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Background and Obijectives: Insoluble phosphates are among the major factors
limiting phosphorus nutrition in calcareous soils, and the accurate selection of
efficient phosphate solubilizing bacteria (PSB) is essential for the development
of P biofertilizers. This study aimed to design and evaluate a new culture
medium formulation (FKR), in combination with a semi solid three dimensional
platform, for quantitative and qualitative screening of PSB, mainly belonging
to the genus Bacillus.

Materials and Methods: A collection of 299 Gram positive bacterial isolates,
predominantly Bacillus spp. obtained from the rhizosphere of maize plants
under different field conditions and cultivars, was first grown on the FKR
medium and on three standard media, Pikovskaya (PVK), NBRIP and Sperber
(SP). The percentage of positive isolates, halo diameter and two dimensional
solubilization index (SI) on plates were measured and evaluated using
appropriate statistical tests (one way ANOVA and Duncan’s multiple range test
at 5% probability, as well as suitable tests for comparison of proportions such
as chi square or Fisher’s exact test). The performance of the same isolates was
then assessed in semi solid three dimensional FKR tubes (with and without the
BCP pH indicator), based on solubilization depth (SD) and solubilization
volume (SV) indices, growth patterns along the oxygen gradient, and secondary
metabolic traits (gas production, liquefaction, and medium alkalization).

Results: The FKR medium alone identified 164 isolates as PSB (55% of the 299
isolates), whereas the mean percentage of positive isolates on the three standard
media PVK, NBRIP and SP was only 19.3% (20, 20 and 18%, respectively).
This difference in the proportion of positive isolates was statistically significant
(P<0.05), indicating that the FKR formulation increased screening efficiency
by approximately 2.95 fold compared with the average of the three standard
media. At the same time, the proportion of false negative results on the standard
media was about 80-82% (239-245 isolates without halos), whereas this
proportion decreased to 45% (135 isolates) on FKR, revealing part of the
hidden phosphate solubilizing potential under nutrient limited standard
conditions. In terms of qualitative differentiation based on Sl, the FKR medium
detected eight isolates in the very strong class (class A; SI > 2.5), while the
three standard media together detected only two isolates in this class and
NBRIP did not detect any class A isolate, highlighting a systematic limitation
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revealed substantial changes in the relative position of some strains. For
instance, isolate FKR S10, with the highest SI (3.50), ranked first in two
dimensional assays but dropped to rank 61 in terms of SV (2,031 mm3), whereas
isolate FKR S94, with a moderate Sl (2.47; rank eight), showed the highest SV
(10,244 mm3) and ranked first in three dimensional assays. Overall, about 15%
of ranks were markedly shifted between the two approaches, indicating that two
dimensional evaluation may underestimate the true potential of isolates with
invasive and deep growth. From a metabolic perspective, the three dimensional
system led to the discovery of phenomena that were not visible in plate assays.
In total, six isolates (=3.8% of the population evaluated in tubes) exhibited an
alkalinizing solubilization pattern and produced a dark purple halo in FKR—
BCP due to local pH increase, likely associated with alkaline phosphatase
activity or secretion of calcium chelating and other complexing agents.
Moreover, about 7% of active isolates produced gas (fine bubbles along the
diffusion path) and around 2% liquefied the semi solid matrix, indicating the
production of extracellular hydrolytic enzymes. Finally, three main growth
patterns along the oxygen gradient of the semi solid column surface
(pellicle/ring), continuous vertical, and banded (layered) were recorded,
providing valuable qualitative information on the ecophysiology and
respiratory preferences of the isolates.

Conclusion: The results demonstrate that combining the FKR chemical
formulation with a semi solid three dimensional system markedly increases the
sensitivity and resolution of detection, quantification and functional
differentiation of Bacillus PSB compared with classical plate based methods.
By substantially reducing false negatives, enabling volumetric quantification
(SV), revealing both acidic and non acidic solubilization mechanisms, and
capturing secondary metabolic activities and growth patterns along oxygen
gradients, this platform provides an efficient and exploratory tool for targeted
selection of robust, high performance strains for the development of phosphate
biofertilizers, particularly for calcareous and alkaline soils.
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Table 1. Chemical compositions of standard culture media used for screening phosphate-solubilizing bacteria (PSB).

Sperber’s Medium (Sperber, 1958) NBRIP (Nautiyal, 1999)

PVK (Pikovskaya, 1948)  Component (g L™") / <uS gt

20.0 10.0 10.0 Glucose
2.0 5.0 5.0 Ca3(PO,),
— 0.1 0.5 (NH,4)2SO,
0.5 — — NH,CI
0.5 0.25 0.1 MgSO,-7H,0
— 5.0 — MgCl,-6H,0
— 0.2 0.2 KCl1
— 0.2 — NaCl
— 0.1 — K,SO,

0.002 — 0.002 MnSO, H,O
0.002 — 0.002 FeSO,-7H,0

0.5 — 0.5 Yeast extract
15.0 15.0 15.0 Agar
7.0 7.0 7.0 pH

6 Solubilization Volume
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Basal salts and elements / jols g 4L LSS

0.2 0.2 Potassium Chloride (KCI)

0.25 0.25 Magnesium Sulfate (MgSO,4-7H,0)
- - Magnesium Chloride (MgCl;)
— — Calcium Chloride (CaCl,)

(Trace Elements; TE) ©leS polis

0.01 0.01 Manganese Sulfate (MnSO,)
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*The basal formulation of FKR was previously introduced preliminarily by Reisi et al. (2025). In the present study, this formulation was
supplemented with BCP and evaluated in a semi-solid tube system for three-dimensional screening.
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Figure 1. a) Comparison of the performance of FKR and FKR-BCP media in the primary screening of strains, b) A
view of the solid FKR-BCP medium used in screening various Bacillus strains.
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Table 3. Quantitative comparison of the performance of culture media in identifying false-positive and false-negative
strains using the two-dimensional plate method
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Table 4. Comparison of the superior capability of FKR medium with conventional media in the differentiation and
Jddentification of efficient strains.
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Figure 2. Visual comparison of the performance of Bacillus strains on the novel FKR culture medium compared
to standard media.
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Figure 3. Comparison of result clarity after 24 hours; (A) Rapid and clear response in the semi-solid tube method with
FKR and FKR-BCP media, (B) Weak halo in the standard plate method for the same strain. (Plate diameter: 90 mm,
test tube diameter: 13 mm).
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Table 5. Comparison of the ranking of the top 10 strains based on the two-dimensional solubilization index (SI) from

the plate method and the three-dimensional solubilization volume (SV) in the semi-solid tube method, among all
screened strains.
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Figure 4. Metabolic phenomena and growth patterns in the semi-solid three-dimensional medium; a) Diversity of pH

response including acid production (yellow zone) and alkalinizing mechanism (purple halo), b) Secondary metabolic
activities such as gas production and matrix liquefaction, c) Diverse growth and penetration patterns along the oxygen

slag St s I slad ol 5 S ke sla e
Sharma et al., 2023; ) 552 . WBacillus , k5 53l »
gl 0> L FKR L. >+ .(Zhang et al., 2024
S o Jos S e S K Ol 4 g s
ol Ol an (g3daze Sla 5158 L amsts ol
g oot o iS Tl d 5 OV g b iy o UL S
54 PH o paneS ol [ pba il 5 (0 S e
SRS o Jeadly Ol 53 SlediiS a2 dla L
Illmer & Schinner, ) . ,ls uﬂ sbaaal gy olas
‘C;b 4> .(1995; Nautiyal, 1999; Chen et al., 2006
Oy BB Olge a4 Slallas 5l ol s s 4l
Sl S 3,150 3 3 IS T SaS
i A2 L e b S 5L G
oy Dosbee 5o S b b g 5 1B
Sty Ol 5 polle > s @ (i)
L e bl 5 5wl sladew | a3 51 L
shas g i) FKR Lme 5 ol Jlos] gl dis
ey ped (Slwand 31y 53 (O 5 ee
ol gladame 55 Lajla i ol Olé 3 o
OF sl soma SAO3 5 ol 40a5e o Sl (5 S
LS A G 4y e 4 S le e ipels

& Ol5 o L FRKR Gl ol 5103 S o " a8 _ioles]

PSB (s S ,¢ )3 FKR O30 305 & 5
FKR 0 50 Y g0 3 45 503 0L aallae ol ol
b 2l glalas ARl e g3 ,Shee
sl sSL slls s (Pikovskaya, NBRIP, Sperber)
Sl g Aoy Sk il agls Sland oS |
Sl e a5 LB el Lol es FKR 55 oo
oot 55 5 5 Gladis oS 5 aS s e DL (36
Sl Sbdsy 85 Gladss sl b e o
85w Bacillus iz o35 54 (S s 3 wrjf
FKR &g Vo 500 Lo (it gy anllan 53 )05 20
G (Sul3 ome 55 4 1, PSB Ll LS el
5hb s eals il Jslaze Blas gla s 4
Sladasw 53 45 aS 3T |, Acid*/Halo™ slad 5o
Reisi et ) L5 o o158 O35 i Ol e a4 SIS
OLas 5o S b1y anl ) ol slaesls .(al., 2025
s baay 5w o8l b b 5l age S5 &S Las e
Sl Cusgdomn (o 2S lae &S LS 0 55 Sle
2L Bl Gladams gailiyadly o 0 5 Gladas
BBNBRIP L S M glalees LSS s Lo
e L Lo, ySB 5 (Oym0) JTobs a0 o b

H}Ab' k;&ld S bJs.:_w) CJLJ‘Q PLY LSJ)"‘“S



WV AFO /Y b/ VF do / S awlidin) 4,25

51 i 48 313 OLES 5 35 ol en 3 Ikl (glalases
32 Ll e sl 53 e 35158 IS (sl it
Al SedlS glacly 5o p & e 5 g sladlla
e 3 [(Rao et al., 1999; Collavino et al., 2010)
o5 &S FKR s Acid*/Halo™ glaa 4w sdal_is (J>
el AST sy Jp3 Ll le 186 s (glalams
e Dl s e w0 G, s SISl
Gt g Sl s S Sletn Bl @y e Ll 5

.)}:: M‘))\ e)ﬂb.

(Sl Jogy) olrdas Gumaw 99y SL! e

2y . .
S A AT 3 gy

wly ded Glag g Slolid (gl 5ls )50 Oley ol s
ot s polezan Sl i ey 1l (g St b
MMJW\&GW‘%L)A})JQASJBJD
G2 Gl sl gl a5 S plie gla kil b
ax—wg Ol g 4y Llg 535l Connl AP
o e psb |y S 3 38 L G0 e Y se
L oade sl 05 51 ol 8 bnil 5l das 2alS
)'UM.J))} Ji‘ﬁ‘)dw Jw'lu))b)b Sl L;"\“SJ}
Lol plas g5 Aoy Ol iyl 1y Oly (o sy O 55
b Sl S Aln s P e Gma o) 03
Kim et al., 1997; Rodriguez & ) da> <1, 5 S

.(Fraga, 1999

Jemeily Ol ity S oS (gl Laoes S L
Iy 355 28l Ol das o Lo b lawy g 4y oS Cnils
a3 Gs g (S 35 Cand 5 SSG 5 al S o
ALL S ol oW 5 Sl glaSle s ale s oyl
Cooal (Llol o i 0l vt s g s S S
6\.&)&?;4 ‘&uéu&gp \J.“:)' E..L'Sda U'li sl o
UL as e daul 5 sl ayw adly s, LSl

.(Hinsinger, 2001; Alori et al., 2017) das 5

S s SalS g & s g 5 o S SSB
Ly

iass ol s FKR sols &3 bl 51 S
b Coed SV Sy B 5 AS SSKE Ol
GBS esdhe dae al 5 lailia e L
Ol hsaid 0Kl waie gl 4 4w sldas
sl Wl (AD) Cilie iS sl OIS
Sl Lo s Sldad 535 al 3 (SD) (g 5> IHl
Sk 4 Lol ()l pms b 4 15 (A LOIS) (58
g pkr gl (o sy sls Aul5el s ikl
o Sl ke S S Jls 0 A S
PSRV B A VS L U0 LY R PUR
ol VU 5 aS 4L (oS b, 4 FKR Conlos
Gl S ar g 5 o S5 o8s 5l g sl 50
i bl 5 U S as 15 ls el e
S eS Aoy s iy S Bl Gl a5
s JB es gladely Ll o A IS lag 5
AL azils

FKR 3 Il gladls 7555 53 (55 Jf
D T R SV VB I |
4 Sl 5 Aokt 5 1 ST S o3Il 6yl ST
o3 dlies ool ol JralS |y Sedalis jasd ooylald

4 s 31 gl e Ao 3 a5 L s b andllae

21 High throughput



5 gl Cutop B (sla s 7S 5o Dlind Il (ghmstws 5 @ 2b3)) S By S L3Sl 5 Are 5 /3N

Syl s baaly; (St 28l Jases 3 cdll (g hus )
39dwe Mol 5 slate 6u&w)>uu Sl s oolyd
o e (S Sl S e e 358 5 il I3
Hinsinger, 2001; ) LS byl (65 Shae &y 50 Ll 55 o0
S 5 pl sl ((Kuzyakov & Blagodatskaya, 2015
sl gl s 5385 Llpl Ll o SD 5 SV L SI
Lo sas we i lild 53 65 XS als e s
S Lol 6 o e 5 Sal s
i ay e Ol e p B o sla0 po5T 3
ool ger mle Lo 53 Jyloms Jied oS Sl S|
e oty 5 Sl g 35l Ol &
S sl el 6l O sl bl el (g5 0
5 2003 Sl (e bt 5l s S e )
4 SV o ll L)L gt w dblo oul 4y 5a
LS oo Jos a3 gl i g bl i S Ol
Lol 6l L LIl 5 e O S sasn b

pled sl IS sl b)) s e James oS

ddy sl KLy 5 sla)lS il S

S35 5855
5345 55 oS LB (ESTH L sty 51 (S8 05 S
GAS asd s ik Iy sbel L FKR-BCP L
g Jols Wil e e85 onl 02 Jlez gla el
Lfﬂ LngJxSQMSJ LA-/\JK:J CI:J: n‘_;iL:L; 6LAJULL.~£
6)[.__.“:5‘)1 l_: o‘fo.ﬁ Lf’ﬁi 4_331_..0 J.u 9 cL;:J_su L:“
Jones, 1998;) a3l doalsr 5L Sl al/p scn
oL mle 58 uJ 5 edalise .(Richardson et al., 2009
Site 4SSl O 51 Sl b s 5l (Gbeo 53 53 Jams
cadles sl 53 e dld sl L PSB I er 5
Spbe glac s Ll iolins Sus = e dle
L S W15 A s Uy 1 s
@ b8 Ol 5105 (S e s s
Lo Oddple S Jl s il s ST OLS 5

S oo KKE 5 oy 309

Ls ;5 (BCP) pH S5 5l eslaz
33) bl S 5 2055 (S ol ol aas
S 38 olml (03 LB (6l S 00 G 1 615
e S Sy e A ladls 4 o
Sl L fealy pl sl lalamSle BB SIS oy e
OISl L kS e o5l [y Dl e 5 o] (sla 5
Sl b Sla el Sl lad s o e Ll
S o5 S 13l o ol 5 1 (edisS LIS e 31)
s S okl JSa mw sla a3l ol U3
sdall o ¢cpl v esdle (Sharma et al., 2013) Lss e
o 5l i 52 e 0 Smle 5 58 A5
iy Oleen b 5l el al kB ediasol i
Sl | s 5 oS e b las e Sl Sl
350 63 Sk lap s S (b s Ll
3,8 )3 eslinal

Wy g Sy 21313k 5 oz 3l oS

e iR ol @S bl 5l S
4 (SV) Il s (SD) Pl Gas s o li
i SL &S Jb o 5p gdruss ST e Ol g
S e L [ Ky it amb L Al el e
Sn st s Res 35 2k 35l Ol SV 5 SD
Sk 48 3l Ot s syl gl 3 1 e e
Stuad s b ol pme o5k 4 SV bl 5w Ve
wble S g &b oS, oe
P BEUBEINIE S i R P SIS PR S PP
O oy ol s S s pao VL Glaad) 4 oo
Jelse plw o ool Ll Las S as Aas e
P CHINUUNSS SV PP NE TN PR PTEE S
Fld S Glra S Ll sy glba g 5 3510
Al L;j.\.ablsjd&.cs_,b e,

Ll o sl pl (S S S e S
Ll a b 85w cilse gl o3|l SU 5L



QU /NF0 /) bl / VF d / S alidin) 4,5

Olgiond bbb 5 Gl las 5o sl les]
35 palad plas Lol 108 31 5 ool 355 3
axdllas | ST p 55 (Vessey, 2003; Alori etal., 2017)
s 5SL SD, SV) 35 sl sl baes
305 e 5 IS Sl bl 5 sy (S (S
s e 3 Dl (SS | 3 Js la s
Sem s sl iy Lpily ol el ol b
R okl 53 Ll Son Y plie 5 Son st S 5
Sl Josilyy 5 s Lol 51 (6 553 sl
Aas Sl e gl el
u‘<’.) Sl 3l esliul 4 S| SOl £
ati 5 6 S S alraas Jams 55 (BCP)
ax g Ll bl cdas o il o Sl ol g
Cu—ol hls (TCP) oo r.:_..,.KSLSJS S cdls
SLOF s el 5l ol oo ol VL (AL
TR Muy%éﬁb RPN IR R WP
PH Sl camy 55 5 Lyd o Dlived (g3le la, 5 TCP
sl o sade S5y i 45 A 0 (50 4 Lamme
SlapsilSe 5o b 5l SU (& enl 05581 Ales
Lile (5 SlaediSNNS i 5 i) skl 1 Sals
3 S 055 03500 LS 4 plB1 (L 535 50—
ol (Sl D S LB oS S e Sli e D]
L e Ll S5 ek 4 ol QST e cpl pl
O3S ) Al 55 slaaslir 31 i 5y s
)Ll 5y oS S 800s (s ran 252 (K5
Ols b adyl ks G FKR-BCP slblw (s
5 Cal drs gl Ol gl VL Sl
T mbe b sl syl jid chle WS (g Seslul
St S bagg s ol Pl s le LTl

S SIS 5 s

23 Broth assay

Gl b ols Y581 5 b 5T 5 Lt
1 e il J5 il oS Sl ey Jsbur s
0Ll S sl b Gl ol das i das o S
Sl s Gas Jsb 53 (18 slse 5 PH OS]
Rl 03 A8 o ol 1y Bl i s 0 S5
Gl Sl 3D 5 5l sgme sl S cdas
(o S Ges 5o e 5 Gl Y (o0 (o
bz slags 551l 3L Al 5 e oS Ui sdalota
R{EYICCRNE PNV P PRI 5 PY-NVIP-S L g -

Lol (S s 2

ol T @l jlbilgdar g s gowe cladaly
oA 5 FKR Lee oS 5 o308 s )
AL Bl cardlas ol 53 0l b e (s
oS > (slacs SL olsnl 5 oLl 3 (gl el 3
sl NS Sal gls Sl s sl
L sbaa s (A NS) (68 by Glaa oo plulil
Sl @ 25 G SVIVL es 358 ¢S
S les somme (Sl 1 SlapenilS L sis L
355 SO g Ve b ane 5 Sl ) L 51 glalLils
Sl 53 Ol glas sl e pa il s
Gl T s sl clbl ol 2 0530l das o 5l 3
Ol e gize L5 sla Sl 5 56 (S o glacJlas
S AS o el 6,58 Slap s S b
Sl 5 (S b glaas o Olejen il e

LK st s
e Ll pge Cunsds iz Jl al
Aol alds 3 anlas pl ST s 3,8 1 3
he 4l JWEl 5 ad plil el J 28 Ll 5 s
s ba s Sl LS o (sl as e
J.:JL? Sl anb S s el 6LAH¢_MJ_W'S
oS analr S 5 es wtusb O sdane Julge

Osks 52,8 o JI3 eleS Dl S5 5 iy

22 High-throughput screening



o5 gl Zutop B (glais 7S 53 Dlind IMomil (st 5 @ 2L 25 By S (PR g Ar B /N

Sloyd g S
s Gl 5 o oo b R o)
Wl s plowil (SWRD) 528 ol 5 S Slidss

u&)ﬁ)&é@@j&%‘abw
Bls o)l

ol 53 oS dls e oMol Tl OBy 5
i (o sile 25l 4;;@; lis opl izl b
sbaesls Llss (hash Lo, » Ll oS gld > L

I 3 g s il SIS S S s

O iy 3 5 L ail

ol 5 usTs 8 da el a5
P CN &d S SV R SR [ P P
:;LJQJ.A; CM.% § sleel 5 ol (sl o e
B el e B sl oo
ol gilpsge s a0 o 2led Sl
5 b eolel e ¢ i slzel (b i
RSSO oo |V P 'C'\ 2l ol
L s o ged andllas |y dlie olg asenn s O8Ny 8 sles

Lles S il g o

Rosls & (ow yiwd adly
GLL Ol slacslras s rb’- slaosls
m;ad.'w)d}ixa C’_”"‘}’;)J Sy 2 D ‘U’f"a}}: UJ«l
d\ﬁmﬁjﬁﬂu JAJJ.wJJJ J-D:—mﬁ QKMif .b.sz

23 S dalg 3

L B oS 5 S s DL sy cnl

Sl lS Ll o dalranss dman 555 S LFKR
Slid oS > glags 5SU S8 e gla b,
L lie 53 FKR Joms 5 by (5305 2 G
bl Sy s Sl (6 iy Blias il e laes
Sl 1 O3 e 38 gl s 1y Olid oS J
baay s (53 Shos Sla IS 51 (5 5330 S8 501
S ol Ol L gl ) (dmma— 3 S5y ol 1)
sldls & o 5 SV 3SD) e sla el S

DB S s Falamdly e s el glalae (Guay s
SLuad,y a5 ol 0L 5 crlw qal b oli s ol
Al oSl oS Wl g e s dmss Ll o e
G g g sl Sl oS LB glaw s sdal la
Sl oslas 5 sl o Pl oo lSe 552
02,5 K311 b i 5 Ols o G 5505 58]
ASbe n 0sb Ygame s sla o3l S5 &S e S
o=l L FKR o coe gdmsa—a 555 (S 55k &
il gl e b s (oLl Ges 5 L33 e
S5 sS A5 S AL 5 DS slaa s abis
walp alls 5 Sl gla St (gl eisn
s s See Sl b J- ol bs
slaslpl 5 S50 sla Jow L laesls oSS 5 o
Sl (S 565 Son 5 (S5l 2 5l Jel) 4 iy

w‘&)jﬁw})w\wk)‘&lsdjbfc*



VOV A0 /Y oyled /Nl S by 4

References

1.

10.

11.

Alewell, C., Ringeval, B., Ballabio, C,
Robinson, D.A., Panagos, P. and Borrelli, P.,
2020. Global phosphorus shortage will be
aggravated by  soil  erosion.  Nature
Communications, 11, pp.4546. DOI:
https://doi.org/10.1038/s41467-020-18326-7
Alori, E.T., Glick, B.R. and Babalola, O.0O.,
2017. Microbial phosphorus solubilization and
its potential for use in sustainable agriculture.
Frontiers in Microbiology, 8, pp.971. DOL:
https://doi.org/10.3389/fimicb.2017.00971
Atlas, R.M., 2010. Handbook  of
Microbiological Media. 4th ed. CRC Press.
Bakker, P.A.H.M., Berendsen, R.L., Doornbos,
R.F., Wintermans, P.C.A. and Pieterse, C.M.J.,
2020. The rhizosphere revisited: Root
microbiomics. Frontiers in Plant Science, 11,
pp-581. DOI:
https://doi.org/10.3389/fpls.2013.00165
Bargaz, A., Lyamlouli, K., Chtouki, M.,
Zeroual, Y. and Dhiba, D., 2018. Soil microbial
resources for improving fertilizers efficiency in
an integrated plant nutrient management
system. Frontiers in Microbiology, 9, pp.1606.
DOI: https://doi.org/10.3389/fmicb.2018.01606
Bashan, Y., Kamnev, A.A. and de-Bashan, L.E.,
2013. Tricalcium phosphate is inappropriate as
a universal selection factor for isolating and
testing phosphate-solubilizing bacteria. Biology
and Fertility of Soils, 49, pp.465-479. DOI:
https://doi.org/10.1007/s00374-012-0737-7
Behera, B.C., Singdevsachan, S.K., Mishra,
R.R., Dutta, S.K. and Thatoi, H., 2017.
Diversity, mechanism and biotechnology of
phosphate  solubilising microorganism in
mangrove—a  review.  Biocatalysis  and
Agricultural Biotechnology, 8, pp.130-141.
DOL:
https://doi.org/10.1016/j.bcab.2013.09.008
Berg, H.C., Brown, D.A. and Turner, L., 2002.
Chemotaxis in Escherichia coli analysed by
three-dimensional  tracking.  Nature, 239,
pp-500-504. DOI:
https://doi.org/10.1038/239500a0

Castanheira, N.L., Dourado, M.N., Pais, I. and
Moreira, H., 2021. Microbial-based bioproducts
as a sustainable approach to improve
phosphorus availability in agricultural soils.
Journal of Environmental Management, 287,
pp.112322. DOI:
https://doi.org/10.1016/j.jenvman.2021.112322
Chen, Y.P., Rekha, P.D., Arunshen, A.B., Lai,
W.A. and Young, C.C., 2006. Phosphate
solubilizing bacteria from subtropical soil and
their tricalcium phosphate solubilizing abilities.
Applied Soil Ecology, 34, pp.33-41. DOI:
https://doi.org/10.1016/j.aps0il.2005.12.002
Collavino, M.M., Sansberro, P.A., Mroginski,
L.A. and Aguilar, O.M., 2010. Comparison of in

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

vitro  phosphate-solubilizing activity and
phosphorus uptake by soybean plants inoculated
with efficient and inefficient phosphate-
solubilizing bacteria. Biology and Fertility of
Soils, 46, pp-427-438. DOI:
https://doi.org/10.1007/s00374-010-0480-x
Crank, J., 1975. The Mathematics of Diffusion.
2nd ed. Oxford University Press.

Edi-Premono, M., Moawad, A.M. and Vleck,
P.L.G., 1996. Effect of phosphate solubilizing
Pseudomonas putida on the growth of maize and
its survival in the rhizosphere. Indonesian
Journal of Crop Science, 11, pp.13-23.

Glick, B.R., 2012. Plant growth-promoting
bacteria: mechanisms and applications.
Scientifica, 2012, pp-963401. DOI:
https://doi.org/10.6064/2012/963401

Gupta, G., Parihar, S.S., Ahirwar, N.K., Snehi,
SXK. and Singh, V. 2015. Plant growth
promoting rhizobacteria (PGPR): current and
future prospects for development of sustainable
agriculture.  Jowrnal of  Microbial &
Biochemical Technology, 7(2), pp.96-102. DOL:
https://doi.org/10.4172/1948-5948.1000187
Hinsinger, P., 2001. Bioavailability of soil
inorganic P in the rhizosphere as affected by
root-induced chemical changes: a review. Plant
and  Soil, 237,  pp-173-195. DOI:
https://doi.org/10.1023/A:1013351617532
Hinsinger, P., Bengough, A.G., Vetterlein, D.
and Young, IM., 2009. Rhizosphere:
biophysics, biogeochemistry and ecological
relevance. Plant and Soil, 321, pp.117-152.
DOI: https://doi.org/10.1007/s11104-008-9797-
1

Hinsinger, P., Herrmann, L., Lesueur, D., Robin,
A., Trap, J., Waithaisong, K. and Plassard, C.,
2011. Impact of roots, microorganisms and
microfauna on the fate of soil phosphorus in the
rhizosphere. In: Biinemann, E.K., Oberson, A.
and Frossard, E. (eds.) Phosphorus in Action.
Springer, pp.177-199.

Illmer, P. and Schinner, F., 1995. Solubilization
of inorganic phosphates by microorganisms
isolated from forest soils. Soil Biology &
Biochemistry, 27, pp.-257-263. DOI:
https://doi.org/10.1016/0038-0717(94)00190-C
Jones, D.L., 1998. Organic acids in the
rhizosphere—a critical review. Plant and Soil,
205, pp-25-44. DOI:
https://doi.org/10.1023/A:1004356007312
Khoshru, B., Fallah Nosratabad, A., Mitra, D.,
Chaithra, M., et al., 2023. Rock phosphate
solubilizing potential of soil microorganisms:
Advances in sustainable crop production.
Bacteria, 2(2), pp.98-115. DOI:
https://doi.org/10.3390/bacteria2020008
Khoshru, B., Mitra, D., Khoshmanzar, E., Myo,
E. M., Uniyal, N., Mahakur, B., et al., 2020.



https://doi.org/10.1038/s41467-020-18326-7
https://doi.org/10.3389/fmicb.2017.00971
https://doi.org/10.3389/fpls.2013.00165
https://doi.org/10.3389/fmicb.2018.01606
https://doi.org/10.1007/s00374-012-0737-7
https://doi.org/10.1016/j.bcab.2013.09.008
https://doi.org/10.1038/239500a0
https://doi.org/10.1016/j.jenvman.2021.112322
https://doi.org/10.1016/j.apsoil.2005.12.002
https://doi.org/10.1007/s00374-010-0480-x
https://doi.org/10.6064/2012/963401
https://doi.org/10.4172/1948-5948.1000187
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1007/s11104-008-9797-1
https://doi.org/10.1007/s11104-008-9797-1
https://doi.org/10.1016/0038-0717(94)00190-C
https://doi.org/10.1023/A:1004356007312
https://doi.org/10.3390/bacteria2020008

o5 sl Zutop B (glais 7S 53 Dlind IMomil (bt 5 e 2Ll 25 By S (PR E8) 5 Ar 5 /N0 Y

23.

24.

25.

26.

217.

28.

29.

30.

31.

Current scenario and future prospects of plant
growth-promoting rhizobacteria: An economic
valuable resource for the agriculture revival
under stressful conditions. Journal of Plant
Nutrition,  43(20), pp.3062-3092. DOI:
https://doi.org/10.1080/01904167.2020.179900
4

Khosravi, H., Khoshru, B., Fallah Nosratabad,
A., and Mitra, D., 2024. Exploring the landscape
of biofertilizers containing plant growth-
promoting rhizobacteria in Iran: Progress and
research prospects. Current Research in
Microbial Sciences, 7, pp.100268. DOI:
https://doi.org/10.1016/j.crmicr.2024.100268
Kim, K.Y., Jordan, D. and McDonald, G.A.,
1997. Solubilization of hydroxyapatite by
Enterobacter  agglomerans and  cloned
Escherichia coli in culture medium. Biology and
Fertility of Soils, 24, pp.347-352. DOLI:
https://doi.org/10.1007/s003740050256
Kuzyakov, Y. and Blagodatskaya, E., 2015.
Microbial hotspots and hot moments in soil:
Concept & review. Soil Biology &
Biochemistry, 83, pp-184-199. DOI:
https://doi.org/10.1016/j.s0ilbio.2015.01.014
Malusa, E. and Vassilev, N., 2014. A
contribution to set a legal framework for
biofertilisers.  Applied  Microbiology  and
Biotechnology, 98, pp.6599-6607. DOI:
https://doi.org/10.1007/s00253-014-5828-y
Malusa, E., Sas-Paszt, L. and Ciesielska, J.,
2016. Technologies for beneficial
microorganisms inocula used as biofertilizers.
The Scientific World Journal, 2016, pp.1-12.
DOI: https://doi.org/10.1155/2016/4910412
Mendes, G.O., Freitas, A.L.M., Pereira, O.L., da
Silva, I.LR. and Vassilev, N.B., 2021. Biochar
enhances Aspergillus niger rock phosphate
solubilization by increasing organic acid
production and alleviating fluoride toxicity.
Applied Soil Ecology, 158, pp.103809. DOI:
https://doi.org/10.1016/j.aps0il.2020.103809
Mendes, R., Garbeva, P. and Raaijmakers, J.M.,
2014. The rhizosphere microbiome:
Significance of plant beneficial, plant
pathogenic, and human pathogenic
microorganisms. FEMS Microbiology Reviews,
37, pp-634-663. DOLI:
https://doi.org/10.1111/1574-6976.12028
Menezes-Blackburn, D., Giles, C., Darch, T.,
George, T.S., Blackwell, M., Stutter, M., Shand,
C., Lumsdon, D., Cooper, P., Wendler, R.,
Brown, L., Almeida, D.S., Wearing, C., Mezeli,
M.M. and Haygarth, P.M., 2018. Opportunities
for mobilizing recalcitrant phosphorus forms in
soil as a fertilizer resource. Frontiers in Earth
Science, 6, pp.140. DOI:
https://doi.org/10.3389/feart.2018.00140
Nannipieri, P., Giagnoni, L., Landi, L. and
Renella, G., 2011. Role of phosphatase enzymes

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

in soil. In: Biinemann, E.K., Oberson, A. and
Frossard, E. (eds.) Phosphorus in Action.
Springer, pp.215-243.

Nautiyal, C.S., 1999. An efficient
microbiological growth medium for screening
phosphate solubilizing microorganisms. FEMS
Microbiology Letters, 170, pp.265-270. DOI:
https://doi.org/10.1111/1.1574-
6968.1999.tb13383.x

Pande, A., Pandey, P., Mehra, S., Singh, M. and
Kaushik, S., 2017. Phosphate solubilizing
bacteria: Mechanisms and their role in
phosphate solubilization and uptake. Journal of
Soil Science and Plant Nutrition, 17, pp.1128-

1147. DOI: https://doi.org/10.4067/S0718-
951620170004000XX
Pereira, S.I.A. and Castro, PM.L., 2014.

Phosphate-solubilizing rhizobacteria enhance
Zea mays growth in agricultural P-deficient
soils. Ecological Engineering, 73, pp.526-535.
DOI:
https://doi.org/10.1016/j.ecoleng.2014.09.060
Pikovskaya, R.I., 1948. Mobilization of
phosphorus in soil in connection with vital
activity of some  microbial  species.
Mikrobiologiya, 17, pp.362-370.

Rao, N.S.S., 1999. Soil Microorganisms and

Plant Growth. 2nd ed. Oxford & IBH
Publishing.
Rawat, P., Das, S., Shankhdhar, D. and

Shankhdhar, S.C., 2021. Phosphate-solubilizing
microorganisms: mechanism and their role in
phosphate solubilization and uptake. In:
Rakshit, A., Singh, H.B. and Sen, A. (eds.)
Nutrient Use Efficiency: From Basics to
Advances. Springer, pp.137-162.

Reisi, S., Alikhani, H., Fallah Nosratabad, A.,
Pourbabaee, A.A. and Khoshru, B., 2025.
Development and evaluation of a new culture
medium for effective screening of phosphate-
solubilizing bacteria: A case study on Gram-
positive bacteria isolated from soil. In: /9th
Iranian  Soil  Science  Congress, 16-18
September 2025, Karaj, Iran. (In Persian).
Richardson, A.E., Lynch, J.P., Ryan, P.R.,
Delhaize, E., Smith, F.A., Smith, S.E., Harvey,
P.R., Ryan, M.H., Veneklaas, E.J., Lambers, H.,
Oberson, A., Culvenor, R.A. and Simpson, R.J.,
2009. Plant and microbial strategies to improve
the phosphorus efficiency of agriculture. Plant
and  Soil, 321, pp.305-339. DOL
https://doi.org/10.1007/s11104-009-9895-2
Rodriguez, H. and Fraga, R., 1999. Phosphate
solubilizing bacteria and their role in plant
growth promotion. Biotechnology Advances, 17,
pp-319-339. DOI:
https://doi.org/10.1016/S0734-9750(99)00014-
2

Rouphael, Y., Franken, P., Schneider, C.,
Schwarz, D., Giovannetti, M., Agnolucci, M.,



https://doi.org/10.1080/01904167.2020.1799004
https://doi.org/10.1080/01904167.2020.1799004
https://doi.org/10.1016/j.crmicr.2024.100268
https://doi.org/10.1007/s003740050256
https://doi.org/10.1016/j.soilbio.2015.01.014
https://doi.org/10.1007/s00253-014-5828-y
https://doi.org/10.1155/2016/4910412
https://doi.org/10.1016/j.apsoil.2020.103809
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.3389/feart.2018.00140
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.4067/S0718-951620170004000XX
https://doi.org/10.4067/S0718-951620170004000XX
https://doi.org/10.1016/j.ecoleng.2014.09.060
https://doi.org/10.1007/s11104-009-9895-2
https://doi.org/10.1016/S0734-9750(99)00014-2
https://doi.org/10.1016/S0734-9750(99)00014-2

VOF N0 /Y oyled /N A/ S i) 4,2

42,

43.

44,

45,

46.

De Pascale, S., Bonini, P. and Colla, G., 2015.
Arbuscular  mycorrhizal fungi act as
biostimulants in horticultural crops. Scientia
Horticulturae, 196, pp.91-108.  DOL:
https://doi.org/10.1016/j.scienta.2015.09.002
Satyaprakash, M., Nikitha, T., Reddi, E.U.B.,
Sadhana, B. and Vani, S.S., 2017. Phosphorus
solubilizing microbes: Sustainability boon for
agricultural production. International Journal of
Current Microbiology and Applied Sciences,
6(10), pp-1304-1315. DOLI:
https://doi.org/10.20546/ijcmas.2017.610.XXX
Schisler, D.A., Slininger, P.J., Behle, R.-W. and
Jackson, M.A., 2004. Formulation of Bacillus
spp. for biological control of plant diseases.
Phytopathology, 94, pp.1267-1271. DOL:
https://doi.org/10.1094/PHYTO.2004.94.11.12
67

Sharma, S.B., Sayyed, R.Z., Trivedi, M.H. and
Gobi, T.A., 2013. Phosphate solubilizing
microbes: sustainable approach for managing
phosphorus deficiency in agricultural soils.
SpringerPlus, 2, pp-587. DOI:
https://doi.org/10.1186/2193-1801-2-587
Sonenshein, A.L., Hoch, J.A. and Losick, R.
(eds.), 2002. Bacillus subtilis and Its Closest
Relatives: From Genes to Cells. ASM Press.
Sperber, J.I., 1958. Solution of apatite by soil
microorganisms producing organic acids.
Australian Journal of Agricultural Research, 9,
pp.782-787.

47.

48.

49.

50.

51.

Timmusk, S., Behers, L., Muthoni, J., Muraya,
A. and Aronsson, A.-C., 2017. Perspectives and
challenges of microbial application for crop
improvement. Frontiers in Plant Science, 8,
pp-49. DOI:
https://doi.org/10.3389/fpls.2017.00049

van der Bom, F., Nunes, 1., Raymond, N.S.,,
Hansen, V., Bonnichsen, L., Magid, J. and
Nybroe, O., 2018. Long-term fertilisation form,
level and duration affect the diversity, structure
and functioning of soil microbial communities
in the field. Soil Biology & Biochemistry, 122,
pp-91-103. DOI:
https://doi.org/10.1016/1.s0ilbi0.2018.04.001
Vessey, J.K., 2003. Plant growth promoting
rhizobacteria as biofertilizers. Plant and Soil,
255, pp.-571-586. DOI:
https://doi.org/10.1023/A:1026037216893
Yadav, B.K. and Verma, A., 2018. Phosphate
solubilization and mobilization in soil through
microorganisms under arid ecosystems. In:
Rakshit, A., Singh, H.B. and Sen, A. (eds.)
Nutrient Use Efficiency: From Basics to
Advances. Springer, pp.199-212.

Zhang, X., Li, Y., Liu, X., Wang, C. and Chen,
Q., 2024. Screening and characterization of
phosphate-solubilizing Bacillus strains for
improving phosphorus availability in calcareous
soils. Applied Soil Ecology, 190, pp.104918.
DOI:
https://doi.org/10.1016/j.aps0il.2023.104918



https://doi.org/10.1016/j.scienta.2015.09.002
https://doi.org/10.20546/ijcmas.2017.610.XXX
https://doi.org/10.1094/PHYTO.2004.94.11.1267
https://doi.org/10.1094/PHYTO.2004.94.11.1267
https://doi.org/10.1186/2193-1801-2-587
https://doi.org/10.3389/fpls.2017.00049
https://gemini.google.com/app/bb2346bb20c93b3e
https://gemini.google.com/app/bb2346bb20c93b3e
https://gemini.google.com/app/bb2346bb20c93b3e

