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Abstract

Until now, the solubilization capacities of insoluble mineral P by soil microorganisms have

been screened in vitro with media containing NH4
+ as a nitrogen source. This presence of

NH4
+ will lead to an acidification of the medium responsible for the solubilization of the insol-

uble P. However, besides proton release, the production of organic acids can play a very

important role in the release of free P. This physiological mechanism can largely depend on

the source of nitrogen (NH4
+vs NO3

-) assimilated by the bacteria but the influence of the N

source on the production of organic acids has yet to be studied. Our aim was to investigate if

the N source assimilated by bacteria and the soil characteristics such as the dominant N

source (NH4
+vs NO3

-) and CaCO3 contents might influence the bacterial capacities to solu-

bilize rock phosphate. To fill this objective, we screened the capacity of bacteria isolated

from 3 soils to solubilize rock phosphate in vitro in presence of NH4
+or NO3

-. Then, we

selected the most efficient bacterial strains to identify and quantify the release of organic

anions into the medium. Among the two hundred and forty-three bacterial strains isolated

from the 3 soils, nine and seven isolates were identified with the highest % rock phosphate-

solubilization values with NH4
+ or NO3

- as the sole N-source. Only one strain was able to

release free Pi with NH4
+ or NO3

- as the sole N-source. The most predominant organic

acids released by almost all isolates were gluconic acid, lactic acid, glycolic acid, acetic

acid, formic acid and pyruvic acid regardless the N-source. However, with NO3
- as source of

N, the highest concentrations on those acids were found together with the highest release of

free Pi into the medium. Molecular analysis of 16S rRNA indicated that almost all strains

belonged to Bacillus and Paenibacillus genera. The PCA analysis between soil properties

and bacterial capacities to release organic acids and free Pi also revealed that soil factors

such as CaCO3 and soil NO3
- content positively influenced the release of organic acids by

bacteria grown in vitro. Our results concluded that the bacterial rock phosphate-solubiliza-

tion was intimately related to organic acids production which in turn seemed to be driven by

the assimilation of NO3
- by bacteria. Therefore, the N-source might be considered a key
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factor to take into consideration during the screening and selection of suitable strains

involved in the P-solubilization.

Introduction
Phosphorus(P) isessentialfor life andisoneof thekeymacro-nutrientsfor plantgrowthand
development,includingphotosynthesis,energytransfersandnutrient uptakein plants[1±3].
AlthoughorganicandinorganicPformsareabundantin soils,theyarehighly insoluble(95±
99%)with little mobility andlow availabilityin mostsoilconditions[4]. Therefore,Pavailabil-
ity isoftenlimiting plantgrowthdueto its pooruseefficiency(5±30%).Unfortunately,even
whenusinghigh ratesof chemicalP-fertilizersapplicationaconsiderableamountof the
appliedP-basedchemicalfertilizer is rapidly immobilizedandprecipitatedwith cationssuch
asCa2+, Al3+ andFe3+, which leadto theformationof poorlyavailablePfor plants[5]. Besides,
excessiveapplicationof Pcausesenvironmentalandeconomicproblemsdueto soilerosion
andrunoff watercontaininglargeamountof solubleP[6]. Theapplicationof rawformsof P
suchasrock phosphate(RP),which is thesourceof Pfertilizers,hasbeenextensivelystudied
asamethodto overcometheproblemsof P limitation in agronomiccrops[7]. Rockphos-
phatesarelessexpensivethanpurified andformulatedPfertilizers,but areinsolubleespecially
in soilswith highpH andlow organicmatter,limiting its directuseassoilamendment[8].
Facedwith thissituation,theideaarisesto implementlow technologicalcostalternativesto
improvetheacquisitionof Pbyplantsfrom RP;theseincludetheuseof rhizosphereandendo-
phytemicroorganismsthatpromotethesolubilizationof Pfrom chemicallyformssuchasRP
[9±11].

Phosphate-solubilizingbacteria(PSB)playafundamentalrole in biogeochemicalPcycling
in agriculturalecosystems,astheyareinvolvedin thetransformationof insolubleformsof P
into monobasicanddibasicphosphate(HPO4

2-, H2PO4
-) availableto plants[12]. Thebetter

understandingof themechanismsresponsibleof RPsolubilizationtakesacrucialroleabout
howto improvetheefficiencyof PSB[13]. Althoughseveralmechanismsmayberesponsible
of Psolubilization,themainoneis throughtheproductionof organicacidswhichinvolves
either:(i) acidificationby loweringpH, (ii) chelationof cations(mainlyCa2+) boundto phos-
phatethroughtheir hydroxylandcarboxylgroups,(iii) exchangereactionswith phosphatefor
adsorptionsitesor (iv) formationof solublecomplexeswith metals[14±16].Proton-excretion
accompanyingNH4

+ assimilationis thoughtto beanalternativemechanismof Psolubilization
whichhasbeenfound in somebacterialspecies,i.e.���������	� 
������
��� RAF15or �	
�����
�	���
�	�� FA7[6, 17].At present,akeyknowledgegapis therolethatN supplyplaysin the
mechanismsof RPsolubilizationsincePSBneedN andorganicC to produceorganicacids
thatsolubilizetheP.Besides,theproductionof organicacidsrequiresN for transcriptionand
translation[18]. SinceN addition is requiredfor theproductionof solubilizingcompounds,
theN-sourcecouldcontrol theextentof acidproductionbyPSBwhichwouldbecrucialto
evaluatethesuitabilityof PSBaseffectiveRPsolubilizerin theplant rhizosphereor for their
usein thebiotechnologicalproductionof RP-basedfertilizers.

In thiswork,wefirstly hypothesizedthatPsolubilizationof RPdependson thereleaseof
organicacidsbyPSBstrainsandisgreatlyinfluencedby theN source(NO3

- andNH4
+)

suppliedto thebacteria.Wesecondlyhypothesizedthat thephysical-chemicalpropertiesof
soilssuchastexture,pH, available-P,N-NH4

+, N-NO3
- andCaCO3 might alsoaffectthebacte-

rial featuresin termsof RPsolubilization.To testthefirst andsecondhypotheses,weuseda
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collectionof two hundredandforty-threestrainsisolatedfrom threecontrastedsoils.Theiso-
lateswereat first screenedusingtheNationalBotanicalResearchInstituteÂsphosphateNBRIP
agarosemediawith NH4

+ or NO3
- asthesoleN-source.Then,their capacityto releasesoluble-

Pfrom RPwasevaluatedto selectthestrainswith thehighestpercentageof RP-solubilization.
Theeffectof thetwo N-sourceson thebacterialgrowth,pH changesandorganicacidproduc-
tion in theculturemediumassociatedwith thecapacityto solubilizetheRPwasalsoreported.
Thirdly, theisolateswith thehighestcapacityto solubilizetheRPwereidentifiedbasedon
sequencingandphylogeneticanalysisof the16SrRNA gene.

Material and methods

Soil sampling
Threesitesof sampling,differing in their physico-chemicalsproperties,wereselectedto isolate
rock phosphatesolubilizingbacteria.SoilswereidentifiedasªAº, ªBº, andªCº (Table1) and
werecollectedfrom thetop soil (0±20cmdepth)of croppedfields.ThesoilA wascollected
from theDIASCOPEINRAEexperimentalstationlocatedin theSouthof France(Mauguio)
(43.612ÊN;3.976ÊE).It wasclassifiedasSkeleticRhodicLuvisols[19], andwascharacterized
by its neutralto alkalinepH andhighstonescontent.ThesoilB,wassampledfrom theexperi-
mentalsiteof Restincli�reslocatedatPrades-le-lez,15kmNorth of Montpellier (43Ê42015N,
3Ê51041E)andwasclassifiedasadeepFluvisol(WRB,2007)with high levelof CaCO3leading
to alkalinepH [20]. ThesoilC,wassampledfrom theªFaidherbi-Fluxºcollaborativeobserva-
tory for greenhousegasbalanceandecosystemservices(https://lped.info/wikiObsSN/?
Faidherbia-Flux).It is locatedin thenaturalagro-silvo-pastoralparklandof Sob(14��29045N,
16��27013W),135km Eastof Dakar,WestSenegal[21]. It is classifiedasanArenosol[19] with
verylow levelof C andP.All soilsampleswerecollectedfrom threepseudoreplicatesthen
mixedandimmediatelyhomogenized,sievedthrougha2-mm diametermesh,andstoredat4
�C until analysis.

Rockphosphate
Therock phosphate(RP)usedin thisstudywassuppliedby theOCP(OfficeCheÂrifien des
Phosphates),BenGuerir,Morocco.Theanalysisfor thetotal contentsof theelementson its

Table1. Physical-chemical characteristicsof the collectedsoil samplesusedfor the isolation of rock phosphates-solubilizing bacteria. Dataaregivenas
means� standarddeviation(n = 3).

Soil A Soil B Soil C

Clay(< 2 �m) (g kg-1) 210�4.4 177�5.2 50�17

Finesilt (2±20�m) (g kg-1) 121�9.5 83�4.5 20.3�2.1

Coarsesilt (20±50�m) (g kg-1) 194.3�8.5 83�2.3 60.2�7

Finesand(20±200�m) (g kg-1) 203.6�10.1 83�5 547�18

Coarsesand(200±2000�m) (g kg-1) 270.3�10.4 19.8�1.8 321�23

CaCO3 (g kg-1) 1�0 534.3�2.3 n.d

TotalC (g kg-1) 10�0.7 19.5�1.40 5�1

TotalN (g kg-1) 1�0.05 1.6�0.9 0.4�0.1

N-NO3
- (mgkg-1) 4.6�1.81 15�1.4 8.9�3

N-NH4
+ (mg kg-1) 7.7�0.3 3�0.25 0.5�0.2

OlsenP(mgkg-1) 40�6 20�2 20�2

pH 7.5�0.2 8.4�0.01 7�0.1

Samplingsite Mauguio(France) Restincli�res(France) Dakar(Senegal)

https://doi.org/10.1371/journal.pone.0283437.t001
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compositionwasperformedthroughinductivelycoupledplasma(ICP) at thelaboratoryof
Arras(France)(S1Table).

Isolation of bacterialstrains
Forbacterialisolation,1gof soilwasdispersedin 100mL of 1%NaClin 250mL Erlenmeyer
flasksbyshakingin anorbital shaker.Subsequently,severalserialdilutions (10�2 ±10�7 ) were
preparedin NaCland0.1mL of thesedilutionswerespreadwith sterileglassrodsin Petri
dishesfilled with solidifiedCASOagar(Sigma)medium(containing15gL-1 caseinpeptone,5
gL-1 soypeptoneand15gL-1 agar).ThePetriplateswereincubatedfor 4 weeksat18�C in the
dark.After incubation,theplateswith thelowestdilutionsandtheleastnumbersof colonies
werechosenfor bacterialisolation.Subsequently,startingfrom themostdiluteplates,thefirst
200coloniesencounteredweretransferredto newPetridishes(60mm) with CASOagar
mediaandwereincubatedin thedarkat18�C for threeweeks.Fromeachsoilsample,unpuri-
fiedandnon-growingcolonieswerediscarded.Afterwards,bacterialcoloniesof eachsoilsam-
ple(A, BandC) werechosenat random.Eachstrainwasnumbered,and93,100,and50
numberswererandomlyselectedfor soilsamplesA, B,andC,respectively.In total,243isolates
werefurther evaluatedon their abilitiesto solubilizetherock phosphate.

Screeningof RP-solubilizationbacteriawith different N-sources
A ����� ����� wasusedto screenrapidly theability of bacterialstrainspreviouslyisolatedto
solubilizetherock phosphateaccordingto theN-source,thatwaseitherNH4

+ or NO3
-. The

screeningwasrun on agarosesquarePetridishes(12� 12cm) whichwerefilled with 70mL of
NationalBotanicalResearchInstituteÂsphosphate(NBRIP)medium[22] with somemodifica-
tionsandcontaining,perliter: 10gglucose,5 gMgCl6 � 6H2O,0.25gMgSO4

� 7H2O, 0.2g
KCl, 2.5g rock phosphate,0.1g (NH4)2SO4 or KNO3, 1mL of avitamin solution(containing,
perliter: 5 gpanthotenate,20g inositol,2 gnicotinic acid,0.25gpyridoxalhydrochloride,0.25
g thiaminehydrochloride,and0.01gD-biotine),0.006gbromophenolblue(pH indicator
dye),and18gagarose.A pre-inoculumof eachbacterialstrainwaspreparedin a96-wellplate
containingLBmediumandincubatedfor 3 daysat28�C. After that,10�L of eachbacterial
suspensionwasinoculatedon NBRIPagarosemediumwith RPandNH4

+ or NO3
- asthesole

sourceof PandN, respectively.Theplateswerethenincubatedat28�C till theoccurrenceof
ahaloof solubilization(yellowareaaroundthecolony)appearinggenerallyafter7daysof
incubation.Hence,all colonieswerecheckedat7days,andonly thoseproducinghaloswere
selected.

Bacterialgrowth, RPsolubilisation capacityandproduction of organic
acidsin liquid NBRIP mediawith different N-sources
Threeexperimentswereconductedto testthecapacityof theisolatesto solubilizetheRPby
organicacidsproductionwith differentN-sources.Thefirst experimentwasconductedto
measurequantitativelythepercentageof theRPsolubilization(%RP-solubilizationvalue)on
thepreviousselectedcoloniesto identify theisolateswith thehighestcapacitiesto releasethe
soluble-Pfor further experiments.To do this,200�L of eachbacterialculturepreviously
grownin LBmediafor 72h at28ÊC(exponentialphase)wereusedto inoculate50mL of
NBRIPliquid mediawith thesamecompositionasabove-mentioned.Theflaskcontainingthe
inoculatedmediawasincubatedfor 7 daysat28�C. A non-inoculatedtreatmentwasalsoset
up.At 7days,1mL of theNBRIPliquid mediumwascollectedandcentrifugedfor 10min at
3,100rcf to obtainafree-bacterialNBRIPmediumto measurethesoluble-Pcontentusingthe
malachitegreenmethod[23]. The%RP-solubilizationvalueof eachbacterialisolatewasthen
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calculatedasfollow: (soluble-Pisolate/P total),with soluble-Pisolateasthesoluble-Pcontent(�g
mL-1) releasefrom theRPinto theNBRIPliquid medium,andPtotal indicatedthetotalP
addedin theNBRIPliquid mediaasRP(2.5gL-1). Sincearesidualsoluble-Pcontentrelease
from theRPwasexpectedastheresultof theincubation,the%RP-solubilizationvaluewas
alsocalculatedfor thenon-inoculatedtreatments.Theexperimentwasrun in triplicate.

Thesecondexperimentwassetup to evaluatethebacterialgrowthandRP-solubilization
capacityon theabove-selectedisolatesafter0,3,7,14and21daysof culture.1mL of thebacte-
rial suspensions,producedasbefore,wasusedto measuretheopticaldensity(OD) at600nm
asanindirect measurementof bacterialgrowthusingaUV-VisibleSpectrometer(Spectronis
Helios�� UV-Vis). Afterwards,thebacterialsuspensionwassubjectedto acentrifugationfor
10min at3,100rcf to obtainafree-bacterialNBRIPmediumwhichwasusedto measurethe
pH with apH microelectrode(Fisherbrand�,diameterof 3 mm), andthesoluble-Pcontent
usingthemalachitegreenmethod.

Thethird experimentwasperformedto identify andto quantifytheproductionof organic
acidsin thefree-bacterialNBRIPliquid mediumof eachbacterialstrainafter21daysof incu-
bation.Thefree-bacterialNBRIPliquid mediumwith NH4

+ asthesoleN-sourcecontained
saltssuchasMgCl2� 6H2O,KCl, (NH4)2SO4 andMgSO4

� 7H2O, resultingin highamountsof
Cl- andSO4

= ionsincompatiblewith HPIC analysis.To removetheseions,thefree-bacterial
NBRIPliquid mediawerefiltratedusingcartridgesin seriescontainingAg (DionexOnGuard
II-AG cartridge,ThermoScientific)andBa(DionexOnGuardII-Ba cartridge,ThermoScien-
tific), trappingCl- andSO4

=, respectively.Meanwhile,thefree-bacterialNBRIPliquid media
with NO3

- asthesoleN-sourcecontainedhighamountsof saltssuchasMgCl2� 6H2O andKCl,
resultingin elevatedCl- concentrations.In thiscase,Cl- ionswereeliminatedusingonly car-
tridgescontainingAg (DionexOnGuardII-AG cartridge,ThermoScientific).Thecartridges
wererinsedwith 10ml ultrapurewaterbeforefiltering 1ml of eachfree-bacterialNBRIPliquid
mediumthroughthecartridge.Thetwo free-bacterialNBRIPliquid mediawith NH4

+ or NO3
-

werealsopassedthrougha0.45�m filter anddilutedwith ultrapurewaterbeforeto beana-
lyzedin anHPIC system(DionexIonPac)equippedwith anAS11-HC-11�m column(4 � 250
mm) andaDionexAERS500suppressor.All separationswereperformedataflow rateof 1ml
min�1 . WetestedvariousKOH gradientsin themobilephaseto improvetheseparationof
organicanionsfrom mineralones.Finally,thegradientcompositionweusedfor our analyses
isgivenin S2Table.Thecolumnwasat room temperature(25� 2 ÊC).Theinjectionvolume
was25�l takenfrom thesamplepreparedin a1ml vial.Solutionsof 15organicanionswere
first preparedfrom thesyntheticcompoundslistedin Table4.Foreachcompound,different
solutionswerepreparedin ultrapurewaterthatwere(1) astocksolution,keptat4ÊC;(2) a
solutionfor determiningtheretentiontime (RT) of theorganicanionand(3) solutionswith 7
final concentrationsfor building acalibrationcurve(S3Table).Eachsampleof free-bacterial
NBRIPmediumwasinjected3 times(100�L per injection).Peakson eachchromatogram
werecomparedwith thechromatogramobtainedwith standardsolutionto identify each
organicacid,andconcentrationswereextrapolatedfrom thestandardcurve.

16SrRNA genesequencingfrom bacterial isolates
Thetaxonomicidentitiesof bacterialstrainsshowingthehighestability to solubilizetheRP
with NH4

+ or NO3
- wereassignedby16SrRNA genesequenceanalysis.Bacterialgenomic

DNA wasextractedbysuspendingafewcoloniesfrom eachstrainin 1 mL of MilliQ waterin a
microcentrifugetube.Fornearlyfull-lengthamplificationof the16SrRNA, theprimer pair
FD1(���� �������������������������������������������� ����)andRP2(������ ����������������������������������
GACTT-3ʹ ) wasused[24]. PCRmixtureswerecomposedof 5 �L PCRbuffer(10x),4 �L
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MgCl2 (final concentration2 mM), 1 �L dNTPs(10mM each),1 �L eachforwardandreverse
primers(10mM), 0.3�L Taqpolymerase(5 U �L -1 Qbiogene)and5 �L DNA solutionin a
total volumeof 50�L. Thethermalcyclingprogramwas:i) 5min at95�C, ii) 35cycles:15sat
94�C, 30sat60�C, and90min at72�C, iii) 10min at72�C. PCRproductswerepurified and
sequencedusingtheinternalprimers926F(���� �������������	�������
��������������������������) and
1100R(���� ���������������������������������� ����)atGenewiz(Leipzig,Germany).Thesequence
obtainedfor eachisolatewascomparedfor similarity levelwith thereferencestrainsfrom
genomicdatabasebanksusingRdptaxonomytool availableat thehttps://www.rdp.cme.msu.
eduwebsite.Thesequenceswereregisteredin NCBI underthenumbergivenin Table5.The
phylogenetictreewasbuilt usingphylogenia.fr[25±31].

Data analysis
Unlessotherwisestated,theresultsaregivenasmean� standarderror (n = 3).Statisticalanal-
ysiswascarriedout usingStatistica13software.Thenormality wasfirstly testedusingaLevene
test.Whennormality wasreached,theability of isolatesto solubilizetheRP(soluble-Pcontent
and%RP-solubilizationability) with NH4

+ or NO3
- asthesoleN-sourceafter7 daysof culture

wasanalyzedusingone-wayANOVA to selectthemosteffectivesisolates.Thesamewasper-
formedon theorganicacidsproducedby thebacterialstrainsafter21daysof incubation.
Comparisonof meanswasperformedbyTukeyÂsHSDposthocat threelevelsof significance:
� p<0.05;� � p<0.01;� � � p<0.001.

Two-wayANOVA with repeatedmeasureswasrun to evaluatesignificantdifferences
amongbacterialstrainsandtime of incubationon bacterialgrowth(OD 600nm), soluble-P
contentandpH. To gainabetterunderstandingaboutthedistribution of thephysical-chem-
icalproperties(clay,fine silt, coarsesilt, fine sand,coarsesand,CaCO3, totalC, totalN,
N-NO3

-, N-NH4
+, OlsenPandpH) in thethreesoil samplescollected(A, B andC),aprinci-

palcomponentanalysis(PCA)wasdoneusingtheCANOCO5.0for windows.To gaina
newknowledgeabouttheinfluenceof theN sourcein theproductionof organicacidsand
thus,in theRP-solubilization,anintegratedmultivariateanalysiswasalsorun, usingthe
samesoftware,to determinateanewsetof correlationsamong:i) theRP-solubilizationiso-
latesfrom soilA, B andC with NH4

+ or NO3
- asthesoleN-source,ii) thesoluble-Pcontent

andtheorganicacids:gluconic,lactic,glycolic,acetic,butyric, formic, propionic,pyruvic,
malic,maleic,oxalicandcitric acidsmeasuredin theNBRIPliquid mediumafter21daysof
culture,andiii) thephysical-chemicalsoilpropertiesfrom soilA (OlsenP,N-NH4

+ content
andcoarsesilt), B (N-NO3- andCaCO3 content)andC (coarseandfine sand)selected
throughthefirst PCAanalysis.Thesestatisticalanalyseswererun on reducedandcentered
variables.

Results

Screeningof RP-solubilizationbacteriaunder different N sources
A totalof two hundredandforty-threebacterialcolonies,isolatedfrom soilsA, BandC,were
screenedon their abilitiesto solubilizetheRPusingthe����� ����� on NBRIPagarosemedia
with NH4

+ or NO3
- asthesoleN-source.In total,forty isolateswereableto solubilizetheRP

dueto thepresenceof halowith NH4
+ or NO3

-. Twenty-threeisolatesout of theseforty strains
hadthecapabilitiesto solubilizetheRP(presenceof solubilizationhalo)with NH4

+, whilesev-
enteenisolatesout of forty strainsproducedclearhalosin NBRIPagarosemediawith NO3

-.
Remarkably,noneof theisolatehadsameability to solubilizetheRPwith eitherNH4

+ or NO3
-

asN-source,exceptoneisolatedisplayingahaloon bothN-sources.
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Bacterialgrowth andRPsolubilization capacityunder different N-sources
A first setof experimentswasestablishedto evaluatethecapacityof thebacterialstrains,pro-
ducingahaloof solubilization,to releasethesoluble-Pcontentfrom RPandthus,measurethe
%RP-solubilizationvaluewith NH4

+ or NO3
- asthesoleN-source,after7 daysof culture

(Table2).A residualamountof soluble-Pwasdetectedin eachnon-inoculatedNBRIPliquid
media(NI) with NH4

+ or NO3
- at7 days,reachingvaluesbetween8.2±9.6�g mL-1, respec-

tively.WhenNH4
+ wassuppliedasthesoleN-source,only nine isolates,identifiedas59B,

24A,4A,9C,87B,12A,47A,15Aand46Bout of twenty-threestrainssignificantlyincreased
the%RP-solubilizationvaluesrangingfrom 3.5to 9.2%after7 daysof incubation.Meanwhile,
with NO3

- asthesoleN-source,sevenstrains,labeledas23B,48B,41C,39B,59B,32Aand6C
out of seventeenisolatesstronglyreleasethesoluble-Pfrom theRPwith %RP-solubilization
valuesrangingbetween2.4±36%(Table2).Theisolate59B,whichwasableto solubilizetheRP
with NH4

+ or NO3
-, showedhigher%RP-solubilizationwith NH4

+ (9%)comparedto NO3
-

(3%).Theisolateswith thehighest%RP-solubilizationwerethenselectedfor theexperiment
describedbelow.

Table2. Soluble-PcontentandRP-solubilization ability (RPsolub.)of bacterialstrainsin NBRIP liquid mediawith NH4
+ or NO3

- asthe soleN sourceafter 7 days
of culture. Dataaregivenasmeans� standarderror (n = 3).Thesamelowercaselettersin eachcolumnindicatealackof significance(p<0.05)amongthedifferent bacte-
rial strains.

N Source

NH4
+ NO3

-

Bacterialstrains Soluble-P(�g mL-1) RPsolub.(%) Bacterialstrains Soluble-P(�g mL-1) RPsolub.(%)

59B 32.6� 11.9d 9.20d 23B 98.4� 0.7e 36.0e

24A 25.1� 1.4c 6.19c 48B 40.1� 6.1d 12.76d

4A 24.9� 4.1c 6.10c 41C 26.5� 6.5c 7.32c

9C 23.1� 5c 5.41c 39B 24.15� 13.4c 6.37c

87B 22.5� 1.8c 5.16c 59B 17� 2.9b 3.52b

12A 22� 2.4c 4.97c 32A 16.6� 0.7b 3.33b

47A 19.2� 7.4b 3.85b 6C 14.3� 1.2b 2.42b

15A 18.8� 4.6b 3.66b 40B 11.3� 3.1a 1.22a

46B 18.3� 1.1b 3.47b 54B 8.7� 1a 0.19a

46A 14.9� 2.2a 2.14a 8C 7.9� 0.7a 0a

104B 14.4� 0.8a 1.90a 7C 7.7� 1a 0a

67B 12.7� 0.5a 1.23a 4C 7.3� 1.8a 0a

15B 12.5� 0.5a 1.15a 22A 7.2� 1.4a 0a

31B 12� 1.3a 0.96a 30A 6.4� 0.5a 0a

85A 11.7� 2a 0.82a 125B 5.7� 0.8a 0a

4C 11.7� 2.8a 0.83a 29C 5.7� 0.1a 0a

11B 11.2� 0.07a 0.63ã 2A 5.1� 0.4a 0a

21C 11.1� 3a 0.60a � NI 8.2� 0.5a -

107B 10.5� 1.4a 0.36a

44A 10.4� 1a 0.31a

1C 10.3� 1.4a 0.26a

1B 10.1� 2.5a 0.18a

27A 8.6� 1.3a 0a

� NI 9.6� 3.2a -

� NI-non-inoculatedNBRIPliquid media

https://doi.org/10.1371/journal.pone.0283437.t002
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Thesecondsetof experimentswassetup to evaluatethebacterialgrowth(OD 600nm), sol-
uble-PcontentandpH valuesof theabove-selectedisolatesinoculatedin theNBRIPliquid
mediawith RPandNH4

+ or NO3
- asthesolesourceof PandN after3,7,14and21daysof cul-

ture (Figs1 and2).WhenNH4
+ wasaddedasthesoleN-source,theOD detectedin thenon-

inoculatedNBRIPliquid mediareachedvaluesup to 0.3astheresultof theslowreleaseof sol-
uble-Pcontentfrom RPafter21daysof incubation(Fig1j). However,all isolateswerefound
to increasegraduallytheOD overthetime of culture,becominghigherthanthenon-inocu-
latedNBRIPliquid media(Fig1a±1i).Thehighestbacterialgrowthwasfound for 12A,15A,
4A and46Bisolateswhichsignificantlydiffer comparedto theotherstrainsat theendof the
experiment(Fig1c±1f)(Bs,p�0.000; T, p�0.000). Theresidualsoluble-Pcontentdetectedin
thenon-inoculatedNBRIPliquid mediareachedvaluesup to 20�g mL-1 after21daysof incu-
bationwith steadypH valuesduring theexperiment(Fig1j). However,all bacterialstrains
werecapableto releasethesoluble-Pfrom RPoverthetime of incubationwith aconcomitant
pH drop after3 daysof culture(soluble-Pcontent,Bs,p�0.000; T, p�0.000; pH, Bs,p�0.000;
T, p�0.000) (Fig1a±1i).Theisolatescouldbeseparatedin two groups,thefirst oneincluding
threebacterialstrains(24A,87Band59B)ableto releasesoluble-Pamountshigherthan50�g
mL-1 andto decreaseconcomitantlythepH valueof themediumbelow5.Amongthese
strains,the87Bonewasthemostefficientto releasesoluble-P,with valuesrangingfrom 124
(day14)to 50(day21)�g mL-1 andafinal pH mediumof 4.4(Fig1b).Thetwo otherisolates
(24Aand59B)releasedalsosoluble-Pin their mediumwith concentrationsincreasingregu-
larly with theculturetime,reaching50�g mL-1 after21days.Bothisolatesacidifiedtheir cul-
turemedium,with pH valuesabout4.8(Fig1aand1i). Thesecondgroupincludesthe6 other
isolatestested,namely12A,15A,4A,46B,47Aand9C.Theisolate47Awaslessefficientthan
theotheronesto releasesoluble-Pamountingto 24�g mL-1, despiteits ability to decreasethe
mediumpH downto 5.5(Fig1g).All theotherisolateswereableto releasesimilaramountsof
soluble-P,with valuesrangingfrom 24to 36�g mL-1 (Fig1c±1fand1h).

Aspreviouslyfound in NH4
+ medium,theOD detectedin thenon-inoculatedNBRIPliquid

mediumwith NO3
- asthesoleN-sourcereachedvaluesup to 0.2(Fig2j).Eventhoughall isolates

increasedgraduallytheir growthoverthetime,thehighestOD valueswerefoundfor 39Band6C
isolates,in contrastwith thelowestgrowth,whichwasfound for 48Bstrainafter21daysof cul-
ture(Fig2b,2f and2g)(Bs,p�0.000; T, p�0.000). A residualamountof soluble-Pwasdetected
in thenon-inoculatedNBRIPliquid mediumreachingvaluesup to 25�g mL-1 after21daysof
incubationwith no changesin thepH valuesduring theexperiment(Fig2h).Overall,all isolates
testedsignificantlyincreasedthereleaseof thesoluble-Pfrom RPoverthetimeof experiment
with aconcomitantpH drop recordedat3days,whichin somecases,thenslowlydeclineduntil
21daysof culture(soluble-Pcontent,Bs,p�0.000; T, p�0.000; pH, p�0.000; T, p�0.000) (Fig
2a±2h).Amongthesevenstrainstested,fiveof themwereableto releasehighamountsof solu-
ble-Pwith differentkinetics.Forexample,isolate23Bwasdetectedasthefastestisolateto release
soluble-Pwith valuesup to 97�g PmL-1 at3days,whichwerealsorelatedto apH drop (4.1)
(Fig2a).In contrast,at21days,59B,41C,32A,and39Bisolatesweremoreefficientin releasing
soluble-Pfrom RPreachingvaluesup to 159,186,129,and156�g PmL-1, respectively,with pH
valuesrangingfrom 4to 4.8(Fig2c±2f).Finally,thetwo remainingstrains(48Band6C)were
foundto bethelessefficientonesin solubilizingtheRPoverthetime of experimentalthough
bothstrainswerealsoableto reducesignificantlythepH of themedium(Fig2band2g).

Identification andquantification of organicacids
Thethird setof experimentswasrun to identify andto quantifytheorganicacidsproducedby
theselectedbacterialstrainswith RPandN-sources(NH4

+ versusNO3
-) asthesolesourceof
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Fig 1. Bacterialgrowth, soluble-Pcontent (�g Pi mL-1) andpH of eachisolatecultivated in NBRIP with rock phosphate(RP)
andNH4

+ asthe solesourceof N after 0,3,7,14,and21daysof culture. Valuesrepresentthemeansandthestandarderror
(n = 3).Theeffectof bacterialstrains(Bs),time of incubation(T) andtheir interactions(Bs� T) wereanalyzedwith atwo-way
repeatedANOVA for eachvariablemeasured(OD 600nm,soluble-PcontentandpH). Theasterisksindicatethestrainswith the
highestbacterialgrowth(OD 600nm)overthetime of culture.Theloweranduppercaselettersdenotestatisticaldifferencesin
relationto soluble-PcontentandpH values,respectively, amongtheisolatesafter21daysof experiment.

https://doi.org/10.1371/journal.pone.0283437.g001
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Fig 2. Bacterialgrowth, soluble-Pcontent (�g Pi mL-1) andpH of eachisolatecultivated in NBRIP with rock phosphate(RP)
andNO3

- asthe solesourceof N after 0,3,7,14,and21daysof culture. Valuesrepresentthemeansandthestandarderror
(n = 3).Theeffectof bacterialstrains(Bs),time of incubation(T) andtheir interactions(Bs� T) wereanalyzedwith atwo-way
repeatedANOVA for eachvariablemeasured(OD 600nm,solble-PcontentandpH). Theasterisksindicatethestrainswith the
highestbacterialgrowth(OD 600nm)overthetime of culture.Theloweranduppercaselettersdenotestatisticaldifferencesin
relationto soluble-PcontentandpH values,respectively, amongtheisolatesatanytimeof theexperiment.

https://doi.org/10.1371/journal.pone.0283437.g002
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PandN after21daysof culture(Tables3 and4).TheHPIC analysisrevealedthatwith RPand
NH4

+ asthesolesourceof PandN, theisolateswereableto releaseeightorganicacids(glu-
conic,lactic,glycolic,acetic,propionic,formic, pyruvicandmaleicacids)after21daysof incu-
bation(Table3).Amongtheseorganicacids,only threeof them(gluconic,lacticandpyruvic
acids)werereleasedbyall strains.Gluconicandlacticacidswereproducedat thehighestrates,
with gluconicacidconcentrationsreachingup to 9and11mM releasedby isolates12Aand
47A,respectively,andlacticacidup to 7mM releasedby isolates47Aand87B.Pyruvicacid
wasreleasedat ratesrangingbetween0.7(isolate87B)up to 5.7mM (isolate12A).Secretionof
formic acidwasreleasedbyall strainsbut 15Aand4A andwashighlyheterogeneous,with
concentrationsvaryingfrom 0.09(isolate12A)up to 8 mM (isolate87B).Only threestrains
wereableto producepropionicacid(12A,47Aand9C)or maleicacid(59B,4A and9C).The
strain9Creleasedthehighestconcentrationsof propionic (1.6mM) andmaleic(2.6mM)
acids.Glycolicacidwasfound in theculturemediumof five isolatesat low concentrations,
rangingfrom 0.004(isolate87B)to 0.2mM (isolate4A).Finally,aceticacidwasonly produced
by24Awith valuesup to 3.3mM.

With NO3
- asthesoleN-source,tenorganicacidswereidentifiedin theculturemedium

after21daysof experiment(Table4).Half of theorganicacids(gluconic,lactic,glycolic,acetic

Table3. Concentrationsof organicacids(mM) producedby different bacterialstrainsgrown in NBRIP liquid mediawith rock phosphate(RP)andNH4
+ asthe

solesourceof P andN. Dataaregivenasmeans� standarderror (n = 3).Thesamelowercaselettersin eachrow indicatealackof significance(p<0.05)amongthediffer-
entbacterialstrainswithin eachorganicacidsafter21daysof culture.

Organic acids Bacterialstrains

59B 24A 47A 9C 87B 12A 4A 15A 46B

Gluconic 1�0.4b 0.8�0.2b 11.1�2.3a 1�0.3b 0.6�0.2b 9.3�1.8a 1.5�0.5b 3�1.5b 3�1 b

Lactic 5.2�0.1ab 3.2�0.2bcd 6.2�0.66a 5 �0.2 abc 6.9�0.4a 2.9�1.8cd 0.3�0.2e 1.2�0.8de 0.3�0.3e

Glycolic 0.08�0.04ab nd 0.2�0.1a nd 0.004�0.004b 0.1�0.01ab nd 0.03�0.03b nd

Acetic nd 3.3�1.6a nd nd nd nd nd nd nd

Propionic nd nd nd 1.6�0.1a nd 0.37�0.3b 0.07�0.04bc nd nd

Formic 2�0.8b 1.4�0.5d nd 1.5�0.8c 8�0.4a 0.09�0.09f 0.2�0.1f nd 0.4�0.04e

Pyruvic 1.1�0.3fg 2.4�06def 4.2�0.2bc 1.7�0.3efg 0.7�0.07g 5.7�0.7a 2.7�0.6de 5.2�0.6ab 3.7�0.9cd

Maleic 0.7�0.4b nd 0.2�0.09c 2.6�0.7a nd nd nd nd nd

https://doi.org/10.1371/journal.pone.0283437.t003

Table4. Concentrationsof organicacids(mM) producedby different bacterialstrainsgrown in NBRIP liquid mediawith rock phosphate(RP)andNO3
- asthe

solesourceof P andN. Dataaregivenasmeans� standarderror (n = 3).Thesamelowercaselettersin eachrow indicatealackof significance(p<0.05)amongthediffer-
entbacterialstrainswithin eachorganicacidsafter21daysof culture.

Organicacids Bacterialstrains

23B 48B 41C 39B 59B 32A 6C

Gluconic nd 0.5�0.06d 5.6�03a nd nd 3.5�0.4b 1.5�0.2c

Lactic 61.6�6.5a 2.1�0.2c 17.3�0.6b 52�1.3a 16.1�5.6b 8.7�0.1bc 4.3�0.6c

Glycolic nd 0.01�0.02d 2.7�0.3b 7.2�0.4a nd 1.6�0.2c nd

Acetic nd nd 13.2�0.1b nd 2.9�0.8c 30.5�2a 13.3�0.6b

Formic 0.6�0.3de 2.3�0.2d 19.3�0.05a 10.2�0.5c 0.1�0.05e 15�1.2b 9.8�0.8c

Butyric nd nd nd nd nd nd 0.04�0.04a

Pyruvic nd 0.7�0.04c 1.3�0.2bc 2.8�0.6b 0.7�0.09c 13.5�1.1a 1.7�0.005bc

Malic nd nd 0.6�0.02a nd nd 0.8�0.1a 0.1�0.005b

Oxalic nd nd nd 0.50�0.03a nd nd nd

Citric nd 0.25�0.05b 1.06�0.3a 0.02�0.009b nd 0.02�0.001b 0.03�0.02b

https://doi.org/10.1371/journal.pone.0283437.t004
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andformic acids)displayedhighconcentrationsin theculturemedium,with valuesgenerally
greaterthan1 mM. Thegluconicacidwasproducedbyall strainsexcept23B,39Band59B,
with thegreatestconcentrationmeasuredfor 41C(5.6mM). Conversely,lacticacidwas
secretedbyall isolateswith thehighestconcentrationfor 23Band39Bstrainsreachingvalues
up to 61and52mM, respectively.Themajority of theisolates,except23B,59Band6C,were
ableto secreteglycolicacidwith thehighestlevelfor 39B(7.2mM). The23B,48Band39B
strainsdid not secreteaceticacid,but themostefficientisolatewas32Areachingvaluesup to
30mM. Formicacidwasproducedbyall isolateswith thegreatestvaluesfor 41C(19mM).
Thefiveremainingorganicacids(butyric,pyruvic,malic,oxalicandcitric acids)werefound
atmuchlowerconcentrationsthanthepreviousones,with valuesgenerallyin themM range.
The6Cstrainwasfound theonly isolatewith abilitiesto secretebutyric acid,but atverylow
concentration(0.04mM). All bacterialstrainswereableto producepyruvicacidexceptthe
23Bisolate.Thegreatestconcentrationswerefound for 32Awith valuesup to 13mM. Malic
acidwasproducedby41Cand32Aatgreaterratesthan6C,reachingvaluesbetween0.8and
0.6mM, respectively.Oxalicacidwasonly producedby39Bwith concentrationsup to 0.50
mM. Citric acidwassecretedbyall strains,except23Band59B.Thegreatestconcentrations
werefound for 41Creachingvaluesup to 1 mM.

Identification of the bacterial isolates
A fragmentof about1.5Kb wasobtainedafteramplificationof the16SrRNA performedon
genomicDNA extractedfrom thefifteenisolatedstrainswith abilitiesto solubilizetheRP
with NH4

+ or NO3
- asthesoleN-source.Thecomparisonof sequenceswith dataavailable

from RpdTaxonomytool enabledusto identify theisolatesatgenericor specieslevelwith
similaritiesbetween100and93%(Table5).Theselectedisolateswerecloselyrelatedto four
specificgenera,��������� (46B),���������	� (23B),�	����	
����� (32A,24Aand6C)and
�	
����� (12A,15A,4A,59B,87B,47A,9C,39B,41Cand48B).All sequencesweresubmitted

Table5. Identificatio n of the bacterialstrainsisolatedfrom the soil A, B andC by 16SrRNA sequencing.

Strains Sourceof N � GenBankaccessionno 16SrDNA identifi cation

Closestreferencestrain Similarity % Accessionnumber

46B NH4
+ MZ723952 ������������� ��. 94% AJ012210

12A NH4
+ MZ723957 �	
����� �������� 93% AJ276351

15A NH4
+ MZ723963 �	
����� ��. 97% AY160223

4A NH4
+ MZ723962 �	
����� ��. 98% AF500205

59B NH4
+ MZ723961 �	
����� ��. 97% AB066347

NO3
-

24A NH4
+ MZ723955 �	����	
����� �������	 93% EF532687

87B NH4
+ MZ723960 �	
����� ��. 94% AY505514

47A NH4
+ MZ723959 �	
����� ��. 98% AB055850

9C NH4
+ MZ723966 �	
����� ��. 96% AB188212

6C NO3
- MZ723954 �	����	
����� ��. 91% JX266302

39B NO3
- MZ723965 �	
����� ���	������ 94% AY553114

32A NO3
- MZ723956 �	����	
����� �	���������� 96% AY323608

41C NO3
- MZ723964 �	
����� ������� 100% EF197942

23B NO3
- MZ723953 ���������	� 
������
��� 94% DQ916132.1

48B NO3
- MZ723958 �	
����� ��. 98% AM944032

� sequencesdepositedin NCBI

https://doi.org/10.1371/journal.pone.0283437.t005
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to NCBI Genbankandaccessionnumbersaregivenin Table5.Thephylogeneticanalysis
basedon the16SrRNA genesequencesof theselectedisolatesandrepresentativespeciesof
closelyrelatedtaxaformedsevenclearlydistinguishableclusters(C1, C2, C3, C4, C5, C6 and
C7) (Fig3).Thefirst cluster(C1) wasformedby thestrains48Band41Cwith acloserelation-
shipwith genus�	
����� ��. Thesecondcluster(C2) wasalsorelatedto �	
����� ��. and
includedfivestrains(15A,4A,47A,9C,12A)althoughthestrains9Cand12Awereslightly
moredistantthantheothers.Thethird cluster(C3), composedby46Band23B,wascon-
nectedwith Gramnegativebacteriasuchas������������� sp.and���������	� 
������
���,
respectively.The32Aisolate,groupedin thefourth cluster(C4), hadnotablyrelationship
with �	����	
����� �	����������. Thefifth cluster(C5), including24Aand6Cstrains,was
remarkablyrelatedwith �	����	
����� ��. and�	����	
����� �������	. 39Band59Bisolates
weregroupedinto thesixthcluster(C6) with closelyrelationshipwith �	
����� ��. and�	
���
��� ���	������. Surprisingly,thestrain87Bwasindividually groupedforming thecluster
(C7) whichwasrelatedwith anyspecies,evenif a94%of identity wasfound with �	
����� ��.
(Table5).

Fig 3. Phylogenetic treebasedon 16SrDNA sequenceof the 15bacterialisolateswith closelyrelatedspeciesof the
genus��������, ��	
���������, ��

����
���� and ��	��
�

�� usingSH-like testwith maximum likelihood
method.Numbersatnodesindicatepercentagesof occurrencein 100bootstrappedtrees.Thescalebarindicates
substitutionspernucleotideposition.

https://doi.org/10.1371/journal.pone.0283437.g003
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PCA analysis
A PCAbi-plot wasrun to analyzedthedistribution of thesoilphysical-chemicalpropertiesof
thethreesitessampled(A, BandC) (Fig4a).TheanalysisrevealedthatsoilA wasmostlyasso-
ciatedwith ahighcontentin OlsenP,N-NH4

+ andcoarsesilt whilstsoilBwasratherrelated
to ahighCaCO3 andN-NO3

- contentandsoilC wascharacterizedby thepresenceof coarse
andsilt sandfractions.Evenif soilsA andBshowedanalkalinepH whichdifferedfrom soilC
(neutralpH values),thePCAanalysisdid not showanyclearrelationbetweenpH andtypeof
soil,assimilarlywasfound for thetotalC andN content.Neithertheclaytexturenor fine silt
wasfoundaspropertiesthat intimatelycharacterizedthesoilA or B.

A setof correlationswasperformedto evaluatethedistribution of bacterialstrainsaccord-
ing to their abilitiesto solubilizetherock phosphateunderdifferentN sources(NH4

+ or NO3
-)

basedon thevariablesmeasuredon theNBRIPliquid mediaafter21daysof incubation(solu-
ble-Pcontentandorganicacids:gluconic,lactic,glycolic,acetic,butyric, formic, propionic,
pyruvic,malic,maleic,oxalicandcitric acids)andthephysical-chemicalpropertiesof the
threesoilsampled(OlsenP,N-NH4

+, N-NO3
-, CaCO3, coarseandfine sandfraction).This

analysisindicatedthat81%of thevariabilityof thedatawasexplainedby thetwo first axes
(54%and27%,respectively)(Fig4b).Thefirst axiswasmainlyexplainedby theN sourceused
to growthebacteriato assessRPsolubilisation(NH4

+ versusNO3
-) andthesecondaxisby the

soil texture,especiallyfine andcoarsesandandtheCaCO3 andN-NO3
- content.Interestingly,

thebacterialstrainsableto solubilizeRPeitheron NH4
+ or NO3

- wereclearlyseparatedon the
bi-plot, clusteringwith thedominantN sourceassayedin soil.In addition to theN source,the
bacterialstrainsclusteredalsoalongaxis2,forming four groups.For instance,thefirst group
locatedin theright-upperquadrantwasformedbybacterialstrainsisolatedfrom soilA andC
(32A,41Cand6C)grownwith NO3

- asthesolesourceof N in theNBRIPliquid media.The

Fig 4. Bi-plot of the distributio n. (a) thephysical-chemicalsoilpropertiesin thethreesampledsites(A, BandC); (b) thedifferent bacterialstrains
isolatedfrom thethreesoils(circles,squaresanddiamondsindicatestrainsfrom soilA, Bor C,respectively)with NH4

+ (redcolor)or NO3
- (green

color)asthesolesourceof N in relationto thesoluble-Pcontentreleasedin theNBRIPliquid media,theproduction of organicacid(gluconicacid,
lacticacid,glycolicacid,acetate,butyrate,formic acid,propionate,pyruvicacid,malicacid,maleicacid,oxalicacidandcitric acid)at21daysof culture
andthephysical-chemicalpropertiesof soilA (OlsenP,NH4

+ contentandcoarsesilt), soilB (CaCO3 contentandNO3
- content)andsoilC (coarseand

fine sandfraction).

https://doi.org/10.1371/journal.pone.0283437.g004

PLOS ONE Improved rock phosphate dissolution is driven by nitrate assimilation of soil bacteria

PLOS ONE | https://doi.org/10.1371/journal.pone.0283437 March 24, 2023 14 / 20



strains32Aand41Cwerethemostefficientin releasingthesoluble-Pcontentfrom RPasthe
resultof theproductionof organicacidssuchas:malic,acetic,citric, formic, glycolic,pyruvic
andoxalicwhereas6Cwastheonly strainsin producingbutyric acid.Thesecondgroup,
found in theright-lowerquadrant,wasonly composedbybacterialstrainsisolatedfrom soilB
(59B,39B,48Band23B)still grownwith NO3

- asthesolesourceof N in theNBRIPliquid
media.Thesebacteriawereassociatedwith soilN-NO3

- andCaCO3 contentsandtheproduc-
tion of gluconic,lactic,propionicandmaleicacids.Thethird group,locatedin theleft-upper
quadrant,wascomposedbystrainsisolatedfrom soilA (12A,15A,4A,47A,24A)thatwere
grownon NH4

+ asthesolesourceof N in theNBRIPliquid media.Thisgroupwasassociated
with theOlsenPandN-NH4

+ contentof soilA. Finally,in theleft-downquadrantwasfound
thefourth clustercomposedbybacterialstrainsisolatedfrom soilB (59B,87Band46B)ableto
solubilizeRPwith NH4+ andwhichwereassociatedwith CaCO3 andNO3

- contents.

Discussion
TheRPsolubilizationthroughPSBhasbeenrecentlyreportedasasuitablestrategyto cope
with theneedsof thePrequirementsof crops[10]. In our study,two hundredandforty-three
bacterialstrainsisolatedfrom threeagriculturalfieldswerescreenedon their abilitiesto solubi-
lizetheRPusingtheselectiveNBRIPagarosemediumthroughthe����� �����. Our resultsindi-
catedthatonly 16%of isolates(forty strainsout of two hundredandforty-three)produceda
haloof solubilizationsurroundingthecolonies,regardlesstheN source.Thisfinding wasnot
surprisingdueto thelow solubilityandcomplexchemicalstructurefound in RPcomparedto
otherP-sourcessuchastricalciumphosphateasrecentlyreported[32], which in turn resulted
in alessefficientbacterialcapacityfor dissolvingthisP-source.Here,wealsofound that theN-
sourceledto significantdifferencesin theability to dissolvetheRPin theagarosemedium
with twenty-threeisolatesshowingahaloof degradationwith NH4

+ andseventeenpositives
strainswith NO3

- asN-source.However,exceptthe59Bisolate,noneof thestrainsshowedthe
ability to solubilizetheRPwith eitherNH4

+ or NO3
-. It hasbeenreportedthat theformation

of avisiblehalo/zoneon NBRIPagarosemediumisanot infalliblemethodto selectefficiently
theP-solubilizerssincetheycouldsolubilizeimportant quantitiesof Pin broth despitethey
did not showahalozonein NBRIPplate[22]. In fact,in our study,the%of RP-solubilization
quantifiedin liquid mediarevealedthatonly nine isolatesout of twenty-three(46B,12A,15A,
4A,59B,24A,87B,47Aand9C)wereselectedasthebestRP-solubilizerswith NH4

+ asN-
source.Meanwhile,sevenisolatesout of seventeen(6C,32A,59B,39B,41C,48B,23B)showed
thegreatest%of RP-solubilizationwith NO3

-. This finding couldbeexplainedby thefactthat
bacterialstrainscanlosetheir solubilizationphenotypeuponrepeatedsub-culturing,asprevi-
ouslyfoundby [10]. Our resultsalsoevidencedthatexceptfor 59Bisolate,the%of RP-solubi-
lizationwashigherwith NO3

- thanwith NH4
+ at7days.Thisobservationwassurprisingsince

NH4
+ assimilationisusuallyaccompaniedof H+ extrusionwith thesubsequentmediumacidi-

fication,andthusfavoringthereleaseof soluble-Pfrom insolubleP-sources[6, 15].
Our secondexperimentrevealedthat thehighestbiomassproductionfound for 46B,12A,

15Aand4A isolateswith NH4
+ asthesoleN-source,werenot directlyrelatedwith thehighest

soluble-Pvaluesafter21daysof experiment.[33] proposedthat theveryeffectiveP-uptakesys-
temsof microorganismswouldenabletheassimilationof Pfrom thesolutiondisturbingthe
equilibrium betweeninsoluble/soluble-P,thusinsoluble-Pwouldbeindirectlydissolvedby
continuouslyremovingof Pfrom thesolution.However,afurther experimentwouldbe
requiredto verify theamountof soluble-Pconvertedinto bacterialbiomass.Conversely,the
lowestbiomassfound for 87Bisolateresultedin thehighestvaluesin soluble-Pcontent,which
confirmedapreviousevidenceshowingthatbacterialstrainsweremoreefficientin dissolving
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P-sourcesinsteadof spendingbacterialsourcesto biomassproduction[34]. However,thepH
drop found for all isolatesafter3 daysof culturewouldnegativelyaffectthebacterialgrowth.
In anycase,in our study,thepH declinewasclearlyassociatedwith theRPdissolutionsince
the87B,24Aand59Bisolateswith thelowestpH values,werefound to bethemostefficient
strainsincreasingthereleaseof thesoluble-Pfrom RPbetween14and21daysof experiment.
Meanwhile,thehighestpH valuesdetectedfor 47Aisolatewereassociatedwith its lessercapac-
ity in dissolvingtheRP.Thiswasin line with inverserelationshipbetweenpH declineof liquid
mediumand��� ������ RP-solubilizationpreviouslyreportedby [10], indicatingthatpH plays
amajor role in thesolubilizationof theinorganicphosphate.At 21days,only 39Bisolatewas
found to enhancesignificantlyits growthwith aconcomitantincreasein thesoluble-Pcontent
with NO3

- asthesoleN-source.Thisresultwouldbein line with thepreviousevidences
reportedby [33,34]whofound thatmechanismsof P-solubilizationdependon processesasso-
ciatedwith microbialbiomassproduction(i.e.NH4

+-assimilationor respiration).Similarly,as
it waspreviouslyfound,thepH drop seemedto bethemain responsibleof thehighestrelease
of soluble-Pfrom RPfor 59B,41C,32Aand39Bisolatesat theendof theculture.Theuseof
NH4

+ asaN-sourceproducesacidbyeitheraproton exchangemechanismand/ororganic
acidsecretionwith abetterP-solubilization[15,35].However,our studyshowedthat the
assimilationof NO3

- bybacterialstrainsresultedin bettercapabilitiesto dissolvetheRPrather
thanNH4

+ at21days,asthesecondexperimentevidencedbut at7days.Additionally, the
highestlevelsof soluble-Pfound for 23Bisolateat3 dayssuggestedthatdependingon the
strain,themechanismsof RP-solubilizationmight bealsomoreeffectivein theshortterm
with NO3

- asthesolesourceof N.
Theproductionandsecretionof organicacidshasbeenrecognizedasamajormechanism

responsiblefor releasingsoluble-Pfrom RP[9, 10].Gluconic,formic, citric, oxalic,lactic,suc-
cinic,glycolicandaceticacidsareamongorganicacidsproducedbyPSB.In addition to those,
pyruvic,malicor fumaricacidswerealsoidentified[36]. In our study,regardlesstheN-source,
gluconic,lactic,glycolic,acetic,formic andpyruvicacidswereidentifiedasthemainorganic
acidsproducedbyalmostall PSB,with thehighestconcentrationsfor 12A,4A,24A,87B,39B,
23B,59B,41C,39Band32Aisolatesat21days.Theproductionof organicacidsduring the
releaseof soluble-Pfrom RP,includinggluconic,lactic,acetic,oxalicandcitric acidsamong
otherswasdemonstratedasdirectlyassociatedwith pH decrease[9, 10,32].Our resultsclearly
demonstratedtheroleof lactic,aceticandformic acidsin theRPdissolutionfor 24A,87Band
59BisolateswhenNH4

+ wasthesoleN-source.Meanwhile,thenegativerelationbetweenpH
andsoluble-Pcontentfound for 23B,59B,41C,32Aand39Bisolateswasdirectlyassociated
with theproductionof gluconic,glycolic,lactic,acetic,formic, pyruvic,maleic,oxalicandcit-
ric acidswith NO3

- asthesoleN-source.Interestingly,theconcentrationsof lactic,aceticand
formic acidsproducedby theseisolateswerealmost10-foldhigherwith NO3

- thanwith NH4
+,

whichwouldbeexplainedbyaninhibitory or toxiceffectof NH4
+ on theenzymesresponsible

of organicacidsecretion,or uptakeof otheressentialnutrientsor alteringtheelectrochemical
gradient,aspreviouslysuggested[35].

Approximately86%of theisolatesbelongedto �	
����� and�	����	
����� genus,ascon-
firmed the16SrRNA sequenceanalysis,whicharegram-positivebacteriaholding important
traitsrelatedto theability to P-solubilization,makingthemavailableto beusedwith agrono-
micalpurposes[37,38].Theisolates87B,59B,39B,41C,24Aand32A,whichwerefound to be
themostpromisingstrainsin dissolvingtheRP,werecloselyrelatedto �	
����� ��., �	
�����
���	������, �	
����� �������, �	����	
����� �������	 and�	����	
����� �	����������, except
for 87B,asrevealedthephylogenetictree.In contrast,only oneisolatewith thehighest
ability to secretelacticacidwasidentifiedas���������	� 
������
��� (23B).In our study,bac-
terial featuresinvolvedin theRPdissolutionandtheir co-occurrencein soilswouldbealso
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influencedbyotherfactorsdifferentthanN-source,suchasphysico-chemicalpropertiesas
othersauthorssuggested[39]. However,thisstudyonly revealedthat theelevatedamountsin
N-NO3

- andCaCO3 found in thesoilBwouldbeinfluencingthereleaseof organicacidssuch
aslactic,propionic,gluconicandmaleicby thestrains:59B(�	
����� sp.),23B(���������	�

������
���), 39B(�	
����� ���	������) and48B(�	
����� sp.).Meanwhile,theOlsenP,
N-NH4

+ contentandcoarsesilt in soilA or thesandytexturein soilC seemednot to influence
significantlytheproductionof organicacidsbyneither12A(�	
����� ��������), 15A(�	
�����
sp.),4A (�	
����� sp.),47A(�	
����� sp.),9C(�	
����� sp.),59B(�	
����� sp.),87B(�	
����� sp.)
nor 46B(������������� sp.).Interestingly,thePCAanalysisrevealedthat thestrainswith abil-
itiesto dissolvingtheRPwith NH4

+ assourceof N werelesserefficientin releasingorganic
acids,sinceanypositiverelationfound.Conversely,thestrains,32A(�	����	
����� �	��������
���), 41C(�	
����� �������) and6C(�	����	
����� ��.), whichwerefound to assimilateprefer-
entiallyNO3

-, werepositivelyrelatedwith productionof butyric,malic,acetic,citric, formic,
glycolic,pyruvicandoxalicacids,indicatingthat theN-sourcewasapparentlyakeyfactor
driving thebacteria-mediatedmechanismsinvolvedin theefficientRPdissolution.

Conclusions
Our resultsshowedthatonly 15strainsout of 243isolateswereableto solubilizeefficientlythe
RPwith eitherNH4

+ or NO3
- asN-sourcedueto thecomplexityandlow solubilityof thisP-

source.RegardlesstheN-source,thegreatestsoluble-Pcontentreleasedfrom RPwasdetected
for 87B,24A,59B,23B,41C,32Aand39Bisolates,asaconsequenceof thepH drop.However,
23B,59B,41C,32Aand39Bisolatesappearedto bethemostefficientin dissolvingtheRP.The
strain59Bwastheonly onewith abilitiesto solubilizetheRPwith eitherNH4

+ or NO3
-. Glu-

conicacid,glycolicacid,lacticacid,aceticacid,formic acidandpyruvicacidwereidentifiedin
almostall isolateswith thehighestvalueswith NO3

- ratherthanNH4
+. Thisresultevidenced

thecrucialroleof NO3
- in stimulatingtheproductionof organicacids,especially,butyric,

malic,acetic,citric, formic, glycolic,pyruvicandoxalicacidssecretedby32A(�	����	
�����
�	����������), 41C(�	
����� �������) and6C(�	����	
����� ��.). The86%of theisolateswere
identifiedasGrampositivebacteriabelongingto �	
����� sp.and�	����	
����� sp.genera,indi-
catingits suitabilityfor agronomicalpurposes.OtherfactorsdifferentthanN-source,but in a
lesserextent,wouldbealsoinvolvedin thesecretionof organicacidssuchassoilCaCO3 and
N-NO3

- content.Our resultsconcludedthat theeffectivenessof theRP-solubilizationwould
bedirectlyassociatedwith theorganicacidsproductionwhichsecretionseemedto bedriven
by theassimilationof NO3

- asN-source.Therefore,theN-sourcemight beakeyfactorto
takeinto considerationduring thescreeningandselectionof suitablestrainsinvolvedin theP-
solubilization.
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