N

N

AKT Qp2/ "Q+F T?QbT? i2 /IBbbQHMIiBQM 7°Q

Bb/ Bp2M #v MBi  i2 bbBKBH iBQM Q7 # +i2
MBi  i2 M/ * *Pj@ B+? bQBH

J2 +2/2b: "+B @a M+?2x- Ab #2HH2 "2°i° M/- #/2HF

w2 Qm H- #/ HH 2?2 PmF "QmK-*H m/2 SH bt

hQ +Bi2 i?Bb p2 ' bBQM,

J2°+2/2b : "+B @a M+?22x- Ab #2HH2 "2 i° M/- #/2HH iB7 " F i- uQmk
"QmK- 2i HXX AKT Qp2/ "Q+F T?QbT? i2 /BbbQHmMIBQM 7°QK Q ; MB+
iBQM Q7 # +i2°B BbQH i2/ 7°QK MBi  i2 M/ * *Pj@ B+? bQBHX SGQa
RYXRjdRfDQm M HXTQM2Xyk3j9jd X ? H@y9Ryy899

> G A/, 2 H@Yy9Ryy899
2iiTb,ff? HXBM® 2X7°f? H@Y9RYyy899pR
am#KBii2/ QM Rd J v kyKkj

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

.Bbi'B#mi2/ mM/2" * 2 iBp2 *QKKQMb ii B#miBQM 9Xy AMi2 M iB


https://hal.inrae.fr/hal-04100544v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

PLOS ONE

Check for
updates

a

Citation:Garcia-SathezM, Bertrand, Barakaf\,
Zeroual, Oukarround, PlassardC(2023)
Improvedockphosphatelissolutiorfrom organic
acidsis drivenby nitrateassimilatiorof bacteria
isolatedrom nitrateandCaC@rich soil. PLoS
ONEL8(3):20283437https://doi.0g/10.1371/
journal.pon®283437

Editor:AsitMandal]CAR-IndinInsituteof Soil
ScienceBhopalINDIA

ReceivedSeptembe?1,2022
AcceptedMarch9, 2023
PublishedMarch24,2023

Copyright: 2023Garcia-San@zetal. Thisis an
openaccessarticledistributedunderthetermsof
theCreativeCommongttribution Licensewhich
permitsunrestrictel use,distribuion,and
reproductiorin anymedium providedheoriginal
authorandsourcearecredited.

DataAvailability StatementAllrelevantiataare
withinthe paperandits Supporing information
files.

Fundingthe OCRyroup(OfficeChiiifiendes
PhosphatesMorocco)grantedViGSpost-dodoral
support.BandABalsothankthe OCRyroupfor
fundsthathavesupportel theresearcheattheir
labs.

Competingnterests Theauthorshavedeclared
thatno competingnterestexist.

RESEARCH ARTICLE

Improved rock phosphate dissolution from
organic acids is driven by nitrate assimilation
of bacteria isolated from nitrate and CaCQOs-
rich soil

Mercedes Garcia-Sanchez @* , Isabelle Bertrand @?, Abdellatif Barakat 2=,
Youssef Zeroual %, Abdallah Oukarroum 3, Claude Plassard *

1 Eco&Sols, Universitdde Montpellier, CIRAD, INRAE, IRD, Montpellier SupAgro, Montpellier, France,

2 IATE, Universitdde Montpellier, CIRAD, INRAE, IRD, Montpellier SupAgro, Montpellier, France,

3 Mohammed VI Polytechnic University (UM6P), Hay Moulay Rachid, Ben Guerir, Morocco, 4 OCP/Situation
Innovation, OCP Group, Jorf Lasfar Industrial Complex, Krakcha, Morocco

garcia.sanchez.mercedes@gmail.com

Abstract

Until now, the solubilization capacities of insoluble mineral P by soil microorganisms have
been screened in vitro with media containing NH,* as a nitrogen source. This presence of
NH," 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 (NH,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 (NH, vs NO3") and CaCOs5 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 NH, or NOg™. 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 NH,* or NO3™ as the sole N-source. Only one strain was able to
release free Piwith NH,* 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

PhosphorugP) is essentialor life andis oneof the keymacro-nutrientsfor plantgrowthand
developmentincluding photosynthesissnergytransfersand nutrient uptakein plants[1+3].
AlthoughorganicandinorganicP formsareabundantin soilstheyarehighly insoluble(95+
99%)with little mobility andlow availabilityin mostsoil conditions[4]. Therefore P availabil-
ity is oftenlimiting plantgrowth dueto its poor useefficiency(5+30%)Unfortunately,even
whenusinghigh ratesof chemicalP-fertilizersapplicationa considerablamountof the
appliedP-basedhemicalffertilizeris rapidlyimmobilizedand precipitatedwith cationssuch
asCa*, AI** andFe**, which leadto the formation of poorly availableP for plants[5]. Besides,
excessivapplicationof P causegnvironmentalandeconomicproblemsdueto soil erosion
andrunoff watercontaininglargeamountof solubleP [6]. The applicationof rawformsof P
suchasrock phosphat€RP),whichis the sourceof P fertilizers,hasbeenextensivelstudied
asamethodto overcomethe problemsof P limitation in agronomiccrops[7]. Rockphos-
phatesarelessexpensivehan purified andformulatedP fertilizers,but areinsolubleespecially
in soilswith high pH andlow organicmatter,limiting its direct useassoilamendmen{8].
Facedwith this situation,theideaarisego implementlow technologicatostalternativego
improvethe acquisitionof P by plantsfrom RP;thesancludethe useof rhizosphereandendo-
phytemicroorganismghat promotethe solubilizationof P from chemicallyforms suchasRP
[9£11].

Phosphate-solubilizipbacteria(PSB)playafundamentakole in biogeochemicaP cycling
in agriculturalecosystemsstheyareinvolvedin thetransformationof insolubleformsof P
into monobasianddibasicphosphatéHPO,*, H,PO, ) availableo plants[12]. Thebetter
understandingof the mechanismsesponsiblef RPsolubilizationtakesa crucialrole about
howto improvethe efficiencyof PSB[13]. Although severamechanismsnayberesponsible
of P solubilization the main oneis throughthe production of organicacidswhichinvolves
either:(i) acidificationby loweringpH, (ii) chelationof cations(mainly C&#*) boundto phos-
phatethroughtheir hydroxyland carboxylgroups (iii) exchangeeactionswith phosphateor
adsorptionsitesor (iv) formation of solublecomplexesvith metalg14+16].Proton-excretion
accompanyindNH " assimilationis thoughtto beanalternativemechanismof P solubilization
whichhasbeenfound in somebacteriakpecieg,e. RAF15or

FAT7[6, 17]. At presentakeyknowledgegapistherole thatN supplyplaysin the
mechanism®f RPsolubilizationsincePSBneedN andorganicC to produceorganicacids
that solubilizethe P.Besidesthe production of organicacidsrequiresN for transcriptionand
translation[18]. SinceN addition is requiredfor the production of solubilizingcompounds,
the N-sourcecould control the extentof acid production by PSBwhich would becrucialto
evaluatehe suitability of PSBaseffectiveRPsolubilizerin the plantrhizosphereor for their
usein thebiotechnologicaproduction of RP-basedertilizers.

In thiswork, wefirstly hypothesizedhat P solubilizationof RPdepend®on the releasef
organicacidsby PSBstrainsandis greatlyinfluencedby the N source(NO3 andNH ")
suppliedto the bacteriaWe secondlyhypothesizedhat the physical-chemicagbropertiesof
soilssuchastexture,pH, available-PN-NH ", N-NO3 and CaCQ; might alsoaffectthe bacte-
rial featuresn termsof RPsolubilization.To testthefirst and seconchypothesesyeuseda
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collectionof two hundredandforty-threestrainsisolatedfrom threecontrastedsoils.Theiso-
lateswereatfirst screenedisingthe NationalBotanicaResearcinstituteAghosphatéNBRIP
agarosenediawith NH," or NO3™ asthe soleN-source Then,their capacityto releasesoluble-
P from RPwasevaluatedo selecthe strainswith the highestpercentag®ef RP-solubilization.
The effectof the two N-sourcesn the bacterialgrowth,pH changesndorganicacidproduc-
tion in the culturemediumassociatewith the capacityto solubilizethe RPwasalsoreported.
Thirdly, theisolateswith the highestcapacityto solubilizethe RPwereidentified basedn
sequencingndphylogeneti@nalysiof the 16 SrRNA gene.

Material and methods
Soil sampling

Threesitesof sampling differing in their physico-chemicalpropertieswereselectedo isolate
rock phosphatesolubilizingbacteria Soilswereidentified as?A°, 2B°, and@C° (Tablel) and
werecollectedrom thetop soil (0+20cm depth)of croppedfields.The soil A wascollected
from the DIASCOPENRAE experimentaktationlocatedin the Southof France(Mauguio)
(43.612ENB.976EE)t wasclassifiecasSkeleticRhodicLuvisols[19], andwascharacterized
by its neutralto alkalinepH andhigh stonescontent.The soil B, wassampledrom the experi-
mentalsiteof Restincli reslocatedat Prades-le-leZ.5kmNorth of Montpellier (43E425N,
3E5%1E) andwasclassifiecasadeepFluvisol(WRB,2007)with high levelof CaCO3leading
to alkalinepH [20]. Thesoil C,wassampledrom the2Faidherbi-Flux°ollaborativeobserva-
tory for greenhousgashalanceand ecosystemserviceghttps://Iped.info/wikiObsSN?
Faidherbia-Flux)lt is locatedin the naturalagro-silvo-pastorgbarklandof Sob(14 2945N,
16 2713W),135km Eastof Dakar,WestSenegdl1]. It is classifiechsan Arenosol[19] with
verylow levelof C andP.All soil samplesverecollectedrom threepseudaeplicateghen
mixedandimmediatelyhomogenizedsievedhrougha2-mm diametermesh,andstoredat 4
C until analysis.

Rockphosphate

Therock phosphat€RP)usedin this studywassuppliedby the OCP (Office Chéifien des
PhosphatesBenGuerir, Morocco.The analysidor thetotal contentsof the element®on its

Tablel. Physical-chenical characteistics of the collectedsoil samplesusedfor the isolation of rock phosphatessolubilizing bacteria. Dataaregivenas
means standarddeviation(n = 3).

Soil A SoilB SoilC
Clay(< 2 m) (gkg?®) 210 4.4 1775.2 5017
Finesilt (2+20 m) (gkg?) 12195 834.5 20.32.1
Coarsesilt (20£50m) (gkg™) 194.38.5 8323 60.2 7
Finesand(20+200m) (gkg™) 203.6 101 835 547 18
Coarsesand(200+2000m) (gkg™) 270.3 104 19.81.8 32123
CaCQ; (gkg?) 10 534.32.3 n.d
Total C (gkg™) 100.7 19.51.40 51
TotalN (gkg™) 10.05 1.6 0.9 0.40.1
N-NOz (mgkg?) 4.61.81 151.4 8.93
N-NH " (mgkg?) 7.70.3 30.25 050.2
OlsenP (mgkg™) 406 202 202
pH 7.50.2 8.40.01 70.1
Samplingsite Mauguio(France) Restincli res(France) Dakar(Senegal)

https://da.org/10.137 1§urnal.pon®283437.t001
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compositionwasperformedthroughinductivelycoupledplasmaCP) atthe laboratoryof
Arras(France)S1Table).

Isolation of bacterial strains

Forbacterialisolation,1 g of soilwasdispersedn 100mL of 1%NaClin 250mL Erlenmeyer
flasksby shakingin anorbital shaker Subsequentlyseveraserialdilutions (102 +10” ) were
preparedn NaCland0.1mL of thesedilutions werespreadwith sterileglassodsin Petri
dishedilled with solidified CASOagar(Sigma)medium (containing15g L™ caseirpeptone 5
gL soypeptoneand15g L™ agar).The Petriplatesvereincubatedfor 4 weeksat 18 C in the
dark. After incubation,the plateswith the lowestdilutions andtheleasthumbersof colonies
werechoserfor bacteriaisolation.Subsequenthstartingfrom the mostdilute platesthefirst
200coloniesencounteredveretransferredo newPetri disheq60mm) with CASOagar
mediaandwereincubatedin thedarkat18 C for threeweeksFrom eachsoil sampleunpuri-
fied andnon-growingcolonieswverediscardedAfterwards bacterialcoloniesof eachsoil sam-
ple (A, BandC) werechoseratrandom.Eachstrainwasnumberedand93,100,and50
numberswererandomlyselectedor soil sample®\, B,andC, respectivelyin total,243isolates
werefurther evaluatedan their abilitiesto solubilizethe rock phosphate.

Screeningof RP-solubilization bacteriawith different N-sources

A wasusedto screerrapidly the ability of bacterialstrainspreviouslyisolatedto
solubilizethe rock phosphateccordingto the N-source thatwaseitherNH . or NO3™. The
screeningvasrun on agarosequarePetridisheg12 12cm)whichwerefilled with 70mL of
NationalBotanicaResearcinstituteAphosphatéNBRIP)medium [22] with somemodifica-
tionsandcontaining,perliter: 10g glucose5gMgClg 6 H,0, 0.25g MgSQ, 7H,0, 0.2g
KCl, 2.5grock phosphateQ.1g (NH4)>,SO, or KNO3, 1 mL of avitamin solution (containing,
perliter: 5 g panthotenate20g inositol, 2 g nicotinic acid,0.25g pyridoxalhydrochloride,0.25
gthiaminehydrochloride,and0.01g D-biotine), 0.006g bromophenoblue (pH indicator
dye),and 18g agaroseA pre-inoculumof eachbacterialstrainwaspreparedn a 96-wellplate
containingLB mediumandincubatedfor 3daysat28 C. After that,10 L of eachbacterial
suspensionvasinoculatedon NBRIPagarosenediumwith RPandNH " or NO3 asthesole
sourceof PandN, respectivelyTheplateswerethenincubatedat 28 C till the occurrenceof
ahaloof solubilization(yellowareaaroundthe colony)appearinggenerallyafter 7 daysof
incubation.Hence all colonieswerecheckedat 7 daysandonly thoseproducinghaloswere
selected.

Bacterialgrowth, RP solubilisation capacityand production of organic
acidsin liquid NBRIP mediawith different N-sources

Threeexperimentsvereconductedo testthe capacityof theisolatego solubilizethe RPby
organicacidsproductionwith differentN-sourcesThefirst experimentwasconductedo
measurguantitativelythe percentagef the RPsolubilization(% RP-solubilizatiorvalue)on
the previousselectedoloniegto identify theisolateswvith the highestcapacitieso releasé¢he
soluble-Ffor further experimentsTo do this,200 L of eachbacterialulture previously
grownin LB mediafor 72h at 28EQexponentiaphasewereusedto inoculate50mL of
NBRIPliquid mediawith the samecompositionasabove-mentionedlheflaskcontainingthe
inoculatedmediawasincubatedfor 7 daysat28 C. A non-inoculatedireatmentwasalsoset
up. At 7 days,1 mL of the NBRIPliquid mediumwascollectedand centrifugedfor 10min at
3,100rcf to obtainafree-bacteriaNBRIPmediumto measurdhe soluble-Pcontentusingthe
malachitegreenmethod[23]. The % RP-solubilizatiorvalueof eachbacterialisolatewasthen
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calculatedasfollow: (soluble-RPg . P total), with soluble-Pggae@sthe soluble-Pecontent( g
mL™) releasdérom the RPinto the NBRIPliquid medium,and P total indicatedthe total P
addedin theNBRIPliquid mediaasRP(2.5gL™). Sincearesidualsoluble-Fcontentrelease
from the RPwasexpectedisthe resultof theincubation,the % RP-solubilizationaluewas
alsocalculatedor the non-inoculatedireatmentsThe experimentwvasrun in triplicate.

The secondexperimentwassetup to evaluatehe bacterialgrowth and RP-solubilization
capacityon theabove-selectedolatesafter0, 3,7, 14and 21 daysof culture.1 mL of the bacte-
rial suspensiongroducedasbefore wasusedto measurehe opticaldensity(OD) at 600nm
asanindirect measurementf bacterialgrowth usinga UV-Visible Spectromete(Spectronis
Helios UV-Vis). Afterwardsthe bacterialsuspensionvassubjectedo acentrifugationfor
10min at3,100rcf to obtainafree-bacteriaNBRIPmediumwhichwasusedto measurahe
pH with apH microelectrodgFisherbrand ,diameterof 3 mm), andthe soluble-Fcontent
usingthe malachitegreenmethod.

Thethird experimentwasperformedto identify andto quantifythe production of organic
acidsin the free-bacteriaNBRIPliquid mediumof eachbacterialstrainafter21 daysof incu-
bation. Thefree-bacteriaNBRIPliquid mediumwith NH ;" asthe soleN-sourcecontained
saltssuchasMgCl, 6H,0, KCI, (NH4)>SO, andMgSQ, 7H,0, resultingin high amountsof
CI'andSQ, ~ ionsincompatiblewith HPIC analysisTo removetheseons,thefree-bacterial
NBRIPliquid mediawerefiltrated usingcartridgesn seriescontainingAg (DionexOnGuard
II-AG cartridge, ThermoScientific)JandBa(Dionex OnGuardll-Ba cartridge,Thermo Scien-
tific), trappingCI" and SQ, ~, respectivelyMeanwhile the free-bacteriaNBRIPliquid media
with NO3™ asthe soleN-sourcecontainedhigh amountsof saltssuchasMgCl, 6H,0 andKCl,
resultingin elevateCl” concentrationsln this caseCIl” ionswereeliminatedusingonly car-
tridgescontainingAg (DionexOnGuardIl-AG cartridge,Thermo Scientific).The cartridges
wererinsedwith 10ml ultrapurewaterbeforefiltering 1 ml of eachfree-bacteriaNBRIPIliquid
mediumthroughthe cartridge Thetwo free-bacteriaNBRIPliquid mediawith NH," or NO3"
werealsopassedhrougha0.45 m filter anddiluted with ultrapurewaterbeforeto beana-
lyzedin an HPIC system(DionexlonPac)equippedwith anAS11-HC-11m column(4 250
mm) andaDionex AERS500suppressorAll separationsvereperformedataflow rateof 1 ml
min ! . WetestedvariousKOH gradientsin the mobile phaseo improvethe separatiorof
organicanionsfrom mineralones Finally,the gradientcompositionweusedfor our analyses
isgivenin S2Table.Thecolumnwasatroomtemperaturg25 2 EC)Theinjectionvolume
was25 | takenfrom the samplepreparedn a1l ml vial. Solutionsof 150rganicanionswere
first preparedrom the syntheticcompounddistedin Table4.Foreachcompound different
solutionswerepreparedn ultrapurewaterthatwere(1) astocksolution,keptat4EC(2) a
solutionfor determiningtheretentiontime (RT) of the organicanionand (3) solutionswith 7
final concentrationdor building acalibrationcurve(S3Table).Eachsampleof free-bacterial
NBRIPmediumwasinjected3times(100 L perinjection). Peakson eachchromatogram
werecomparedwith the chromatogranobtainedwith standardsolutionto identify each
organicacid,andconcentrationsvereextrapolatedrom the standardcurve.

16SrRNA genesequencingrom bacterialisolates

Thetaxonomicidentitiesof bacterialstrainsshowingthe highestability to solubilizethe RP
with NH," or NO3” wereassignedy 16STRNA genesequencanalysisBacteriagenomic
DNA wasextractedoy suspendingafewcoloniesfrom eachstrainin 1 mL of MilliQ waterin a
microcentrifugetube.For nearlyfull-lengthamplificationof the 16 SrRNA, the primer pair
FD1( )andRP2(

) wasused[24]. PCRmixtureswerecomposedf5 L PCRbuffer(10x),4 L
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MgCl, (final concentratior2 mM), 1 L dNTPs(10mM each),l L eachforwardandreverse
primers(10mM), 0.3 L Tagpolymeras€5U L * Qbiogene)and5 L DNA solutionin a
total volumeof 50 L. Thethermalcyclingprogramwasi) 5min at95 C, ii) 35cyclesi15sat
94 C, 30sat60 C,and90min at72 C, iii) 10min at72 C. PCRproductswerepurified and
sequencedsingtheinternal primers 926K ) and
1100R )atGenewiZLeipzig,Germany).Thesequence
obtainedfor eachisolatewascomparedor similarity levelwith the referencestrainsfrom
genomicdatabas®anksusingRdptaxonomytool availableat the https://www.rdp.cme.msu.
eduwebsite.Thesequencewereregisteredn NCBI underthenumbergivenin Table5. The
phylogenetidreewasbuilt usingphylogenia.f{25+31].

Dataanalysis

Unlessotherwisestatedtheresultsaregivenasmean standarderror (n = 3). Statisticahnal-
ysiswascarriedout usingStatistical 3software The normality wasfirstly testedusingalLevene
test. Whennormality wasreachedthe ability of isolatego solubilizethe RP(soluble-Pcontent
and % RP-solubilizatiorability) with NH,* or NO5™ asthe soleN-sourceafter 7 daysof culture
wasanalyzedisingone-wayANOVA to selecthe mosteffectivessolatesThe samewasper-
formedon the organicacidsproducedby the bacterialstrainsafter21 daysof incubation.
Comparisonof meanswvasperformedby TukeyA$1SD posthocatthreelevelsof significance:
p<0.05; p<0.01; p<0.001.

Two-wayANOVA with repeatedneasuresvasrun to evaluatesignificantdifferences
amongbacterialstrainsandtime of incubationon bacterialgrowth (OD 600nm), soluble-P
contentandpH. To gainabetterunderstandingaboutthe distribution of the physical-chem-
ical properties(clay,fine silt, coarsesilt, fine sand,coarsesand,CaCG;, total C, total N,
N-NO3’, N-NH ", OlsenP andpH) in thethreesoil samplesollectedA, B andC), aprinci-
palcomponentanalysigPCA)wasdoneusingthe CANOCO5.0for windows.To gaina
newknowledgeabouttheinfluenceof the N sourcein the productionof organicacidsand
thus,in the RP-solubilizationanintegratedmultivariateanalysisvasalsorun, usingthe
samesoftwareto determinateanewsetof correlationsamong:i) the RP-solubilizatioriso-
latesfrom soil A, BandC with NH,* or NO5 asthe soleN-sourceji) the soluble-Pcontent
andtheorganicacidsgluconic,lactic,glycolic,acetic butyric, formic, propionic, pyruvic,
malic,maleic,oxalicandcitric acidsmeasuredn the NBRIPliquid mediumafter21daysof
culture,andiii) the physical-chemicadoil propertiesfrom soil A (OlsenP,N-NH " content
andcoarsssilt), B (N-NO3- and CaCG; content)and C (coarseandfine sand)selected
throughthefirst PCAanalysisThesestatisticalinalysesvererun on reducedandcentered
variables.

Results
Screeningof RP-solubilization bacteriaunder different N sources

A total of two hundredandforty-threebacterialcoloniesjsolatedfrom soilsA, BandC, were
screenedn their abilitiesto solubilizethe RPusingthe on NBRIPagarosenedia
with NH," or NO3™ asthe soleN-sourceln total, forty isolatesvereableto solubilizethe RP
dueto the presencef halowith NH,* or NO5'. Twenty-thredsolatesout of theseforty strains
hadthe capabilitiego solubilizethe RP(presencef solubilizationhalo)with NH 4", while sev-
enteenisolatesout of forty strainsproducedclearhalosin NBRIPagarosenediawith NO5'.
Remarkablynoneof theisolatehadsameability to solubilizethe RPwith eitherNH ;" or NO5
asN-source excepioneisolatedisplayingahaloon both N-sources.
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Bacterialgrowth and RP solubilization capacityunder different N-sources

A first setof experimentsvasestablishedo evaluatehe capacityof the bacterialstrains pro-
ducingahaloof solubilization to releasehe soluble-Pcontentfrom RPandthus,measureghe
% RP-solubilizationvaluewith NH " or NO3™ asthe soleN-source after 7 daysof culture
(Table2). A residualamountof soluble-Pwasdetectedn eachnon-inoculatedNBRIPliquid
media(NI) with NH," or NO3 at7 daysreachingvaluesbetweerB.2+9.6g mL™, respec-
tively. WhenNH ,* wassuppliedasthe soleN-source only nine isolatesidentified as59B,
24A,4A,9C,87B,12A,47A,15Aand46Bout of twenty-threestrainssignificantlyincreased
the % RP-solubilizatiorvaluesangingfrom 3.5to0 9.2%after7 daysof incubation.Meanwhile,
with NO3™ asthe soleN-source severstrains Jabeledas23B,48B,41C,39B,59B,32Aand6C
out of seventeeisolatesstronglyreleasehe soluble-Pfrom the RPwith % RP-solubilization
valuegangingbetweer2.4+36%Table2). Theisolate59B whichwasableto solubilizethe RP
with NH," or NO3', showechigher% RP-solubilizatiorwith NH " (9%)comparedo NO3
(3%).Theisolateswith the highest% RP-solubilizationverethenselectedor the experiment
describedelow.

Table2. Soluble-Pcontentand RP-solulilization ability (RP solub.)of bacterialstrainsin NBRIP liquid mediawith NH," or NO3™ asthe soleN sourceafter 7 days
of culture. Dataaregivenasmeans standarderror (n = 3). Thesamdowercaséettersin eachcolumnindicatealackof significarce(p<0.05) amongthe different bacte-

rial strains.

Bacterialstrains

59B
24A
4A
9C
87B
12A
47A
15A
46B
46A
104B
67B
15B
31B
85A
4C
11B
21C
107B
44A
1C
1B
27A
NI

N Source

NH,* NOg

Soluble-P(g mLY) RP solub. (%) Bacterialstrains Soluble-P(g mLY) RP solub. (%)
326 11.9 9.2¢' 23B 98.4 0.7 36.¢
25.1 1.4 6.19 48B 40.1 6.1 12.76
249 4.° 6.1 41C 26.5 6.5 7.3%
231 &5° 5.4F 39B 24.15 13.4 6.37
225 1.8 5.16 598 17 2.9 3,52
22 2.4 4.97 32A 16.6 0.7 3.3%
192 7.8 3.8% 6C 143 1.2 2.4
18.8 4.6’ 3.66 40B 11.3 3.2 1.2%
183 1.P 3.4P 54B 8.7 17 0.1¢
149 2.2 2.14 8C 79 0.7 o?
14.4 0.8 1.96 7C 7.7 1° o?
12.7 0.8 1.2% 4C 73 1.8 0?
125 0.8 1.1% 22A 72 1.4 o?
12 1.3 0.96 30A 6.4 0.5 o?
11.7 22 0.82 125B 57 0.8 0?
11.7 2.8 0.8% 29C 57 0.1 o
11.2 0.07 0.633 2A 51 0.4 o
111 32 0.66' NI 82 0.8 -
105 1.4 0.36¢
104 12 0.3F
10.3 1.4 0.26
10.1 2.8 0.18
86 1.3 (0a
9.6 3.2

NI-non-inoculatedNBRIPliquid media

https://da.org/10.1371durnal.pon®283437.t002
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Thesecondsetof experimentsvassetup to evaluatehe bacterialgrowth (OD 600nm), sol-
uble-Pcontentand pH valuesof the above-selecteidolatesnoculatedin the NBRIPliquid
mediawith RPandNH ;" or NO5 asthesolesourceof PandN after3,7,14and21daysof cul-
ture (Figs1 and2). WhenNH " wasaddedasthe soleN-sourcethe OD detectedn thenon-
inoculatedNBRIPliquid mediareachedsaluesup to 0.3astheresultof the slowreleasef sol-
uble-Pcontentfrom RPafter21daysof incubation(Fig 1j). However all isolatesverefound
to increasgraduallythe OD overthetime of culture,becominghigherthanthe non-inocu-
latedNBRIPliquid media(Fig 1a+1i).Thehighestbacterialgrowthwasfound for 12A,15A,
4A and46Bisolatesvhich significantlydiffer comparedo the other strainsat the end of the
experiment(Fig 1c+1f)(Bs,p 0.000; T, p 0.000). Theresidualsoluble-Pcontentdetectedn
thenon-inoculatedNBRIPliquid mediareachedraluesup to 20 g mL™ after21daysof incu-
bationwith steadypH valuesduring the experiment(Fig 1j). However all bacteriaktrains
werecapabldo releasehe soluble-From 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) (Figlatli).Theisolatesouldbeseparatedh two groupsthefirst oneincluding
threebacterialstrains(24A,87Band59B)ableto releaseoluble-Pamountshigherthan50 g
mL* andto decreaseoncomitantlythe pH valueof the mediumbelow5. Amongthese
strainsthe 87Bonewasthe mostefficientto releaseoluble-Pwith valuegangingfrom 124
(day14)to 50(day21) g mL™* andafinal pH mediumof 4.4(Fig 1b). Thetwo otherisolates
(24Aand59B)releasedlsosoluble-An their mediumwith concentrationsncreasingegu-
larly with the culturetime, reachings0 g mL™ after21days Bothisolatesacidifiedtheir cul-
ture medium,with pH valuesabout4.8(Fig 1aand 1i). Thesecondgroupincludesthe 6 other
isolategestednamelyl12A,15A,4A,46B,47Aand9C. Theisolate47Awaslessefficientthan
the otheronesto releasaoluble-Pamountingto 24 g mL™, despitdits ability to decreas¢he
mediumpH downto 5.5(Fig 1g).All the otherisolatesvereableto releaseimilaramountsof
soluble-Pwith valuesangingfrom 24to 36 g mL™ (Fig 1c+1fand1h).

Aspreviouslyfoundin NH," medium,the OD detectedn the non-inoculated\NBRIPliquid
mediumwith NO5™ asthe soleN-sourcereachedralueaup to 0.2(Fig 2j). Eventhoughall isolates
increasedjraduallytheir growth overthetime, the highestOD valuesverefound for 39Band6C
isolatesin contrastwith the lowestgrowth, which wasfound for 48Bstrainafter21 daysof cul-
ture (Fig 2b,2fand 2g) (Bs,p 0.000; T, p 0.000). A residualamountof soluble-Pvasdetected
in the non-inoculated\BRIPliquid mediumreachingvaluesup to 25 g mL™ after21 daysof
incubationwith no changeén the pH valuesduring the experiment(Fig 2h). Overall,all isolates
testedsignificantlyincreasedhereleas®f the soluble-Hrom RPoverthetime of experiment
with aconcomitantpH drop recordedat 3 dayswhichin somecaseghenslowlydeclineduntil
21daysof culture (soluble-Fcontent,Bs,p 0.000; T, p 0.000; pH, p 0.000; T, p 0.000) (Fig
2a+2h)Amongthe severstrainstestedfive of themwereableto releasdigh amountsof solu-
ble-Pwith differentkinetics.For examplejsolate23Bwasdetectedasthe fastesisolateto release
soluble-Pwith valuesup to 97 g PmL ™ at3 dayswhichwerealsorelatedto apH drop (4.1)
(Fig2a).In contrastat21days59B,41C,32A,and 39Bisolatesveremore efficientin releasing
soluble-Ffrom RPreachingvaluesup to 159,186,129,and156 g PmL™, respectivelywith pH
valuegangingfrom 4to 4.8(Fig 2c+2f) Finally,the two remainingstrains(48Band 6C) were
foundto bethelessefficientonesin solubilizingthe RPoverthetime of experimentalthough
both strainswerealsoableto reducesignificantlythe pH of the medium (Fig 2band 2g).

Identification and quantification of organicacids

Thethird setof experimentavasrun to identify andto quantifythe organicacidsproducedby
the selectedbacterialstrainswith RPandN-sourcegNH " versusNO3) asthe solesourceof
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Fig 1. Bacterialgrowth, soluble-Pcontent (g Pi mL™) and pH of eachisolatecultivated in NBRIP with rock phosphate(RP)
andNH " asthe solesourceof N after 0, 3, 7, 14,and 21 daysof culture. Valuesrepresenthe meansandthe standarderror

(n = 3). Theeffectof bacteriaktrains(Bs),time of incubation(T) andtheir interactions(Bs T) wereanalyzedvith atwo-way
repeatedANOVA for eachvariablemeasuredOD 600nm soluble-Recontentand pH). Theasterisksndicatethe strainswith the
highestbacterialgrowth (OD 600nm)overthetime of culture. Thelowerand uppercaséettersdenotestatisticabifferencesin
relationto soluble-Rcontentand pH valuesrespectivly, amongtheisolatesafter21 daysof experiment

https://da.org/10.137 1§urnal.pon®283437.g0D
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Fig 2. Bacterialgrowth, soluble-Pcontent (g Pi mL™) and pH of eachisolatecultivated in NBRIP with rock phosphate(RP)
and NOj3 asthe solesourceof N after 0, 3, 7, 14,and 21 daysof culture. Valuesrepresenthe meansandthe standarderror

(n = 3). Theeffectof bacteriaktrains(Bs),time of incubation(T) andtheir interactions(Bs T) wereanalyzedvith atwo-way
repeatedANOVA for eachvariablemeasuredOD 600nm solble-Pcontentand pH). Theasterisksndicatethe strainswith the
highestbacterialgrowth (OD 600nm)overthetime of culture. Thelowerand uppercaséettersdenotestatisticabifferencesn
relationto soluble-Rcontentand pH valuesrespectivly, amongtheisolatesatanytime of the experiment

https://da.org/10.137 1§urnal.pon®283437.902
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Table3. Concentrafons of organicacids(mM) producedby different bacterial strains grownin NBRIP liquid mediawith rock phosphate(RP)and NH,* asthe
solesourceof P andN. Dataaregivenasmeans standarderror (n = 3). Thesameowercaséettersin eachrow indicatealackof significarce(p<0.05) amongthe differ-
entbacteriaktrainswithin eachorganicacidsafter21daysof culture.

Organicacids

Gluconic
Lactic
Glycolic
Acetic
Propionic
Formic
Pyruvic
Maleic

59B
10.4°
5.20.1%
0.08 0.04°
nd
nd
20.8°
1.10.39
0.70.4°

https://da.org/10.1371¢urnal.pon®283437.t003

Bacterial strains

24A 47A 9C 87B 12A 4A 15A 46B
0.80.2° 11.12.3 10.3° 0.6 0.2° 9.31.8 1.505° 31.5° 31°b

3.20.2° 6.2 0.66° 5 0.23b¢ 6.9 0.4% 2.91.8 0.30.2° 1.2 0.8% 0.30.3°
nd 0.20.1% nd 0.004 0.00% 0.10.01%° nd 0.030.0% nd
3.31.6 nd nd nd nd nd nd nd
nd nd 1.60.1% nd 0.370.2 0.07 0.04° nd nd

1.405° nd 1.50.8 80.42 0.09 0.09 0.20.1f nd 0.40.0£¢

2.4 06%°f 4.20.2° 1.7 0.3° 0.7 0.07 570.7° 2.70.6% 5.2 0.6%° 3.70.9%
nd 0.2 0.0 2.60.7 nd nd nd nd nd

PandN after21daysof culture(Tables3 and4). TheHPIC analysigevealedhatwith RPand
NH," asthesolesourceof P andN, theisolatesvereableto releaseightorganicacids(glu-
conic,lactic,glycolic,acetic propionic, formic, pyruvicand maleicacids)after21 daysof incu-
bation(Table3). Amongtheseorganicacids,only threeof them (gluconic,lacticandpyruvic
acids)werereleasedby all strains.Gluconicandlacticacidswereproducedat the highestrates,
with gluconicacidconcentrationgeachingup to 9and11mM releasedby isolatesl2Aand
47A respectivelyandlacticacidup to 7 mM releasedby isolatest7Aand87B.Pyruvicacid
wasreleasedt ratesrangingbetweerD.7(isolate87B)up to 5.7mM (isolatel2A). Secretiorof
formic acidwasreleasedby all strainsbut 15Aand4A andwashighly heterogeneousyith
concentrationszaryingfrom 0.09(isolate12A) up to 8 mM (isolate87B).Only threestrains
wereableto producepropionicacid(12A,47Aand9C) or maleicacid(59B,4A and9C).The
strain9Creleasedhe highestconcentrationf propionic (1.6mM) andmaleic(2.6mM)
acids Glycolicacidwasfound in the culture mediumof five isolatesatlow concentrations,
rangingfrom 0.004(isolate87B)to 0.2mM (isolate4A). Finally,aceticacidwasonly produced
by 24Awith valuesup to 3.3mM.

With NO3™ asthe soleN-source ten organicacidswereidentifiedin the culture medium
after21daysof experiment(Table4). Half of the organicacids(gluconic,lactic,glycolic,acetic

Table4. Concentratons of organicacids(mM) producedby different bacterial strains grown in NBRIP liquid mediawith rock phosphate(RP)and NO3 asthe
solesourceof P andN. Dataaregivenasmeans standarderror (n = 3). Thesamdowercasdettersin eachrow indicatealackof significarce(p<0.05) amongthe differ-
entbacterialtrainswithin eachorganicacidsafter21daysof culture.

Organicacids

Bacterialstrains

23B 48B 41C 39B 598 32A 6C
Gluconic nd 0.50.0¢" 5.6 032 nd nd 3.50.4° 1.50.2°
Lactic 61.6 6.5 2.10.2° 17.30.6° 521.32 16.15.6° 8.7 0.1°° 4.30.6°
Glycolic nd 0.01 0.0 2703 7.20.4 nd 1.60.2° nd
Acetic nd nd 13.20.1° nd 290.8 30.522 13.30.6°
Formic 0.6 0.3% 2.30.2¢ 19.30.08} 10.2 0.5 0.10.05° 151.2° 9.80.8°
Butyric nd nd nd nd nd nd 0.04 0.04
Pyruvic nd 0.7 0.04 1.30.2°¢ 2.80.6° 0.7 0.0 135112 1.7 0.00%°
Malic nd nd 0.6 0.02 nd nd 0.80.12 0.1 0.00%
Oxalic nd nd nd 0.500.03 nd nd nd
Citric nd 0.250.0% 1.06 0.3 0.02 0.009 nd 0.02 0.00P 0.030.02
https://da.org/10.1371durnal.pon®283437.t004
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andformic acids)displayecdhigh concentrationsn the culture medium,with valueggenerally
greaterthan 1 mM. Thegluconicacidwasproducedby all strainsexcep23B,39Band59B,
with the greatestoncentratiormeasuredor 41C(5.6mM). Converselylacticacidwas
secretedy all isolateswith the highestconcentratiorfor 23Band 39Bstrainsreachingvalues
up to 61and52mM, respectivelyThe majority of theisolatesexcep23B,59Band6C,were
ableto secretglycolicacidwith the highestievelfor 39B(7.2mM). The23B,48Band39B
strainsdid not secreteaceticacid,but the mostefficientisolatewas32Areachingvalueaup to
30mM. Formicacidwasproducedby all isolateswith the greatestaluesor 41C(19mM).
Thefive remainingorganicacids(butyric, pyruvic, malic,oxalicandcitric acids)werefound
atmuchlowerconcentrationghanthe previousoneswith valuegyenerallyin themM range.
The6C strainwasfound the only isolatewith abilitiesto secretéutyric acid,but atverylow
concentration(0.04mM). All bacterialstrainswereableto producepyruvicacidexcepthe
23Bisolate.Thegreatestoncentrationsverefound for 32Awith valuesup to 13mM. Malic
acidwasproducedby 41Cand 32A at greateratesthan 6C,reachingvalueshetweerD.8and
0.6mM, respectivelyOxalicacidwasonly producedby 39Bwith concentrationsip to 0.50
mM. Citric acidwassecretedy all strains,excep23Band59B.Thegreatestoncentrations
werefound for 41Creachingvaluesup to 1 mM.

Identification of the bacterialisolates

A fragmentof about1.5Kb wasobtainedafteramplificationof the 16 SrRNA performedon
genomicDNA extractedrom thefifteenisolatedstrainswith abilitiesto solubilizethe RP
with NH," or NO3 asthe soleN-source Thecomparisonof sequencewith dataavailable
from Rpd Taxonomytool enabledusto identify theisolatesat genericor speciesevelwith
similaritiesbetweerl00and 93%(Table5). Theselectedsolatesverecloselyrelatedto four
specificgenera, (46B), (23B), (32A,24Aand6C)and
(12A,15A,4A,59B,87B,47A,9C,39B,41Cand48B).All sequenceweresubmitted

Table5. Identificatio n of the bacterial strainsisolatedfrom the soil A, B and C by 16 SrRNA sequencing.

Strains

46B
12A
15A
4A

59B

24A
87B
47A
9C
6C
39B
32A
41C
23B
48B

Sourceof N

NH,*
NH,*
NH,*
NH,*
NH,*
NO5
NH,*
NH,*
NH,*
NH,*
NOg
NOg
NO5
NOg
NO5
NO5

sequencedeposiedin NCBI

https://da.org/10.1371durnal.pon®283437.t005

GenBankaccessiomo 16SrDNA identifi cation
Closestreferencestrain Similarity % Accessiomumber
MZ723952 . 94% AJ01220
MZ723957 93% AJ2763%
MZ723963 . 97% AY16023
MZ723962 . 98% AF50026
MZ723961 . 97% AB066347
MZ723955 93% EF532687
MZ723960 . 94% AY50534
MZ723959 . 98% AB055850
MZ723966 . 96% AB188212
MZ723954 . 91% JX266302
MZ723965 94% AY553114
MZ723956 96% AY323®8
MZ723964 100% EF197942
MZ723953 94% DQ91612.1
MZ723958 . 98% AM944032
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Fig 3. Phylogendic tree basedon 16SrDNA sequencef the 15 bacterialisolateswith closelyrelated specief the
genus , , and using SH-like testwith maximum likelihood
method. Numbersat nodesindicatepercentagsof occurrenein 100bootstrappedreesThescalebarindicates
substitutbnspernucleoticke position.

https://i.org/10.1371durnal.por.0283437.908

to NCBI Genbankandaccessiomumbersaregivenin Table5. Thephylogeneti@analysis
basedn the 16 SrRNA genesequencesf the selectedsolatesandrepresentativepecie®f
closelyrelatedtaxaformedseverclearlydistinguishablelusterqC4, C,, Cs, Cy4, Cs, Cg and
C,) (Fig 3). Thefirst cluster(C,) wasformedby the strains48Band 4 1Cwith acloserelation-
shipwith genus . Theseconccluster(C,) wasalsorelatedto . and
includedfive strains(15A,4A,47A,9C,12A) althoughthe strains9C and 12Awereslightly
moredistantthanthe others.Thethird cluster(Cs), composedy 46Band23B,wascon-
nectedwith Gramnegativebacteriasuchas sp.and ,
respectivelyThe 32Aisolate groupedin thefourth cluster(C,), hadnotablyrelationship
with . Thefifth cluster(Cs), including 24Aand 6C strains,was
remarkablyrelatedwith . and . 39Band59Bisolates
weregroupedinto the sixth cluster(Cg) with closelyrelationshipwith . and
Surprisingly the strain 87Bwasindividually groupedforming the cluster
(C7) whichwasrelatedwith anyspeciesgvenif a 94%of identity wasfound with
(Tableb).
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PCA analysis

A PCAbi-plot wasrun to analyzedhe distribution of the soil physical-chemicgbropertiesof
thethreesitessampled A, B andC) (Fig4a).Theanalysigevealedhat soil A wasmostlyasso-
ciatedwith ahigh contentin OlsenP,N-NH " and coarsesilt whilst soil B wasratherrelated
to ahigh CaCG; andN-NO5™ contentandsoil C wascharacterizedby the presencef coarse
andsilt sandfractions.Evenif soilsA andB showedanalkalinepH which differedfrom soil C
(neutralpH values)the PCAanalysiglid not showanyclearrelationbetweerpH andtypeof
soil,assimilarly wasfound for thetotal C andN content.Neitherthe claytexturenor fine silt
wasfound aspropertiesthatintimately characterizedhe soil A or B.

A setof correlationswvasperformedto evaluatehe distribution of bacterialstrainsaccord-
ing to their abilitiesto solubilizethe rock phosphatainderdifferentN sourcegNH " or NO3)
basedn thevariablesneasuredn the NBRIPliquid mediaafter21daysof incubation(solu-
ble-Pcontentandorganicacids:gluconic,lactic,glycolic,acetic butyric, formic, propionic,
pyruvic,malic, maleic,oxalicandcitric acids)andthe physical-chemicgbropertiesof the
threesoil sampledOlsenP,N-NH ", N-NO4, CaCQ;, coarseandfine sandfraction). This
analysisndicatedthat 81%of the variability of the datawasexplainedoy the two first axes
(54%and 27% respectivelyfFig 4b). Thefirst axiswasmainly explainedby the N sourceused
to growthe bacteriato assesRPsolubilisation(NH ,* versusNO3) andthe secondaxisby the
soiltexture,especiallyine and coarsesandandthe CaCQ; and N-NO3 ™ content.Interestingly,
the bacterialstrainsableto solubilizeRPeitheron NH,* or NO3™ wereclearlyseparatedn the
bi-plot, clusteringwith thedominantN sourceassayeth soil.In additionto theN sourcethe
bacterialstrainsclusteredalsoalongaxis2, forming four groups.For instancethefirst group
locatedin theright-upperquadrantwasformedby bacterialstrainsisolatedfrom soil A andC
(32A,41Cand6C)grownwith NOs™ asthe solesourceof N in the NBRIPliquid media.The

Fig 4. Bi-plot of the distributio n. (a) the physical-bemicalsoil propertiesn thethreesampledsites(A, B and C); (b) the different bacteriaktrains
isolatedirom the threesoils(circles squaresnd diamondsindicatestrainsfrom soil A, B or C, respectivelyyvith NH," (red color) or NO3 (green
color) asthe solesourceof N in relationto the soluble-Fcontentreleasedh the NBRIPliquid media,the production of organicacid(gluconicacid,
lacticacid,glycolicacid,acetatebutyrate formic acid,propionae, pyruvicacid,malicacid,maleicacid,oxalicacidandcitric acid)at21daysof culture
andthe physical-chmical propertiesof soil A (OlsenP,NH " contentand coarsssilt), soil B (CaCQ; contentandNO3™ content)andsoil C (coarseand
fine sandfraction).

https://doi.0g/10.1371Hurnal.pon®283437.g004
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strains32Aand41Cwerethe mostefficientin releasinghe soluble-Fcontentfrom RPasthe
resultof the production of organicacidssuchas:malic,acetic citric, formic, glycolic,pyruvic
andoxalicwherea$Cwasthe only strainsin producingbutyric acid. Thesecondgroup,
foundin theright-lower quadrant,wasonly composedy bacterialstrainsisolatedfrom soil B
(59B,39B,48Band 23B)still grownwith NO3 asthe solesourceof N in the NBRIPliquid
media.Thesebacteriavereassociatewvith soil N-NO3” and CaCQ; contentsandthe produc-
tion of gluconic,lactic,propionic and maleicacids.Thethird group,locatedn theleft-upper
gquadrantwascomposedy strainsisolatedfrom soil A (12A,15A,4A,47A,24A) thatwere
grownon NH," asthe solesourceof N in the NBRIPliquid media.This groupwasassociated
with the OlsenP andN-NH ;" contentof soil A. Finally,in the left-downquadrantwasfound
thefourth clustercomposedy bacterialstrainsisolatedirom soil B (59B,87Band46B)ableto
solubilizeRPwith NH4+ andwhichwereassociate@ith CaCQ; andNO3 contents.

Discussion

TheRPsolubilizationthrough PSBhasbeenrecentlyreportedasa suitablestrategyto cope
with the need=f the P requirementf crops[10]. In our study,two hundredandforty-three
bacteriaktrainsisolatedfrom threeagriculturalfieldswerescreenean their abilitiesto solubi-
lizethe RPusingthe selectivé\BRIPagarosenediumthroughthe . Our resultsindi-
catedthat only 16%0f isolategforty strainsout of two hundredandforty-three)produceda
haloof solubilizationsurroundingthe coloniesregardlesthe N source Thisfinding wasnot
surprisingdueto thelow solubility andcomplexchemicalstructurefound in RPcomparedo
otherP-sourcesuchastricalcium phosphateasrecentlyreported[32], whichin turn resulted
in alessefficientbacterialcapacityfor dissolvingthis P-sourceHere,wealsofound thatthe N-
sourceledto significantdifferencesn theability to dissolvehe RPin the agarosenedium
with twenty-threeisolatesshowingahaloof degradatiorwith NH," andseventeepositives
strainswith NO3” asN-source However excepthe 59Bisolate honeof the strainsshowedhe
ability to solubilizethe RPwith eitherNH ,* or NO3. It hasbeenreportedthatthe formation
of avisiblehalo/zoneon NBRIPagarosenediumis anot infallible methodto selecefficiently
the P-solubilizersincetheycould solubilizeimportant quantitiesof Pin broth despitethey
did not showahalozonein NBRIPplate[22]. In fact,in our study,the % of RP-solubilization
quantifiedin liquid mediarevealedhat only nine isolatesout of twenty-three(46B,12A,15A,
4A,59B,24A,87B,47Aand 9C) wereselectedisthe bestRP-solubilizersvith NH," asN-
source Meanwhile severisolateut of seventee6C,32A,59B,39B,41C,48B,23B)showed
the greates®o of RP-solubilizatiorwith NO3". Thisfinding could beexplainedby thefactthat
bacterialstrainscanlosetheir solubilizationphenotypeupon repeatedsub-culturing,asprevi-
ouslyfound by [10]. Our resultsalsoevidencedhat excepfor 59Bisolate the % of RP-solubi-
lizationwashigherwith NO5™ thanwith NH 4+ at 7 days This observatiorwassurprisingsince
NH," assimilationis usuallyaccompanieaf H* extrusionwith the subsequenmediumacidi-
fication,andthusfavoringthereleas®f soluble-Ffrom insolubleP-source$6, 15].

Our secondexperimentrevealedhat the highesthiomasgproductionfound for 46B,12A,
15Aand4A isolatesnith NH, asthe soleN-source werenot directly relatedwith the highest
soluble-Pvaluesafter21daysof experiment[33] proposedhatthe veryeffectiveP-uptakesys-
temsof microorganismavould enablethe assimilationof P from the solutiondisturbingthe
equilibrium betweerinsoluble/soluble-Pthusinsoluble-Pwould beindirectly dissolvedy
continuouslyremovingof P from the solution.However,afurther experimentwould be
requiredto verify the amountof soluble-Pconvertednto bacteriabiomassConverselythe
lowestbiomasdound for 87Bisolateresultedin the highestvaluesn soluble-Pcontent,which
confirmedapreviousevidenceshowingthat bacterialstrainsweremore efficientin dissolving
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P-sourcednsteadof spendingbacterialsourcedo biomasgroduction[34]. However the pH
drop found for all isolatesafter3 daysof culturewould negativelyaffectthe bacterialgrowth.
In anycasein our study,the pH declinewasclearlyassociatewiith the RPdissolutionsince
the87B,24Aand59Bisolateswith the lowestpH valueswerefound to bethe mostefficient
strainsincreasinghereleasef the soluble-From RPbetweeril4and 21 daysof experiment.
Meanwhile the highestpH valuesietectedor 47Aisolatewereassociatewith its lessecapac-
ity in dissolvingthe RP.Thiswasin line with inverserelationshipbetweerpH declineof liquid
mediumand RP-solubilizatiorpreviouslyreportedby [10], indicating that pH plays
amajorrolein the solubilizationof theinorganicphosphateAt 21 daysonly 39Bisolatewas
found to enhancesignificantlyits growthwith aconcomitantincreasen the soluble-Pcontent
with NO3™ asthe soleN-source Thisresultwould bein line with the previousevidences
reportedby [33, 34]who found that mechanism®f P-solubilizationdependon processeasso-
ciatedwith microbial biomassgproduction (i.e.NH s -assimilationor respiration).Similarly,as
it waspreviouslyfound, the pH drop seemedo bethe main responsiblef the highestrelease
of soluble-Pfrom RPfor 59B,41C,32Aand 39Bisolatesat the endof the culture. The useof
NH," asaN-sourceproducesacidby eithera proton exchangenechanismand/or organic
acidsecretionwith abetterP-solubilization[15, 35]. However our studyshowedhatthe
assimilationof NO3™ by bacterialstrainsresultedin bettercapabilitiedo dissolvehe RPrather
thanNH " at 21 daysasthe secondexperimentevidencedut at 7 days Additionally, the
highestevelsof soluble-Ffound for 23Bisolateat 3 dayssuggestethat dependingon the
strain,the mechanism&f RP-solubilizatiormight bealsomore effectivan the shortterm
with NO3™ asthe solesourceof N.

Theproductionandsecretiorof organicacidshasbeenrecognizedasamajor mechanism
responsibldor releasingsoluble-Pfrom RP[9, 10]. Gluconic,formic, citric, oxalic,lactic,suc-
cinic, glycolicandaceticacidsareamongorganicacidsproducedby PSBIn additionto those,
pyruvic,malic or fumaric acidswerealsoidentified[36]. In our study,regardlesshe N-source,
gluconic,lactic,glycolic,acetic formic and pyruvic acidswereidentified asthe main organic
acidsproducedby almostall PSBwith the highestconcentrationdor 12A,4A,24A,87B,39B,
23B,59B,41C,39Band 32Aisolatesat 21 days.The production of organicacidsduring the
releasef soluble-Ffrom RP,including gluconic lactic,aceticoxalicandcitric acidsamong
otherswasdemonstratedsdirectly associate@ith pH decreas§9, 10,32]. Our resultsclearly
demonstratedherole of lactic,aceticandformic acidsin the RPdissolutionfor 24A,87Band
59BisolatesvhenNH ;" wasthe soleN-source Meanwhile the negativerelationbetweerpH
andsoluble-Fcontentfound for 23B,59B,41C,32Aand 39Bisolatesvasdirectly associated
with the production of gluconic,glycolic,lactic,aceticformic, pyruvic,maleic,oxalicandcit-
ric acidswith NO3™ asthe soleN-source Interestingly the concentration®f lactic,aceticand
formic acidsproducedby thesesolatesverealmost10-foldhigherwith NO5™ thanwith NH ¥,
whichwould beexplainedoy aninhibitory or toxic effectof NH,* on theenzymesesponsible
of organicacidsecretionpr uptakeof otheressentiahutrientsor alteringthe electrochemical
gradient,aspreviouslysuggeste{B5].

Approximately86%of theisolatedelongedo and genusascon-
firmed the 16SrRNA sequencanalysiswhicharegram-positivebacteriaholdingimportant
traitsrelatedto the ability to P-solubilizationmakingthemavailableo beusedwith agrono-
mical purposeg37,38]. Theisolates87B,59B,39B,41C,24Aand 32A,whichwerefound to be
themostpromisingstrainsin dissolvingthe RP,werecloselyrelatedto .

, , and , except
for 87B,asrevealedhe phylogenetidree.In contrast,only oneisolatewith the highest
ability to secretdacticacidwasidentified as (23B).In our study,bac-

terial featuresnvolvedin the RPdissolutionandtheir co-occurrencen soilswould bealso

PLOS ONE | https://doi.org/10.1371/journal.pone.0283437 March 24, 2023 16/20



PLOS ONE

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

influencedby otherfactorsdifferentthan N-source suchasphysico-chemicgbropertiesas
othersauthorssuggestef39]. However this studyonly revealedhat the elevatecamountsin
N-NO3 andCaCG; found in the soil B would beinfluencingthe releasef organicacidssuch

aslactic,propionic, gluconicand maleicby the strains:59B( sp.),23B(

), 39B( ) and48B( sp.).Meanwhilethe OlsenP,
N-NH ,* contentand coarsesilt in soil A or the sandytexturein soil C seemedhot to influence
significantlythe production of organicacidsby neither 12A ( ), 15A(
sp.),4A ( sp.)47A( sp.),9C( sp.),59B( sp.),87B( sp.)
nor 46B( sp.).Interestingly the PCAanalysisevealedhatthe strainswith abil-

itiesto dissolvingthe RPwith NH 4" assourceof N werelessekefficientin releasingrganic
acidssinceanypositiverelationfound. Converselythe strains,32A (

), 41C( ) and6C( .), whichwerefoundto assimilategrefer-
entiallyNO3", werepositivelyrelatedwith production of butyric, malic,acetic citric, formic,
glycolic,pyruvicandoxalicacids,ndicatingthatthe N-sourcewasapparentlya keyfactor
driving the bacteria-mediatechechanismsnvolvedin the efficientRPdissolution.

Conclusions

Our resultsshowedhat only 15strainsout of 243isolatesvereableto solubilizeefficientlythe
RPwith eitherNH 4" or NO5™ asN-sourcedueto the complexityandlow solubility of this P-
sourceRegardlesthe N-source the greatessoluble-Pcontentreleasedrom RPwasdetected
for 87B,24A,59B,23B,41C,32Aand 39Bisolatesasa consequencef the pH drop. However,
23B,59B,41C,32Aand 39Bisolatesappearedo bethe mostefficientin dissolvingthe RP.The
strain59Bwasthe only onewith abilitiesto solubilizethe RPwith eitherNH,* or NO3 . Glu-
conicacid,glycolicacid,lacticacid,aceticacid,formic acidand pyruvic acidwereidentifiedin
almostall isolateswith the highestvalueswith NO3™ ratherthanNH,". Thisresultevidenced
thecrucialrole of NO3 in stimulatingthe production of organicacids especiallybutyric,
malic,aceticcitric, formic, glycolic,pyruvicandoxalicacidssecretedy 32A(

), 41C( ) and6C( .). The86%o0ftheisolatesvere
identifiedasGrampositivebacteridbelongingto sp.and sp.generaindi-
catingits suitabilityfor agronomicaburposesOther factorsdifferentthan N-source putin a
lesseextentwould bealsoinvolvedin the secretiorof organicacidssuchassoil CaCG; and
N-NO3 content.Our resultsconcludedthat the effectivenessf the RP-solubilizatiorwould
bedirectlyassociatedith the organicacidsproductionwhich secretiorseemedo bedriven
by the assimilationof NO3” asN-source Thereforethe N-sourcemight beakeyfactorto
takeinto consideratiorduring the screeningand selectiorof suitablestrainsinvolvedin the P-
solubilization.
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