use of Klebsiella...

Msolla, M. M., Semoka,J. M. R.,and Borggaard, O.K.(2005) Hard Minjingu
phosphate rock: an alternative P source for maize production on
acid soils in Tanzania. Nutrient Cycling in Agroecosystems, 72, 299-
308. DOI: https://doi.org/10.1007/s10705-005-6081-7

Mtama, G.J. (2018) Pedology at Four Representative Sites of Southern
Highland Zone of Tanzania. American Journal of Agriculture and
Forestry, 6 (5), 111-121.

DOlI: https://doi.org/10.11648/j.ajaf.20180605.11

Muindi, E.M., Mrema, J.P., Semu, E., Mtakwa, PW., Gachene, C.K., Njogu,
M.K. (2015) Lime-Aluminium- Phosphorus Interactions in Acid
Soils of the Kenya Highlands. American Journal of Experimental
Agriculture, 9 (4). DOI: https:/doi.org/10.9734/AJEA/2015/20220

Murphy, J., Riley, J.P. (1962) A Modified Single Solution Method for the
Determination of Phosphate in Natural Waters. Analytica Chimica
Acta, 27, 31-36.

DOI: http:/dx.doi.org/10.1016/50003-2670(00)88444-5

Mwangi, E., Ngamau, C., Wesonga, J., Karanja, E., Musyoka, M., Matheri,
F., Adamtey, N. (2020) Managing Phosphate Rock to Improve
Nutrient Uptake, Phosphorus Use Efficiency, and Carrot Yields.
Journal of Soil Science and Plant Nutrition, 20 (4).

DOI: https:/doi.org/doi:10.1007/s42729-020-00217-x

Myo, E.M., Ge, B.,Ma, J., Cui, H., Liu, B., Shi, L., Jiang, M., Zhang, K. (2019)
Indole-3-acetic acid production by Streptomyces fradiae NKZ-259
and its formulation to enhance plant growth. BMC Microbiology,
19, 155. DOI: https:/doi.org/10.1186/s12866-019-1528-1

Nair, P.S., Logan, T.J., Sharpley, A.N., Sommers, L.E., Tabatabai, M.A.,
Yuan, T.L. (1984) Inter-laboratory Comparison of a Standardized
Phosphorus Adsorption Procedure. Journal of Environmental
Quality, 13, 591-595.

DOlI: https:/doi.org /10.2134/jeq1984.00472425001300040016x

Okalebo, J. R., Othieno, C. O., Woomer, P. L., Karanja, N. K., Semoka, J.
R. M,, Bekunda, M. A., Mugendi, D. N., Muasya, R. M., Bationo, A.
and Mukhwana, E. J. (2006) Available technologies to replenish soil
fertility in East Africa. Nutrient Cycling in Agroecosystems, 76 (3),
153-170. DOI: https:/doi.org/10.1007/s10705-005-7126-7

Olsen, S.R. and Sommers, L.E. (1982) Phosphorus. In: Page, A.L., Miller,
R.H. and Keeney, D.R., Eds., Methods of Soil Analysis. Part 2:
Chemical and Microbiological Properties. Inc., Madison: American
Society of Agronomy. 403-427.

Panda, B., Rahmana, H., Panda, J. (2016) Phosphate solubilizing
bacteria from the acidic soils of Eastern Himalayan region and their
antagonistic effect on fungal pathogens. Rhizosphere, 2, 62-71.
DOI: https://doi.org/10.1016/j.rhisph.2016.08.001

Peters, J., Combs, S., Hoskins, B., Jarman, J., Kovar, J., Watson, M., Wolf,
A., Wolf, N. (2003) Recommended Methods of Manure Analysis.
ASA-CSSA-SSSA annual meeting abstracts. Cd-rom. Madison, WI.

Rathore, P. (2014) Role of Different Carbon Sources in Phosphate
Solubilization. International Journal of Scientific Research, 3 (2),
457-458.

Sharma, S.B., Sayyed, R.Z., Trivedi, M.H., Gobi, T.A. (2013) Phosphate
solubilizing microbes: sustainable approach for managing
phosphorus deficiency in agricultural soils. SpringerPlus, 2, 587.
DOI: https://doi.org/10.1186/2193-1801-2-587

Savini, |, Koala, S., Kihara, J. (2015) Minjingu phosphate rock availability
in low-pH highly weathered soil as affected by added salts. Scientia
Agricola, 5, 440-451.

DOI: https://doi.org/10.1590/0103-9016-2014-0315

Savini, I., Kihara, J., Koala, S., Mukalama, J., Waswa, B., Bationo, A. (2016).
Long-term effects of TSP and Minjingu phosphate rock applications
on yield response of maize and soybean in a humid tropical maize-
legume cropping system. Nutrient Cycling in Agroecosystems, 104,
79-91. DOI: https://doi.org/10.1007/s10705-016-9760-7

Sharma, S. B., Sayyed, R. Z., Trivedi, M. H., Gobi, T. A. (2013) Phosphate
solubilizing microbes: sustainable approach for managing
phosphorus deficiency in agricultural soils. SpringerPlus, 2, 587.
DOI: https://doi.org/10.1186/2193-1801-2-587

Simfukwe, E.J., Tindwa, H.J. (2018) Rock phosphate-solubilising
potential of fungal and bacterial isolates from soils surrounding
panda Hill and Minjingu phosphate rock deposits in Tanzania.
Tropical Ecology, 59 (1), 109-118.

Singh, J.S. (2013) Plant Growth Promoting Rhizobacteria: Potential
microbes for sustainable agriculture. Resonance, 18, 275-281.
DOI: https://doi.org/10.1007/s12045-013-0038-y

Singh, N.K., Patel, D.B., Chaudhari, S.R., Morad, B.G., Rabari, S.M. (2016)
Characterization of phosphate-solubilizing isolates of Bacillus from
cumin rhizosphere. International Journal of Tropical Agriculture, 34,
1469-1480.

Singh, R.P, Jha, P, Jha, P.N. (2015) The plant-growth-promoting
bacterium Kilebsiella sp. SBP-8 confers induced systemic tolerance
in wheat (Triticum aestivum) under salt stress. Journal of Plant
Physiology, 184, 57-67.

DOI: https://doi.org/10.1016/].jplph.2015.07.002

Sumner, M. E. (2000) Hand Book of Soil Science. Boca Raton, FL: CRC
Press LLC.

Syers, J.K., Johnston, A.E., Curtin, D. (2008) Efficiency of soil and
fertilizer phosphorus use: reconciling changing concepts of soil
phosphorus behavior with agronomic information. FAO Fertilizer
and Plant Nutrition Bulletin. Available at: https:/agris.fao.org/agris-
search/search.do?recordID=XF2009437445 [Accessed on 15 July
2022].

Szilas, C., Semoka, J.M.R., Borggaard, O.K. (2007) Establishment of an
agronomic database for Minjingu phosphate rock and examples of
its potential use. Nutrient Cycling in Agroecosystems, 78, 225-237.
DOI: https://doi.org/10.1007/s10705-006-92086-y

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S.
(2011) MEGA5: molecular evolutionary genetic analysis using
maximum likelihood, evolutionary distance, and maximum
parsimony methods. Molecular Biology and Evolution 28 (10),
2731-2739. DOI: https://doi.org/10.1093/molbev/msr121

Tapiwa, L., Nyari, P., Mnkeni, S. (2018) Vermicomposting manure- paper
mixture with igneous rock phosphate enhances biodegradation,
phosphorus bioavailability and reduces heavy metal concentrations.
Heliyon, 4 (2018) e00749.

DOI: https://doi.org/10.1016/j. heliyon.2018.e00749

Timmusk, S., Behers, L., Muthoni, J., Muraya, A., Aronsson, A.C. (2017)
Perspectives and challenges of microbial application for crop
improvement. Frontiers in Plant Science, 8, 49.

DOI: https://doi.org/10.3389/fpls.2017.00049

Trinetra, M., Banik, A., Mukhopadhyay, S.K. (2020) Plant Growth-
Promoting Traits of a Thermophilic Strain of the Klebsiella Group
with its Effect on Rice Plant Growth. Current Microbiology, 77,
2613-2622. DOI: https://doi.org/10.1007/s00284-020-02032-0

USDA (1975) Soil Taxonomy: A Basic System of Soil Classification for
Making and Interpreting Soil Surveys. Soil Survey Staff, Coord., Soil
Conservation Service. Agriculture Handbook 436, US Department
of Agriculture, Washington DC, 754 p.

Vandenberghe, L.P.S., Soccol, C.R., Pandey, A., Lebeault, JM. (1999)
Microbial production of citric acid. Brazilian Archives of Biology and
Technology, 42 (3), 263-276.

DOI: https://doi.org/doi:10.1590/51516-89131999000300001

Van de Wiel, C.C.M,, van der Linden, C.G., Scholten, O.E. (2016)
Improving phosphorus use efficiency in agriculture: opportunities
for breeding. Euphytica, 207, 1-22.

DOI: https://doi.org/10.1007/s10681-015-1572-3

JOURNAL

Central European Agriculture
ISSN 1332-9049

830


https://doi.org/10.5513/JCEA01/23.4.3636

Original scientific paper DOI: /10.5513/JCEA01/23.4.3636
KWASLEMA et al.: Minjingu phosphate rock solubilization and potential for use of Klebsiella...

Vassilev, N., Vassileva, M., Martos, V., Garcia, L.F, Kowalska, J., Wang, Y., Peng, S., Hua, Q., Qiu, C., Wu, P, Liu, X., Lin, X. (2021) The

Tylkowski, B., Malus3, E. (2020) Formulation of Microbial Inoculants Long-Term Effects of Using Phosphate-Solubilizing Bacteria and
by Encapsulation in Natural Polysaccharides : Focus on Beneficial Photosynthetic Bacteria as Biofertilizers on Peanut Yield and Soil
Properties of Carrier Additives and Derivatives. Frontiers in Plant Bacteria Community. Frontiers in Microbiology, 12, 693535.
Science, 11, 270 DOI: https://doi.org/10.3389/fpls.2020.00270 DOI: https://doi.org/10.3389/fmicb.2021.693535

Wang, D., Kim, H., Lee, S., Kim, D.H., Joe, M.H. (2020) High-level
production of poly-y-glutamic acid from untreated molasses by
Bacillus siamensis IR10. Microbial Cell Factory, 19, 101.

DOI: https://doi.org/10.1186/s12934-020-01361-w

JOURNAL %31

Central European Agriculture
ISSN 1332-9049


https://doi.org/10.5513/JCEA01/23.4.3636
http://www.tcpdf.org

