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ABSTRACT

A studyonthediversityandnovelstrainsofsulfurcompoundsdegrading

bacteriawasperformedastheultimateaim fortheremovalofharmfulsulfur

compoundsfrom aswinery inJeju.Sulfur-oxidizing bacteriawereisolated

using sulfur-oxidizing bacteria (SOB)medium from swinery sludge,and

bacterialdistributionwasstudiedbyphylogeneticanalysisofthepartial16S

rRNA gene.ThesoxB genesessentialforsulfur-oxidizingweresuccessfully

amplifiedfrom someoftheisolatesandcharacterized.Thecharacteristicsof

thiosulfateoxidationwereinvestigated.

Asresults,thedistributionofbacterialpopulationsinthesludgecollected

from 5swinerieswasanalyzedby16SrRNA genesequenceanalysis.A total

of 351 strains of sulfur-oxidizing bacteria were isolated through the

enrichmentculture from swinery sludge and classified into 6 groups of

phyla/class Alpha-, Beta-, Gamma-proteobacteria, Actinobacteria,

BacteriodetesandFirmicute.Theyweretentativelyplacedinto16ordersor

suborders,23familiesand48generaby16S rRNA sequenceanalysis.The

sulfuroxidizersoftheProteobacteriacluster,Comamonas,Paracoccusand

Pseudomonas in the swinery sludge were the evolutionary cousins of

widespreadswinerysludgebacteriaofthesamegroup.ThesoxB geneswere

foundin13strains,whichrevealthepresenceofsulfur-oxidizingbacteriain

the swinery sludge.Among these were 16S rRNA sequences,7 genera,

including Acinetobacter, Alicycliphilus, Comamonas, Hydrogenophaga,

Paracoccus,Pseudomonas and Rhodobacter,represented the new sulfur

oxidizersinswinerysludge.Phylogenybasedontheaminoacidssequences

ofsoxB genewascreated using 9strainsofBeta-proteobacteriaand 4

strains of Alpha-proteobacteia. The BLAST search showed the

thiosulfate-oxidizingbacteriaisolatedfrom swinesludgefellintofourdifferent
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genera,Comamonas,Methylibium,ParacoccusandThiobacilluswith80-81%

sequence similarities. The sulfate assay using a modified standard

turbidimetric method revealed thatstrains BB11 and BB12 produced the

highestamountofsulfateaccumulation175.5and128.2μg/mL,respectively.

Among theisolatedstrains,5strainswereconsideredascandidatesfor

novel genera or novel species according to combined genotypic and

phenotypic characterization. Based on the differential phenotypic and

chemotaxonomic properties,together with their phylogenetic and genetic

distinctiveness,strain KBB12
T
was considered to be a novelgenus and

speciesofthefamilyComamonadaceae,forwhichthenameThiobacterium

jejuense gen.nov.,sp.nov.is proposed,and strain BA15
T
was also

consideredanovelgenusandspeciesofthefamilyRhodobacteraceae,for

whichthenameCaenirhodobacterjejuensisgen.nov.wasproposed.Strains

KBB4
T
and KBB8

T
should be considered novelspecies in the genus

Comamonas,for which the name Comamonas jejuensis sp.nov.and

Comamonascaeniwereproposed,andstrainKBB11
T
shouldbeconsidered

novel species in the genus Hydrogenophaga, for which the name

Hydrogenophagathiooxydanssp.nov.wasproposed.

Theresultsofthisstudycouldbeusedasthebasicdataforcurrentissues

in thelivestock industry,especially in excrementtreatmentin Jeju.Since

SOB reducepollutantsinlivestockmanure,theycouldbeusedinswineries

tocleanandimprovetheenvironmentqualityinJeju.Futurestudiesshould

focusontheisolationofsuchpowerfulSOB from swinerysludgeorother

sources.Thestudyaimedtocharacterizethemetabolism ofsulfurbySOBto

sulfideorotherinorganicreducedformsofsulfuranddeterminetheroleof

thesebacteriaon thedegradation ofsulfurcompoundsfortheimproving

environmentalconditions.
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BACKGROUND

Recently,theagriculturalcommunity andlarge-scalelivestockproduction

havechangedsignificantly.Thesetrendsincludeanoverallreductioninthe

numberoffarms,butanincreaseinintensivelivestockproductionfacilities,

which are majorsources ofunpleasantodorin ruralcommunities.Odor

nuisanceandpollutantgasemissionscontinuetobeamajorissueforthe

livestockandpoultryindustriesbecauseoftheirpotentialenvironmentaland

healtheffectsonanimals,workers,andpeoplewholivenearsuchconfined

animalfeedingoperations(Sunetal.,2010).

Swinery odors are produced primarily via incomplete fermentation of

livestock manure by bacteria. Some principal odorous compounds are

ammonia,amines,sulfur-containing compounds,volatilefattyacids,indoles,

skatole,phenols,alcohols,andcarbonyls(Mackie,1998;Laoretal.,2007).

However,theodorcompositioncanvarywiththetypeofanimalraised,the

season,thestageofanimalgrowth,thetypeoffeed,and thesampling

location.Offensiveodorsareaproblem thatcanleadtopublicoppositionof

establishingnew livestockfacilitiesorexpandingexistingfacilities.Inrural

areas,odoremissions from livestock operations constitute a majorissue.

Pollutants,such as NH3,H2S,and others (particulate matter,odor,and

pathogens)emittedbyanimalproductionunitsrepresentriskstothehealth

andwell-beingofanimals,workers,neighbors,andtheglobalenvironment

(Elenbaasetal.,2005).Asaresult,animalproducersarefacingchallenges

from regulatoryagenciesandnearbycommunitiestoreduceoffensiveodors

and pollutant gas emissions.Various treatment technologies have been

developedtoreducemalodorfrom animalfeeding facilities(Powersetal.,

1999;Laceyetal.,2004;Ullmanetal.,2004),whichareprimarilybasedon

oneofthefollowingprinciplestrategies:pre-excretionmanagement,suchas
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inhibitionofmalodorformation by animals(i.e.,dietary manipulation),and

post-excretioncontrol,includingthetreatmentofvolatilizedcompounds(i.e.,

biofiltration)andthesuppression ofmalodoremissionsatthesource(i.e.,

manure amendments,impermeable/permeable covers).Post-excretion odor

managementtargetstheemittedodorouscompoundstobemitigatedthrough

their adsorption or transformation mechanisms, such as oxidation,

precipitation,chemicaldegradation,biodegradation,etc (Pahletal.,2002;

Sliwinskietal.,2002).

TheindustrialstructureoftheJejuareaismostlytakenupbyprimaryand

tertiaryindustries;inprimaryindustry,thelivestockindustrymakesupa

largeportionoftheJejuareaeconomy,accountingforapproximately22.2%

of the gross income of primary industry.Moreover,in 2011,due to

foot-and-mouth disease,which becamewidespreadthroughoutthecountry,

thelivestockindustryintheJejuareabecamemorepopularthaninother

areas.However,variousproblemshavearisenbecauseofthislargeshareof

theeconomythatistakenupby thelivestockindustryintheJejuarea.

Theseproblems,mainlycausedbylivestockexcretionsgeneratedfrom the

livestockindustry,haveledtoissueswithgreenhousegasemissionsonthe

globallevel,damagetothecleanimageofthecountryonanationallevel,

complaintsbyresidents,anddamagetothetourism industrybecauseofthe

foulsmell,andpollutionofundergroundwaterintheJejuarea.

Environmentalcontaminationbybovinemanureisnotconsideredahuge

concernontheislandofJejusincethemajorityofcattleareallowedtograze

freelyandonlydairycowsarehoused.However,swinethatareraisedunder

enclosed farming conditions pose a major contamination threat to the

environment.Therefore,innovativemanuretreatmenttechnologiesthatare

economicalandenvironmentallyfriendlyhaverecentlyemergedastopicof

concern.Disposingofanimalwastewithoutproperhandlingcanincreasethe

potentialfor air,soil,and water pollution.In particular,swine manure
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containsahighconcentrationofpollutantsthatcanseriouslyaffectnotonly

thesoilnearfarming groundsbutalsothecropsgrowing inthevicinity.

Residentsofsuchareashavealsofiledanincreasingnumberofcomplaints

regardingtheoffensiveodor.Thepotentialofanimalwasteasrenewableraw

materialforbiomass ornaturalfertilizershould notbe disregarded.At

present,1,500tonsofmanurearesprayedasfertilizeronsoilandgrass,but

ithas been regarded to have a negative impacton the pristine Jeju

environmentbecause oftheoffensiveodor.Currently,the main types of

swinemanuremanagementincludetheslatsmanuremanagementsystem and

thescrapermethod,theformerbeing themostwidely used.In theslats

treatment,allwastes are transported to a processing facility,without

performing liquid-solid separation.The advantages of this method are

convenienceandodorreduction.Alternatively,thescrapermethodinvolvesthe

initialseparationofliquids,whicharethentransferredtoastoragefacility

fordistinctprocessing.Thesolidsarethendriedorfermentedforavariety

ofother uses.The scraper method is becoming increasingly unpopular

becauseitislabor-intensiveandodorous.

Bothnaturalandanthropogenicsourcescontributetothetotalemissionof

hydrogen sulfide.Hydrogen sulfide occurs naturally in the gases from

volcanoes,sulfursprings,underseavents,swamps,andstagnantbodiesof

waterincrudepetroleum andnaturalgasandasaproductofthebiological

degradationoforganicmatter(Lomansetal.,2002).Considerableamountsof

hydrogensulfidearealsoemittedfrom industrialactivitiessuchaspetroleum

refining, pulp and paper manufacturing, wastewater treatment, food

processing,livestockfarming,andnaturalgasprocessing.

Majorproblemsassociatedwiththeanaerobictreatmentofsulfateandsulfite

containing wastewaterfrom treatedwaterandbiogasarecorrosionanda

strong unpleasantsmellofthe treatment.Hydrogen sulfide is a toxic,

colorless,flammablegasthathasacharacteristicodorofrotteneggs,andits
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odor threshold is about 0.00047 ppm.Physicochemicalmethods for it's

removalfrom gas emissions in use today have relatively high energy

requirementsorhighchemicalanddisposalcost.Biologicaltreatmentusing

biofilterhavebeenproposedasaconvenientalternativefortreatinggaseous

emissionscontaininghydrogensulfideandreducedsulfurcompounds(Choet

al.,1991;LesonandWiner,1991; Mackieetal.,1998).Theconcentrationsof

hydrogen sulfidein gasemissionsareusually very diluteand traditional

physical–chemicaltechnologiessuchasincineration,adsorptionorchemical

scrubbing tend to becostly and areassociated with theirown pollution

problems.Asaresult,basedonthecostoftheequipmentandoperation,

biologicaltreatmentisbelieved tobethemosteconomicaloption forthe

removalofhydrogensulfide.Microbialreactionsinsoilshavebeenoccurring

naturallyformanycenturies,butonlysincethe1950’shavesuchtechniques

been used to treatwaste gases.Extensive biofilter research has been

conducted only in the past 60 years,thereby limiting the quanity of

information.

Biofiltrationisaneffectivetechnologytoreduceodor,hydrogensulfide,and

ammoniaemissionsfrom livestockfacilities(NicolaiandJanni,1998;Noren,

1985).ScholtensandDemmers(1990)reportedthateventhoughbiofiltersare

knowntoreduceodor,hydrogensulfide,andammonia,theyarehardlyused

inintensivelivestockfarmingintheNetherlands.Thecostoftreatinglarge

quantitiesofexhaustairdemonstratedthatbiofilterscanbecosteffectiveif

theyareproducedwithlow constructioncostsandanefficientdesignisused

(Nicolaietal.,1998).Forabiofiltertobebotheffectiveinremovingodors

andlow cost,thebiofiltersizemustbeoptimized.Twoimportantparameters

intheoptimizationofbiofilterdesignsaretheairflow rateandtheresidence

timeoftheairbeingtreated.Themaximum livestockbuildingventilationrate

establishesthebiofilterairflow rate.Theresidencetimeisdefinedasthetime

theairisincontactwiththebiofiltermedia.Itisafunctionofthemedia
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depth,cross-sectionalarea,andairflow rate.Anindicatoroftheresidence

time is called the “empty bed contact time” (EBCT).The EBCT is

determinedbydividingthevolumeofthebiofiltermediabedbytheairflow

rate.Biofiltration is a process thatutilizes microorganisms growing or

immobilizedon an organicporoussupport;theorganicmedium actsasa

physicalsupportforactivebiomassand,insomecases,providesnutrientsfor

growth.Thecontaminatedgaseousstream passesthroughthefilterbed,the

bed material absorbs biodegradable volatile compounds, and the

microorganisms degrade itinto less harmfulcompounds (Groenestijn and

Hesselink,1993).In thecaseofahydrogen sulfideremovalsystem,the

oxidationsuppliesenergytothecellandproducesodorlesscompounds.Since

theactionsofthemicroorganismsinthebiofiltercausesthebreakdownof

theodorouscompounds,itisimportanttounderstandthetransformationsand

interactions ofthese microorganisms.Our knowledge ofmicroorganisms’

ecosystem is fragmentary and poor (Devinny,1999) Biofilters may be

self-inoculating,inoculatedwithactivatedsludgeorcompost,orinducedwith

bacteriaspecies.Mostbiofiltersutilizedinagriculturalsettingsusecompost

asthesourceofmicroorganisms.

A biofilterisabiologicalwastegastreatmentsystem thatprovideshigh

porosity,highnutrientavailability,highmoistureretentioncapacityandhigh

bufferingcapacitytosustainmicrobialgrowthonasuitablesupportmatrix

(Reneetal.,2005;Syed etal.,2006).Theefficiency ofany biofiltration

processdependsonthetemperature,moisturecontent,pH level,flow rate,

surfaceloading rateandthephysicalstructureofthebiofilter(Hong and

Park,2005).Inbiofiltersthemostcommonlyusedcarriersarecompostand

peat,althoughsomeresearchershaveaddedothermaterialssuchasperlite

and/orwoodchipsinanefforttoavoidcompactionofthebed(Wanietal.,

1999).Activated carbonshavealso been used to removeH2S and these

providehighperformance(Chungetal.,2005;Maetal.,2006).Theactive
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carbon allowsacombinationofadsorptionandbiologicaldegradation.The

effectivenessofabiofilterreliesontheactivityofthemicrobialpopulation

andthetypeofenrichmentperformedduring theinoculationstep.Several

bacterialstrainshaveshowntheabilitytoremovemalodorbecauseofH2S.

They obtain energy forgrowth by oxidizing sulfide components.Several

bacterialspecieshavebeen evaluated fortheirsulfideoxidation properties

(Syed etal.,2006).Thiobacillusthioparuswasused forhydrogen sulfide

treatmentofindustrialwastewater(KanagawaandMikami,1989;Choetal.,

1991;Chungetal.,1996;Chungetal.,1996;Vlasceanuetal.,1997;Qiuet

al.,2006).Thismethodisreportedtobeinexpensiveanddoesnotproduce

additionalpollution.T.thioparuscanoxidizesulfideintoelementary sulfur

undersuitablephysical,chemicalandoperationalconditions(Qiuetal.,2006).

Thiskindofbacterium isalsocapableofdegradingothersulfurcontaining

compoundssuchasmethanethiol,dimethylsulfide,anddimethyldisulfide.Some

otherspecies evaluated forsulfurreduced compound removalinclude T.

denitrificans,T.ferrooxidansandT.novellas(Chaetal.,1999;Maetal.,

2006).Althoughitispossibletoestablishamicrobialpopulationthathasthe

abilitytooxidizeH2S,i.e.inoculatingactivesludgeandallowingtheoperation

conditionsofthebiofiltertoselectmicroorganismswithhigherdegradation

activity(Hiraietal.,1990;Choetal.,1991),itseffectivenessislimitedand

generallytheeliminationcapacitiesthatsuchsystemsexhibitarenotconstant

(Wanietal.,1997).
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CHAPTER1

DiversityofSulfurCompounds

DegradingBacteria
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1.1.Introduction

Sulfur-oxidizingbacteria(SOB)playanimportantroleinmineralcyclingin

theenvironment.Sulfideistoxicand posesagreatthreattopublicand

environmentalhealth (Roth et al.,1995).Biologicalsulfide oxidation is

currently the most widely used process for the treatment of sulfide

wastewater(Liaoetal.,2008Sorokinetal.,2008).Thesulfurcompoundscan

beused aselectron acceptorsorelectron donorsin processesknown as

sulfate/sulfur reduction and sulfur oxidation,respectively (Fig.1.1).The

electronsderived from sulfuroxidation areused by aerobicchemotrophic

archaeaandbacteriaforenergytransformationoftherespiratorychainand

forautotrophiccarbon dioxidereduction (Friedrich etal.,2005).Anaerobic

phototrophicbacteriauselightenergy totransferelectronsfrom sulfuror

othersourcesforautotrophiccarbondioxidereduction(Frigaard andDahl,

2009).

Aerobic sulfur oxidizing bacteria are distributed in genera such as

Acidianus (Friedrich, 1998), Acidithiobacillus (Kelly and Wood, 2000),

Aquaspirillum (Friedrich and Mitrenga,1981),Aquifer(Huberand Stetter,

1999),Bacillus (Aragno,M.,1991),Beggiatoa (Strohl,1989),Comamonas

(Pandeyetal.,2009),Methylobacterium (Kellyand Smith,1990;Zwartetal.,

1996),Paracoccus,Pseudomonas (Friedrich and Mitrenga,1981),Starkeya

(Kellyetal.,2000),Sulfolobus,Thermithiobacillus(KellyandWood,2000),

Thiobacillusand Xanthobacter(Friedrich and Mitrenga,1981).Phototrophic

anaerobic sulfur oxidizing bacteria are distributed in genera such as

Allochromatium,Chromatium (Imhoffetal.,1998),Chlorobium,Chlorobaculum

(Rodriguez et al., 2011), Rhodobacter (Shibata and Kobayashi, 2001),

Rhodopseudomonas,Rhodovulum,RoseovariusandThiocapsa(Brune,1989).
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Fig.1.1.Thesulfurcycle(Rainaetal.,2009).

Thewidetaxonomicandecologicaldistributionofsulfur-chemolithotrophy

alsodemonstratestheabilityofvariousorganismstoutilizedifferentreduced

sulfurcompoundsaschemolithotrophicsubstrates(Kelly etal.,1997,2000;

Friedrich,1998;Debetal.,2004;Ghoshetal.,2005;GhoshandRoy,2007).

Thespecies-specificphysiologicaldistinctionsarealsorelatedtotheunequal

efficienciesofenergy conservation by differentorganismsfrom thesame

substrate,differentelectron transportmechanisms,and distinctsubstrate

oxidationpathwaysandenzymesinvolvedindissimilarmetabolicforsulfur

(LuandKelly,1988;Pronketal.,1990;Kellyetal.,1997;Ghoshetal.,2005;

Ryuetal.,2009;Masudaetal.,2010).Thethiosulfateisacommonsubstrate

oxidizedby mostsulfur-chemolithotrophs,andspeciesdistributed overthe

Alpha-,Beta- and Gamma-proteobacteria additionally utilize many other

sulfur compounds including tetrathionate (Kelly etal.,1997;Graff and

Stubner,2003;Ghoshetal.,2005;RohwerderandSand,2009;Vidyalakshmiet

al.,2009).

In many of these organisms,the sulfur-oxidizing (Sox) multienzyme

complexisusedintheoxidationofthiosulfatetosulfate(Friedrichetal.,
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2001).Twodifferentenzymepathwaysforthiosulfateoxidation arefound

withinthesesystemsanddifferentenzymesmediatetheconversionofvarious

reducedsulfurcompounds(Fig.1.2)(Kellyetal.,1997;Friedrich,1998).Inthe

firstpathway,which is found in bacteria such as the lithoautotrophic

proteobacterium Acidiphilium andThiobacillus,thiosulfateisfirstoxidizedby

aperiplasmicthiosulfatedehydrogenasetotetrathionateeitherasthefinalor

intermediateproduct(Meulenbergetal.,1993;Kellyetal.,1997;Sakuraiet

al.,2010).Inthesecondpathway,whichisfoundinbacteriasuchasthe

facultative lithotrophic Paracoccus pantotrophus and the phototropic

Chlorobaculum,thiosulfate oxidation is catalyzed by the collaboration of

severalperiplasmic proteins,referred to as the sulfur-oxidizing system

(Friedrich,2001).ThemodelSoxenzymesystem comprisesthe4periplasmic

complexes SoxXA,SoxYZ,SoxB and SoxCD that catalyze thiosulfate

oxidationaccordingtothefollowingmechanism (Friedrichetal.,2001;Hensen

etal.,2006;Meyeretal.,2007;Weltleetal.,2009).

Fig.1.2.Proposedpathway ofthiosulfateoxidation catalyzedby Sox

systems.(A)organismsthatdonotform sulfurglobulesenroutetosulfate

and(B)organismsthatform sulfurglobulesasintermediates.Allreactions

takeplaceintheperiplasm (FigaardandDahl,2009).
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This enzyme complex appears to be importance in many

thiosulfate-oxidizingbacteria.IntheSoxenzymesystem,thefunctionsofthe

monomeric, dimanganese containing proteins have been characterized

(Cammacketal.,1989;Epeletal.,2005).First,SoxXA isaheterodimeric

protein,complex oxidatively couplesthesulfanesulfurofthiosulfatetoa

SoxY-cysteine-sulfhydrylgroup ofthe SoxYZ complex from which the

terminalsulfonegroupissubsequentlyreleasedbytheactivityoftheSoxB

component (Quentmeier and Friedrich, 2001; Ogawa et al., 2008).

Subsequently,thesulfuroftheresidualSoxY-cysteinepersulfideisfurther

oxidizedtocysteine-S-sulfatebytheSoxCD sulfurdehydrogenasecomplex

from whichthesulfonatemoietyisagainhydrolyzedoffbySoxB,thereby

restoringSoxYZeachofthepreviousproteinsaloneiscatalyticallyinactive

(Friedrichetal.,2001;2005)(Fig.1.2).ThesoxB,anessentialcomponentof

thebacterialSox sulfuroxidationpathway (SchneiderandFriedrich,1994;

Sauveetetal.,2009),thethiosulfate-oxidizing multi-enzymecomplex,that

containsaprostheticmanganesecluster,andadimermanganese(II)sitein

thereactioncenter,andisproposedtocatalyzethereleaseofsulfatefrom a

protein-bound cysteine-S-thiosulfonate (Cammack etal.,1989;Quentmeier

andFriedrich,2001).Thepreviouslypublished studiesusedpolymerasechain

reaction(PCR)(Petrietal.,2001)toinvestigatethesoxB distributionamong

differentphoto-andchemotrophicallysulfur-oxidizingbacteria(SOB)strains

considering thiosulfate-oxidizing,sulfur-storing species.ThesoxB geneis

functionalinallknownthiosulfate-oxidizingandphototeophicSOB species,

andlikelyinspeciesthathavenotyetbeenreportedtousesulfurcompounds

aselectron(Mayeretal.,2007).

Accordingly, this study investigated the bacterial diversity of

thiosulfate-oxidizing bacteriastrainsfrom swinerysludge,andthepossible

modes ofthiosulfate oxidation by these organisms and the phylogenetic

distributionofthesulfur-oxidizingBgene(soxB).
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1.2.MaterialandMethods

1.2.1.Samplingsite

Theswineriesinvestigatedin thisstudy wereselectedin termsofthe

ventilation type.The2ventilation modesoftheswined in Koreaare1)

mechanicalventilationbywallexhaustfansand2)naturalventilationbythe

operationofawinch-curtain.Generally,confinementstylebuildingsforswine

weremechanicallyventilatedandopenstylebuildingsforswinearenaturally

ventilated.Sampleswerecollected from theswinery ofnaturalventilation

typeinA andB site,andmechanicalventilationtypeinC,D andE site

(Table1.1,Fig.1.3).

Table1.1.Theswinerystructureofthesamplingsite

Site Ventilationtype
Excretion

processing
Samplingdate

A
Naturalventilation

Slats

July10,2010

B July27,2012

C

Mechanicalventilation

June30,2011

D August10,2011

E August10,2010
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Fig.1.3.Thestructuralview ofswinerysludgesamplingsitesinJeju.

(A)Mechanicalventilationand(B)Naturalventilationtype.
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1.2.2.Enrichmentcultureandisolationofbacteria

Swinerysludgewasusedastheinoculumsforenrichmentcultures.Mineral

mediaused forenrichment,isolation andcultivation wereSulfur-Oxidizing

Bacteriamedium (SOB;Na2HPO43.0g/L,KH2PO41.5g/L,MgSO4·7H2O 0.2

g/L,NH4Cl2 0.4g/L,CaCl2 0.2g/L,FeCl3 0.01g/L,NaHCO3 0.2g/L and

Na2S2O3 4.0g/L)andBushnellHass(BH)medium (0.409g/LMgSO4·7H2O,

0.0265g/LCaCl2·2H2O,1g/LKH2PO4,1g/LNH4NO3,6g/LNa2HPO4·12H2O,

and0.0833g/LFeCl3·6H2O)andwith50㎕ traceelements(17g/LFeCl3,0.6

g/L CaCl2,0.2g/L ZnSO4,0.2g/L CuSO4·7H2O,0.2g/L MnSO4,0.8g/L

CoCl2,0.1g/LH3BO3,and0.3g/LNa2MoO4·2H2O)(Bushnelland,Haas,1941).

EnrichmentofSOBandBH mediawasconductedusingaliquidmedium on

arotaryshakerat200rpm at30°C.After2weeks,fortheisolationand

purification,solid medium was prepared and 0.2 mL aliquots of the

enrichmentculturesweretransferredontothesolidmedium.Theplateswere

incubatedinat30°C.ThecoloniesformedontheagarplatesofSOB and

BHmediaweretransferredatleastthreetimestoobtainpurestrains.

1.2.3.DNA extraction

ThebacterialDNA wasextractedusingthefollowingprotocol(Murrayand

Thompson,1980).Eachbacterium wasinoculatedwith10mLoftheabove

liquidmedium.Cellculturesweretransferredintomicrotube,centrifugedat

13,000xgfor5minandthesupernatantliquidwasdiscarded.Thepelletwas

resuspendedin50mM Tris-HCl/50mM EDTA (TE)buffer,then100mg/mL

lysozymewasaddedandincubatedfor5min.Next,10% SDSand100μ

g/mLproteinaseK wereaddedandthemixturewasincubatedfor1hrat37

°C.Thesolutionof5M NaClandCTAB/NaClwereaddedandincubatedfor
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10 min at 65 °C. DNA was extracted with equal volumes of

Phenol/Chloroform/Isoamyl-alcohol(25:24:1)andcentrifugedat13,000xgfor

10min.Theaqueousphasewasextractedwithchloroform/isoamylalcohol

(24:1)andcentrifugedat13,000xgfor10min.Thesupernatantwasremoved

toafresh tube,0.6volumesofisopropanolwasaddedtoprecipitatethe

nucleicacidsandcentrifugedat13,000xgfor5min.Thepelletwaswashed

with70% ethanol,recoveredbycentrifugeat13,000xgfor5min.Thenthe

precipitatedDNA wasthendriedanddissolvedinTEbuffer.Thesuspension

wasusedastheDNA templateforsubsequentPCR amplification.

1.2.4.PCR amplification andsequencing ofthe16S rRNA and

soxB gene

The16S rRNA genewasamplified by PCR with universaleubacterial

primers27Fand1522R(Table1.2)inThermalCyclerPTC1000(BIO-RAD,

USA).Thetemperatureprogram wasasfollows:denaturationat94°Cfor5

min,annealingat50°C(Actinobacteria)and55°C(Bacteria)for1min,and

extensionat72°Cfor1min.Thefinalcycleincludedanextensionof72°C

for10mintoensurefullextensionoftheproducts.ThePCRproductswere

assayed by electrophoresis on a 1 % (w/v)agarose gel,stained with

RedSafeTM (iNtRON,Korea),andvisualizedbyaUV transilluminator.The

PCRproductswerepurifiedwithFragmentDNA Purification(iNtRON,USA),

accordingtothemanufacturer’sinstructions.

AamplificationofthesoxB genefragmentwasperformedusingtheprimer

setandPCR protocolsdesdcribedby Petrietal.(2001)(Table1.2).The

amplificationprogram wasasfollows:onecyclecomprising94°Cfor2min,

followedby10cyclesconsistingofdenaturation(94°Cfor30s),annealing

(55°C for40s)andextension(72°C for30s).Thereafter,25additional
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cycleswereperformedatan annealing temperatureof47°C andafinal

extensionstepconsistingof72°Cfor6min.

ThepurifiedPCR productswereligatedintoaTOPO vector(Invitrogen,

USA). The ligated products were transformed into TOP10-competent

EscherichiacoliJM109cells(Invitrogen,USA).Therecombinantplasmids

DNA wereextractedfrom theclonedcellsandpurifiedwithaWizardPlus

MiniprepsDNA purificationsystem (Promega,USA).The16S rRNA gene

plasmid DNA were used as a template forsequencing.ABIPRISM Dye

TerminatorCycle sequencing kits (Applied Biosystems,USA)were used,

accordingtothemanufacturer’sinstructions.Thesequencesweredetermined

by an automated DNA sequencer (ABI Prism model 3730, Applied

Biosystems,USA).

Table1.2.Oligonucleotidesequencesofprimerusedinthisstudy

Primer Sequence Reference

27F 5’-AGA GTTTGATCCTGGCTCAG-3’ Lane,1991

1522R 5’-AAGGAGGTGATCCA(AG)CCGCA-3’ Lane,1991

soxB693FK39 5̀-ATCGGNCAGGCCTTYCCNTA-3̀ Petrietal.,2001

soxB1446BK42 5̀-CATGTCSCCDCCBTGYTG-3̀ Petrietal.,2001

T7 5̀-TAATACGACTCA CTATAGGG-3̀ Invitrogen

M13R 5̀-AGGAAACAGCTATGACCAT-3̀ Invitrogen
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1.2.5.Phylogeneticanalysis

Thepartialsequencesofthe16SrRNA genewerealignedwiththeclosest

relativestrainsavailablein theGenBank database by using theBLAST

program (nucleotide blast; http://www.ncbi.nlm.nih.gov/blast/). Sequence

similarity values were computed using the EzTaxon server

(http://www.eztaxon.org/;Chunetal.,2007).

ThesoxB nucleotidesequencesweretranslatedintoaminoacidsequences,

anddeducedaminoacidsequencedatawerecomparedtoavailabledatainthe

GenBank databases by using the BLAST program (tblastn;

http://www.ncbi.nlm.nih.gov/blast).

Thealignmentswere performedbyCLUSTALX 1.83(Thompsonetal.,

1997), and gaps were edited in BioEdit software (Hall, 1999). The

phylogenetictreeswereconstructed basedon theneighbor-joining method

(Saitou and Nei,1987)in MEGA 5 program (Kumaretal.,2001).The

resulting treetopologieswereevaluatedbybootstrapanalysis(Felsenstein,

1985)basedon1,000resampleddatasets.
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1.2.6.Thiosulfateoxidation

Thethiosulfateoxidation wasexaminedin amineralsaltsmedium that

contained(g/L)Na2S2O3·5H2O,5.0;K2HPO4,0.2;MgCl2·6H2O,2.5;NH4Cl,1.0;

bromocresolpurple,0.002;pH 7.5.Theplateswereincubatedat30°Cfor10

daysandtheexperimentswerereplicatedthreetimes.Thechangeincolor

from purpleto yellow wasindication ofthiosulfateoxidation dueto the

productionofsulfuricacidfrom thiosulfate.Additionally,controlplateswithout

thiosulfateweremaintained(Anandham etal.,2009).

The thiosulfate determination in the culture supernatantwas estimated

turbidometrically(Kolmertetal.,2000).The5% BaCl2 wasaddedtothe

culturesupernatantandthesolutionwasmixedfor60sataconstantspeed.

Theabsorbanceoftheresultingsuspensionat420nm wasthendetermined.

ThestandardsulfatesolutionweremadebydissolvingNa22O4 indeionized

water.Thecalibrationcurveobtainedusingstandardsolutionswasfittedwith

athirddegreepolynomialcurveovertherangeof0-5mM sulfate.

A batchcultureexperimentwasperformedtoexaminewhetherthiosulfate

wasoxidizeddirectlyintosulfateoraccumulatedasintermediatecompounds.

Thebacterialstrainsweregrownin100mLofSOB medium supplemented

witha0.1% yeastextracttoincreasethecellyieldin250mLErlenmeyer

flasksat30°Cinashakingincubator(120rpm)for3days.Separateflasks

weretakenforanalysisatthetimeintervalsof6,12,18,24,30,36,48,60,

72,84and96h.Theturbidity oftheculturewasmeasuredwith aUV

spectrophotometer(Themer,USA)atanabsorbanceat600nm.
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1.2.7.Thiosulfateoxidizingenzymes

Thebacterialstrainscultivated in SOB medium in ashaking incubator

operatingat120rpm for7dayswereharvestedbycentrifugationat10,000

xgfor20min.Theharvestedcellswerewashedandresuspendedin10mM

potassium phosphatebuffer(pH 7.0)and disrupted by sonication using a

sonopulsSM 2070sonicator(Brandelin,Germary)at20kHzfor10minat0

°C.Thecelldebriswasremovedbycentrifugationat10,000xgfor20minat

4°C.Theclearsupernatantwereused asthecell-freeextractsforthe

enzymeassay.Theproteinconcentrationsweredeterminedbythestandard

method(Bradford,1976).

Thethiosulfateoxidaseenzymeassay wasbased on thatofTrudinger

(1961)in which the ferricyanide reduction was measured by using the

spectrophotometerat420nm.Thereactionmixturewasinatotalvolumeof

1 mL in a 1cm cuvettecontained phosphatebufferpH 7.0 (100 mM),

Na2S2O3 (10mM)andK3Fe(CN)6(1mM).Thereactionwasstartedbythe

addition of cell-free extract (500 ug/mL) and substrate. Decrease in

absorbanceat420nm wasrecordedandferricyanidereductionwasmeasured

byusinganextinctioncoefficientof1.0mM
_1
cm

_1
.Theenzymeactivitywas

expressedasnM ferricyanidereduced/min/mgprotein.

ThesulfiteoxidasewasassayedbythemethoddescribedbyCharlesand

Suzuki(1966),with slightmodifications.Thereaction wasmeasuredin a

reactionmixture(1mL)withslightmodifications,containing1mL ofTris

buffer(100mM)and25mM EDTA,0.1mL ofpotassium ferricyanide(1

mM),Na2SO3(1mM)dissolvedin25mM EDTA andcell-freeextract(500

ug/mL).The reaction was initiated by adding sulfite,and decrease in

absorbanceat420nm wasrecordedbyusingbufferpluswaterasablank.

Ferricyanidereductionwasmeasuredbyusinganextinctioncoefficientof1.0

mM
_1
cm

_1
.
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1.3.Results

1.3.1. Isolation and phylogenetic analysis of sulfur-oxidizing

bacteriafrom swinerysludgeofsiteA

A totalof102 strains were isolated from sulfuroxidizing enrichment

cultureoftheswinerysludgeofsiteA.Theywerepartiallyidentifiedas24

differentgeneraand41speciesby16S rRNA sequenceanalysisandwere

classifiedinto5groups(phyla/classofAlpha-,Beta-,Gamma-proteobacteria,

ActinobacteriaandFirmicutes).Whileasubstantialportion oftheisolates

belonged to Gamma-proteobacteria, (38 %), Beta-proteobacteria (28 %),

Alpha-proteobacteria(15%)andActinobacteria(13%),afew ofisolates

wereaffiliatedwithFimicutes(6%)(Fig.1.4).

The 16S rRNA gene sequence ofthe isolated bacteria showed close

similarity with reference sequences of the EzTaxon server database

(http://www.EzTaxon.org/;Chunetal.,2007)(Table1.3)

Moststrains belonged to the phylum Proteobacteria,mainly to class

Gamma-proteobacteria,and they were classified into different families:

Aeromonadaceae,Pseudomonadaceae,XanthomonadaceaeandMoraxellaceae.

Ofthe38isolates,14isolatesshowed 99-100% sequencessimilarity to

Stenotrophomonassp.,13isolatesexhibited99-100% toPseudomonassp.

and9isolatesexhibited99-100% toAcinetobactersp..TheisolateSS47

showeda97.4% sequencesimilaritytoZobellellasp.thattheisolateshould

beassignedtoanovelspecies(Table1.3).

The29isolatesbelongingtothephylum Beta-proteobacteriafellintothe3

genera,Alcaligenes,Pusillimonas and Thauera (Table 1.3).Twenty-five

isolatesshowed 99-100% sequencessimilarity to Thauerasp.being the
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dominantspecies,2 isolatesshowed 99-100 % to Alcaligenessp.and 1

isolateshowed99-100% toPusillimonassp.

The15isolatesbelongedtothephylum Alpha-proteobacteriafellintothe

4genera:Aquamicrobium,Brevundmonas,Paenochrobactrum andParacoccus

(Table 1.3).The 10 isolates showed 99-100 % sequence similarity to

Brevundmonas sp.,2 isolates showed 99-100 % to Aquamicrobium sp.,

2isolatesshowed99-100% toPaenochrobactrum sp.and1isolateshowed

99-100% toParacoccussp.

The13isolatesbelongingtogeneraArthrobacter,Brevibacterium,Dietzia,

Leucobacter,Microbacterium,StreptomycesandRhodococcusweremembers

within thephylum Actinobacteria.Theremainderof6isolate,Firmicutes

sequenceswereisolatedbacteria,intothegeneraBacillus,Chryseomicrobium,

BrevibacillusandLysinibacillus(Table1.3).

Consequently 102 strains belonging to 24 different genera formed 5

taxonomic groups according to phyla,ofwhich 6 strains proved to be

candidatesfornoveltaxa.
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Table 1.3.Closestbacterialspecies to the bacterialstrains isolated

from siteA Comparedby16SrRNAgenesequencesimilarity.

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

SB2 Actinobacteria ArthrobacterarilaitensisCIP108037
T

99.7

SS46 Brevibacterium epidermidisNCDO2286
T

99.5

SS48 Brevibacterium epidermidisNCDO2286
T

99.6

SB24 DietziacercidiphylliYIM 65002
T

99.8

SB19 LeucobacteraridicollisCIP108388
T

98.9

SB22 LeucobacteraridicollisCIP108388
T

99.3

SS43 Microbacterium oxydansDSM 20578
T

99.7

SS19 MicrobacteriumparaoxydansCF36
T

99.2

SS49 Microbacterium phyllosphaeraeDSM 13468
T

99.8

SB3 StreptomycesviolaceochromogenesNBRC13100
T

99.0

SS6 RhodococcusequiDSM 20307
T

99.6

SS4 RhodococcusgordoniaeW4937T 99.6

SB23 Rhodococcusqingshengiidjl-6T 99.8

SB46 Firmicutes BacillusinfantisSMC4352-1T 99.4

SB21 Chryseomicrobium imtechenseMW 10T 99.3

SS27 BrevibacillusagriNRRLNRS-1219T 99.3

SS42 BrevibacillusbrevisNBRC15304T 99.7

SS14 LysinibacillusxylanilyticusXDB9T 98.5

SS13 LysinibacillusxylanilyticusXDB9T 99.2

SS40 α -proteobacteria Aquamicrobium defluviiDSM 11603
T

100

SS21 BrevundimonasbullataIAM 13153
T

100

SS24 BrevundimonasbullataIAM 13153
T

99.2

SS26 BrevundimonasbullataIAM 13153
T

99.3

SS22 BrevundimonasbullataIAM 13153
T

99.7

SS23 BrevundimonasbullataIAM 13153
T

99.7

SS25 BrevundimonasbullataIAM 13153
T

99.7

SS28 BrevundimonasnaejangsanensisBIO-TAS2-2
T

100

SS29 BrevundimonasnaejangsanensisBIO-TAS2-2
T

98.4

SB28 BrevundimonasnaejangsanensisBIO-TAS2-2
T

98.8

SB30 BrevundimonasnaejangsanensisBIO-TAS2-2
T

98.9

SB20 Paenochrobactrum gallinariiSa25
T

100

SS20 Paenochrobactrum glacieiPi26T 99.8

SB32 ParacoccusdenitrificansDSM 413T 99.0

SS33 ParacoccusdenitrificansDSM 413T 99.0

SS30 β -proteobacteria AlcaligenesaquatilisLMG22996T 99.5

SB31 AlcaligenesaquatilisLMG22996T 99.6

SS18 PusillimonasnoertemanniiBN9T 98.9

SB47 ThauerabutanivoransBu-B1211T 100

SS34 ThauerabutanivoransBu-B1211T 99.4
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Table1.3.Continued

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

SS50 β -proteobacteria　　ThauerabutanivoransBu-B1211T 99.4

SS32 ThauerabutanivoransBu-B1211T 99.6

SS35 　 ThauerabutanivoransBu-B1211T 99.7

SS36 　 ThauerabutanivoransBu-B1211
T

99.7

SS37 　 ThauerabutanivoransBu-B1211
T

99.7

SS38 　 ThauerabutanivoransBu-B1211
T

99.7

SS39 　 ThauerabutanivoransBu-B1211
T

99.7

SS41 　 ThauerabutanivoransBu-B1211
T

99.7

SB44 　 ThauerabutanivoransBu-B1211
T

99.7

SB45 　 ThauerabutanivoransBu-B1211
T

99.7

SB33 　 ThauerabutanivoransBu-B1211
T

99.8

SB34 　 ThauerabutanivoransBu-B1211
T

99.8

SB35 　 ThauerabutanivoransBu-B1211
T

99.8

SB36 　 ThauerabutanivoransBu-B1211
T

99.8

SB37 　 ThauerabutanivoransBu-B1211
T

99.8

SB38 　 ThauerabutanivoransBu-B1211
T

99.8

SB39 　 ThauerabutanivoransBu-B1211
T

99.8

SB40 　 ThauerabutanivoransBu-B1211
T

99.8

SB41 　 ThauerabutanivoransBu-B1211
T

99.8

SB42 　 ThauerabutanivoransBu-B1211T 99.8

SB43 　 ThauerabutanivoransBu-B1211T 99.8

SS45 　 ThauerabutanivoransBu-B1211T 99.8

SB48 　 ThauerabutanivoransBu-B1211T 99.8

SB49 　 ThauerabutanivoransBu-B1211T 99.8

SB17 γ -proteobacteria AcinetobacterjohnsoniiDSM 6963T 99.1

SB16 　 AcinetobacterlwoffiiDSM 2403T 98.0

SS15 　 AcinetobacterlwoffiiDSM 2403T 98.1

SS9 　 AcinetobacterlwoffiiDSM 2403
T

98.4

SB14 　 AcinetobacterlwoffiiDSM 2403
T

98.8

SS31 　 AcinetobactertowneriAB1110
T

97.7

SB27 　 AcinetobactertowneriAB1110
T

98.2

SS51 　 AcinetobactervenetianusRAG-1
T

99.1

SS44 　 AcinetobactervenetianusRAG-1
T

99.4

SS53 　 PseudomonasalcaligenesLMG1224
T

97.5

SB25 　 PseudomonascaeniHY-14
T

99.8

SB5 　 PseudomonascorrugataATCC29736T 99.1

SS52 　 PseudomonasgessardiiCIP105469
T

98.7

SS8 　 Pseudomonaskilonensis520-20
T

99.1

SB1 　 PseudomonaskoreensisPs9-14
T

100

SB8 PseudomonaskoreensisPs9-14T 100

SS5 　 PseudomonaskoreensisPs9-14T 99.8

SS1 　 PseudomonasmohniiIpa-2T 99.2



- 26 -

Table1.3.Continued

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

SB4 　γ - proteobacteria PseudomonasmohniiIpa-2
T

99.2

SS7 　 PseudomonasmohniiIpa-2
T

99.4

SB6 　 PseudomonasmohniiIpa-2
T

99.4

SB13 　 PseudomonastaiwanensisBCRC17751T 98.4

SB9 　 PsychrobactermaritimusPi2-20T 99.7

SB11 　 PsychrobactermaritimusPi2-20T 99.7

SB18 　 Stenotrophomonasrhizophilae-p10T 98.9

SB15 　 Stenotrophomonasrhizophilae-p10T 99

SS16 　 Stenotrophomonasrhizophilae-p10T 99.1

SB10 　 Stenotrophomonasrhizophilae-p10T 99.1

SS2 　 Stenotrophomonasrhizophilae-p10T 99.3

SS11 　 Stenotrophomonasrhizophilae-p10
T

99.3

SS17 　 Stenotrophomonasrhizophilae-p10
T

99.4

SS10 　 Stenotrophomonasrhizophilae-p10
T

99.6

SS3 　 Stenotrophomonasrhizophilae-p10
T

99.8

SB7 　 StenotrophomonasterraeR-32768
T

100

SB12 　 StenotrophomonasterraeR-32768
T

100

SB26 　 StenotrophomonasterraeR-32768
T

99.3

SS12 　 StenotrophomonasterraeR-32768
T

99.6

SB29 　 StenotrophomonasterraeR-32768
T

99.6

SS47 　 ZobellellataiwanensisZT1
T

97.4
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Fig.1.4.CompositionofbacterialcommunityofswinerysludgesiteA in

thelevelofthephylum/class.



- 28 -

Fig.1.5.Neighbour-joiningphylogenetictreebasedon16S rRNA gene

sequencesofbacteriafrom siteA.Bootstrappercentages(basedon1000

replicates)greaterthan 70 % are shown atbranching points.Bar,0.05

substitutionspernucleotideposition.
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1.3.2. Isolation and phylogenetic analysis of sulfur-oxidizing

bacteriafrom swinerysludgeofsiteB

A totalof54strainswereisolatedfrom sulfuroxidizingenrichmentculture

ofthe swinery sludge ofsiteB. They were partially identified as 12

differentgeneraand26speciesby16S rRNA genesequenceanalysisand

were classified into 5 groups (Alpha-, Beta-, Gamma-proteobacteria,

ActinobacteriaandFirmicutes).Whileasubstantialportion oftheisolates

belongedtoFirmicutes(43%),Actinobacteria(18%),Beta-proteobacteria

(17%)andGamma-proteobacteria(15%),afew isolatesweremembersof

theAlpha-proteobacteria(7%)(Fig.1.6).

The 16S rRNA gene sequence ofthe isolated bacteria showed close

similarity with reference sequences of the EzTaxon server database

(http://www.EzTaxon.org/;Chunetal.,2007)(Table1.4)

Moststrainsbelongingtothephylum Firmicutesweredistributedintothe

families Bacillaceae and Paenibacillaceae ofthe class Bacilli.Among 23

isolates,9isolatesshowed99-100% sequencesimilaritytoPaenibacillussp.,

6isolatesexhibited 99-100 % to Lysinibacillussp.,4isolatesexhibited

99-100% toBacillussp.,2isolatesexhibited99-100% toBrevibacillussp.

and2isolatesexhibited99-100% toCohnellasp.(Table1.4).

The8isolatesbelongingtothephylum Actinobacteriafellintothegenus

Rhodococcusshowed99-100% similaritytothedominantspecies.

The9isolatesbelonging tothephylum Beta-proteobacteriafellinto2

genera,BordetellaandAchromobacter(Table1.4).The8isolatesshowed

99-100% sequencesimilaritytoBordetellasp.tobeingthedominantspecies

and1isolatesshowed99-100% toAchromobactersp..

The8isolatesbelongingtogeneraEnterobacter,EscherichiaandShigella

arethemembersofthephylum Gamma-proteobacteria.Theremaining 4
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isolate,Alpha-proteobacteria sequences were isolated bacteria,1 genera

Brevundimonasshowed99-100% similaritytothedominantspecies(Table

1.4).

Consequently,54 strains belonging to 12 different genera formed 5

taxonomicgroupsaccordingtothephylaandthephylogenetictreebasedon

16S rRNA genesequencesshowedProteobacteriaandotherbacteria(Fig.

1.7).
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Table 1.4.Closestbacterialspecies to the bacterialstrains isolated

from siteBComparedby16SrRNAgenesequencesimilarity.

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

HS4 Actinobacteria RhodococcusgordoniaeW4937T 100

HS5 RhodococcusgordoniaeW4937
T

100

HS6 RhodococcusgordoniaeW4937T 100

HS8 RhodococcusrhodochrousDSM 43241
T

100

HS10 RhodococcusequiDSM 20307
T

100

HS14 RhodococcusequiDSM 20307T 100

HS17 RhodococcuskunmingensisYIM 45607
T

100

HS20 RhodococcuskunmingensisYIM 45607T 100

HB20 RhodococcuszopfiiDSM 44108
T

100

HB24 RhodococcuszopfiiDSM 44108
T

100

HB21 Firmicutes BacilluscereusATCC14579
T

100

HB12 BacilluscirculansATCC4513
T

100

HS13 BacillusoceanisediminisH2T 96.7

HS16 BacillusoceanisediminisH2
T

99.1

HB11 BrevibacilluschoshinensisDSM 8552T 99.8

HB10 BrevibacilluschoshinensisDSM 8552
T

99.8

HB22 CohnellaphaseoliGSPC1
T

99.8

HS12 CohnellaphaseoliGSPC1T 99.8

HB26 LysinibacillusmacroidesLMG18474
T

99.7

HS19 LysinibacillusmacroidesLMG18474T 99.0

HS26 LysinibacillusmacroidesLMG18474
T

99.0

HB1 LysinibacillussphaericusC3-41
T

98.3

HB6 LysinibacillussphaericusC3-41
T

98.6

HB19 LysinibacillusxylanilyticusXDB9
T

100.0

HB18 PaenibacilluschibensisJCM 9905T 100.0

HS22 PaenibacillusillinoisensisNRRLNRS-1356
T

99.7

HS25 PaenibacillusillinoisensisNRRLNRS-1356T 99.6

HB16 PaenibacillusillinoisensisNRRLNRS-1356
T

99.5

HB9 PaenibacillusillinoisensisNRRLNRS-1356
T

99.7

HS21 PaenibacillusillinoisensisNRRLNRS-1356T 99.7

HS24 PaenibacilluspabuliJCM 9074
T

99.5

HB8 PaenibacilluswynniiLMG22176T 98.0

HB17 PaenibacilluswynniiLMG22176
T

98.5

HS23 α -proteobacteria BrevundimonasnaejangsanensisBIO-TAS2-2
T

99.8

HS1 BrevundimonasnaejangsanensisBIO-TAS2-2T 100

HB3 BrevundimonasintermediaATCC15262T 100

HB7 BrevundimonasaurantiacaDSM 4731
T

100.0

HB4 β -proteobacteria Bordetellaparapertussis12822T 99.4

HS7 BordetellahinziiLMG13501
T

100

HS18 Bordetellaavium ATCC35086
T

100
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Table1.4.Continued

Strain Phylogeneticgroup Closestspecies
Similarity

(%)

HS27 β -proteobacteria Bordetellaparapertussis12822
T

98.3

HS28 Bordetellaparapertussis12822
T

100

HS29 Bordetellaparapertussis12822
T

100

HB14 Bordetellaparapertussis12822
T

100

HB25 Bordetellaparapertussis12822T 100

HB2 AchromobacterdenitrificansDSM 30026
T

100.0

HS2 γ -proteobacteria EscherichiafergusoniiATCC35469
T

99.8

HS3 EnterobactergergoviaeJCM 1234T
T

99.8

HS11 EscherichiafergusoniiATCC35469
T

99.8

HS15 EscherichiafergusoniiATCC35469T 99.8

HB5 EscherichiafergusoniiATCC35469T 99.8

HB15 EscherichiafergusoniiATCC35469
T

99.8

HB23 EscherichiafergusoniiATCC35469
T

99.8

HB13 ShigellasonneiGTC781
T

100.0
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Fig.1.6.CompositionofbacterialcommunityofswinerysludgesiteBin

thelevelofthephylum/class.
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Fig.1.7.Neighbour-joiningphylogenetictreebasedon16S rRNA gene

sequencesofbacteriafrom siteB.Bootstrappercentages(basedon1000

replicates)greaterthan 70 % are shown atbranching points.Bar,0.02

substitutionspernucleotideposition.
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1.3.3. Isolation and phylogenetic analysis of sulfur-oxidizing

bacteriafrom swinerysludgeofsiteC

A totalof72 strains were isolated from sulfur oxidizing enrichment

culturesderivedfrom swinerysludgeofsiteC.Theywerepartiallyidentified

as19differentgeneraand29speciesby16S rRNA sequenceanalysisand

were classified into 6 groups (Alpha-, Beta-, Gamma-proteobacteria,

Actinobacteria,BacteroidtesandFirmicutes).Whileasubstantialportionof

theisolatesbelongedtoActinobacteria(35%),Beta-proteobacteria(22%),

Fimicutes(15%),Gamma-proteobacteria,(14%)andAlpha-proteobacteria

(10%),afew isoleteswereaffiliatedwithBacteroidtes(4%)(Fig.1.8).

The16SrRNA sequencefrom theisolatedbacteriashowedclosesimilarity

with reference sequences of the EzTaxon server database

(http://www.EzTaxon.org/;Chunetal.,2007)(Table1.5)

Moststrainsbelongedtothephylum Actinobacteria,mainlytoclassfell

into different 3 families: Micrococcineae, Streptomycineae and

Corynebacterineae.The25isolates,8isolatesshowed99-100% sequence

similarity to Brevibacterium sp.and 8 isolates exhibited 99-100 % to

Streptomyces sp.Other into the genera Arthrobacter,Corynebacterium,

Kocuria,Leucobacter,Microbacterium andMicrococcus(Table1.5).

The16isolatesbelongingtothephylum Beta-proteobacteriafellintothe3

genera:Alicycliphilus,Burkholderiaand Castellaniella(Table1.5).The14

isolatesshowed99-100% sequencesimilaritytoCastellaniellasp.beingthe

dominantspecies.TheBA46
T
isolateshowed97-98% sequencesimilarityto

Burkholderiasp.,BA22
T
showeda97.5% toAlicycliphilussp.theseisolates

shouldbeassignedtoanovelspecies.

The11 isolatesbelonging to thephylum Fimicutesfellinto 2 genera

BacillusandStaphylococcus(Table1.5).The9isolatesshowed99-100%
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sequencesimilaritytoBacillussp.and2isolatesshowed99-100% sequence

similaritytoStaphylococcussp..

The10isolatesbelongingtothephylum Gamma-proteobacteriafellinto

the2generaPseudomonas,RaoultellaandStenotrophomonas.The5isolates

showed99-100% sequencesimilaritytoPseudomonasp.,4isolatesshowed

99-100% toStenotrophomonassp.and1isolateshowed99-100% sequence

similaritytoRaoultellasp..

The7isolate,generaOchrobactrum andRhodobacterweremembersofthe

phylum Alpha-proteobacteria.The 4 isolates (BA15
T
,BA24

T
,BA31

T
and

BA36
T
)showeda96-97% sequencesimilaritytoRhodobactersp.thatthe

isolate should be assigned to a novelspecies.The remaining 3 isolate,

Bacteroidetes sequences were isolated bacteria, into the genera

Cloacibacterium andSphingomonas(Table1.5).

Consequently 72 strains belonging to 19 different genera formed 6

representativetaxonomicgroupsaccordingtophyla,ofwhich6strainsproved

tobecandidatesfornoveltaxa.
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Table1.5.Closestbacterialspeciestobacterialstrainsisolated from

siteCComparedby16SrRNAgenesequencesimilarity.

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

BA 34 Actinobacteria ArthrobactercreatinolyticusGIFU12498
T

99.3

BA 30 ArthrobacterprotophormiaeDSM 20168T 99.7

BA 39 Brevibacterium epidermidisNCDO2286T 98.8

BA7 Brevibacterium epidermidisNCDO2286T 99.4

BA8 Brevibacterium epidermidisNCDO2286T 99.5

BA 19 Brevibacterium epidermidisNCDO2286T 99.5

BA 35 Brevibacterium epidermidisNCDO2286T 99.6

BA2 Brevibacterium epidermidisNCDO2286T 99.7

BA5 Brevibacterium epidermidisNCDO2286T 99.7

BA9 Brevibacterium luteolum CF87
T

99.5

BA 27 Corynebacterium glutamicum ATCC13032
T

97.4

BA 29 Corynebacterium glutamicum ATCC13032
T

99.3

BA 28 KocuriapalustrisDSM 11925
T

99.8

BA 26 Leucobacteriarius40
T

96.9

BA 18 Microbacterium maritypicum DSM 12512
T

99.5

BA4 Microbacterium hatanonisJCM 14558
T

98.4

BA 16 MicrococcusyunnanensisYIM 65004
T

99.8

BA 38 StreptomycesalbolongusNBRC13465
T

100

BA 37 StreptomycesalbolongusNBRC13465
T

99

SA 13 StreptomycesalbolongusNBRC13465
T

99.8

SA 14 StreptomycesalbolongusNBRC13465
T

99.9

SA4 StreptomycesalbolongusNBRC13465
T

99.4

SA1 StreptomycesalbolongusNBRC13465
T

99.5

SA2 StreptomycesalbolongusNBRC13465
T

99.6

SA3 StreptomycesalbolongusNBRC13465
T

99.7

BA 20 Bacteroidetes Cloacibacterium normanenseCCUG46293T 98.4

BA 21 Cloacibacterium normanenseCCUG46293T 98.9

BA3 SphigomonasmizutaiiDSM 11724T 99.1

BA 44 Fimicutes BacillusanthracisATCC14578T 100

SA5 BacillusanthracisATCC14578T 99.6

SA6 BacillusanthracisATCC14578T 99.7

SA 15 BacillusaryabhattaiB8W22T 99.6

SA 11 BacillusaryabhattaiB8W22T 99.8

SA 12 BacillusaryabhattaiB8W22
T

99.9

SA9 BacillusmethylotrophicusCBMB205
T

99.5

SA 10 BacillusmethylotrophicusCBMB205
T

99.6

SA8 BacillustequilensisNRRLB-41771
T

99.8

SA7 StaphylococcussaccharolyticusATCC14953
T

99.6

BA 17 StaphylococcusxylosusATCC29971
T

99.5
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Table1.5.Continued

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

BA 32 α -aproteobacteria Ochrobactrum triticiSCII24
T

100

BA 42 Ochrobactrum triticiSCII24
T

99.6

BA 43 Ochrobactrum triticiSCII24
T

99.7

BA 15 RhodobacterblasticusATCC33485
T

96.1

BA 24 RhodobacterblasticusATCC33485
T

96.5

BA 31 RhodobacterblasticusATCC33485
T

96.5

BA 36 RhodobacterblasticusATCC33485
T

96.5

BA 22 β -proteobacteria AlicycliphilusdenitrificansK601
T

97.5

BA 46 Burkholderiacalva19620512
T

97.7

SA 22 CastellaniellaginsengisoliDCY36
T

98.2

SA 23 CastellaniellaginsengisoliDCY36
T

98.3

BA 25 CastellaniellaginsengisoliDCY36
T

98.4

SA 24 CastellaniellaginsengisoliDCY36
T

98.4

BA6 CastellaniellaginsengisoliDCY36T 98.5

BA 10 CastellaniellaginsengisoliDCY36T 98.5

SA 25 CastellaniellaginsengisoliDCY36T 98.5

SA 26 CastellaniellaginsengisoliDCY36T 98.6

BA 23 CastellaniellaginsengisoliDCY36T 98.8

BA 40 CastellaniellaginsengisoliDCY36T 98.8

BA 41 CastellaniellaginsengisoliDCY36T 98.8

BA 45 CastellaniellaginsengisoliDCY36T 98.8

SA 20 CastellaniellaginsengisoliDCY36
T

99.2

SA 21 CastellaniellaginsengisoliDCY36
T

99.3

SA 16 γ -proteobacteria PseudomonasbrenneriCFML97-391
T

99.1

SA 17 PseudomonasbrenneriCFML97-391
T

99.2

SA 18 PseudomonasbrenneriCFML97-391
T

99.3

SA 19 PseudomonasbrenneriCFML97-391T 99.4

BA 14 PseudomonasxanthomarinaKMM 1447T 98.4

BA 33 RaoultellaornithinolyticaJCM 6096
T

100

BA1 StenotrophomonasdaejeonensisMJ03
T

99.1

BA 11 StenotrophomonasdaejeonensisMJ03
T

99.1

BA 12 StenotrophomonasdaejeonensisMJ03
T

99.2

BA 13 StenotrophomonasdaejeonensisMJ03
T

99.2
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Fig.1.8.CompositionofbacterialcommunityofswinerysludgesiteCin

thelevelofthephylum/class.
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Fig.1.9.Neighbour-joiningphylogenetictreebasedon16SrRNA gene

sequencesofbacteriafrom siteC.Bootstrappercentages(basedon1000

replicates)greaterthan 70 % are shown atbranching points.Bar,0.05

substitutionspernucleotideposition.
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1.3.4. Isolation and phylogenetic analysis of sulfur-oxidizing

bacteriafrom swinerysludgeofsiteD

A totalof58strainswereisolatedfrom sulfuroxidizingenrichmentculture

derivedfrom swinerysludgeofsiteD.Theywerepartiallyidentifiedas14

differentgeneraand22speciesby16S rRNA sequenceanalysisandwere

classified5intogroups(Alpha-,Beta-,Gamma-proteobacteria,Bacteroidetes

and Actinobacteria).A substantialportion of the isolates belonged to

Beta-proteobacteria,(39%),Gamma-proteobacteria(30%),Bacteroidetes(14

%),Actinobacteria(9%)andAlpha-proteobacteria(8%)(Fig.1.10).

The16SrRNA sequencefrom theisolatedbacteriashowedclosesimilarity

with reference sequences of the EzTaxon server database

(http://www.EzTaxon.org/;Chunetal.,2007)(Table1.6)

Moststrains belonged to the phylum Proteobacteria,mainly to class

Beta-proteobacteria into the different families: Alcaligenaceae and

Comamonadaceae.The22isolates,14isolatesshowed99-100% sequence

similarity to Alcaligenes sp., and 3 isolates exhibited 99-100 % to

Stenotrophomonassp..The4isolates(BB4
T
,BB8

T
,BB9

T
andNB13

T
)showed

a97-98% sequencesimilaritytoComamonassp.,2isolates(BB5
T
,BB11

T
)

showeda97-98% toHydrogenophagasp.and1isolates(BB12
T
)showeda

95-96% toAlicycliphilussp.thattheisolateshouldbeassignedtoanovel

species.

The18isolatesbelongingtothephylum Gamma-proteobacteriafellinto1

isolateexhibited99-100% sequencesimilaritytoAeromonassp.,onegenus

Acinetobactershowed 97-100 % to thedominantspeciesand theisolate

shouldbeassignedtoanovelspecies.The8isolatesbelongedtothephylum

Bacteroidetes fellinto the 1 genus Sphingobacterium showed 94-100 %

sequencesimilaritytobeingthedominantspeciesandtheisolateshouldbe
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assignedtoanovelspecies.

The5isolatesbelongingtothephylum Alpha-proteobacteriafellintothe4

genera,BrevundimonasandPseudochrobactrum (Table1.6).The4isolates

showed 99-100% sequencesimilarity toBrevundmonassp.and1isolate

showed99-100% toPseudochrobactrum sp..

Theremaining 5isolate,Actinobacteriasequenceswereisolatedbacteria,

intothegeneraGordonia,ArthrobacterandMicrococcus(Table1.6).

Consequently 58 strains belonging to 14 different genera formed 5

representativetaxonomicgroupsaccordingtophyla,ofwhich7strainsproved

tobecandidatesfornoveltaxa.
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Table 1.6.Closestbacterialspecies to the bacterialstrains isolated

from siteDComparedby16SrRNAgenesequencesimilarity.

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

BS2 Actinobacteria GordoniamalaquaeIMMIBWWCC-22
T

100

BS3 GordoniamalaquaeIMMIBWWCC-22
T

100

BS4 GordoniamalaquaeIMMIBWWCC-22
T

100

BB3 ArthrobactermysorensLMG16219
T

99.8

BB10 MicrococcusluteusNCTC2665T 99.5

BB2 Bacteroidetes Sphingobacterium mizutaiiDSM 11724T 95.0

BS18 Sphingobacterium mizutaiiDSM 11724
T

98.3

BS16 Sphingobacterium mizutaiiDSM 11724
T

99.6

BB1 Sphingobacterium mizutaiiDSM 11724
T

99.7

BS17 Sphingobacterium mizutaiiDSM 11724
T

99.7

BB6 Sphingobacterium compostiT5-12
T

97.8

BB7 Sphingobacterium compostiT5-12
T

97.9

NB4 Sphingobacterium shayenseHS39T 94

NB12 α -proteobacteria BrevundimonasdiminutaATCC11568T 99.8

BS5 BrevundimonasterraeKSL-145
T

99.1

BS6 BrevundimonasterraeKSL-145
T

99.1

BS7 BrevundimonasterraeKSL-145
T

99.1

BS1 Pseudochrobactrum saccharolyticum CCUG33852
T

99.8

NS5 β -proteobacteria AlcaligenesaquatilisLMG22996
T

99.7

NS13 AlcaligenesaquatilisLMG22996
T

99.8

NS9 Alcaligenesfaecalissubsp.faecalisIAM12369T 99.3

NS7 Alcaligenesfaecalissubsp.faecalisIAM12369T 99.4

NS10 Alcaligenesfaecalissubsp.faecalisIAM12369
T

99.4

NS12 Alcaligenesfaecalissubsp.faecalisIAM12369
T

99.4

NS1 Alcaligenesfaecalissubsp.faecalisIAM12369
T

99.7

NS2 Alcaligenesfaecalissubsp.faecalisIAM12369
T

99.8

NS3 Alcaligenesfaecalissubsp.faecalisIAM12369
T

99.8

NS8 Alcaligenesfaecalissubsp.faecalisIAM12369
T

99.8

NS14 Alcaligenesfaecalissubsp.parafaecalisGT 99.5

NS11 Alcaligenesfaecalissubsp.parafaecalisGT 99.6

NS4 Alcaligenesfaecalissubsp.parafaecalisG
T

99.7

NS6 Alcaligenesfaecalissubsp.parafaecalisG
T

99.7

BB12 AlicycliphilusdenitrificansK601
T

95.7

BS10 CastellanielladenitrificansNKNTAU
T

99.7

BB4 ComamonasthiooxidansS23
T

98.6

BB8 ComamonasthiooxidansS23
T

98.6

NB13 ComamonasthiooxidansS23T 98.6

BB9 ComamonasthiooxidansS23T 98.7

BB5 HydrogenophagatemperataTR7-01
T

98.7

BB11 HydrogenophagatemperataTR7-01
T

98.7
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Table1.6.Continued

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

BS12 β -proteobacteria StenotrophomonasacidaminiphilaAMX19
T

99.4

BS13 StenotrophomonasacidaminiphilaAMX19T 99.5

NB1 StenotrophomonasginsengisoliDCY01T 98.8

BS11 γ -proteobacteria Aeromonaspunctatasubsp.punctataNCIMB13016T 99.7

NB3 Acinetobacterbouvetii4B02
T

97.2

NB10 Acinetobacterbouvetii4B02
T

97.2

BS8 Acinetobacterbouvetii4B02
T

97.2

NB2 Acinetobacterbouvetii4B02
T

97.5

NB6 Acinetobacterbouvetii4B02
T

97.5

NB15 Acinetobacterbouvetii4B02T 97.5

NB7 Acinetobacterbouvetii4B02T 99.6

NB8 Acinetobacterbouvetii4B02T 99.7

NB9 Acinetobacterbouvetii4B02
T

99.8

BS14 AcinetobacterjohnsoniiDSM 6963
T

99.8

NB5 AcinetobacterjohnsoniiDSM 6963
T

96.9

BS15 AcinetobacterjohnsoniiDSM 6963
T

96.9

NB11 AcinetobacterjohnsoniiDSM 6963
T

97.5

BS9 AcinetobacterjohnsoniiDSM 6963T 98.2
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Fig.1.10.CompositionofbacterialcommunityofswinerysludgesiteD

inthelevelofthephylum/class.
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Fig.1.11.Neighbour-joiningphylogenetictreebasedon16SrRNA gene

sequencesofbacteriafrom siteD.Bootstrappercentages(basedon1000

replicates)greaterthan 70 % are shown atbranching points.Bar,0.05

substitutionspernucleotideposition.
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1.3.5. Isolation and phylogenetic analysis of sulfur-oxidizing

bacteriafrom swinerysludgeofsiteE

A totalof64strainswereisolatedfrom sulfuroxidizingenrichmentculture

derivedfrom swinerysludgeofsiteE.Theywerepartiallyidentifiedas11

differentgeneraand22speciesby16S rRNA sequenceanalysisandwere

classified 5 into groups (Beta-, Gamma-proteobacteria, Actinobacteria,

BacteroidetesandFirmicutes).Whileasubstantialportion oftheisolates

belonged to Gamma-proteobacteria,(65 %),Beta-proteobacteria (12 %),

Actinobacteria(9%)and Bacteroidetes(8%)and afew isolatedwere

affiliatedwithFimicutes(6%)(Fig.1.12).

The16SrRNA sequencefrom theisolatedbacteriashowedclosesimilarity

with reference sequences of the EzTaxon server database

(http://www.EzTaxon.org/;Chunetal.,2007)(Table1.7)

Moststrains belonging to the phylum Proteobacteria,mainly to class

Gamma-proteobacteria into different families: Aeromonadaceae,

Pseudomonadaceae,XanthomonadaceaeandMoraxellaceae.The42isolates,

23isolatesshowed79-100% sequencesimilaritytoPseudomonassp.being

thedominantspecies.The11isolatesexhibited98-100% sequencesimilarity

toAcinetobactersp.,4isolatesexhibited99-100% toAeromonassp.and4

isolatesexhibited99-100% toStenotrophomonassp..

The8isolatesbelongedtothephylum Beta-proteobacteriafellintothe3

genera,Alcaligenes and Comamonas (Table 1.7).The 5 isolates showed

99-100 % sequence similarity to Comamonas sp.and 3 isolates showed

99-100% toAlcaligenessp..

The8isolatesbelongedtothephylum Actinobacteriafellintothe4genera,

Microbacterium andRhodococcus(Table1.7).The5isolatesshowed99-100

% sequencesimilaritytoRhodococcussp.and1isolateshowed99-100% to
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Microbacterium sp..

The5isolate,generaDyadobacterandSphingobacterium weremembersof

the phylum Bacteroidetes. The remainder of four isolate, Firmicutes

sequenceswereisolatedbacteria,intothegeneraPaenibacillus(Table1.7).

Consequently 64 strains belonging to 11 different genera formed 5

representativetaxonomicgroupsaccordingtophyla.
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Table 1.7.Closestbacterialspecies to the bacterialstrains isolated

from siteEComparedby16SrRNA genesequencesimilarity

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

KS26 Actinobacteria Microbacterium keratanolyticum IFO13309
T

99.7

KS19 RhodococcusgordoniaeW4937
T

99.8

KB12 RhodococcusgordoniaeW4937
T

99.8

KB19 RhodococcusgordoniaeW4937
T

99.8

KB25 RhodococcusgordoniaeW4937T 99.8

KB28 RhodococcusgordoniaeW4937T 99.8

KB1 Bacteroidetes DyadobacterfermentansDSM18053
T

98.4

KB17 Sphingobacterium lactisWCC4512
T

99.8

KS1 Sphingobacterium multivorum IAM14316
T

99.5

KS24 Sphingobacterium multivorum IAM14316
T

99.5

KB13 Sphingobacterium multivorum IAM14316
T

99.5

KB14 Firmicutes PaenibacilluschibensisJCM 9905
T

99.1

KS5 PaenibacilluschibensisJCM 9905T 99.2

KB6 PaenibacilluschibensisJCM 9905T 99.2

KS23 PaenibacilluschibensisJCM 9905
T

99.5

KS2 β -proteobacteria Alcaligenesfaecalissubsp.parafaecalisG
T

99.5

KS3 Alcaligenesfaecalissubsp.parafaecalisG
T

99.3

KS20 Alcaligenesfaecalissubsp.parafaecalisG
T

99.7

KB20 ComamonastestosteroniATCC11996
T

100

KS16 ComamonasthiooxydansS23
T

100

KS27 ComamonasthiooxydansS23T 99.2

KS7 ComamonasthiooxydansS23T 100

KB10 ComamonasthiooxydansS23
T

100

KB16 γ -proteobacteria AcinebacterlwoffiiDSM 2403
T

98.9

KB22 AcinebacterlwoffiiDSM 2403
T

98.8

KB15 AcinetobacterbaumanniiATCC19606
T

97.8

KB23 AcinetobacterbaumanniiATCC19606
T

98.1

KS17 AcinetobacterbaylyiB2
T

97.6

KB21 Acinetobacterbouvetii4B02T 97.5

KS15 AcinetobacterjohnsoniiDSM 6963T 99.7

KS14 AcinetobacterjohnsoniiDSM 6963
T

99.3

KS13 AcinetobacterjuniiLMG998
T

98.7

KB18 AcinetobacterlwoffiiDSM 2403
T

99.1

KB24 AcinetobacterlwoffiiDSM 2403
T

98.8

KS8 Aeromonashydrophilasubsp.hydrophilaATCC7966
T

99.8

KS12 AeromonasveroniiATCC35624
T

100

KS21 AeromonasveroniiATCC35624T 99.1

KS22 AeromonasveroniiATCC35624T 99.7

KS9 PseudomonasaeruginosaLMG1242
T

99.7

KS10 PseudomonasaeruginosaLMG1242
T

99.6
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Table1.7.Continued

Strain
Phylogenetic

group
Closestspecies

Similarity

(%)

KS30 γ -proteobacteria PseudomonasaeruginosaLMG1242
T

99.8

KS31 PseudomonasaeruginosaLMG1242T 99.6

KB7 PseudomonasaeruginosaLMG1242T 100

KB8 PseudomonasaeruginosaLMG1242T 99.8

KB9 PseudomonasaeruginosaLMG1242
T

100

KB26 PseudomonasaeruginosaLMG1242
T

99.8

KB27 PseudomonasaeruginosaLMG1242
T

99.8

KB29 PseudomonasaeruginosaLMG1242
T

99.7

KB30 PseudomonasaeruginosaLMG1242
T

99.6

KB31 PseudomonasaeruginosaLMG1242T 99.7

KB32 PseudomonasaeruginosaLMG1242T 99.7

KB33 PseudomonasaeruginosaLMG1242T 99.8

KS11 PseudomonasaeruginosaLMG1242
T

100

KS28 PseudomonasaeruginosaLMG1242
T

100

KS29 PseudomonasaeruginosaLMG1242
T

99.8

KS32 PseudomonasaeruginosaLMG1242
T

100

KB2 PseudomonasaeruginosaLMG1242
T

99.5

KB3 PseudomonasaeruginosaLMG1242T 99.2

KB4 PseudomonasaeruginosaLMG1242T 99.6

KB5 PseudomonasaeruginosaLMG1242T 99.8

KS6 PseudomonasmendocinaLMG1223
T

97.0

KS18 StenotrophomonassginsengisoliDCY01
T

99.7

KS25 StenotrophomonassginsengisoliDCY01
T

99.3

KS4 StenotrophomonassginsengisoliDCY01
T

99.4

KB11 StenotrophomonasterraeR-32768
T

99.3
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Fig.1.12.CompositionofbacterialcommunityofswinerysludgesiteE

inthelevelofthephylum/class.
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Fig.1.13.Neighbour-joiningphylogenetictreebasedon16SrRNA gene

sequencesofbacteriafrom siteE.Bootstrappercentages(basedon1000

replicates)greaterthan 70 % are shown atbranching points.Bar,0.05

substitutionspernucleotideposition.
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1.3.6.Analysisofthesulfur-oxidizingbacteriadistributedinall

swinerysites

Inordertoidentifysequencetypesthatconstitutetheimpactedsystem,the

16S rRNA genesequencesoftheisolated bacteriaweresearched in the

GenBankdatabase.Asaresult,mostoftheisolatesinswinerysludgewere

assignedtopreviouslyreportedculturedclasses.

Totally 351 strains of sulfur-oxidizing bacteria were isolated through

enrichmentculturesfrom swinerysludgeandclassifiedasmembersofthe6

groups,Alpha-,Beta-,Gamma-proteobacteria,Actinobacteria,Bacteriodetes

andFirmicutes(Table1.8,Fig.1.14).Theywerepartiallyindentifiedas16

ordesrorsuborders,23 families and 48 genera by 16S rRNA sequence

analysis(Table1.8).

Overall,many bacteria isolated from 5 sampling sites belonged to the

phylum Proteobacteria,and isolates belonging to Gamma-proteobacteria

includeavariousofclass.Itwasreportedthatdiversityofsulfur-oxidizing

bacteriaeithernaturalventilationormechanicalventilation
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Fig.1.14.Comparisonofbacterialdistributionofswinerysludgeinthe

phylum/classlevel.



- 55 -

Table1.8.listofsulfur-oxidizing bacteriafrom differentsamplesite

(A-E)

Phylum/Class OrderorSuborderFamily Genus A B C D E Total

Actinobacteria Corynebacterineae Dietziaceae Dietzia 1 　 　 　 　 1

　 　 　 Rhodococcus 3 10 　 　 5 18

　 　 Gordoniaceae Gordonia 　 　 　 3 　 3

　 Micrococcineae Micrococcineae Arthrobacter 1 　 2 1 　 4

　 　 　 Brevibacterium 2 　 8 　 　 10

　 　 　 Corynebacterium 　 　 2 　 　 2

　 　 　 Kocuria 　 　 1 　 　 1

　 　 　 Leucobacter 2 　 1 　 　 3

　 　 　 Microbacterium 3 　 2 　 1 6

　 　 　 Micrococcus 　 　 1 1 　 2

　 Streptomycineae Streptomycetaceae Streptomyces 1 　 8 　 　 9

Bacteriodetes Cytophagales Cytophagaceae Dyadobacter 　 　 　 　 1 1

　 Flavobacteriales Flavobacteriaceae Cloacibacterium 　 　 2 　 　 2

　 Sphingobacteriales Sphingobacteriaceae Sphingobacterium 　 　 1 8 4 13

Firmicutes Bacillales Bacillaceae Bacillus 1 4 9 　 　 14

　 　 　 Lysinibacillus 2 6 　 　 　 8

　 　 Staphylococcaceae Staphylococcus 　 　 2 　 　 2

　 　 Paenibacillaceae Brevibacillus 2 2 　 　 　 4

　 　 　 Cohnella 　 2 　 　 　 2

　 　 　 Paenibacillus 　 9 　 　 4 13

　 　 Planococcaceae Chryseomicrobium 1 　 　 　 　 1

α-proteobacteria Caulobacterales Caulobacteraceae Aquamicrobium 1 　 　 　 　 1

　 　 　 Brevundimonas 10 4 　 4 　 18

　 Rhizobiales Brucellaceae Ochrobactrum 　 　 3 　 　 3

　 　 　 Paenochrobactrum 2 　 　 　 　 2

　 　 　 Pseudochrobactrum 　 　 　 1 　 1

　 Rhodobacterales Rhodobacteraceae Paracoccus 2 　 　 　 　 2

　 　 　 Rhodobacter 　 　 4 　 　 4

β-proteobacteria Burkholderiales Alcaligenaceae Achromobacter 　 1 　 　 　 1

　 　 　 Alcaligenes 2 　 　 14 3 19

　 　 　 Bordetella 　 8 　 　 　 8

　 　 　 Castellaniella 　 　 14 1 　 15

　 　 　 Pusillimonas 1 　 　 　 　 1

　 　 Comamonadaceae Alicycliphilus 　 　 1 1 　 2

　 　 　 Comamonas 　 　 　 4 5 9

　 　 　 Hydrogenophaga 　 　 　 2 　 2

　 　 Burkholderiaceae Burkholderia 　 　 1 　 　 1

　 Rhodocyclales Rhodocyclaceae Thauera 26 　 　 　 　 26

γ-proteobacteria Aeromonadales Aeromonadaceae Aeromonas 　 　 　 1 4 5

　 　 　 Zobellella 1 　 　 　 　 1

　 Enterobacteriales Enterobacteriaceae Enterobacter 　 1 　 　 　 1

　 　 　 Escherichia 　 6 　 　 　 6

　 　 　 Raoultella 　 　 1 　 　 1

　 　 　 Shigella 　 1 　 　 　 1

　 Pseudomonadales Moraxellaceae Acinetobacter 9 　 　 　 11 20

　 　 　 Psychrobacter 2 　 　 　 　 2

　 　 Pseudomonadaceae Pseudomonas 13 　 5 14 23 55

　 Xanthomonadales Xanthomonadaceae Stenotrophomonas 14 　 4 3 4 25

6 16 23 48 102 54 72 58 65 351



- 56 -

1.3.7.AmplificationandphylogenyofthesoxB gene

ThesoxB genesfrom thedifferentthiosulfate-oxidizingbacteriaandfrom

thenaturalsamplesweresuccessfullyamplifiedandyieldedPCRproductsof

theexpectedlengthinhighquantities.Theproductscouldbepurifiedand

sequenced. The primer pairs soxB693F/soxB1446B, ¡offered the most

successfulandreliableamplificationresults.AllamplifiedPCRproductswere

sequencedonbothstrandsandtranslatedinto250-260aminoacidsequences

(Fig.1.16).Thephylogenetictreewascalculatedfrom thealignedaminoacid

andnucleotidesequencestoinferbranchingorders.ThesoxBaminoacidand

nucleotidealignmentsyieldednearlyidenticaltreesandtheoveralltopologies

ofbothtreeswerestronglysubstantiatedbyhighbootstrapvalues(Fig.1.15).

ThesoxB genesweredetectedin13isolatedstrains,including9strainsof

Beta-proteobacteriaand4strainsofAlpha-proteobacteia.TheBLASTsearch

resultsshowedthatthethiosulfate-oxidizingbacteriaisolatedfrom swinery

sludgefellintofourdifferentgenera,Comamonas,Methylibium,Paracoccus

andThiobacillus(Table1.9).Thepartialalignmentofpredictedaminoacid

sequencesisshowninFig.1.16.ResiduesconservedinsoxB sequencesare

highlighted.Thelevelofconservation ofthesoxB amino acid sequences

rangedto70-95%.

ThestrainsBB5andBB11revealed80-81% sequencesimilarityofthe

16S rRNA genetothetypestrain ofHydogenophagasp,and 6strains

revealed89% sequencesimilarityof16SrRNA genetothetypestrainof

Comamonas sp,which belongs to Beta-proteobacteria,its soxB gene

sequences were associated with this branch ofBeta-proteobacteria.The

strainsBA15,BA31andSS33revealed91-95% aminoacidsimilaritytothe

soxB gene sequence of Paracoccus denitrificans, which belongs to

Alpha-proteobacteria,itssoxBgenesequenceswereassociatedtothisbranch

ofAlpha-proteobacteria(Table1.9,Fig.1.15).Thebranching orderofthe
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phylogenetictreescalculatedfrom thesoxB sequencesandthecorresponding

16S rRNA data are basically consistent regarding the separation of

sulfur-oxidizing bacteria and the differentrepresentatives ofthe Alpha-,

Beta-,andGamma-proteobacteria.
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Table1.9.ThesoxB geneamino acid similarity ofbacteria isolated

from swinerysludgetoclosestspecies

Strain Closestspecies
Similarity

(%)

AccessionNO.

(soxB gene)

Amino

acids
a

SS33 Paracoccusdenitrificans 95 JX867762 251

BA15 Paracoccusdenitrificans 91 JX867763 251

BA31 Paracoccusdenitrificans 91 JX867764 251

KS16 Comamonassp. 89 KC295218 255

KS27 Comamonassp. 89 KC295216 255

KB20 Comamonassp. 89 KC295217 255

BB4 Comamonassp. 89 KC295212 255

BB8 Comamonassp. 90 KC295213 255

BB9 Comamonassp. 89 KC295214 255

BB5 Thiobacillusaquaesulis 80 KC295219 255

BB11 Thiobacillusaquaesulis 81 KC295220 255

BB12 Methylibium petroleiphilum 79 KC295221 255

NB11 Comamonassp. 89 KC295215 255

a
soxBnucleotidesequenceswerethentranslatedintoaminoacidsequences
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Fig.1.15.Phylogenetic analysis ofsoxB amino acid sequences from

thiosulfate-oxidizing strains isolated from swinery sludge.Bootstrap

valuesabove70% calculatedfrom 1000replicatesareshownatthenodesas

percentages.Thescalebarindicates0.1substitutionspersite.
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BB5 IGQAFPYTPIANPRYMVPDWTFGIQDEHMQTVVDQARGEGAQVVVVLSHNGMDVDIKMAS
BB11 IGQAFPYTPIANPRYMVPDWTFGIQDEHMQTVVDQARGEGAQVVVVLSHNGMDVDIKMAS
KB20 IGQAFPYTPIANPRYMVADWSFGIQDENMQKMVDEARAKGAKVVVVLSHNGMDVDLKMAS
KS16 IGQAFPYTPIANPRYMVADWSFGIQDENMQKMVDEARAKGAKVVVVLSHNGMDVDLKMAS
BB4 IGQAFPYTPIANPRYMVADWSFGIQDENMQKMVDEARGKGAKVVVVLSHNGMDVDLKMAS
BB8 IGQAFPYTPIANPRYMVADWSFGIQDENMQKMVDEARGKGAKVVVVLSHNGMDVDLKMAS
BB9 IGQAFPYTPIANPRYMVADWSFGIQDENMQKMVDEARGKGAKVVVVLSHNGMDVDLKMAS
KS27 IGQAFPYTPIANPRYMVADWSFGIQDENMQKMVDEARGKGAKVVVVLSHNGMDVDLKMAS
NB11 IGQAFPYTPIANPRYMVADWSFGIQDENMQKMVDEARGKGAKVVVVLSHNGMDVDLKMAS
BA15 IGQAFPYMPIANPKWMFPEYSFGIREERMQEMVDELRAEGVDLVVVLSHNGFDVDKKMGG
BA31 IGQAFPYMPIANPKWMFPEYSFGIREERMQEMVDELRAEGVDLVVVLSHNGFDVDKKMGG
SS33 IGQAFPYMPIANPKWMFPEYSFGIREERMQHVVDELRAEGVDLVVVLSHNGFDVDKKMGG

******* *****  *     ***  * **  **  *  *   ******** *** **

BB5 RVRGIDAILGGHTHDGMPAPTIVKNGGGQTLVTNAGSNSKFLGVLDFDVRGGKVQDFRYK
BB11 RVRGIDAILGGHTHDGMPAPTIVKNGGGQTLVTNAGANSKFLGVLDFDVRGGKVQDFRYK
KB20 RVRGIDAILGGHTHDGMPVPTLVQNAGGKTIVTNAGSNGKFLGVLDLDVRDGKVRGFQYR
KS16 RVRGIDAILGGHTHDGMPVPTLVQNAGGKTIVTNAGSNGKFLGVLDLDVRDGKVRGFQYR
BB4 RVRGIDAILGGHTHDGMPVPTIVQNAGGKTIVTNAGSNGKFLGVLDLDVKDGKVRDFQYR
BB8 RVRGIDAILGGHTHDGMPVPTIVQNAGGKTIVTNAGSNGKFLGVLDLDVKDGKVRDFQYR
BB9 RVRGIDAILGGHTHDGMPVPTIVQNAGGKTIVTNAGSNGKFLGVLDLDVKDGKVRDFQYR
KS27 RVRGIDAILGGHTHDGMPVPTIVQNAGGKTIVTNAGSNGKFLGVLDLDVKDGKVRDFQYR
NB11 RVRGIDAILGGHTHDGMPVPTLVQNAGGKTIVTNAGSNGKFLGVLDLDVKDGKVRDFQYR
BA15 RVKGIDVILSGHTHDAVPEPILIG----ETILIATGSNGKFVSRVDLDVRDGRMMGFRHK
BA31 RVKGIDVILSGHTHDAVPEPILIG----ETILIATGSNGKFVSRVDLDVRDGRMMGFRHK
SS33 RVKGIDVILSGHTHDAVPEPILIG----ETILIATGSNGKFVSRVDLDVRDGKMMGFRHK

** *** ** *****  * *         *     * * **    * **  *    *   

BB5 LLPVFSNLLPADAGMQAYIDQVRAPYKNKLEEKLAVTEDLLYRRGNFNGSWDQLICDALM
BB11 LLPVFSNLLPADPGMQAYIDQVRAPYKNKLEEKLAVTEDLLYRRGNFNGSWDQLICDALM
KB20 LLPVFANILPADAQMQALITKIRAPYEGRLNEVLARTDGTLYRRGNFNGTGDQLLLDAMM
KS16 LLPVFANILPADAQMQALITKIRAPYEGRLNEVLARTDGTLYRRGNFNGTGDQLLLDAMM
BB4 LLPVFANLLPADAQMQALITKIRAPYEGRLNEVLARTDGTLYRRGNFNGTGDQLLLDAMM
BB8 LLPVFANLLPADAQMQALITKIRAPYEGRLNEVLARTDGTLYRRGNFNGTGDQLLLDAMM
BB9 LLPVFANLLPADAQMQALITKIRAPYEGRLNEVLARTDGTLYRRGNFNGTGDQLLLDAMM
KS27 LLPVFANILPADAQMQALITKIRAPYEGRLNEVLARTDGTLYRRGNFNGTGDQLLLDAMM
NB11 LLPVFANILPADAQMQALITKIRAPYEGRLNEVLARTDGTLYRRGNFNGTGDQLLLDAMM
BA15 LIPIFSDVIAPDADMAALIDAERAPFKAQLEERIGTTESLLYRRGNFNGTWDDLICDAVR
BA31 LIPIFSDVIAPDADMAALIDAERAPFKAQLEERIGTTESLLYRRGNFNGTWDDLICDAVR
SS33 LIPIFSDVIAPDADMAALIDAERAPFKAQLEERIGTTESLLYRRGNFNGSWDDLICDAVR

* * *      *  * * *   ***    * *    *   *********  * *  **  

Fig.1.16.A alignmentofthepredictedaminoacidsencodedbysoxB of

bacteriaisolatedfrom theswinerysludge.
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BB5 EVKGADMAFSPGVRWGTSLLPGDTITYERMMDQMAMTYPATTLNEFTGEQIKGILEDVAD
BB11 EVKGADMAFSPGVRWGTSLLPGDTITYERMMDQMAMTYPATTLNEFTGEQIKGILEDVAD
KB20 EVQDAPIAFSPGFRWGTSLLAGQDITREWLMDMTATTYSYATVTEMTGATIKTVLEDVAD
KS16 EVQDAPIAFSPGFRWGTSLLAGQDITREWLMDMTATTYSYATVTEMTGATIKTVLEDVAD
BB4 AVQDAPIAFSPGFRWGTSLLAGQDITREWLMDMTATTYSYATVTEMTGATIKTVLEDVAD
BB8 AVQDAPIAFSPGFRWGTSLLAGQDITREWLMDMTATTYSYATVTEMTGATIKTVLEDVAD
BB9 AVQDAPIAFSPGFRWGTSLLAGQDITREWLMDMTATTYSYATVTEMTGATIKTVLEDVAD
KS27 AVQDAPIAFSPGFRWGTSLLAGQDITREWLMDMTATTYSYATVTEMTGATIKTVLEDVAD
NB11 AVQDAPIAFSPGFRWGTSLLAGQDITREWLMDMTATTYSYATVTEMTGATIKTVLEDVAD
BA15 SERDAQIALSPGVRWGTTLLPGEAITREDIHNVTSMTYGAVYRNEMTGEMLKTILEDVAD
BA31 SERDAQIALSPGVRWGTTLLPGEAITREDIHNVTSMTYGAVYRNEMTGEMLKTILEDVAD
SS33 SERDAQIALSPGVRWGTTLLPGDAITREDIHNVTSMTYGAVYRTEMTGEMLKTMLEDVAD

    *  * *** **** ** *  ** *        **      * **   *  ******

BB5 NIFNPDPYYQHGGDM
BB11 NIFNPDPYYQHGGDM
KB20 NLFNPDPYYQHGGDM
KS16 NLFNPDPYYQHGGDM
BB4 NLFNPDPYYQHGGDM
BB8 NLFNPDPYYQHGGDM
BB9 NLFNPDPYYQHGGDM
KS27 NLFNPDPYYQHGGDM
NB11 NLFNPDPYYQHGGDM
BA15 NIFNTDPYYQQGGDM
BA31 NIFNTDPYYQQGGDM
SS33 NIFNTDPYYQQGGDM

* ** ***** ****

Fig.1.16.Continued.
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1.3.8.Thiosulfateoxidation

Thethiosulfate-oxidizingabilityoftheisolatedbacteriawasexaminedinthe

solidmineralsaltsthiosulfatemedium.A changein coloroftheplatefrom

purpletoyellow wasobservedin6strains(KS16,KB20,BB4,BB8,BB9and

BB11).Moreover,thesestrainswereabletogrow intheSOBmedium without

thiosulfateandnochangeincolorwasnoted(Table1.11). Thesulfateassay

describedhereisamodificationofastandardturbidimetricmethodbasedon

precipitationofsulfateionswithbarium chlorideinsuchamannerastoform

barium sulfatecrystals.Thethiosulfate(20mM initialconcentration)in the

growth medium aftertheproduction ofacid(SO4
-2
).Thedefinitegrowth of

Paracoccuspantotrophusasacontrolstrainconfirmedthatthepresentlyused

medium was suitable for sulfur-oxidizing bacteria and lithotrophic growth.

Amongourisolates,BB11(Hydrogenophagasp.)andBB12(Alicycliphilussp.)

consumedthehighestamountofaccumulatedsulfateof175.5and128.2μg/mL

respectively.The concomitantreductioninpH ofthespentmedium wasnoted

(Table1.11).Hence,thesetwostrainswereselectedforfurtherstudies.Other

strains,KS16,KB20andSS33accumulatedaslightlyloweramountsofsulfate,

89.2μg/mL,72.7μg/mLand70.8μg/mLrespectively.Thestrainthatwasable

toaccumulatethehighestamountofsulfateandachievegrowthwithoxidation

ofthiosulfatewasinvestigatedinmixotrophicmedium containing20mM sodium

thiosulfate overa totalincubation period of96 h (Fig.1.16).A maximum

increaseintheopticaldensityoftheabsorbanceat> 3.0wasnotedforKB20,

KS16andSS33,whiletheother2strains,BB11andBB12,grew lesswell,with

opticaldensityoflessthanat<1.0inSOBmedium (Fig.1.16).Duringthetime

course ofthiosulfate oxidation by chemotrophic bacteria in sulfuroxidizing

medium, thiosulfate was oxidized directly to sulfate. The thiosulfate

disappearancewasalwaysaccompaniedbyanincreaseinthecelluaryieldofthe

bacteria(Fig.1.16).
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Table1.10.Thethiosulfateoxidationbyisolatedbacteriastrainsfrom swinerysludge

-,notdetected.

Strain Closestspecies
Similarity

(%)

AccessionNO.

(16SrRNA)
a

Sulfateformation

(ug/mL)
Colorchange

b

NB11 Acinetobacterjohnsonii 97.5 KC295210 5.6 Lightpurple

BB12 Alicycliphilusdenitrificans 95.6 JX997988 128.2 Lightpurple

KS16 Comamonastestosteroni 100 KC295206 89.2 yellow

KB20 Comamonastestosteroni 99.9 KC295208 72.7 yellow

BB4 Comamonastestosteroni 98.6 JX997984 60.7 yellow

BB8 Comamonastestosteroni 98.6 JX997985 41.0 yellow

BB9 Comamonastestosteroni 98.6 JX997986 39.8 yellow

BB5 Hydrogenophagabisanensis 99.0 KC295209 9.7 Lightpurple

BB11 Hydrogenophagabisanensis 97.6 JX997987 175.5 yellow

SS33 Paracoccusdenitrificans 99.2 JF820843 70.8 Lightpurple

KB27 Pseudomonasaeruginosa 100 KC295207 6.6 Lightpurple

BA15 Rhodobactermegalophilus 95.5 JX029075 - Lightpurple

BA31 Rhodobactermegalophilus 95.5 KC295211 - purple

GB17
T

Paracoccuspantotrophus - - 23.1 purple

a
StrainswereaccessionnumbertoGenBank(NCBI).

bColorchangeoftheplatefrom purpletoyellow.
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Fig.1.17.Sulfate accumulation by bacterial strains isolated from

swinery sludge during incubation time.(A) Paracoccus pantotrophus

GB17,(B)SS33,(C)KB20,(D)KS16,(E)BB11and (F)BB12in SOB

medium containing 20 mM thiosulfate.Values are the mean±SD of 3

determinations.



- 65 -

1.3.9.Enzymeactivityofthiosulfateoxidation

Activitiesofenzymesassociatedwiththiosulfatemetabolism,particularly,

thiosulfateoxidaseandsulfiteoxidase,wereobservedinthecell-freeextracts

ofallthiosulfate-oxidizing strains (Table 1.11).The highestactivities of

thiosulfateoxidase(16.9nmolferricyanidereduced/min/mgprotein)andsulfite

oxidase(14.5nmolferricyanidereduced/min/mgprotein)werefoundinSS33

andBB12respectively.

Table1.11.Activitiesofenzymesforthiosulfateandsulfiteoxidation

ofsulfur-oxidizingbacteriaisolatedfrom swinerysludge

ND,notdetected.

Strain
Proteincontent

(mg/mL)

Thiosulfateoxidase

(nmolferricyanide/

min/mgprotein)

Sulfiteoxidase

(nmolferricyanide/

min/mgprotein)

NB11 9.53 10.4 0.4

BB12 12.54 11.3 14.5

KS16 9.39 ND 3.7

KB20 12.24 1.2 5.5

BB4 8.64 0.8 1.3

BB8 5.47 7.7 1.3

BB9 9.54 ND 1.6

BB5 6.41 0.9 ND

BB11 13.04 10.4 5.2

SS33 14.12 16.9 4.2

KB27 12.37 16.0 12.3

BA15 5.59 ND 1.9

BA31 5.41 ND ND

GB17
T

9.31 5.12 3.26
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1.4.Discussion

Theaerobicsulfur-oxidizingbacteriahavebeenisolatedfrom sulfur-rich

swinerysludgeusing enrichmentculture.Therefore,highconcentrationsof

thiosulfate (20 mM) were added to the medium for cultivation and

biochemicalandecologicalanalysesofthesesulfur-oxidizingbacteria.Intotal

351strainsofsulfur-oxidizing bacteriawereisolatedandclassifiedinto6

groupsAlpha-,Beta-,Gamma-proteobacteria,Actinobacteria,Bacteriodetes

andFirmicutes(Table1.8,Fig.1.14).Theywerepartiallyindentifiedas16

orders orsuborders,23 families and 48 genera by 16S rRNA sequence

analysis (Table 1.8). The 16S rRNA-based identification of cultured

sulfur-oxidizing bacteria allowed a sharper focus on this group,with

evolutionary and ecological implications. The sludge isolates of the

Proteobacteria cluster,themostfrequently isolated strainsin thisstudy,

showedanunexpectedphylogeneticandphysiologicallinkwiththemicrobial

populationsoftheswinerysludge.Theswinerysludgecontainedthiosulfate

oxidizers of the Proteobacteria cluster, Comamonas, Paracoccus, and

Pseudomonasaretheevolutionarycousinsofthewidespreadswinerysludge

bacteriaofthesamegroup.Theperspectiveofmoleculargeneticsandthe

phylogenyofsulfuroxidationareextremelyimportant,speciesdistributedthe

Alpha-,Beta-,andGamma-proteobacteria(Kellyetal.,1997;Ghoshetal.,

2005).

Thecomplex metabolicprocessofsulfurchemolithotrophy isunlikelyto

haveoriginated as multiple parallelevolutionary events(Ghosh and Roy,

2007).Allofsulfur-oxidizingmicroorganismsarethoughttohaveoriginated

from someancientstockpossessinglithoautotrophicpotentialgovernedbya

primordialgeneticsystem,whilealsopossessingadditionalabilitiestooxidize
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tetrathionateorthiocyanate,possibly converting them intosubstratesthat

couldbeutilizedbySox-mediatedpathways(Debetal.,2004;Anandham et

al.,2008;Masudaetal.,2010).

Mixotrophicgrowth (i.e.,concurrentutilization oforganicand inorganic

substrates)maybemetabolicallyadvantageousforthesebacteria.Sincelow

concentrationsofScompoundscanlimitgrowth,theuseoforganiccarbon

forbiomasssynthesisorevenco-oxidationofS compoundstogetherwith

organicsubstratesmay ensurebettersurvivaland growth ofS-oxidizing

bacteriaintherhizosphere(GraffandStubner,2003).

Theaim ofthisstudy wastodevelop aPCR-based assay and probe

sulfur-oxidizing bacteria based on a functionalgene essentialforsulfur

oxidation and to screen itsdistribution among recognized sulfur-oxidizing

bacteriaaswellas,new isolatesfrom swinerysludge.Thepossiblemodesof

thiosulfateoxidationwereidentifiedinthebacteriaisolatedinthepresent

study.Thus,based on data related to thiosulfate oxidation products,

thiosulfatemetabolizing enzymesandtheabsenceofthesoxB gene,itis

postulatedthatDyella,Lysinibacillus,AlcaligenesandMicrobacteium (Kelly

etal.,1997;Suzuki,1998).Thehighlydegeneratedprimersusedinthisstudy

werecomplementarytotargetsitesofChlorobiaceae,Beta-proteobacteriaand

mostGamma-andAlpha-proteobacteriasoxBsequences(Meyeretal.,2007).

Thiosulfateoxidation pathwaysoperating in sulfur-oxidizing bacteriahave

beententativelygroupedintothreecategories(Meyeretal.,2007).Thefrist

pathwayinvolvingbreakdownofthiosulfatetopolythionateintermediatesby

thiosulfatedehydrogenaseandtetrathionatehydrolase,whicharecommonin

extremophilicsulfuroxidizers(Kellyetal.,1997).Thesecondapathwayfor

directconversionofthiosulfatetosulfatewithoutsulfurglobuleformationby

amultienzymecomplex (Sox)system,activein photo- and chemotrophic

membersofAlpha-proteobacteria(Friedrichetal.,2001;Mukhopadhyayaet

al.,2000).Thelastbranchedthiosulfateoxidationpathwayinvolvingformation
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ofsulfurglobulesoperatinginsulfur-storingbacteria(Hensenetal.,2006).

TheSoxenzymesystem ispresentindiversethiosulfate-oxidizingbacteria.

PhylogenetictreesconstructedwithdiversesoxB genehomologsavailablein

publicdatabasesrevealedthatBeta-proteobacteriaandAlpha-proteobacteria

werenotmonophyleticandformedatleast4and2clustersrespectively,

whileAlpha-proteobacteriawereshowntobemonophyletic(Anandham etal.,

2008;Meyeretal.,2007;Petrietal.,2001).Withtheintroductionoftwo

novelsoxB genehomologsofRhodobactersp.(strains,BA15andBA31)in

the database,the soxB phylogenetic tree presented in this report has

establishedforthefirsttimethatAlpha-proteobacteriawerenotmonophyletic

butformedatleast2distinctgroups.ThelevelofconservationofthesoxB

aminoacidsequencesrangedfrom 80to100% andwascomparabletoother

functionalgenes,suchasammoniamonooxygenase(amoA)andnitrousoxide

reductase(nosZ)(Rotthauweetal.,1997;ScalaandKerhof,1999).Theamino

acidsequencesofdifferentclustersrevealedlow similarityvaluesof80-89%,

whereas closely related sequences within clusters shared much high

similaritiesof90-91%,therebyreflectingastrongseparationbetweenthe

differentlinesofdescentofthesoxB gene.Thisobservationmayindicate

thatthesoxB genehasa long evolutionary history (Petrietal.,2001).

AccordingtothesoxB phylogeny,3and2distinctsoxB groupswerenoted

intheGamma-andAlpha-proteobacteria,respectively,indicatinglateralgene

transfer(Meyeretal.,2007;Petrietal.,2001).

Theaccumulationofintermediateproductsofthiosulfateoxidationsuchas

trithionate,sulfite,sulfur and thiosulfate metabolizing enzymes and the

presenceofthesoxB genewerenotedinAlicycliphlussp.,Comamonassp.,

Hydrogenophagasp.andParacoccussp.(Table1.10).Hence,itispostulated

thatthesebacteriacouldpossesstheS4intermediatepathway,inadditionto

thesulfateoxidizingmulti-enzymemediatedsoxsystem whichisessential

forthiosulfateoxidationintheParacoccussulfuroxidation (PSO)pathway
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(Friedrichetal.,2001;Hensenetal.,2006;Kellyetal.,1997).

In many sulfateoxidizing bacteria,thegenesencoding sulfateoxidizing

multi-enzymesystem proteinsoccurin etheirasingleclusterormultiple

clusters (Friedrich etal., 2000).Thegenesencoding soxAX,soxB and

soxYZ areinvariably presentin thesebacteria,and theencoded proteins

share relatively high amino acid sequence identities with each other

irrespectiveofthepresenceorabsenceofsoxCD(Welteetal.,2009;Zander

etal., 2011).In Paracoccusversutus(formerly Thiobacillusversutus),a

thiosulfate-oxidizingperiplasmicmultienzymesystem comprisingsoxA,soxB,

andmultihemecytochromeswascharacterized(Lu,1986;LuandKelly,1988;

Kappler etal.,2000).The proposed mechanism is designated the PSO

pathway(Kellyetal.,,1997).ThefunctionofsoxA andsoxBenzymeswere

notdemonstrated.The sequence analysis revealed a partialopen reading

frame(ORF),soxA,and5additionalORFs(soxBCDEF)downstream ofsoxA

(Wodaraetal.,1994;Wodaraetal.,1997).

Therecentwhole-genomesequenceanalysisrevealed a homologousgene

clustersimilarto the Sox locusin a largenumberofdiverse bacterial

species.FuturestudiesshouldconsiderisolatingSOB from thissulfide-rich

wastewater,characterizing the metabolism ofsulfurin these bacteria to

sulfideorotherinorganicreducedsulfur,anddeterminingtheroleofthese

bacteriainsulfidedegradation.

In addition, efficient and environmentally friendly manure treatment

technologiescanreduceodorsthroughtheutilizationofmicroorganismsand

also produce organic fertilizer,which can then be linked to sustainable

agriculturalproduction.ThecurrentmanuretreatmentissuesinJejucanbe

addressedusing SOB toreducethepollutantsin manure;thiswilllower

environmentalrisks,therebyrestoringtheimageofJejuasacleanregion.
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ChapterⅡ

PolyphasicstudyandCharacterizationof

NovelSulfur-OxidizingBacteria
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2.1.Introduction

Taxonomy comprises classification,nomenclature,and identification.The

modernbacterialtaxonomyusesthepolyphasicapproach,whichisbasedon

the severalmoleculartechniques,each one retrieving the information at

differentcellularlevels(quinones,fattyacids,phospholipids,andDNA G+C

content).The obtained results are combined and analyzed to reach the

‘consensus taxonomy’of the microorganism.In principle,allgenotypic,

phenotypic,andphylogeneticinformationmaybeincorporatedinpolyphasic

taxonomy.Thegenotypicinformationisderivedfrom thenucleicacids(DNA

and RNA)in the cell,whereas phenotypic information is derived from

proteins.Severalmethodsdescribedbrieflybelow suchasdeterminationof

G+Cmol% andDNA-DNA hybridizationstudies,areclassicalapproachedand

havebeenappliedintaxonomicanalysis(Vandammeetal.,1996).

ThefamilyComamonadaceae(Wenetal.,1999),belongstotheclassBeta

proteobacteria,currently consists of more than 29 genera with validly

published names.Mostisolates ofthis family were obtained from soil,

freshwater,wastewater,activatedsludge,andpondwaterandindicatingthat

this evolutionary cluster has a wide spectrum ofhabitats and various

metabolism pathways.Someisolatesarecapableofdegradinghydrocarbons,

accumulatingphosphorous,oxidizingammoniaandperformingdenitrification.

The genus Comamonas was firstdescribed by De Vos etal.(1985).

Subsequently,anumberofnovelspecieshavebeenaddedintothisgenus.

ThegenusComamonasisgroupofGram-negative,non-spore-forming,and

rod-shaped.Thesebacteriaarecatalase-andoxidasepositiveandaDNA

G+CcontentofthegenomicDNA ofthisgenusrangesfrom 60to66mol%.

Members of the genus Comamonas have been isolated from various
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environmentssuchaswetlands,termitegut,soilandwaste.

ThegenusHydrogenophaga wascreated by the reclassification ofthe

genusPseudomonas(Willemsetal.,1989).Theorganismsthatbelong to

these genera are chemo-organotrophic orchemolithoautotrophic,using the

oxidationofH2asanenergysourceandCO2asacarbonsource,thisisone

ofthemajordifferentiatingcharacteristicsfordistinguishingthem from other

generaofthefamily Comamonadaceae(Wenetal.,1999;Kämpferetal.,

2005).

ThefamilyRhodobacteraceae(Garrityetal.,2005),whichbelongstothe

classAlpha-proteobacteria,containsapproximately90recognizedgenera(type

genus,Rhodobacter) at the time of writing.Members of the family

Rhodobacteraceaewasphenotypically,metabolically,andecologicallydiverse.

Includes phoroheterophically that can also grow photoautotrophically or

chemotrophically under approproate environmental conditions,

chemoorganotrophs with either strictly aerobic or facultatively anaerobic

respiratory metabolism,facultatively fermentativeorganism,and facultative

methylotrophs. The family Rhodobacteraceae have been isolated from

seawater,saline,sediments,microbialmats,seaweeds,freshwaterandanimal

tissuesinvarioushabitats

Based on partial16S rRNA sequences,novelstrainswereselected for

polyphasictaxonomicanalysis.Thesenovelstrainswerefurthercharacterized

bygenotypicandphenotypicmethodsandwerecomparedtotheprofilesof

theSOBisolatedfrom swinerysludge.
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2.2.MaterialandMethods

2.2.1.Isolationofthebacterialstrainsandculturecondition

Thesulfur-oxidizingbacteriawereisolatedfrom swinerysludgeinJeju,

RepublicofKorea.Thesludgesamplesweresubjectedtoenrichmentculture,

100mLofonBH medium andincubatedat30°Cfor2weeks.Theculture

slurrieswereseriallydilutedandappropriatedilutionswerespreadontoBH

medium andincubatedat30°Cfor7days.Theagarplateswereincubated

for7daysandcoloniesexhibitingdifferentmorphologiesweretransferredto

new media.Pureculturewereobtained through aseriesofre-plating to

checkforpurity.Itwassubcultivatedontrypticsoyagar(TSA;Difco,USA)

at30°C.Thestrainswerepreservedinaglycerolsolution(20%,w/v)at

-70°C.

2.2.2.Cellmorphology

Gram-stainingwasperformedusingtheGram-stainkit(BD)accordingto

themanufacturer̀sinstructions.A motilitytestwasperformedbymotility

testagar(0.5% agar).Bacterialmotilitywasobservedmacroscopicallybya

diffusionzoneofgrowthspreadingfrom thelineofinoculation.Forscanning

electronmicroscopy(SEC,Korea),cellsattachedtothefilterwerefixedfor2

hwith2.5% glutaraldehydeandwashedthreetimesfor5minin0.1M

sodium phosphatebuffer,pH 7.2.Thedehydrationofthebacterialspecimen

wascarriedoutsequentiallyusing50%,70%,80%,90%,95%,and100

% ethanol.Bacterialspecimenwastreatedwithisoamylacetateandkeptat

room temperaturefor1hr.Thebacterialspecimenswerethenfrozenat-70

°C.andthenlyophilized.Afterplantinum coating(20mA,90sec).
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2.2.3.Analysisofphenotypiccharacteristics

Growthat4to50°C wasmeasuredonTSA.ThepH rangeforgrowth

wasinvestigatedonTSB adjustedtopH 3.0-11.0inincrementsof0.5pH

unitsusing1M HClor1M NaOH.Salttolerancewastestedbyincubation

for7daysonTSA supplementedwith1–10% (w/vinincrementsof1%

unit)NaCl.Catalaseactivitywasobservedbybubbleproductionina3%

solution(v/v)ofhydrogenperoxide,andoxidaseactivitywasdeterminedby

theoxidationof1% (w/v)tetramethylp-phenylenediamine(Merck,USA).

Hydrolysisofcasein,starch,andTween20,40,60,and80wasperformedon

TSA using thesubstrateconcentrationsdescribed previously (Cowan and

Steek,1965).DNaseactivitywasexaminedusing DNasetestagar(Difco,

USA)withmethylgreen.Growthunderanaerobicconditionwasdetermine

afterincubationfor4weeksinanAnaeroPack(Oxoid,UK)onTSA and

supplementedwithpotassium nitrate(0.1%,w/v).Otherbiochemicaltests

werecarriedoutusingtheAPI20E,API20NE,andAPIZYM kits(bioMerieux,

UK)according to the mamufacturer̀s instructions.Utilization ofdifferent

carbonsourceswasassessedusingGN2microplate(Biolog,USA)according

tothemamufacturer̀sinstructions.Susceptibilitytoantibioticswastestedon

TSA plates using antibiotic discs (BBL,USA)containing the following:

ampicillin(10µg),cephalothin(30µg),chloramphenicol(30µg),gentamicin

(10µg),erythromycin(15µg),kanamycin(30µg),lincomycin(2µg),nalidixic

acid(30µg),neomycin(30µg),novobiocin(30µg),oleandomycin(15µg),

penicillinG (10IU),polymyxinB (300IU),rifampicin(5µg),streptomycin

(10µg)andtetracycline(30µg).
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2.2.4.Phylogeneticanalysis

GenomicDNA wasextractedandpurifiedbyusingacommercialgenomic

DNA extractionkit(Promega,USA),andthenearlycomplete16SrRNAgene

sequencewasamplifiedusingbacterialuniversalprimers(Weisburgetal.,

1991).Sequencing ofthe 16S rRNA gene ofstrains was carried outas

describedpreviously(Lane,1991).Fullsequenceofthe16SrRNA genewas

compiled using SeqMan software (DNASTAR,USA)and compared with

available16SrRNA genesequencesontheGenBankdatabasebyusingthe

BLAST program (http://www.ncbi.nlm.nih.gov/blast/).Sequences ofrelated

taxa and sequence similarity value were obtained from EzTaxon server

(http://www.eztaxon.org/; Chun et al.,2007).Multiple alignments were

performedusingtheCLUSTAL X version1.83program (Thompsonetal.,

1997)andgapswereexcludedbyusingtheBioEditprogram (Hall,1999).A

phylogenetictreewasconstructedbyusingtheneighbor-joining(Saitouand

Nei,1987),maximum-likelihood(Felsenstein,1981),andmaximum parsimony

(KlugeandFarris,1969)algorithmscontainedinMEGA version5.0(Tamura

etal.,2011).Bootstrapanalysisbasedon 1,000resamplingswasusedto

evaluatethereliabilityoftreetopology(Felsenstein,1985).

2.2.5.Analysisofchemotaxomiccharacteristics

The respiratory quinones were extracted and purified as described by

KomagataandSuzuki(1987),andseparatedbyusingreversed-phaseHPLC

withaSpherisorb5μm ODS2column(250x4.6mm;Waters)inanelution

ofmethanolandisoprophylether(4:1)asdescribed previously (Tamaoka,

1986).

Forfattyacidmethylesteranalysis,cellswereallowedtogrow onTSA.

Thefattyacidmethylestersweresaponifiedwithsaponifyingreagent(NaOH
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inaqueousmethanol)byboilingat100°C,for30minandmethylatedwith

methylatingreagent(6N HClinaqueousmethanol)byreactingat80°Cfor

10 min. Fatty acids were then extracted with extraction solvent

(hexane/Methyl-tertbutylether;1:1,v/v).Next,thebasewaswashedby

saturatedNaCl.TheSherlockMicrobialIdentificationSystem (MIDI;version

6.1)(Sasser,1990),andanalyzedbygaschromatography(GC7890A,Agilent,

USA)withtheTSBA6library.

The DNA G+C contentofstrains was determined using the thermal

denaturation method (Marmur & Doty, 1962) using an UV-visiable

spectrophotometer evolution 300 (Thermo scientific, USA). DNA from

EscherichiacoliK-12wasusedasacontrol.

Polar lipids were extracted and examined by two-dimensional TLC

(Minnikin etal.,1984).The lipid extracts were dissolved in 50 uL of

chloroform:methanol(2:1,v/v)and10uLofsampleswasspottedonthethin

layerchromatographyplates(Merck,USA).Chromatographywascarriedout

using chloroform:methanol:water(65:25:4,v/v/v)in the firstdirection,

followedbychloroform:aceticacid:methanol:water(80:15:12:4,v/v/v/v)in

thesecondone.ExtractedlipidswereseparatedbyTLC andidentifiedby

sprayingwithappropriatedetectionreagent(Minnikinetal.,1984;Komagata

and Suzuki,1987).Ninhydrin reagent(ninhydrin reagent0.2 % solution,

Sigma,USA)was used to detectfree amino groups containing lipids,

zinzadzereagent(molybdenum bluesprayreagent,1.3%,Merck,USA)for

phosphorus containing lipids,α-naphtolreagent(α-naphtolreagent15 %

solution,Sigma,USA)forglycolipidscontaininglipidsandmolybdophoshpolic

acid(phosphomolybdicacidreagent,10% solutioninethanol,Sigma,USA)

fortotallipids.Finally,the lipids on the TLC plate were identified by

comparingtheirmobilitywiththoseofauthenticlipids(Sigma,USA)
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2.3.ResultsandDiscussion

2.3.1.StrainKBB12T

ThefamilyComamonadaceaebelongstotheclassBeta-proteobacteriaand

contains many genera including Acidovorax, Comamonas, Variovorax,

Xylophilus, Hydrogenophaga, Aquaspirillum, Rhodoferax, Polaromonas,

AlicycliphilusandRamlibacterhavebeenaddedtothefamily(Wenetal.,

1999;Hiraishietal.,1991;Irgensetal.,1996;Heulinetal.,2003;Mechichiet

al.,2003).

A 16S rRNA genesequenceanalysisrevealedthatstrain KBB12
T
was

placedintothefamilyComamonadaceaeoftheclassBeta-proteobacteria.A

sequence similarity calculation using the EzTaxon server

(http://www.EzTaxon.org/;Chun etal.,2007) indicated that the closest

relativesofstrainKBB12
T
wereAlicycliphilusdenitrificansK601

T
(95.8%)

and Diaphorobacter nitroreducens NA10B
T
(94.8 %). Lower sequence

similarities(lessthan95%)werefoundwithmembersofallothergenera

suchas(Alicycliphilus,DiaphorobacterandAcidovorax)showninFig.2.1.

neighbour-joiningphylogenetictreeconfirmedtheseparatepositionofstrain

KBB12
T
. The topologies of phylogenetic trees built using the

maximum-likelihoodandmaximum-parsimonyalgorithmsalsosupportedthe

notion thatthere is no genus group thatshows a clear phylogenetic

relationshipwithstrainKBB12
T
inthefamilyComamonadaceae.

Strain KBB12
T
was facultative aerobic, Gram staining negative and

rod-shape.ThecoloniesgrownonTSA for3dayswerepaleyellow,circles,

measuring0.5-1mm indiameter.Theoptimalconditionforgrowthwas37

°C and pH 7.0.Thephysiologicalcharacteristicsofstrain KBB12
T
were
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summarized in the species description and a comparison of selected

characteristicswithrelatedstrainsisshowninTable2.1.

ThefattyacidsofstrainKBB12
T
showedhighamountsofC16:1 ω7c(40.5

%),C16:0 (27.7%)andC18:1 ω7c(16.5%),asreportedforstrainsofthe

genera Acidovorax, Alicycliphilus, Giesbergeria, Simplicispira and

Diaphorobacter,butalsoshowed relatively high amounts(>8%)ofC17:0

cyclo(Table2.2).Theprofileofpolarlipidsincludedphosphatidylethanolamine

(PE),phosphatidylglycerol(PG),diphosphatidylglycerol(DPG)andunknown

lipid(L)(Fig.2.2).

Strain KBB12
T
belonged to thefamily Comamonadaceae and formed a

distinctphyleticlinewiththecladesoftherelatedgenera.Moreover,strain

KBB12
T
wasdifferentiated from membersofthegenusAlicycliphilusand

Diaphorobacter by severalphenotypic characteristics including fatty acid

composition, carbon utilization (Table 2.1. and 2.2) and polar lipid

compositions(Fig.2.2).BasedonpolyphasicdatastrainKBB12
T
representsa

novelgenusandspeciesofthefamilyComamonadaceae,forwhichthename

Thiobacterium jejuensegen.nov.,sp.nov.isproposed.
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Fig.2.1.Neighbour-joiningphylogenetictreebasedon16SrRNA gene

sequencesshowingthepositionofstrainKBB12
T
andmembersofthe

family Comamonadaceae. Bootstrap value (>50 %) based on 1,000

replicationsareshown.BurkholderiacepaciaATCC 25416
T
wasusedasan

out-group.Filled circles indicate thatthe corresponding nodes were also

recovered in the trees generated with the maximum-likelihood and

maximum-parsimony algorithms.Genbank accession numbersaregiven in

parentheses.Bar,0.01substitutionspernucleotideposition.
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Table 2.1.Differentialcharacteristics ofstrain KBB12
T
and related

generawithinthefamilyComamonadaceae

Strains:1.KBB12
T
;2,Alicycliphilus;3,Diaphorobacter;4,Acidovorax.Data

from KhanandHiraishi(2002),Mechichetal.(2003)andChoietal.,(2010).

+,Positive;-,negative;v,variable;NA,notreported.

Characteristic 1 2 3 4

Motility - + + v

Temp. 30-37 30 28-35 28-30

Conditionsforgrowth

Oxygen
Facultative

aanerobic

Facultative

anaerobic
Aerobic Aerobic

Utilizationof:

D-Fructose - - + +

D-Glucose - - + v

Glycerol - NA + +

β-Alanine - + + v

Malonate + + - v

Fumarate - + + v

Majorfattyacid
C16:0,C16:1,

C18:1ω7c

C16:0,C16:1,

C18:1ω7c

C16:0,C16:1,

C18:1ω7c

C16:0,

C18:1ω7c

DNAG+Cmol% 62.7 66 64-65 62-66

Source
swinery

sludge
Wastewater

Activated

sludge

Soil,

freshwater,

clinicalisolate
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Table2.2.CellularfattyacidcompositionofstrainKBB12
T
andclosely

relatedgenera

Strains:1.KBB12
T
;2,Alicycliphilus;3,Diaphorobacter;4,Acidovorax.Data

from Khan and Hiraishi(2002), Mechich etal.,(2003)andChoietal.,

(2010).Valuesarepercentagesoftotalfattyacids;-,notdetected.

Fattyacid 1 2 3 4

C10:03-OH 4.8 4 4.6 3.1-8.5

C12:0 3.5 4 2.7 3.2-7.8

C14:0 1.5 2 2.2 1.5-7.4

C16:0 27.7 24 29.2 23.5-32.1

C17:0cyclo 2.5 2 1.4 1.6-3.2

C18:0 1.0 - 0.1 -

C18:1ω7c 16.5 21 18.1 11.7-22.6

summedfeature3
*

40.5 37 40 31-43.1

summedfeature7
*

1.4 - 8.7 -

*Summedfeature3containediso-C15:02-OH and/orC16:1ω7candsummedfeature7

containedC19:1cycloω10cand/orC19:1ω6c.
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Fig.2.2.Polarlipidprofilesofstrain KBB12
T
(A)andtheauthentic

standardsused (B)aftertwo dimensionalthin-layerchromatography

(TLC). PC, phosphatidylcholine; PE, phosphatidylethanolamine; DPG,

diphosphatidylglycerol;PG,phosphatidylglycerol;PI,phosphatidylinositol;L,

unknownlipid.Stainedwith ninhydrinreagentfordetection ofaminolipids

(A-1), Zinzadze reagent for phospholipids (A-2) and 10% ethanolic

molybdophosphoricacidfordetectionofthetotalpolarlipids(A-3).
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DescriptionofThiobacterium gen.nov.,sp.nov.

Thiobacterium (Thi.o.bac.te.ri.um.Gr.n.thionsulfur;N.L.n.bacterium

from Gr.n.bakterion rod;N.L.neut.n.Thiobacterium a rod-shaped

bacterium oxidizingsulfur).

CellsareGram-negative,facultativeaerobic,non-motilerods,at37°C on

TSA.Catalase- and oxidase-positive.Nitrate is reduced to nitrite and

thiosulfate is oxidized to sulfate. Contain phosphatidylethanolamine,

phosphatidylglycerol,diphosphatidylglyceroland an unknown lipid aspolar

lipids.Themajorisoprenoidquinoneisubiquinone-8(Q-8).TheDNA G+C

contentofthe type strain ofthe type species is 62.7 mol% (HPLC).

Phylogenetically,thegenusbelongstothefamilyComamonadaceae.Thetype

speciesisThiobacterium jejuense.

DescriptionofThiobacterium jejuense sp.nov.

Thiobacterium jejuense(je.ju.en’se.N.L.neut.adj.jejuensepertainingto

Jeju,RepublicofKorea,from wherethetypestrainwasisolated).

Cellareoxidaseandcatalasepositive,denitrifying,withoveralldimensions

of0.5-0.7㎛ (width)by2.0-3.5㎛ (length),asassessedin3dayscultures

grownat37°ConTSA.Optimum growthsisobservedat30-37°C,pH 7-8

and0-1% NaCl.HydrolysesgelatinandTween20,40,and80butdoesnot

hydrolyze casein,urea,Tween 60,tyrosine,aesculin and starch.Utilizes

N-acetyl galatosamine, N-acetyl glucosamine, N-acetyl mannosamine,

D-arabitol,adipate,glucuronamide,gluconate,myo-inositol,lactulose,malate,

maltose,D-mannose,palatinose,raffinose,D-sorbitol,sucrose,bromosuccinic
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acid,β-hydroxybutyricacid,malicacid,succinamicacid.Producesalkaline

phosphatase,esterase(C4),esteraselipase(C8),leucine-,valine-,cystine

arylamidase and naphthol-AS-BI-phosphohydrolase,but not lipase (C14),

trypsin, α-chymotrypsin, α-galactosidase,β-galactosidase,β-glucuronidase,

a-glucosidase,β-glucosidase,N-acetyl-β-glucosaminidase,α-mannosidase,α

-fucosidase, arginine dihydrolase, lysine decarboxylase or ornithine

decarboxylase. Susceptible to ampicillin (10 µg), cephalothin (30 µg),

chloramphenicol(30µg),gentamicin(10µg),kanamycin(30µg), neomycin

(30µg),penicillinG(10IU),polymyxinB(300IU),andtetracycline(30µg).

ThemajorfattyacidsfoundinstrainKBB12
T
wereC16:1 ω7c(40.5%),C16:0

(27.7%)andC18:1 ω7c(16.5%).Thepolarlipidsarephosphatidylethanolamine

(PE),diphosphatidylglycerol(DPG),phosphatidylglycerol(PG)andunknown

lipid(L).

Thetypestrain,KBB12
T
(= KCTC 32230

T
),wasisolatedfrom swinery

sludgeinJeju,theRepublicofKorea.
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2.3.2.StrainBA15T

ThefamilyRhodobacteraceae(Garrityetal.,2005),whichbelongstothe

classAlpha-proteobacteria,containsapproximately70recognizedgenera(type

genus, Rhodobacter). The family Rhodobacteraceae typically comprises

phototrophic purple non-sulfur bacteria characterized by the presence of

photosyntheticpigments.However,a few non-pigmented,non-phototrophic

strainshavebeenreportedthatphylogeneticallybranchwithintheradiusof

new genera Pseudorhodobacter(Uchino etal.,2002)and Haematobacter

(Helseletal.,2007).

A 16S rRNA gene sequence analysis revealed thatstrain BA15
T
was

classifiedinthefamilyRhodobacteraceaeoftheclassAlpha-proteobacteria.

A sequence similarity calculation using the EzTaxon server

(http://www.EzTaxon.org/;Chun etal.,2007)indicated thatthe closest

relativesofstrainBA15
T
wereRhodobactermegalophilusJA194

T
(95.2%),

followed by members of the genera Haematobacter (95 %) and

Pseudorhodobacter(94%).Lowersequencesimilarities(95%)werefound

with members ofallothergenera shown in Fig.2.3 neighbour-joining

phylogenetic tree confirmed the separate position ofstrain BA15
T
.The

topologies ofphylogenetic trees builtusing the maximum-likelihood and

maximum-parsimonyalgorithmsalsosupportedthenotionthattherewasno

genusgroupthatshowedaclearphylogeneticrelationshipwithstrainBA15
T

inthefamilyComamonadaceae.

Strain BA15
T
wasaerobic,Gram-staining negativeandrod-shaped.The

coloniesweregrownonTSAagarplatefor3days.Theoptimalconditionfor

growthwas30°C andpH 7.0.Thephysiologicalcharacteristicsofstrain

BA15
T
was summarized in the species description and a comparison of

selectedcharacteristicswithrelatedstrainsisshowninTable2.3.

Themajorfatty acidsofstrain BA15
T
wereC18:1 ω7cand C10:0 3-OH
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consistentwith members ofthe genera Rhodobacter,Haematobacterand

Pseudorhodobacter (Table 2.5).The polarlipids profile ofstrain BA15
T

contained phosphatidylcholine (PC), phosphatidylethanolamine (PE),

diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), unknown

aminophophoslipids (APL),unknown aminolipids (AL)and unknown lipids

(L1-L3)(Fig.2.4).ThepolarlipidcontentofstrainBA15
T
wassimilarto

genusRhodobacter,butwasdistinguishablefrom thoseofreferencestrains

bytheabsenceoftheaminophophoslipids(APL),unknownaminolipids(AL)

andunknownlipids(L1-L3).

Strain BA15
T
belonged to the family Rhodobacteraceae and formed a

distinctphyleticlinewiththecladesoftheralatedgenera.Moreover,strain

BA15
T
was differentiated from members of the genus Rhodobacter,

HaematobacterandPseudorhodobacterbyseveralphenotypiccharacteristics,

includingfattycomposition,carbonutilization(Table2.3and2.4)andpolar

lipidcompositions(Fig.2.4)Basedonpolyphasicdatapresentedinthisstudy,

strain BA15
T
represents a novel genus and species of the family

Rhodobacteraceae,forwhichthenameCaenirhodobacterjejuensisgen.nov.,

sp.nov.isproposed.
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Fig.2.3.Neighbour-joining treebased on 16S rRNA genesequences

showing the position ofstrain BA15
T
and members ofthe family

Rhodobacteraceae.Bootstrapvalue(>50%)basedon1,000replicationsare

shown. Filled circles indicate nodes also recovered reproducibly with

maximum-likelihood.Rhodospirillum rubrum ATCC 11170
T
wasusedasan

out-group.Genbankaccessionnumbersaregiveninparentheses.Bar,0.02

substitutionspernucleotideposition.
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Table 2.3.Differentialcharacteristics of strain BA15
T
and related

generawithinthefamilyRhodobacteraceae

Strains:1,BA15
T
;2,Rhodobacter;3.Pseudorhodobacter;4,Haematobacter.

Dataforreferencestrainsweretakenfrom Jungetal.,(2002),Helseletal.,

(2007)andVenkataetal.,(2009).+,Positive;-,negative;v,variable.

Characteristic 1 2 3 4

Motility - v - -

NaClrequirement - - + -

Anaerobic

photosystheticgrowth
- + - -

Utilizationof:

Maltose - v - -

Sucrose + v - -

D-Glucose + v - -

D-mannitol + v v -

D-xylose - v - -

DNAG+C mol% 51.6 62.8-73 56.6-58.0 65

Source
Swinery

sludge

Freshwater,

marine
Marine Blood
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Table2.4.CellularfattyacidcompositionofstrainBA15
T
withclosely

relatedgenera

Strains:1,BA15
T
;2,Rhodobacter;3.Pseudorhodobacter;4.Haematobacter.

Dataforreferencestrainsweretakenfrom Jungetal.,(2002),Helseletal.,

(2007)andVenkataetal.,(2009).Valuesarepercentagesoftotalfattyacids;

-,notdetected.

Fattyacid 1 2 3 4

C10:03OH 12.6 2-6 2-4 2-11

C12:0 0.9 - - -

C16:0 2.2 2-7 1-2 2-15

C17:0 0.9 - 0-1 11.00

C18:0 5.0 1-7 3.2-4.5 1-2

C18:03OH 4.3 - - -

C18:1ω7c 69.5 60-80 81-86 56-90

C18:1ω9c - 1-2 0-1.5 1.00

C18:1ω7c11-methyl 2.9 - - -

C19:0cycω8c - 4 0-1.6 3-20

C19:010-methyl 0.6 1-3 - -

Summed feature3* 1.2 1-9 0.8-3 1-11

  *Summed feature 3 contained C16:1 ω7c and/or iso-C15:0 2-OH.
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Fig.2.4.Polarlipid profiles ofstrain BA15
T
(A)and the authentic

standardsused (B)aftertwo dimensionalthin-layerchromatography

(TLC). PC, phosphatidylcholine; PE, phosphatidylethanolamine; DPG,

diphosphatidylglycerol;PG,phosphatidylglycerol;PI,phosphatidylinositol;APL,

unknownaminophophoslipids;AL,unknownaminolipids;L1-L3,unknown

lipids.Stained with ninhydrin reagentfordetection ofaminolipids (A-1),

Zinzadze reagent for phospholipids (A-2) and 10% ethanolic

molybdophosphoricacidfordetectionofthetotalpolarlipids(A-3).
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DescriptionofCaenirhodobactergen.nov.

Caenirhodobacter(Cae'ni.rho.do.bac’ter.L.n.caenum mud,sludge;N.L.

masc. n. Rhodobacter, a bacterial generic name; N. L. fem. n.

Caenirhodobactermonadisolatedfrom sludge).

Cells are Gram-negative,aerobic,non-motile rods,at30 °C on TSA.

Catalase-andoxidase-positive.Nitrateisreducedtonitriteandthiosulfateis

oxidized to sulfate. Contain are diphosphatidylglycerol (DPG),

phosphatidylcholine(PC),phosphatidylethanolamine(PE),phosphatidylglycerol

(PG)aspolarlipids.Themajorisoprenoidquinoneisubiquinone-8(Q-8).

TheDNA G+C contentwas51.6mol%.Phylogenetically,thegenusbelongs

to the family Rhodobacteraceae.The type species is Caenirhodobacter

jejuensis.

DescriptionofCaenirhodobacterjejuensissp.nov.

Caenirhodobacterjejuensis(je.ju.en'sis.N.L.fem.adj.jejuensisreferring

toJejuIslandintheRepublicofKorea,wherethetypestrainwasisolated).

Cellareoxidaseandcatalasepositive,denitrifying,withoveralldimensions

of0.2-0.4㎛ (width)by1.4-2.6㎛ (length),asassessedin3dayscultures

grownat30°C onTSA.Optimum growthsisobserved25-30°C,pH 7-8

andon0-1% NaCl.HydrolysesaesculinandDNasebutdoesnothydrolyse

casein,gelatin,Tween 20,40,60,80 urea,starch or tyrosine.Utilizes

arabinose, cellobiose, β-cyclodextrin, erythritol, glucose, glucuronamide,

glycerol, myo-inositol, maltitol, maltotriose, melibiose, asicose, salicin,

D-sorbitol,sorbose,stachyose,sucrose,tagatose,turanose,γ-aminobutyric

acid,bromosuccinic acid, β-hydroxybutyric acid, γ-hydroxybutyric acid,
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malate,saccharate,succinamate,succinate,alaninamide,aspartate,threonine,

adenosine.Producesalkalinephosphatase,esterase(C4),esteraselipase(C8),

leucine-, valine-, cystine arylamidase, acid phosphatase,

naphthol-AS-BI-phosphohydrolase,α-glucosidaseand β-glucosidasebutnot

lipase (C14), trypsin, α-chymotrypsin, β-glucuronidase, α-glucosidase,

N-acetyl-b-glucosaminidase, α-mannosidase, α-fucosidase, arginine

dihydrolase,lysinedecarboxylaseorornithinedecarboxylase.Susceptibleto

ampicillin(10µg),cephalothin(30µg),chloramphenicol(30µg),erythromycin

(15µg),gentamicin(10µg),kanamycin(30µg),naldicacid(30µg),neomycin

(30 µg),novobiocin (30 µg),oleanomycin (15 µg),penicillin G (10 IU),

polymyxinB(300IU),rifamysin(5µg),streptomycin(30µg)andtetracycline

(30µg).

ThemajorfattyacidsfoundinstrainBA15
T
wereC18:1 ω7c(69.5%)and

C10:0 3OH (12.6 %).The polar lipids are diphosphatidylglycerol(DPG),

phosphatidylcholine (PC), phosphatidylethanolamine (PE) and

phosphatidylglycerol(PG).

Thetypestrain,BA15
T
(=KCTC32231

T
=JCM 18654

T
),wasisolatedfrom

swinerysludgeofinJeju,theRepublicofKorea.
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2.3.3.StrainsKBB4T,andKBB8T

The nearly complete sequences ofthe 16S rRNA genes KBB4
T
,and

KBB8
T
,whichwere1453and1443nucleotides,respectively.StrainsKBB4

T
,

and KBB8
T
was classified in the family Comamonadaceae ofthe class

Beta-proteobacteria.A sequence similarity calculation using the EzTaxon

server(http://www.EzTaxon.org/;Chunetal.,2007)indicatedthatheclosest

relativesofstrainsKBB4
T
,andKBB8

T
wereComamonastestosteroniATCC

11996
T
(98.6 %),Comamonas odontotermitis Dant 3-8

T
(97.4 %) and

ComamonascompostiCC-YY287
T
(96.4%).Thephylogeneticconsensustree

clearlyshowedtherelationshipofstrainsKBB4
T
,andKBB8

T
totheentire

typespeciedofthegenusComamonas(Fig.2.5).Inthephylogenetictrees

reconstructed using both maximum-likelihood and maximum-parsimony

algorithms,strainsKBB4
T
,andKBB8

T
fellunderthecladeencompassingthe

genusComamonas.

The physiologicalcharacteristics of strains KBB4
T
,and KBB8

T
were

summarized in the species description and a comparison of selected

characteristicswithrelatedstrainsshowninTable2.5.

Themajorcellularfattyacidsofstrainsweresummedfeature3(C16:1 ω7c

and/oriso-C15:02-OH)andC16:0.Totalfattyacidprofilewassimilartothose

ofthetypestrainsofComamonasspecies,althoughthereweredifferencesin

relativeamountsofsomefattyacids(Table2.6).Thepredominantubiquinone

wasQ-8.ThemajorpolarlipidsfoundofstrainsKBB4
T
,andKBB8

T
were

diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), and

phosphatidylethanolamine(PE)(Fig.2.6).

Based on the results ofphenotypic and phylogenetic analyses,strains

KBB4
T
,andKBB8

T
isconsideredtorepresentanew speciesofthegenus

Comamonas,thenamesComamonasjejuensissp.nov.andComamonascaeni

sp.nov.isproposed.
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Fig.2.5.Neighbour-joining treebased on 16S rRNA genesequences

showingthepositionofstrainsKBB4
T
,andKBB8

T
,Comamonasspecies

andrepresentativesofsomeotherrelatedtaxa.Bootstrapvalue(>50%)

based on 1,000 replications are shown.Filled circles indicate that the

corresponding nodeswerealsorecovered in thetreesgenerated with the

maximum-likelihood and maximum-parsimony algorithms. Paracoccus

versutus ATCC 25364
T
was used as an out-group.Genbank accession

numbersaregiven in parentheses.Bar,0.005 substitutionspernucleotide

position.
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Table2.5.DifferentialcharacteristicsamongstrainsKBB4
T
,andKBB8

T

closelyrelatedtypestrainsofthegenusComamonas

Strains:1,KBB4
T
;2,KBB8

T
;3,C.testosteroniATCC 11996

T
;4,C.

odontotermitisLMG 23579
T
;5,C.compostiLMG 24008

T
;6,C.koreensis

KCTC 12005
T
.Datafrom Chang etal.,(2002), Chou etal.,(2007)and

Youngetal.,(2008).+,positive;-,negative.

Characteristic 1 2 3 4 5 6

Source
Swinery

sludge

Swinery

sludge
Soil

Termite

gut
Compost Wetland

Motility + + + + + -

Nitritereduction

tonitrogen
+ + - - - -

Assimilationof:

D-Gluconate - - + + + +

Adipate - - + - + +

Caprate - + + - - -

Citrate - - + + - +

Oxidationof:

γ-Hydroxyburate - + - + + +

L-Threonine - - + + - +

GlycylL-asparate - + + + - -

N-Acetyl-D-glutamate + + - - - -

Tween80 - + + + + +

Susceptibilityto:

Ampicillin - - - - + -

Gentamicin + + + - - -

Rifampicin - - + - + +

Streptomycin + - + - - +

DNAG+Cmol% 61.3 62 62.5 61.6 62.8 66
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Table2.6.CellularfattyacidcompositionofstrainsKBB4
T
,andKBB8

T

withcloselyrelatedspecies

Strains:1,KBB4
T
;2,KBB8

T
;3,C.testosteroniATCC 11996

T
;4,C.

odontotermitisLMG 23579
T
;5,C.compostiLMG 24008

T
;6,C.koreensis

KCTC 12005
T
. Datafrom Chang etal.,(2002), Chouetal.,(2007)and

Young etal.,(2008).Valuesarepercentagesoftotalfatty acids;-,not

detected.

Fattyacid 1 2 4 5 6 7

C10:03-OH 6.1 10.8 4.8 3.8 5.6 3.5

C12:0 5.2 6.1 2.4 2.7 3.2 2.3

C14:0 0.7 1.1 1.0 1.2 1.4 1.0

C15:0 3.1 0.7 1.0 - - 9.4

C15:0ω6c 1.3 0.2 - - - -

C16:0 34.1 23.2 30.4 33.6 33.3 29.9

C16:02-OH 4.3 4.4 2.0 2.5 - 2.2

C16:12-OH - 2.3 0.8 - - -

C17:0 1.0 - 0.8 - 1 2.6

C17:0cyclo 10.5 8.7 3.8 5.9 1.4 12.3

Summed feature3
*

26.5 33.5 33.1 33.9 40.8 26.1

Summed feature8
*

6.7 8.1 17.9 16.2 12.9 8.7

*Summedfeature3containsC16:1ω6cand/orC16:1ω7c;Summedfeature8contains

C18:1ω6cand/orC18:1ω7c.
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Fig.2.6.PolarlipidprofilesofstrainsKBB4
T
,andKBB8

T
(A)andthe

authentic standards used (B) after two dimensional thin-layer

chromatography(TLC).PC,phosphatidylcholine;PE,phosphatidylethanolamine;

DPG,diphosphatidylglycerol;PG,phosphatidylglycerol;PI,phosphatidylinositol;

APL,unknownaminophophoslipids;AL,unknownaminolipids;L1-L3,unknown

lipids.
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DescriptionofComamonasjejuensissp.nov.

Comamonasjejuensis(je.ju.en'sis.N.L.fem.adj.jejuensisreferring to

JejuIslandintheRepublicofKorea,wherethetypestrainwasisolated).

Cellareoxidaseandcatalasepositive,denitrifying,withoveralldimensionsof

0.5-0.6㎛ (width)by1.0-2.5㎛ (length),asassessedin2daysculturesgrown

at37°ConTSA plate.Optimum growthsisobserved30-37°C,pH7-8andon

0-3% NaCl.Hydrolyseacetoin,casein,DNase,gelatineandstarch butdoes

nothydrolyse urea,Tween 20,40,60,80,aesculin ortyrosine.Nitrateis

reduced.AnaerobicgrowthdoesnotoccuronTSA,butdoesoccuronTSA

supplementedwithpotassium nitrate.Thefollowingcompoundsareutilizedas

thesolecarbonsource:N-acetyl-D-glucosamine,D-arabitol,maltose,palatinose,

D-psicose,D-raffinose,D-rhamnose,sorbose,sedoheptulos,stachyose,D-xylose,

γ-aminobutyric acid, β-hydroxybutyric acid,lactate,malate,succinate and

alaninamide.Producesalkalinephosphatase,esterase(C4),esteraselipase(C8),

leucine-, valine arylamidase, acid phosphatase and naphthol-AS-BI-

phosphohydrolase.Susceptibletocephalothin(30µg),chloramphenicol(30µg),

erythoromycin(15µg),gentamicin(10µg),naldicacid(30µg),neomycin(30

µg),novobiocin(30µg),oleanomycin(15µg),polymyxinB(300IU),sterptomycin

(10µg)andtetracycline(30µg).Themajorfattyacids(>10% ofthetotal)of

strainwereC16:0 (34.1%),Summedfeature3(C16:1ω7cand/oriso-C15:0 2-OH;

26.5%)andC17:0 cyclo(10.5%).Thepolarlipidsarediphosphatidylglycerol

(DPG), phosphatidylglycerol (PG), and phosphatidylethanolamine (PE), two

aminolipidsandthreeunkonownlipids.TheDNAG+Ccontentwas61.3mol%.

Thetypestrain,KBB4
T
(=KCTC32226

T
),wasisolatedfrom swinerysludge

ofinJeju,theRepublicofKorea.
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DescriptionofComamonascaeni sp.nov.

Comamonascaeni(ca.'ni.L.gen.n.caeniofmud,referring swinery

sludge,from wherethetypestrainwasisolated).

Cellareoxidaseandcatalasepositive,denitrifying,withoveralldimensions

of0.3-0.5㎛ (width)by1.0-1.5㎛ (length),asassessedin2dayscultures

grownat30°C onTSA.Optimum growthsisobserved30-37°C,pH 7-8

andon0-3% NaCl.Hydrolysesacetoinandtween80butdoesnothydrolyse

casein,DNase,Tween 20,40,60 and starch.Nitrate is reduced. The

following compounds are utilized as sole carbon source:

N-acetyl-D-glucosamine, D-arabitol, N-acetyl-D-mannosamine, maltose,

mannitol,mannose,melibios,D-psicose,D-raffinose,ribose,salicin,sorbitol,

sorbose,sucrose,D-xylose,β-hydroxybutyricacid,lactate,malate,succinate,

Itaconate,asparagine,aspartate,glutamate,putescineandadenosine.Produces

alkaline phosphatase,esterase (C4),esterase lipase (C8),leucine-,valine

arylamidase, acid phospatase and naphthol-AS-BI- phosphohydrolase.

Susceptibletocephalothin(30µg),chloramphenicol(30µg),erythoromycin(15

µg),gentamicin(10µg),naldicacid(30µg),neomycin(30µg),novobiocin(30

µg),oleanomycin (15µg),polymyxinB (300IU),sterptomycin (10µg)and

tetracycline(30µg).

Themajorfattyacids(>10% ofthetotal)ofstrainwereSummedfeature

3(C16:1ω7cand/oriso-C15:02-OH;33.5%),C16:0(23.2%)andC10:03-OH (10.8

%).TheDNAG+Ccontentwas62mol%.

Thetypestrain,KBB8
T
(=KCTC32227

T
),wasisolatedfrom swinerysludge

ofinJeju,theRepublicofKorea.
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2.3.4.StrainKBB11T

The 16S rRNA gene sequence of strain KBB11
T
comprosed 1487

nucleotidesand revealed thatstrain KBB11
T
wasclassified in thefamily

Comamonadaceae ofthe class Beta-proteobacteria.A sequence similarity

calculationusingtheEzTaxonserver(http://www.EzTaxon.org/;Chunetal.,

2007) indicated tha the closest relatives of strain KBB11
T
were

HydrogenophagabisanensisK102
T
(97.6%),HydrogenophagaflavaCCUG

1658
T
(96.5%)andHydrogenophagapseudoflavaATCC33668

T
(96.5%).The

phylogeneticconsensustreeclearlyshowedtherelationshipofstrainKBB11
T

totheentiretypespecieofthegenusHydogenophaga(Fig.2.7).In the

phylogenetic trees reconstructed using both maximum-likelihood and

maximum-parsimony algorithms, strain KBB11
T
fell under the clade

encompassingthegenusHydrogenophaga.

Strain KBB11
T
wasaerobic,Gram negative,rod-shapeandthecolonies

weregrownonTSA agarplatefor3dayswerepaleyellow,circles,0.5-1

mm in diameter.Thephysiologicalcharacteristicsofstrain KBB11
T
was

summarized in the species description and a comparison of selected

characteristicswithrelatedstrainsshowninTable2.7.

The majorcellularfatty acids (>10 % ofthe total)of strain were

Summedfeature3(C16:1ω7cand/oriso-C15:02-OH;38.9%)andC16:0(23.7%).

Totalfatty acid profile was similar to those of the type strains of

Hydogenophagaspecies,althoughthereweredifferencesinrelativeamounts

ofsomefattyacids(Table2.8).ThepolarlipidsfoundofstrainKBB11
T
were

phosphatidylethanolamine(PE),diphosphatidylglycerol(DPG),phosphatidylglycerol

(PG),and aminophospholipids(PAL1)andunknownlipids(L1-L2)(Fig.2.8).

Based on the results ofphenotypic and phylogenetic analyses,strains

KBB11
T
is considered to represent a new species of the genus

Hydogenophaga,thenameHydogenophagathiooxydanssp.nov.,isproposed.
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Fig.2.7.Neighbour-joining treebased on 16S rRNA genesequences

showing theposition ofstrain KBB11
T
,Hydrogenophagaspeciesand

representativesofsomeotherrelated taxa.Bootstrapvalue(> 50%)

based on 1,000 replications are shown.Filled circles indicate nodes also

recoveredreproduciblywithmaximum-likelihood.BurkholderiacepaciaATCC

25416
T
wasusedasanout-group.Genbankaccessionnumbersaregivenin

parentheses.Bar,0.01substitutionspernucleotideposition.
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Table2.7.DifferentialcharacteristicsofstrainKBB11
T
closelyrelated

typestrainsofthegenusHydrogenophagaspecies

Strains:1,KBB11
T
;2,H.bisanensisK102

T
;3,H.flavaDSM 619

T
;4,H.

pseudoflavaLMG 5945
T
.Dataforreferencestrainsweretakenfrom Yoonet

al.(2008).

Characteristic 1 2 3 4

Cellsize(um) 0.3-0.5 0.4-0.6 0.5 0.5

Cellsize(um) 1.9-2.5 1.0-5.0 1.0-2.0 1.0-2.5

Temp. 30-37 30-37 30 35-38

Growthat40℃ + + - +

Denitrification + + - +

Utilizationof:

L-Arabionse - - + +

Adipate - + - +

cellobiose - - + +

D-Fructose - + + +

D-Galactose - - + +

D-Mannose - - + +

Mannitol - - + +

Maltose + - + +

D-xylose - - - +

DNAG+Cmol% 63.2 64.8 67 66
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Table2.8.CellularfattyacidcompositionofstrainKBB11
T
withclosely

relatedspecies

Strains:1,KBB11
T
;2,H.bisanensisK102

T
;3,H.flavaDSM 619

T
;4,,H.

pseudoflavaLMG5945
T
.

Fatty acidsthatrepresented<0.5% in allstrainswereomitted.−,Not

detected;tr,traceamount(<0.1% oftotalfattyacids).Dataforreference

strainsweretakenfrom Yoonetal.(2008).

Fattyacid 1 2 3 4

Saturated

C12:0 5.2 - - -

C14:0 5.3 tr 3.6 3.5

C15:0 0.6 1.3 1.1 1.1

C16:0 23.7 49.8 25.5 25.5

C17:0 - 1.2 1.4 1.4

C17:0cyclo 7.7 tr tr 2.3

Unsaturated

C16:1ω5c 1.6 tr - tr

C17:1ω6c - tr 1.2 -

C17:1ω8c - 0.5 - 1.2

C18:1ω7c 5.7 7.9 - -

Hydroxy

C8:03-OH tr 0.8 1.2 tr

C10:03-OH 4.9 - 3.5 3.8

Summedfeature3* 38.9 35.1 44.7 46.2

Summedfeature6* - - 16.9 12.6

Summedfeature7* 5.7 1.6 - -

*Summedfeature3contained C16:1ω7cand/oriso-C15:0 2-OH;Summedfeature6

containedC18:1ω7c,C18:1ω9tand/orC18:1ω12t;Summedfeature7containedunknown

fattyacid(ECL)18.846,C19:1ω6cand/orcycloC19:0ω10c.
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Fig.2.8.Polarlipidprofilesofstrain KBB11
T
(A)andtheauthentic

standardsused (B)aftertwo dimensionalthin-layerchromatography

(TLC). PC, phosphatidylcholine; PE, phosphatidylethanolamine; DPG,

diphosphatidylglycerol;PG,phosphatidylglycerol;PI,phosphatidylinositol;APL,

unknownaminophophoslipids;L1-L2,unknownlipids.Stainedwithninhydrin

reagentfordetection ofaminolipids(A-1),Zinzadzereagentforphospholipids

(A-2)and10% ethanolicmolybdophosphoricacidfordetectionofthetotalpolar

lipids(A-3).
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DescriptionofHydrogenophagathiooxydanssp.nov.

Hydrogenophagathiooxydans(thi.o.ox̀y.dans.Gr.n.thionsulfur;N.L.v.

oxydotomakeacid,tooxidize;N.L.part.adj.thiooxydansoxidizingsulfur).

Cellareoxidaseandcatalasepositive,denitrifying,withoveralldimensions

of0.3-0.5㎛ (width)by1.9-2.5㎛ (length),asassessedin2dayscultures

grownat30°ConTSA plate.Optimum growthsisobserved30-37°C,pH

7-8and0-2% NaCl.Hydrolysestarchbutdoesnothydrolysecasein,urea,

Tween20,40,60and80.Nitrateisreduced.

Thefollowingcompoundsareutilizedassolecarbonsource:D-arabitol,α

-cyclodextrin,dextrin,2-keto-D-gluconicacid,lactulose,maltose,palatinose,

D-psicose,D-raffinose,sorbitol,sorbose,Stachyose,β-hydroxybutyricacid,γ

-methyl-D-galactoside,α-ketoglutaricacid,lactate,malate,succinate,alanine,

alaninamide, asparagine, ornithine and threonine. Produces alkaline

phosphatase, esterase (C4), esterase lipase (C8), lipase (C14), leucine

arylamidase and naphthol-AS-BI-phosphohydrolase, but not trypsin, α

-chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, α

-glucosidase, β-glucosidase, a-mannosidase, α-fucosidase, arginine

dihydrolase,lysinedecarboxylaseorornithinedecarboxylase.Susceptibleto

cephalothin (30 µg), chloramphenicol (30 µg), erythoromycin (15 µg),

gentamicin(10µg),nalidixicacid(30µg),neomycin(30µg),novobiocin(30

µg),penicillinG (10 IU),polymyxinB (300 IU),streptomycin (10 µg)and

tetracycline(30µg).Themajorfattyacids(>10% ofthetotal)foundin

strainKBB12
T
wereSummedfeature3(C16:1ω7cand/oriso-C15:02-OH)and

C16:0..

Thetypestrain,KBB11
T
(= KCTC 32229

T
),wasisolatedfrom swinery

sludgeofinJeju,theRepublicofKorea.
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국문 초록

돈사오니에서 유황화합물의 분해 세균의 다양성과

신규 균주의 특성

본 연구는 양돈장에서 발생하는 황화합물의 악취를 효과적으로 제거 할 수 있

는 세균을 탐색하기 위하여 돈분오니에서 유황화합물을 분해하는 세균을 분리하

고 그 특성을 조사하였다.황화합물 분해 세균은 thiosulfate가 함유된 배지를 이

용하여 분리하였으며,분리된 세균의 분포는 16SrRNA 유전자 서열로 계통학적

분석하였다.유황화합물 분해능에 관여하는 soxB 유전자를 PCR기법을 이용하

여 황화합물 분해 균주를 선발하고 thiosulfate산화능을 조사하였다.

제주 지역 5군데의 양돈장 분뇨 오니에서 총 351개의 균주가 분리하였고,

16S rRNA 유전자 서열을 비교 분석한 결과, Alpha-, Beta-,

Gamma-proteobacteria,Actinobacteria,Becteriodetes 그리고 Bacillia 등 6

class와 16order및 suborder,23family,48genus으로 나타났다.분리된 균주

중에 sulfur-oxidizing세균은 Comamonas,Paracoccus,Pseudomonas속 등으

로 Proteobacteria에 속하였다.

돈사에서 분리된 균에서 soxBgene을 갖는 균주는 총 13개로 16SrRNA 유전

자 분석결과,Acinetobacter,Alicycliphilus, Comamonas, Hydrogenophaga,

Paracoccus,Pseudomonas그리고 Rhodobacter속에 속하였다.soxB gene의

amino acid 서열로 계통 분석한 결과, Alpha-proteobacteria에 9균주,

Beta-proteobacteria 4균주가 속하며, BLAST 검색 결과 Comamonas,

Methylibium,Paracoccus그리고 Thiobacillus속에 75-95%의 유사도를 나타내

었다.Thiosulate산화능의 측정에서는 BB11균주가 175.5μg/mL로 가장 높은

sulfate을 형성하였고 그 다음으로는 BB12균주가 128.2μg/mL로 형성하였다.

돈사 오니에서 분리된 균주 중 5개의 균주가 genotypic및 phenotypic특성에
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따라서 새로운 속이나 종으로 보인다.KBB12
T
균주는 Comamonadaceae과의

새로운 속으로서 Thiobacterium jejuense 로 명명하였고, BA15
T
균주는

Rhodobacteraceae에 속하는 새로운 속으로서 Caenirhodobacterjejuensis로 명

명하였다.KBB4
T
와 KBB8

T
는 Comamonas속의 새로운 종으로 Comamonas

jejuensis와 Comamonascaeni고,KBB11
T
균주는 Hydrogenophaga속의 새로운

종으로 Hydrogenophagathiooxydans로 명명하였다.

본 연구의 결과를 통하여 현안문제인 제주지역 내 가축분뇨 처리를 위한 기초

데이터로 활용하며,황산화 세균을 가축분뇨로부터 발생되는 오염물질을 저감하

는데 이용함으로써 환경의 질을 향상시키고 더 나아가 제주도의 청청이미지의

더욱 부각 시킬 수 있을 것이라 사료된다.또한 분리된 황화합물의 제거에 대한

황산화 세균의 대사과정과 역할에 대해 더 많은 연구가 이루어져야 할 것이다.
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말을 전합니다.부족한 저에게 많은 가르침을 주셨던 이동헌 선생님,병준 오빠,

그리고 후돈,까탈스러운 선배의 짜증도 다 받아주는 한수,가영,지현에게도 고

맙고,수고 했다는 말을 함께 전하고 싶습니다.

학위과정 내내 의지하며 도와준 오대주 박사,강성일 박사,유경,후배 은영,

혜선 그 외의 생물학과 모든 대학원생...그리고 사회생활 하면서 인연을 맺으며

이 논문을 위해서 열정적으로 도와주시고 격려해주신 언니 같은 김영주 박사님,

많은 이야기를 나눌 수 있었던 송관필 박사님,같이 고생한 소현,정민씨,효선에

게도 감사의 말을 전함과 동시에 앞으로도 더 좋은 연구 성과를 기대합니다.

마지막으로 힘든 시간 동안 포기하지 않도록 지켜봐주고 힘 복돋아 준 사랑하

는 남편과 항상 사랑과 정성으로 보살펴 주신 부모님과 동생,언니와 형부 그리

고 늘 격려해주시는 시부모님께 말로 다 표현할 수 없는 고마움과 사랑의 마음

을 전하며,열심히 살아가는 모습으로 보답하겠습니다.사랑합니다.

감사합니다.
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