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Abstract

Background: Forty phosphate solubilizing bacterial (PSB) isolates were isolated from the root zone of wheat plants
cultivated in the Delta and the Northwestern coast regions of Egypt. All isolates proofed their ability to dissolve
tricalcium phosphate on the National Botanical Research Institute's phosphate growth medium (NBRIP) by producing
clear zone and increasing the available phosphorus that ranged between 40 and 707 mg |”". They were designated as
Egyptian native phosphate solubilizing bacteria (ENPSB).

Results: All strains proofed their ability to dissolve tricalcium phosphate on (NBRIP) medium by producing clear zone
and increasing the available phosphorus that ranged between 40 and 707 mg I”'. The ENPSB 1, 2, and 3 strains were
highly efficient as they gave 707, 653, and 693 mg |”' soluble phosphorus respectively. Intriguingly, the two highly
efficient strains for phosphate solubilization were isolated from the Northwestern coast alkaline soils. Moreover, 75% of
strains were also produced profitable amounts of indole acetic acid (IAA) ranged from 0.79 to 50.5 mg | . Amazingly,
the most efficient strain ENPSB 1 in solubilizing phosphorus (707 mg |~'soluble P) was the best one for producing I1AA
(505 mg I""). The three efficient strains were identified using the sequencing of 165 rRNA. Sequence analysis of 165
rRNA for selected strains confirmed that the strains ENPSB 1, 2, and 3 were genetically closed to Enterobacter
aerogenes; Pantoea sp. and Enteriobacter sp. respectively.

Conclusion: The inoculation by mix cultures of strains (ENPSB 1, 2, and 3) contributed to raising the dry weight and P
content of wheat plants by 76% and 12% over the full fertilized plants. Inoculation of soil PSB can be used to solve the
deficiency of phosphorus and promote plant growth effectively in calcareous soils.

Keywords: Egyptian Calcareous soils, solubility of Phosphorus, Phosphate Solubilizing Bacteria PSB, Indole acetic acid
IAA

Introduction Therefore, it becomes quite common to use chemical fer-

Phosphorus (P) is an essential element for plant growth
and production. Nitrogen N, fixation in legumes, crop
quality, and resistance to plant diseases are some of the
important attributes associated with P nutrition. It is a
major limiting factor for plant growth due to its low avail-
ability for root uptake when it presents as rock phosphate.
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tilizers in ensuring phosphorous requirements to soil.
Upon application as inorganic, phosphorus is rapidly
transformed into less available forms by forming a com-
plex with (Ca) in calcareous soils (Toro 2007). On the
other hand, frequent application of chemical fertilizers is
associated with environmental problems.

Due to health and environmental hazards resulted from
excessive application of chemical fertilizers, researchers
are doing great efforts to find another alternative strategy
that can ensure competitive yields and keep soil health.
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This new approach called sustainable agriculture which is
safety to the environment and it keeps balance in the soil
ecosystem for the long-term. In this context, the use of
microbial inoculants which including phosphate solubiliz-
ing microorganisms (PSM) in agriculture represents a
friendly alternative environment method compared to
mineral fertilizers (Khan et al. 2007). The microbial
solubilization of soil phosphorus in liquid medium has
often been due to the excretion of organic acids. Organic
acids produced by PSB release soluble phosphate through
lowering of pH, chelating of cations and by competing
with phosphate for adsorption sites in soil (Nahas 1996).

Phosphate solubilizing bacteria (PSB) can provide the
available forms of P to the plants and hence a viable substi-
tute to chemical phosphate fertilizers (Khan et al. 2006).
Bacterial genera like Azotobacter, Azospirillum, Bacillus,
Beijerinckia, Burkholderia, Enterobacter, Erwinia, Flavobac-
terium, Microbacterium, Pseudomonas, Rhizobium, and
Serratia are reported as the most significant phosphate
solubilizing bacteria (Sudhakar et al. 2000; Mehnaz and
Lazarovits 2006; Bhattacharyya and Jha 2012). Many re-
searchers have investigated the ability of PSB to solubilize
insoluble phosphate in pure liquid culture medium (Narula
et al. 2000).

Some strains of phosphate dissolving bacteria are con-
sidered IAA producers. Generally, [AA improves the state
of plants in all stages of growth, due to increasing the
amount of root exudates in the rhizosphere (Glick 2012).

The use of plant growth-promoting rhizobacteria (PGPR)
including PSB as bio-fertilization is a well sustainable solu-
tion to improve plant growth, plant nutrition, root growth
pattern, plant competitiveness, and tolerance to environmen-
tal stresses (Setiawati and Handayanto 2010; Ekin 2010).
Using of biofertilizations in Egyptian soils has decreased soil
pH, leading to increase availability of elements and enhance
plant growth (Mahfouz and Sharaf-Eldin 2007).

Several authors have been studied using PSB to en-
hance the growth of maize, wheat, and lettuce plants
(Richardson 1994; Lifshitz et al. 1987). Inoculation with
Pseudomonas putida (Lifshitz et al. 1987), Azospirillum
lipoferum (Murty and Ladha 1988), Bacillus firmus
(Datta et al. 1982), and Bacillus polymyxa (Gaur and
Ostwal 1972) were reported to be effective for increasing
the solubility of phosphorus in soil.

Accordingly, the main objectives of the current study
were to (i) isolation and identification of high effective
strains of phosphate solubilizing bacteria; (ii) examin-
ation the ability of these isolates to solubilize tricalcium
phosphate in vitro and to produce indole acetic acid;
and (iii) studying the effect of these efficient isolates on
wheat growth and phosphorus uptake in calcareous soil.
Also, the effect of these isolates and P fertilizer applica-
tion on the inorganic P fractions in relation to available
P in soil was discussed.
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Materials and methods

Isolation of bacterial strains

Soil samples were collected from the field of cultivated
wheat in both Delta region and Northwestern Coast of
Egypt. Collected moist soils were mixed with a sterile so-
lution of 0.85% NaCl and shacked for 30 min. Serial dilu-
tions were made and a aliquots of dilutions (107> and
107°) were put on the surface of agar plates medium (Na-
tional Botanical Research Institute Phosphorus, NBRIP)
containing (10 g glucose, 5 g MgClL.6H,O, 025 g
MgS0,.7H,0, 0.2 g KCl, 0.1 g (NH,),SO,, and 15 g Agar
in 1 L distilled water) with 5 g tricalcium phosphate (TCP,
Caz(POy),) as sole P source for selecting PSB isolates
(Nautiyal 1999). The plates were incubated for 7 days at
30 °C. The colonies with clear halos were considered to be
phosphate solubilizing isolates and were further purified
by re-streaking on the fresh NBRIP agar plates to obtain
single colonies. These isolates (1-40) were designated as
Egyptian native phosphate solubilizing bacteria (ENPSB).
Phosphate solubilization index was calculated by inoculat-
ing the ENPSB onto NBRIP agar medium and measuring
the diameter of halo zone and bacterial colony. The
solubilization index [=the ratio of the total diameter (col-
ony + halo zone) to the colony diameter] was calculated
by formula of (Premono et al. 1996).

Quantitative estimation of phosphate solubilization
Quantitative estimation of phosphate solubilization in
broth was carried out using Erlenmeyer flasks (100 ml)
containing 30 ml of NBRIP medium inoculated in tripli-
cate with the bacterial isolate (0.3 ml inoculum with ap-
proximately 10° CFU ml™"), and autoclaved un-inoculated
medium served as control. The flasks were incubated for 7
days at 30° C on incubator shaker at 150 rpm. The cul-
tures were harvested by centrifugation at 10000 rpm for
10 min. Available phosphorous in the culture supernatant
was estimated using (Olsen et al. 1954) method. Super-
natant pH was measured using the glass electrode of
digital pH meter. Among these isolates, ENPSB 1, ENPSB
2 and ENPSB 3 exhibited the highest P solubilization,
were used for further studies. Culture suspension of these
three isolates (0.3 ml inoculum with approximately 10
cfu ml™) were inoculated into triplicate 100 ml flasks con-
taining 30 ml NBRIP broth and were incubated for 7 days
on rotary shaker under aerobic conditions at 30 °C and
150 rpm. Uninoculated medium was used as control. Sam-
ples were withdrawn periodically at 1-day intervals for 7
days and analyzed to estimate phosphate solubilization in
the culture supernatant.

Estimation of IAA production

To test whether the strains able to produce indole acetic
acid (IAA) or not, the production of IAA was deter-
mined following the method by Brick (1991). After 48 h
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bacterial culture of an approximately 10® cfu ml™ was
inoculated into nutrient broth supplied with 3 mM tryp-
tophan and incubated at 30 °C for 48 h. Bacterial cells
were centrifuged at 3000 rpm for 30 min. Two milliliters
of the supernatant were mixed with 100 pl of ortho-
phosphoric acid and 4 ml of Solawaski’s reagent (12 g
1"t FeCl; + 7.9 M H,S0,) and incubated at 37 °C for 30
min. The development of a pink color indicates IAA
production, which was quantified using a spectropho-
tometer at 535 nm. The concentrations of IAA produced
by isolates were determined using a standard curve pre-
pared from pure IAA from Sigma Company.

DNA extraction and purification

Extraction and purification of total genomic deoxyribo-
nucleic acid (DNA) were carried out according to (Leon-
ard et al. 1986). The three most efficient isolates were
cultured routinely at 30 °C in nutrient broth medium.
Total bacterial genomic DNA was extracted as follows: 5
ml of overnight bacterial culture was centrifuged for 10
min at 10000 rpm (High-speed centrifuge Sorvall RC
285, USA) subsequently, pellets were re-suspended in
467 pl lyses buffer containing (30 pl of 10% sodium
dodicyl sulphate (SDS) and 3 pl proteinase K from a
stock of 20 mg ml™'), mixed well and incubated for one
hour at 37 °C. The protein/DNA mixture was then sub-
jected to phenol/chloroform extraction, and the upper
aqueous phase was transferred to a new tube. An equal
volume of absolute ethanol and 1/10 volume sodium
acetate (pH 5.2) were added for DNA precipitation, and
then samples incubated at — 20 °C for 1 h. After centri-
fugation, pellets of DNA were washed twice with 70%
ethanol then air-dried, dissolved in 20 pl sterile distilled
water, and stored at — 20 °C until used.

Sequence analysis of 76S rRNA gene and phylogenetic
tree

16S rRNA gene sequencing involves amplification of tar-
get sequences using universal primers to yield about 1.5
kb amplicon followed by sequencing and homology gen-
eration using ribosomal DNA database. Polymerase
chain reaction (PCR) was performed using (Eppenorff
9700 thermocycler) in a total volume of 50 ul. For each
reaction the following reagents: 5 ul buffer 10x, 4 pl of
25 mM MgCl,, 1 pl of 50 ng Template DNA, 2 pl of 10
pmol forward fD1 (5'-AGAGTTTGATCCTGGCTCAG-
3") and reverse rD1 (5'-AAGGAGGTGATCCAGCC-3")
primers published by (Weisburg et al. 1991), 5 ul of 2.5
mM dNTPs, 0.4 pl (5 units pl™') of Taq Polymerase
(Sigma), were added separately and de-ionized water was
added to reach volume 50 ul, then the mixture was
mixed well. The PCR cycling conditions consisted of: an
initial de-naturation at 94 °C (5 min), 35 cycles of de-
naturation at 94 °C (1 min), annealing at 55 °C (1 min),
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extension at 72 °C (2 min), final extension at 72 °C (10
min) and stored at 4 °C (Fankem et al. 2006).

Sequencing of targeted fragments of 16S rRNA was per-
formed at Gene Analysis unit, Macrogene, Korea using
the same primers used for amplification. A near full length
of 165 rRNA was sequenced and sequence data were
aligned and compared with available published sequences
of bacterial lineage at the NCBI GenBank (http://www.
ncbi.nlm.nih.gov/) using BLAST. In addition, sequences of
previously reported phosphate solubilizing bacteria in
earlier studies were downloaded from GeneBank. The se-
quences were finally aligned in the alignment explorer tool
of the MEGA (Molecular Evolutionary Genetic Analysis
software) by Tamura (2011) using Clustal-W. The phylo-
genetic tree was prepared using the Neighbor-Joining
method and Kimura-2 as the model test with a bootstrap
value of 1000 pseudoreplicates.

Pot experiment

The pot experiment was carried out during 1 December
2015-30 June 2016 at Arid Lands Cultivation Research
Institute (ALCRI) in the Experimental Farm-City of Sci-
entific Research and Technological Applications (SRTA-
City) located in Borg Al-Arab City (30° 53" 33.17"" N,
29° 22" 46.43"" E), West Alexandria, Egypt. Calcareous
soil sample (0-30 cm) was collected from (ALCRI) Ex-
perimental Farm, air-dried, grinded and passed through
a 2-mm sieve. Soil samples analyzed according to the
method described by Page et al. (1982) and physical or
chemical properties were as follows: pH 8.39, E.C (fil-
trate of saturated soil paste) 2.72 dS m™!, CaCO3 31.4%,
organic matter 0.97%, total P 4925 ppm, available P 6.12
ppm, total N 0.03%, sand 65.3%, silt 16%, clay 18.7%,
and soil texture sandy loam. Seeds of (Triticum aestivum
L.) variety Gemiza-11 were obtained from Agricultural
Research Centre, Egypt. Seeds were surface sterilized by
soaking in 70% ethanol for 3 min and then in 1% sodium
hypochlorite (bleach) for 10 min. To remove the residual
bleach, the seeds were washed ten times with sterile tap
water and air-dried before sowing.

Preparation of inoculums and seed sowing

The three efficient PSB isolates (ENPSB 1, 2, and 3) were
grown on nutrient agar, then pure single colonies of
each isolate was transferred into 500 ml flasks contain-
ing nutrient broth and grown aerobically on a rotating
shaker (150 pm) for 48 h at 30 °C, after that cells were
harvested by centrifugation at 3000 rpm for 20 min and
re-suspended in sterile 0.85% NaCl solution. The bacter-
ial suspension was then diluted in sterile distilled water
to give a final concentration 10®° CFU ml™" (colony-
forming unit CFU) and used to inoculate wheat grains.
For mixed inoculation, an equal volume containing (10
CFU ml ™! of each strain) were mixed (1:1:1) and used
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for inoculating wheat seeds. Wheat grains were soaked
(except un-inoculated pots) separately with the culture
broth of each PSB inoculants for 10 min before sowing.
In addition, each plot was inoculated with 1 ml of PSB
inoculants containing 10® CFU ml™" after sowing to en-
sure soil inoculation. Pots of 17 ¢cm in diameter and 20
cm in depth were sterilized with 1.5% sodium hypo-
chlorite, then sterile water to remove the excess of hypo-
chlorite and filled with 2 kg calcareous soil. Wheat
grains were sown at 1 cm depth (10 seeds pot™). Grain
germination percent was calculated after 7 days of sow-
ing (90-100%) and then were thinned to five seedlings
in each pot. Experiment was set up in an open environ-
ment covered with wire. Plants were watered weekly to
maintain moisture at field capacity.

Recommended doses of N fertilizer (300 kg fed ™' of
NH4NO; 33.5% N at the rate of 100 kg N fed™!) were
applied as a main dose in all treatments and added in
three equal doses before irrigation. The first dose was
added at the time of sowing, the second was applied
after 20 days from cultivation and the third one was
after 40 days from planting. The recommended dose of
K fertilizer (50 kg fed™* of potassium sulphate 48% K,O)
was applied before sowing of grains. Four levels of P
fertilizer were applied as single super phosphate (SSP)
15% P,Os5 P 100% of the recommended dose (150 kg
fed™), P 75%, P 50%, and P 0% (not amended with phos-
phorus fertilizer) with or without PSB. Phosphorus doses
were added and mixed well with soil before sowing.

Experimental design

The experiment was set in a randomized complete block
design (RCBD) with three replicates. To study the effect of
inoculation with PSB (ENPSB 1, 2, and 3) as single inocu-
lums or mixed together with the application of phosphors
at four levels (SSP 0, 50, 75, and 100 of recommended
dosage) as the following T1 (control), T2 (control + 50%
P), T3 (control + 75% P), T4 (control + 100% P), T5 (En-
terobacter aerogenes + 0% P), T6 (Enterobacter aerogenes
+ 50% P), T7 (Enterobacter aerogenes + 75 % P), T8 (En-
terobacter aerogenes + 100% P), T9 (Enterobacter sp. + 0%
P), T10 (Enterobacter sp. + 50 % P), T11 (Enterobacter sp.
+ 75% P), T12 (Enterobacter sp. + 100% P), T13 (Pantoea
sp. + 0% P), T14 (Pantoea sp. + 50 % P), T15 (Pantoea sp.
+ 75% P), T16 (Pantoea sp. + 100 % P), T17 (mixed cul-
ture (1:1:1) + 0% P), T18 (mixed culture (1:1:1) + 50 % P),
T19 (mixed culture (1:1:1) + 75% P), and T20 (mixed cul-
ture (1:1:1) + 100% P).

Studied parameters

After 60 days of cultivation, plants were harvested, root
and shoot portions of plants were separated, and growth
parameters such as shoot height, shoot fresh and dry
weight, root fresh, and dry weight. Root length of wheat
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plants was measured by the line intersects method of
(Tennant 1975).

RL = (RFW/0.1) x (11/14) x N x G

Where, RL = root length, RFW = root fresh weight, N
= sum of horizontal and vertical crossing, G = length of
the grid unit (1 cm).

Root radius (1) was calculated as follows:

To= \/(%)

Root surface area (SA) was calculated as follows:
SA =21 X ryg X RL

Plant samples were oven-dried at 70 °C to a constant
weight to determine plant biomass and were finally grinded
after drying. Phosphorus concentrations were determined
using the vanado-molybdate method (Page et al. 1982). The
P uptake was calculated by multiplying the biomass dry
weight with its P concentration. Rhizosphere of soil samples
was collected from each treatment by uprooting the plants
carefully without damaging the root system. Roots were
shaken gently to remove loosely adhering soil particles from
each treatment and then were analyzed for measuring avail-
able P content. The soil was extracted by the bicarbonate
method and available P by using the molybdate blue color
method (Olsen et al. 1954).

Inorganic phosphorous fractionation

The different fractions of P (Kuo 1996) involved sequen-
tial extractions with (i) a solution of 0.1 M in NaOH and
1 M in NaCl to remove non-occluded Al- and Fe-bound
P, (ii) 1 M NaCl and citrate-bicarbonate (CB) to remove
P resorbed during the preceding extraction, (iii) citrate-
dithionite-bicarbonate (CDB) to remove P occluded
within iron oxides, and (iv) 1 M HCI to remove Ca-
bound P. The P unaccounted for the sum of these forms
and organic P consists probably of occluded forms of
apatite (Syers et al. 1969). In all extracts, P was analyzed
by the method of (Murphy and Riley 1962).

Statistical analysis

The experiment was arranged in a randomized complete
block design (RCBD) with three replicates. Data were
analyzed by two-way analysis of variance (ANOVA) at p
< 0.05 using statistical functions of Co-Stat software for
statistics (2004). Further, least significant difference
(L.S.D ¢5) test was used to differentiate between signifi-
cant and non-significant means.

Results

Isolation of bacterial isolates

As shown in Table 1, 40 bacterial isolates were isolated
from different soil samples using the technique of serial
dilution method followed by growing on selective media
(NBRIP) and screened for selecting phosphate solubilizing
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Table 1 Quantitative estimation of bacterial isolates for P ability. The phosphate solubilization index (PSI) varied
solubilization and IAA production among isolates and ranged from 1.2 to 2.3 on selective
Isolate no. Soluble P IAA conc. Final pH P.S.index  broth media. The bacterial colonies showing clear halo
(mg 1) (mg I (PSh zones around the microbial growth were considered as
ENPSB 1 707 505 4 18 phosphate solubilizers in the presumptive test (Fig. 1). To
ENPSB 2 653 182 5.1 13 authenticate the isolation of targeted PSB, which formed
ENPSB 3 693 59 4 20 clear zone around the colonies, were re-screened to meas-
ENPSB 4 120 411 458 53 ure the available phosphorus in broth NBRIP medium.
ENPSB 5 8 395 40 '3 Quantitative estimation of phosphate solubilization
ENPSB 6 633 343 441 21 Ranges of phosphate solubilization by the selected PSB
ENPSB 7 167 321 529 13 isolates and changes in medium pH are shown in Table
ENPSB 8 187 312 43 14 1. The soluble P concentration was differed among iso-
ENPSB 9 573 305 404 13 lates and ranged between 40 and 707 mg 1% The
ENPSB 10 sg7 302 419 15 solubilization of TCP in the liquid medium by different
isolates was accompanied by a significant drop in
ENPSB 11 547 25.2 554 23 . . .
medium pH (till 3.78) compared to zero time (pH 7.0).
ENPSB 12 413 208 451 16 The highest amount of solubilization was obtained from
ENPSB 13 327 199 4.27 13 the bacterial isolate ENPSB 1 (707 mg 1™!) followed by
ENPSB 14 607 19.7 41 14 ENPSB 3 (693.3 mg 1™!) with drop in pH till 4, while iso-
ENPSB 15 473 195 41 20 late ENPSB 2 yielded (653 mg 1™') with drop in pH to
ENPSB 16 600 188 444 13 5.1. Generally, there is negative correlation (r = — O‘.??94,
ENPSB 17 . . 50 4 p < 0.05) between the degree of phosphorus solubliliza-
' tion and the reduction of the medium pH. For measur-
ENPSB 18 >93 173 615 16 ing phosphorus solubilization kinetics (Fig. 2.), the most
ENPSB 19 627 164 4.16 13 efficient phosphate-solubilizing isolates ENPSB 1,
ENPSB 20 600 125 433 20 ENPSB 2, and ENPSB 3 were allowed to grow for differ-
ENPSB 21 400 103 45 14 ent time intervals in the NBRIP broth medium. Samples
ENPSE 22 600 103 445 16 were withdrawn periodically every 1 day during the in-
cubation period (7 days) and analyzed to estimate avail-
ENPSB 23 293 8.5 3.87 1.7 .
able phosphorus in culture supernatant. It was observed
ENPSB 24 47 8 406 14 that three strains were increased the soluble P till the
ENPSB 25 627 59 378 23 sixth day significantly, while after that there was no
ENPSB 26 387 431 439 17 more increase of available phosphorus.
ENPSB 27 300 34 4.46 1.7
ENPSB 28 127 26 416 14 Estimation of IAA
Only 75% of our bacterial isolates were able to produce
ENPSB 29 547 15 3.99 1.2 . . . .
IAA in nutrient broth medium supplemented with trypto-
ENPSB 30 600 0.79 412 18 phan. The higher production rate of IAA was obtained in
ENPSB 31 567 0 4.2 16 nutrient broth medium inoculated with ENPSB 1 (50.5 pg
ENPSB 32 40 0 534 13 ml ™), while the lower rate was observed with ENPSB 30
ENPSB 33 47 0 465 13 (0.79 ug ml™) after 48 h of incubation (Table 1).
ENPSB 34 620 0 393 1.5 . .
ENPSB 35 "3 0 o1 3 Sequencing of 16S rRNA and phylogenetic analysis
The identification of PSB strains based on 16S rRNA se-
ENPSB 36 493 0 415 16 quences was presented in Table 2. The partial sequence of
ENPSB 37 140 0 4.88 12 targeted part of 16S rRNA was submitted to the Gene bank
ENPSB 38 193 0 485 13 under Accession nos. KY644046, MF 614152, and KY64
ENPSB 39 373 0 432 12 4047 for strains ENPSB 1, 2, and 3 on respectively. The pri-
ENPSE 40 140 0 531 14 mary comparison of 16S rRNA sequences with reference

strains using BLAST indicated that ENPSB 1 showed 95%
similarity with Enterobacter aerogenes strain RB86 (KC431
784), ENPSB 2 gave 94% similarity with Pantoea sp. strain
F30-PCAi-T3P21, and sequence analysis of ENPSB 3

ENPSB Egyptian native phosphate solubilizing bacteria



Mohamed et al. Bulletin of the National Research Centre

(2019) 43:203

Page 6 of 13

Enterobacter aerogenes ENPSB1

Pantoea sp. ENPSB2

Enterobacter sp. ENPSB 3

Fig. 1 Bacterial colonies showing clear halo zones around the microbial growth of novel phosphate dissolving bacterial isolates

showed 95% similarity with Enterobacter sp. (JX067710).
The sequence was then aligned by CLUSTAL-W with
some 16S rRNA sequences of previously reported phos-
phate solubilizing bacterial strains belonging to genera En-
terobacter, Pantoea, and Burkholderia.

Potted field experiment

To test the ability of well-selected PSB strains from our
preliminary and Laboratory studies, a greenhouse experi-
ment of complete block randomize design was con-
ducted to examine the effect of inoculation with PSB
strains (ENPSB 1, 2, and 3) on wheat growth parameters
cultivated in calcareous soil samples. Single inoculation
of PSB strains ENPSB 1 or 2 or 3 were highly significant
increased both fresh and dry weight of shoots as well as
phosphorus shoot percent content to control (Table 3).

The optimum level of phosphorus application was 75%
of the recommended dosage with or without inoculation
as the maximum level (100%) was not significant to in-
crease growth parameters compared to other inoculation
treatments. The effect of PSB inoculation on soil avail-
able phosphorous content is presented in Fig. 3. Like-
wise, inoculation with mix strains of PSB significantly (p
< 0.05) increased soil available phosphorous compared
to uninoculated soil. The interaction effect showed that
the maximum interaction effect between PSB and P
fertilizer level was obtained by inoculation with mix cul-
ture and application of 100% P (14.99 mg kg™'), and it
was significantly higher than control + 100% P (7.75
mg kg™') by a rate of 93.4%. However, the consortium
inoculation with the three efficient strains gave high
available phosphorus in soil by a rate of 46.5% than
the control.

800
700
600
~ 500
-
bEn 400 B E. aerogenes
= O Pantoea sp.
A&~ 300 P
% @ Enterobacter sp.
= 200
=)
2}
100
0
2d 3d 4d 5d 6d 7d
Incubation time (day)
Fig. 2 The effect of incubation time on P solubilization rates on NBRIP media. Columns marked with the same alphabetical letter(s) within
comparable means in the same isolate’s column do not differ significantly using the revised L.S.D. test at 0.05 levels
J
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Table 2 Similarity of 16S rRNA sequences for the selected strains compared to those obtained from database

Isolates code Nucleotide length Max. score Total score E value Query coverage (%) Identification

ENPSB 1 1460 bp 2150 2150 00 97 95% Enterobacter aerogenes strain RB86
ENPSB 2 1402 bp 769 769 0.0 100 94% Pantoea sp. strain F30-PCAI-T3P21

ENPSB 3 1420 bp 2204 2204 0.0 97 95% Enteriobacter sp.

The mix culture gave significant results compared to con-
trol and this may be due to synergistic effect of multiple
PGPR strains. As shown in Table 4, mix bacterial inocula-
tion and P application (75% of recommended dosage) was
reported to support the far distribution of roots to long-
distance in the soil (root length 4604.3 and 4105.3 cm) and
occupied a big surface area (root surface area 258.8 and
235.3 cm2) which reflected positively on root P content
(0.165 and 0.139) compared to other treatments.

Effect of PSB and P fertilizer application on the in-organic
P fractions

All P forms such as phosphorus bound with Ca, Fe,
and Al were estimated to examine the direct effect of

both PSB and P fertilizers on releasing or availability
of P in such alkaline soil. The Ca-bound P was the
largest P fraction ranged from 118.2-208.5 mg/kg soil
supplementary Additional file 1: Table S1. The
CaCO3-P, the non-occluded Al and Fe-P, and the oc-
cluded P were very small fractions. Thus, result is
compatible with the high concentration of CaCO3
(31.4%) in the soil used (Additional file 1: Table S1).
The calcareous nature of these soils tended to pro-
mote the sequestration of P into the Ca-bound rather
than the Fe-Al-bound fraction. In the present study,
non-occluded Al and Fe, CaCO; and occluded Fe-P
concentrations in soil were higher with PSB applica-
tion compared to the control. On the other hand, Ca-

Table 3 Interaction effect (bacterial strain x phosphorus fertilizer %) on shoot growth

Treatment Shoot height (cm) Shoot fresh weight (g) Shoot dry weight (g) Shoot P (%)
T Control (not inoculated + 0% P) 36.6 1.93 038 0.140
T2 Control + 50 % P 436 3.25 0.63 0.176
T3 Control + 75% P 480 4.12 0.78 0231
T4 Control + 100% P 477 3.98 0.75 0.240
T5 E. aerogenes + 0% P 454 4.15 0.86 0.197
T6 E. aerogenes + 50% P 479 4.81 1.00 0219
7 E. aerogenes + 75% P 53.7 5.76 1.19 0.253
8 E. aerogenes + 100% P 51.6 4.83 112 0.255
19 Enterobacter sp. + 0% P 436 3.25 0.72 0.191
T10 Enterobacter sp. + 50% P 479 3.98 0.76 0.195
T Enterobacter sp. + 75% P 482 4.35 0.94 0.229
T12 Enterobacter. sp. + 100% P 488 507 113 0.224
T13 Isolate B + 0% P 420 362 0.71 0.161
T14 Isolate B + 50 % P 472 4.36 0.78 0.239
T15 Isolate B + 75% P 54.9 4.14 0.86 0228
T16 Isolate B + 100% P 52.7 435 0.86 0.238
T17 Mixed culture (1:1:1) + 0% P 474 4.69 0.94 0.196
T18 Mixed culture (1:1:1) + 50% P 509 523 1.08 0219
T19 Mixed culture (1:1:1) + 75% P 50.3 6.38 1.32 0.267
T20 Mixed culture (1:1:1) + 100% P 539 547 1.22 0.269
LS.D (5%) 54 0.998 0.194 0.035
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Fig. 3 Interaction effect between bacterial isolate and phosphorus fertilizer % on available phosphorus in the soil
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Table 4 Interaction effect (bacterial strain x phosphorus fertilizer %) on root growth parameters

Treatments Root fresh weight (g) Root dry weight (g) Root length (cm) Root radius (cm) Root surface area (cm?) Shoot P (%)

T 0.28 0.090 15946 0.0075 750 0.059
T2 061 0.128 26123 0.0087 1419 0.069
T3 0.62 0.149 2784.2 0.0084 146.8 0.108
T4 0.64 0.151 1846.3 0.0104 1213 0.109
15 0.72 0.146 28821 0.0092 161.2 0.090
T6 0.76 0.160 37399 0.0081 189.1 0.094
17 097 0.179 38770 0.0089 2174 0.140
T8 0.89 0.164 3084.7 0.0097 185.5 0.142
T9 0.57 0.128 24166 0.0087 1310 0.069
T10 0.60 0.130 2885.1 0.0080 146.6 0.108
T 0.73 0.154 30121 0.0088 1659 0.117
T12 0.76 0.147 2862.2 0.0091 164.5 0.148
T13 0.71 0.135 21657 0.0103 1389 0.081
T14 0.72 0.135 31537 0.0087 169.0 0.125
T15 093 0.167 31719 0.0096 1923 0.141
T16 0.74 0.146 26300 0.0095 156.5 0.147
T17 0.79 0.157 27599 0.0096 165.0 0.113
T18 0.80 0.162 38822 0.0081 197.2 0.122
T19 1.16 0.229 4604.3 0.0090 2588 0.165
120 1.08 0.209 41053 0.0093 2353 0.139

LS.D (5%) 0.235 0.037 1139.8 0.0011 54.8 0.033
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bound P concentrations in PSB application treatments
were lower than those in control treatments.

Discussion

Generally, 20-80% of soil phosphorus is inorganic form
(Richardson 2001) and plants have hard difficulties to
absorb phosphorus directly from the soil (Greiner and
Alminger 2001); therefore, it is necessary to find another
possible and safe solution to support plants with phos-
phorus in alkaline soils instead of synthetic fertilizers
which it is highly expensive for small farmers and it has
negative effect on the environment. The ability of spe-
cific kinds of bacteria such as PSB to convert insoluble
forms of phosphorus to an available form is an import-
ant tool for increasing plant yields especially in the
highly alkaline soils (Shi et al. (2017).

Therefore, PSB is well an alternative strategy for solv-
ing such a problem which it can be used to increase
available plant phosphate levels particularly in soils with
high pH (Goldstein 1986). In such calcareous soil of
Northwestern coast of Egypt, where phosphorus is fixed
as tri-calcium phosphate, and which it is deemed to be a
poor fertile soil due to the low availability of phosphorus
and other elements, the phosphate solubilizing bacteria
(PSB) strategy is completely required. Similarly, Abou
El-Seoud and Abdel-Megeed (2012) reported that PSB
increased P availability and uptake, and the plant growth
(shoots and roots) of maize plants grown in P limited
soils. Consequently, we directed our efforts to isolate a
group of PSB strains which can be used as a biofertilizer
to increase phosphorus availability in such deteriorated
soils. Forty bacterial isolates which gave a hallo zone
around colonies growing on NBRIP selective medium as
previously reported by Gaur (1990) in the primary test
were selected to confirm their useful role for releasing
the P amount in the broth medium and examined their
biological contribution to improve and develop the
growth of Wheat plants in such soils.

Many different kinds of soil microorganisms are able
to dissolve rock phosphates in a liquid culture (Goenadi
et al. 2000; Vazquez et al. 2000). Several studies have
been reported that P solubilizing activity is always asso-
ciated with a drop in the medium pH (Nautiyal et al.
2000; Pradhan and Sukla 2005; Achal et al. 2007); how-
ever, some other reports do not note such effect (Kucey
et al. 1989). Our results are in agreement with those ob-
tained by Nautiyal et al. (2000) and by Pradhan and
Sukla (2005) as the medium pH reduced after inocula-
tion with native phosphate dissolving strains ENPSB 1,
2, and 3 due to produce organic acids. The reduction of
pH was attributed to the varying diffusion rates of differ-
ent organic acids secreted by the tested organisms. The
solubilization of insoluble phosphates depends on differ-
ent factors including a decrease in pH, microorganisms
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and the insoluble phosphate used (Nahas 1996; Nautiyal
et al. 2000; Kang et al. 2002). The raising of P concentra-
tion in the medium containing phosphate solubilizing
microorganism may be related to the secretion of or-
ganic acid metabolite types, which should correlate with
the pH of the medium (Narsian et al. 1995). However,
they failed to establish a clear cut relationship be-
tween phosphate solubilization and culture pH. In the
same line, Mahfouz and Sharf-Eldin (2007) reported
that using of biofertilization on Egyptian soils has re-
duced the soil pH, which led to increased nutrient
availability and plant growth.

Our results indicated that the three efficient strains
ENPSB 1, 2, and 3 were increased significantly the sol-
uble P till the sixth day, while after that there was no
more significant increase of available phosphorus due to
consuming the amount of phosphorus or the depletion
of nutrients in the culture, especially carbon source that
it is essential for the production of organic acids (Kang
et al. 2002; Kim and Lei 2005; Chaiharn M, Lumyong
2009), also availability of soluble phosphorus in the cul-
ture medium may act as an inhibitory effect on further
phosphate solubilization and excretory toxic products
may responsible for such decline in P-solubilization
(Varsha-Narsian et al. 1994). Beside the ability of these
PSB strains ENPSB 1, 2, and 3 to convert the unavailable
phosphorus to available form, they produced IAA hor-
mone. Production of the auxin indoleacetic acid (IAA) is
widespread among plant-associated bacteria. Many re-
searchers have also reported the microbial biosynthesis
of plant hormones associated with the ability of
solubilization of insoluble phosphates by microorgan-
isms (Fallo et al. 2015; Zahir et al. 2004).

Molecular identification of well-selected and high effi-
cient PSB strains based on the sequencing of 16S rRNA
and phylogenetic affiliation confirmed that the three PSB
strains ENPSB 1, 2 and 3 belonged to the same family of
Enterobactericiae (Fig. 4). Isolation of bacterial strains of
this family have already been obtained from various soils
and found to have inorganic phosphate (IP) solubilizing
abilities (Vassilev et al. 1999; Chung et al. 2005; Shoebitz
et al. 2009; Frank and Julius 2012). Two of the high effi-
cient strains (ENPSB 1 and 2) were identified as Entero-
bacter and these results are in the same line with those
obtained by Liu et al. (2014) who found that strain of
Enterobacter cloacae have the ability to solubilize un-
available forms of phosphorus. In addition, Taha et al.
(1969) observed that Enterobacter sp. was known to re-
sist dryness conditions similar to the conditions where
our strains were isolated from (Northwestern Coast of
Egypt). Dominance of Enterobacter strains in the calcar-
eous soils indicating that this family of bacteria is com-
mon and has unique capabilities for releasing
phosphorus in such deteriorated soils which can help to
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Fig. 4 Phylogenetic tree of three representative phosphate dissoloving bacterial strains and their genetic affiliation compared with standard
strains based on partial 16S rRNA sequence analysis (the Egyptian native strains are put inside the square)

solve the problems of phosphorus fertilization in a big
sector of low soil productivity due to the alkalinity. Our
results indicated also that strain ENPSB 1 identified as
Enterobacter aerogenes and this consistent with similar
findings by Park et al. (2016) who confirmed the ability
of this species to play an interesting role for phosphate
solubilizing. Strain ENPSB 3 identified as Pantoea sp.
and such a result similar to those obtained by Li et al.
(2008) who reported that this species has the ability of

phosphate solubilizing. In the same time, Magallon-
Servin (2014) identified three strains of Pantoea agglom-
erans as phosphate dissolving bacteria.

Single inoculation of PSB strains ENPSB 1, 2, and 3
were highly significant to increase shoot fresh and dry
weights and phosphorus shoot content compared to
control (Table 3); these results are inconsistent with
those obtained by Krasilnikov (1961); and by Lifshitz
et al. (1987) who reported that the use of PSB strains



Mohamed et al. Bulletin of the National Research Centre

could enhance the growth of Maize and Wheat. On
the other side, the use of plant growth-promoting rhi-
zobacteria (PGPR), such as (PSB) biofertilizer, was a
well sustainable solution to improve plant growth
(Ekin 2010).

Our results prevailed that the mix culture of PSB
strains ENPSB 1, 2, and 3 gave significant results com-
pared to control, and this may be due to synergistic ef-
fect of multiple PGPR strains (Upadhyay et al. 2012;
Combes-Meynet et al. 2011). The positive effects of PSB
strains ENPSB 1, 2, and 3 on shoots, root growth, and
phosphorus uptake of wheat plants, because these strains
may serve as PGPR (Kumar et al. 2014), or increase the
available phosphorus (Sundara et al. 2002; Liu et al.
2014) and production of IAA (Hayat et al. 2010; Selva-
kumar et al. 2011). Some of our strains had the dual bio-
logical function of PSB and IAA production. Raising the
P content of wheat plants in our results due to single or
mix inoculation with PSB strains were similar to (Sun-
dara et al. 2002) who found that the application of PSB
of Bacillus megaterium var. phosphaticum strains was
associated with an increase in the P availability in the
soil. Similar results were obtained by Abou-El Seoud and
Abdel-Megeed (2012) who found that the available
phosphorus was increased by about 65% in maize plants
inoculated with PSB compared to un-inoculated. Unam-
biguously, our results indicated that the inoculation with
single or mix culture of PSP strains (ENPSB) were con-
tributed to increase the amount of available phosphorus
in the soil and this is well in agreement with results ob-
tained by Liu et al. (2014) who found that the highest
level of available P and the greatest stimulation of plant
height and dry weight were obtained in soils co-
inoculated with the three bacterial strains of phosphate
dissolving bacteria. Shi et al. (2017) and Adnan et al.
(2017) reported that the use of PSB strains increased P
availability and reduced the negative effect of calcifica-
tion on the soil.

Results suggested that PSB strains played a significant role
in increasing phosphorus fixed with Ca, Al and Fe concen-
trations but decreasing Ca-bound P in calcareous soil, sug-
gesting that the activities of PSB strains inhibited the
transformation of soil P towards Ca-P (Zhou et al. 2005).

Correlation coefficients between different P fractions
and available P (Additional file 1: Table S2) indicated
that the available P (Pa) has a significant and positive
correlation with non-occluded Al and Fe-P, CaCOs-P,
and occluded Fe-P but has a significant negative correl-
ation with Ca-bounded P. This indicated that a large
part of unavailable phosphorus in this soil was fixed as
apatite (Zhou et al. 2005). A significant correlation be-
tween various fractions of P with available P was indicat-
ing for a possible contribution of all P fractions to the
available P pool in soil. A significant correlation was also
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observed between P forms themselves, which is presum-
ably a reflection of the existence of a dynamic relation
between the chemical forms of phosphorus in the soil
(Adhami et al. 2007). Linear regression of concentration
of each P fraction, (Y) as a function of SSP levels added
to soil (X) is presented in Additional file 1: Table S3.
Phosphorus concentrations in Pi fractions amended with
SSP were linearly and significantly at (p < 0.01) and were
correlated with the cumulative additions of P from SSP
fertilizer. The slope of each equation reflected the in-
crease in the soil P fraction with each increment of P
added by the SSP fertilizer.

Conclusion

The isolation of 40 bacterial strains from the rhizosphere
of cultivated wheat plants in Delta region and North-
western coast of Egypt proved their ability to solubilize
tricalcium phosphate and gave attention to the role of
PSB strains ENPSB 1, 2, and 3 as biofertilizer with dual
biological function for releasing the available phosphorus
and producing IAA with the ultimate goal to increase
the growth of Wheat plants in the highly alkaline soils,
and such highly effective PSB strains can be used in the
field to solve the problem of phosphorus deficiency in a
big sector of such poor soils after confirmed their cap-
abilities for releasing phosphorus from insoluble forms.
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