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Synopsis

　　　The　bioremediation　has　become　well　developed　as　a　means　of　easily　cleaning　up

degraded　petroleum　products．　Bacteria　have　access　to　a　variety　of　compounds　to　help

them　produce　energy　and　nutrients　to　build　more　cells．　In　a　few　cases　the　natural

conditions　at　the　containinated　site　provide　all　the　necessary　materials　in　large　enough

quantities　that　bioremediation　can　occur　Bioremediation　requh℃s　the　construction　of

engineered　system　to　supply　microbe－stimulating　materials．　A　critical　factor　in　deciding

whether　bi・remediati・n　can　hapPen　is　the　activity・fthe　bacteria　and　the烏↑e・f　target

genes・

　　In　order　to　understand　biological　phenomena　in　molecular　levels，　the　molecular

biological　methods　have　been　developed．　The　reverse　transcription　polymerase　chain

「eacti・n（R「－PCR）has　bec・me　the　m・st　Sensitive　meth・ds　f・r　characterizing・r

confirming　gene　expression　pattems　and　comparing　mRNA　levels　in　different　sar叩1es．

The　conventional　PCR　based　quantification　has　the　disadvantage　of　relying　on

end－point　measurement　o　f　the　amo　unt　o　f　DNA　pro　duced，　which　makes　it　difficult　to

detemine　the　initial　concentration　of　temp　late　DNA．　The　recent　development　of

real－time　RT－PCR　combines　the　amplification　and　analysis　steps　of　PCR　and　its

sensitivity　and　specificity　and　wide　dynamic　range　make　it　the　method　of　choice　fbr

quantitative　mRNA　levels．　However，　the　purity　of　RNA　samples　and　the　co－extraction

of　DNA　with　RNA　can　interfere　with　the　qualltification　of　mRNA．　For　the　purpose　of

this　study・the・ptical　density　rati・（OD26・／OD28・）apd　the　difference　between　Cp
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晒egative　c。ntr。l　samples）and　Cp（RT　sample）have　been　preformed．

　　　Experimental　design　and　data　analysis　from　real・・time，　quantitative　PCR　experiments

may　be　achieved　usmg　either　relative　or　absolute　quantification．　When　designing

quantltatlve　gene　expression　studies　using　real－time　PCR，　the丘rst　question　that　an

investigator　should　ask　is　how　the　data　should　be　presented．　If　absolute　copy　number　is

requirement，　then　the　absolute　method　should　be　used．　Otherwise，　presentation　of　the

relative　gene　expression　should　suf丘ce．　Relative　quantification　may　be　easier　to　perfbrm

then　the　absoIute　method　because　copy　number　is　not　required．　The　selection　ofvalid

reference　genes　is　a　prerequisite　fbr　relative　quantification．　However，　the　expression

Ievels　of　the　reference　genes　did　not　remain　constant皿der　different　metabolic

conditions　o　r　am皿g　treatments　in　the　same　samp　le　or　different　growth　stages．　Although

relative　quantification　in　eukaryote　have　already　published，　the　validation　of　reference

genes　fbr　relative　quantitative　gene　expression　during　bacterial　growth　phase　still　suffer

lack　of　precision　analysis　as　well　as　the　systematic　comparison．　In　the　present　study，

systematic　evaluation　o　f　reference　gene　and　the　effect　using　different　strategie　s　on　target

gene（s）in」Pseudomonas　putida　mt－2　during　degrading　p－xylene　were　reported．

　　This　thesis　consists　of　five　chapters．　Chapter　l　describes　the　general　introduction

with　background，　role　of　bioremediation，　basic　principle　of　qRT－PCR，　and

normalization　knowledge．　Cぬμer　2　hlvestigates　RNA　sample　extracted廿om

collection　bacteria　during　degrading」p－xylen、e，　the　analysis　the　co－extraction　of　DNA

with　RNA，　alld　the　conf辻mation　ofprimers’specificity　In　Chapter　3，　a　panel　of　eight

candidate　reference　genes　in　Pseudomonas　putida　mt－2　estimated　by　dedicated
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validation　program（geNorm）is　presented．　Based　on　the　results　of　the　present　study，

the　expression　leveIs　ofreference　genes　still　vary　under　the　groWth　o　f　bacteria．　There　is

not　apparent　correlation　between　gene　expression　stability　and　gene　expression，　and　the

normalization　factors（NF4）can　be　calculated　by　geNom1　metho（1．　Chapter　4　describes

the　difference　between　normalization　factor（NF4）and　unstable　gene　as　well　as　a　single

stable　reference　gene，　and　the　influence　of　different　apProaches　on　interesti19　genes．

Chapter　5　is　the　general　conclusion　obtained　fセom　each　chapter．

3



Chapter　”

Gener髄Hntroduction

4



1．1。Introduction

　　　　　There　is　a　major　pollution　problem　due　to　organic　pollutants　all　around　the　world．

It　has　seriously　influenced　the　lives　of　millions　of　people　and　caused　many　deaths　and

various　healthy　deranges（1）．　Pollution　is　contamination　of　a　chemical　or　other　agent，

which　makes　part　of　the　environment　unstable　fbr　intended　or　desire　use．　Since　toxic

chemic　als　have　been　released　into　the　environment　throughout　human　life，　environment

protection　and　enviroument　remediation　p　lay　an　important　ro　Ie血our　life．

　　　　Pseudomonas、ρutida琉一2　contains　the　mo　st　extensively　characterized　catabo　lic

plasmid・which　enc・des　e皿ymes品r　the㎜erlizati・n・f　t・luene，　m綱ρ一xylene，

〃2－ethyltoluene，　and　1，3，4－trimethlbenzene（2，3）．　B　ecause　the　catabolic　p　lasmid　in　the

bacteria　is　considered　as　the　best－characterized　example　of　plasmids，　its　genetic

infbrmation　has　become　to　a　fUndamental　understandihg　of　molecular　biology　of

catabolic　plasmids．

　　　　Testing　and　monitoring　ofbacterial　gene　expression　have　become　integral　aspects

of　microbial　ecolog）ちbioremediation，　and　diversity　monitoring　in　environment．　The

development　ofmolecular　bio　logical　methods　such　as　PCR（polymerase　chain　reaction），

RT－PCR（reverse　transcription－polymerase　chain　reaction）has　become　new　tec㎞iques

f（）ridentification　of　microorganisms．　The　quantification　of　bacterial　activity　in　the

enviroument　is　an　irnportant　topic　in　microbial　ecology　and　particularly　in
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bioremediation．　Although　the丘rst　report　of　real・・time　PCR　was　f（）und　in　1993，　this

technology　has　reached　the　mainstream，　and　been　receiving　importance　and　employed

fbr　the　quantification　of　microorganisms（4）．　Because　real－time　PCR　provides　the　mo　st

sensitive　and　flexible　method　for　the　detecting　expression　of　single　or　multiple　genes，　it

has　increasingly　been　dealt　with　various　other　strategies　fbr　absolute　and　relative

quantific　ation．

　　　　　In　gene　expression　quantification　studies，　there　are　two　methods，　absolute

quantification　and　relative　quantification．　Absolute　qualltification　detemlines　the　exact

copy　concentration　of　target　gene　by　relat血g　the　Cp　value　to　a　standard　curve．　On　the

other　hand，　there　are　differences　in　quality　and　quantity　caused　by　variations　in　initial

sample　amo皿t，　possible　RNA　degradation　of　sample　material，　variations　in　cDNA

synthesis　effrlciency．　Therefbre，　relative　qualltification　is　developed　and丘equently　used

to　estirnate　the　quantitative　real－time　RT－PCR　data　in　ord6r　to　avoid　these　differences．

Instead　of　working　with　absolute　concentration　based　on　a　standard　curve，　target　gene

expression　is　related　to　a　stable　expressed　reference　gene　simultaneously　determined　in

the　same　samp　le．　Although　quantitative　RT－PCR　sho　ws　that　performing　is　accurate　and

reproducible，　and　that　convenient　gene　expression　profilillg　experiment　are　opt㎞a1，

ther『　are　a　number　ofproblems　and　limitations　included　in　this　metho　d．　One　o　f　the　mo　st

prominent　o　f　these　is　the　cho　ice　o　f　one　or　more　adequate　contro　l　gene（s）to　normalize

expression　results．　Consequently，　the　necessity　to　identify　the　valid　reference　gene　and
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choose　an　optimal

realized．

set　of　reference　genes　fbr　each　experimental　system　has　been

土2・Description　ofBioremediation

1．2．1．What　is　Bioremediation？

　　　　One　ofconventional　methods　fbr　groundwater　purge　depends　on　pumping　water　to

the　surface　and　treating　it　there（5）．　As　they　require　the　withdrawal　o　f　large　vo　lume　s　o　f

water　to　flush　contaminants　fセo　m　aquifbr　solids，　these　pump－and－－treat　processes　are

very　slow，　and　they　may　leave　behind　reservo　irs　ofcontaminants，　which　are　lighter　or

denser　than　water　and／or　have　low　solubility　Additional，　pump－and－treat　methods　do

not　destroy　pollutants，　but　simp　ly　bring　them　to　the　surface　for　treatment　or　disposal

elsewhere．

　　　　Another　conventional　method　fbr　soil　cleanup　requires　that　the　contaminated　soil　is

dug　up　and　either　inc血erated　or　buried　at　a　secure　landfill（6）．　Soil　excavation　and

incineration　may　increase　the　exposure　to　contaminants　fbr　both　the　workers　at　the　site

and　nearby　residents．　Furthermore，　excavation　and　fmal　disposal　are　extremely　costly．

Comparing　with　the　treatment　ofthe　soil　in　place，　bioremediation　reduces　both　the

exposure　risk　and　the　cleanup　cost．
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　　　　　The　most　important　principle　of　bioremediation　is　that　microorganisms（mainly

bacteria）can　be　used　t・destr・y　hazard・us　p・11utants　’ Br　transf。rm　them　t。　less　their

harmfUl　forms．　The　microorganisms　act　against　the　pollutants　only　when　they　have

access　to　a　variety　o　f　materials　一　compounds　to　help　them　produce　energy　and　nutrients

to　generate　more　cells．　Because　in　a　few　cases　the　natural　conditions　at　the

contaminated　site　provide　all　the　essential　materials　in　large　enough　quantities，

bioremediation　can　occur　without　human　intervention－aprocess　called　engineered

bioremediation．　More　often，　bioremediation　needs　the　constmction　of　engineered

systems　in　order　to　supply　microbia1－stimulating　materials，　a　process　also　called

engineered　bioremediation．

　　　　The　airn　in　bioremediation　is　to　stimulate　microorganisms　with　nutrients　and　other

chemic　als　that　will　enable　them　to　destro　y　the　contaminants　native　to　the　contaminated

siteS，　encouraging　them　to　work　by　supplying　them　with　the　optimum　levels　o　f　nutrients

and　other　chemicals　essential　for　their　metabo　lism．　As　a　result，　bioremediation　systems

are　limited　by　the　activities　ofthe　native　microorganisms．

1．2．2．Bacteria　－Pseudom　onas　putida　mt－2

　　　　Strains　of、Pseudomonas　species　capable　of　growth　on　the　aromatic　hydrocarbons

and　m－and　p－xylene　can　be　easily　isolated　from　soil　by　selective　enric㎞ent（7）．
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Pseudomonas　arvilla　mt－2，　a　strain　of、Pseudomonas　species，　was　later　renamed

Pseudo〃70nas　putida（arvilla）mt－2　and　is　usually　referred　to　as　Pseudomonas．ρutida

mt－2．　Pseudomonas　putida　mt－2　contains　TOL　plasmid，　which　encodes　the　enzymes　that

degrade　toluene．　At　present，　the　best－understand　catabolic　plasmid　is　TOL　p　lasmid．　The

archetype　TOL　plasmid　was　first　described　in　1974　by　Williams　and　Murray（8）．

Because　it　is　the　best－characterized　example　of　a　TOL　plasmid，　a　detail　review　of　its

catabolic　enzymes　and　genetic　structure　is　provided　to　develop　a　fUndamental

understanding　of　molecular　biology　of　catabolic　plasmids．　The　plasmid　is　very　large，

about　117　kilobase　pairs　in　size，　approxirnately　40　kilobase　pairs　ofwhich　is　needed　fbr

the　catabolic　pathway　region　and　regulatory　genes（9）．　The　TOL　plasmid　has　been

showll　to　confer　on　the　capacity　to　degrade　not　only　toluene　but　also　m－and．ρ一xylelle

and　other　benzene　derivative．　The　JCγl　geneS　of　TOL　plasmid　are　organized　into　two

operons　referred　to　as　the　upper　operon　and　lower　operon．　Two　operons　are　separated　by

several　thousands　base　pairs．　These　genes　encoding　catabolic　enzymes　have　been　named

the㌶ソ1　genes．　The　upper　operon，　aylCA、B，　encodes　the　degradation　of　toluene　and

xylenes　to　benzoate　and　toluenes．　The　lower　operon，　aylL兀、EFJK，　encodes　the

degradation　of　benzoate　and　toluenes　to　pyruvate　and　propanaL　These　genes，　xylCAB，

xylDZE朋C　and　their　enzyme　s　are　sho　wn　in　Table　1－1．
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Table　1－1：ayl　proteins　encoded　by　two　operons　ofthe　TOL　plasmid

Gene Protein

元γL4 Xylene　oxygenase

η乙8 Be皿zyl　alcohol　dehydrogenase

xγ1c Benzaldehyde　dehydro　genase

xyの Benzoate　1，2－dioxygenase

ηZL 4－Methylcyclohexa－3，5－diene－1，2－cis－dio　l－1－carboxylic　acid

@　　　　　　　　　　　　　　　　　　dehydro　genase

λツ狙 Catecho　12，3－dioxygenase

η伊 2－Hydroxymuconic　semialdehyde　hydro　lase

抑〃舟 2－Oxopent－4－eno　ate　hydratase

xγμ（ 4－Hydroxy－2－oxoyalerate　aldolase

1．2．3．Biodegradation　ofAromatic　Hydrocarbons

　　　　There　are　many　aromatic　hydrocarbons　that　are　i血portant　components　of

petroleum　and　its　refined　products・Aromatic　compo皿ds　are　broadly　defmed　as　benzene

and　other　compo皿ds　that　exhibit　similar　chemical　behavior（10）．　Benzene　and

substituted　benzene　s　compose　the　naturally　o　ccurring　aromatic　hydro　carbons．　However，

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　10



among　the　mo　st　irnportant　aromatic　petro　leum　hydro　carbons　are　benzene，　ethylbenzene，

to　luene（methylbenzene），　xylenes（dimethylbenzenes），　and　the　polycyclic　aro　matic

hydrocarbons，　ofwhich　naphthalene　is　the　simplest　representative．

　　　　　The　differences　between　aromatic　hydrocarbons　and　aliphatic　ones　are　composing

and　provide　a　usefU1　method　for　classifying　these　compounds．　However，　the　s㎞ilarities

als・・ccur　with’ 窒?唐垂?モ煤@t・their　bi・degradability．　F・r　example，　alth。ugh　anaer。bic

biodegradation　of　aromatic　hydrocarbons　has　been　reported（11，12），　it　is　rare　and　slow

comparing　to　aerobic　biodegradation．　As　is　the　case　with　aliphatic　hydrocarbons，

aerobic　biodegradation　o　f　aromatic　hydro　carbons　invo　lves　mo　lecular　oxygen　as　a　direct

reactant　and　as　the　terminal　electron　acceptor．　Finally，　many　aromatic　hydro　carbons　can

support　the　growth　of　bacteria　as　the　sole　source　of　carbon　and　energy．　Although

aromatic　hydrocarbons　are　not　as　biodegradable　as』normal　alkanes　and　branched

aIkanes，　they　are　somewhat　more　easily　degradable　than　the　alicyclic　hydrocarbons（13，

14）．

1・2・4・Biodegradation　ofp－xyRene

　　　　Xylene　has　three　isomers：m－xylene，　o－xylene　and　p－xylene　and　contains　benzene

ring・In　mineral　oil－contaminated　soils　and　aquifers，、ρ一xylene　is　often　of　major　concern

because　of　its　high　water　solubility　and　toxicity．　B　ecause　all　o　f　the　important　aromatic
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hydro　carbon　that　occur　in　petroleum　are　derivatives　ofbenzene，　a　reaction　is　cleavage

ofthe　be泣ene血g　and　is　common　to　all　pathway　that　lead　to　mineralization　of

aromatic　substrates．　Under　aerobic　conditions，　monoaromatic　hydrocarbons　are　rapidly

mineralized．　Oxidation　ofp－xylene　provides　an　example　ofdegrading　pathway　by

which　alky1－benzenes　are　degraded．　Many　bacteria　that　can　grow　on　p－xylene　as　the　sole

source　ofcarbon　and　energy　first　oxidize　a　methyl　group，　producing　the　corresponding

toluic　acid，　and　then　oxidize　the　aromatic　ring．　Molecular　oxygen　serves　as　a　reactant　to

insert　lnto　the　carbon　atom　bearing　the　carboxyl　group，　and　decarboxylation

accompanies　dehydrogenation　ofthe　dio　l　to　methylcatechol　fbr」り・・xylene　catabo　lism（15）．

Enzymes　can　catalyze　such　reaction　in　the　degrading　p－xylene．　The　biodegradation

pathway　forp－xylene　using　Pseudomonas』ワutida　mt－2　is　shown　in　Fig．1－1．The

relationship　between　all　enzymes　and　aγ1　genes　in　TOL　p　lasmid　are　shown　in　Table　1－1．
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1・2・5・Gene　Expression

　　　　　Gene　is　a皿it　ofgenetic　infbrmation　and　gene　expression　is　the　process　by　which

gene　products　are　made（16）．　Not　only　bacteria　existence，　but　also　gene　expression　of

bacteria　should　be　researched　fbr　understanding　ofthe　behavior　and　fUnction　ofbacteria

in　different　environment．　Individual　genes　can　be‘switched　on’or‘switched　o　ff’

depending　on　the　requirements　and　circumstances　o　f　the　bacteria　at　a　particular　time．　A

皿mber　of　mechanisms　are　considered　to　be　responsible　fbr　the　control　of　gene

expression．　Bacteria　gene　expression　in　the　environment　is　studied　on　the　level　of

proteins　by　detecting　specific　enzynle（17，18）or　by　analyzing　the　level　of　mRNA　by

direct　analysis　ofgene　transcript（19，20）．

　　　　For　mRNA　analysis，　the　transcription　of　specific　bacteria　gene　can　be　studied．　The

quantitative　evaluation　of　catabolic　genes血the　bacteria　that　are　responsible　fbr　the

degradation　of　pollutants　is　one　of　the　monitoring　envirouments．　Quantitative　gene

expression　is　usefU1　fbr　investigation　of　microbial　process，　such　as，　bioremediation　and

the　ro　le　ofmicrobial　fUnction　in　contaminated　environment．
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1．3．Q囎ntification　of　Nucleic　Acids　by　PCR

L3．le　Quantitative　PCR　Characteristics

　　　　Quantitative　PcR　means　the　estimation　of　amount　of　DNA　or　RNA　sample　using

PCR　amplification．　The　amplification　reaction　is　described　as　at　first　stochastic（‘‘lag

phase”），　then　exponentia1（“exponential　phase”）and　f　nally　stagnant（ccplateau　phase”）

（21）．For　most　purposes，　the　lag　phase　is　related　primarily　to　the　threshold　sensitivity

and　variability　ofthe　particular　method　used　to　measure　the　amplified　product．　As　long

as　enzyme　reaction　kinetics　are　driven　by　the　concentration　of　pr㎞er　and　dNTP

substrate，　both　of　which　are　present　in　vast　excess，　the　influence　ofthe　concentration　of

target　ternp　late　on　the　k血etic　s　of　a］mp　lifigation　should　be　insignificant．　In　the

exponentia1　phase　the　accumulation　ofproduct　is　calculated　by　the　formula　y　＝N（1＋E）n，

where　y　is　the　amplification　factor，　N　is　the　number　of　input　target　molecules，　E　is　the

amplification　efficienc又nis　the　number　of　amplification　cycles．　In　practice，　the　truly

exponential　amplification　is　limited　to　only　very　few　cycles　among　a　typical　40　cycles

amplification　run　and　this　fbrmula　may　be　accurate　on．ly　fbr　those　few　cycles．

Subsequently　the　amplification　slows　down　to　constant　amplification　rates　and

eventually　it　reaches　the　plateau　phase．　Here，　its　effects　are　difficult　to　fbretell　or

standardize　and　amplification　is　affected　by　limitations　of　substrate　and　inhibition　of
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enzyme．　Overal1　amp　lification　efifriciency　will　also　vary　with　the　presence　o　f　RT　and／or

DNA　polymerase　inhibitions　and　may　be　affected　by　position　of　the　saml）le　in　the

thermal　cycle．

1．3．2．Conventional　Quantitative　PCR

　　　　　The　words“quantitative”and　‘‘PCR”were　deemed　a　contravention，　with

quantitative　PCR　an　aspiration　rather　than　reality　fbr　no　long　t㎞e（22）．　Conventional

PCR　is　a　qualitative　estimation　answering　yes／no　questions　and　variations　in　reaction

components．　Thermal　cycling　coIlditions　and　mispriming　events　during　the　early　stage

ofPCR　will　vastly　influence　the　yield　ofthe　amplified　product．　Therefbre，　conventional

quantitative　P　CR　demands　extensive　validation、and　tedious　contro　ls．　At　least，　it　requires

improved　data　recording　methods，　which　are　less　su句ective　than　band　densitometry

　　　　The　basic　attribute　ofthe　PCR，　cyclic　priming　and　enzymatic　replication　oftarget

sequences，　not　only　results　in　its　exquisite　sensitivity，　but　also　presents　substantial

problems　when　used　fbr　quantitative　purposes．　There　are　many　experimental　variables

that　become　exaggerated　by　the　exponential　amplification．　Quantitative　results　are

affected　by　misprirning，　differences　in　the　kinetic　s　o　f　amp　lification，　variation　in　reagent－

purity　and　reaction　composition，　and，　perhaps　mo　st　significantly，　protoco　1　and　operator

variability（23）．　Therefbre，　it　is　difficult　to　attain　a　consistent　relationship　between　the
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amount　ofstarting　template　and　abso　lute　amo皿t　of　amplified　pro　duct．

　　　　C°nventi°na1　PCR　techpique　is　mainly　based・n　the　end　p・int　analysis・　which　is

different　between　samples・As　a　result，　quantificati・n　based・n　endp・int　analysis　sh・ws

poor　precision，10w　sensitivity　and　time　consuming　due　to　the　post　PCR　analysis．

L3・3．　Real・Time　Quantitative　PcR

　　　　Ofcourse，　there　are　the　real－time　fluorescence－based　PCR　and　RT－PCR　assays　that

血vestigate　the　impressi・n　gf　generating　actual　quantitative　data・B・th　meth・ds　are

relied　on　the　contention　that　there　is　a　quantitative　relationship　between　the　amount　of

target　gene　present　at　the　start　of　a　PCR　assay　and　the　amount　of　product　amplified

durmg　its　exponential　phase．

　　　　Real－time　PCR　is　based・n　c・ntinu・us　m・nit・r血9・f　the　DNA　amplificati・n　and

since　the　DNA　amplification　can　be　monitored　in　each　and　every　cycle，　so　it　is　a

real－tirne　measurement．　Figure　1－2　shows　a　representative　amplification　plot　and　defines

the　tem　used　in　the　quantification　analysis．　An　amplification　plot　is　the　plot　of

fluorescence　signal　versus　cycle　number．　In　the　initial　cycles　of　PCR，　there　is　little

change　m　fluorescence　signa1．　This　defnes　the　baseline　fbr　the　amplification　plot．
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　　　　An　increase　ill　fluorescence　above　the　baseline　hldicates　the　detection　of

accumulated　PCR　product．　A　fixed　fiuorescence　threshold　can　be　set　above　the　baseline，

Tlle　parameter　Cp（crossing　point）is　defined　as　the　fractional　sigllal　point　at　which　the

f］uorescence　passes　the　fixed　baseline．　To　determille　starting　copy　number，　the　amount

oftarget　ill　unknown　samples　is　accomplished　by　measuring　Cp　and　using　the　stalldard

curve．　There　are　two　methods　ofquantification：absolute　and　relative．

1．4．Quantitative　Methods｛for　Gene　Expression

L4．1．　Absolute　Quantification
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　　　　Absolute　quantification　provides　an　analysis　method　where　the　comparison　of

unknown　samples　to　an　extemal　standard　obtains　an　accurate　and　reliable　method　fbr

the　quantification　ofnucleic　acids（24）．　Abso　lute　quantification　should　be　carried　out　in

the　situation　where　it　is　necessary　td　measure　the　absolute　transcript　copy　numbe仁In

theory，　standard　curves　are　made　fbr　the　most　accurate　way　of　achieving　this．　Cp

produced丘om　an　unl㎞own　sample　is　compared　to　Cp　obtained　from　a　series　ofsamples

of　known　concentration　or　copy皿mber　These　results　can　be　shown　as　copy　number

per　unit　mass　of　sopnething．　The　expression　ofatarget　gene　is　usually　compared　across

many　samples，　often　from　different　individuals，　and　somet㎞es　from　different　tissues．

Theoretically，　the　amount　of　product丘om　each　reaction　is　proportional　to　the　initial

amount　of　target　in　each　sample．　However，　since　smalI　differences　in　sample　input　or

reaction　conditions　can　lead　to　large　differencgs　in　PCR　product　yield，　the　amount　of

starting　material　must　be　quantified　with　rigorous　accuracy　to　normalize　sample　data

and　correct　fbr　tube－to－tube　differences．　Therefbre，　if　absolute　quantification　is　to　be

accurate，　it　needs　to　take　that　variability　into　account．

1．4．2．Reliative　Quantification

　　　　The　relative　quantification　changes　in　gene　expression　using　real－time　PCR

requires　certain　equation，　assumptions，　and　the　testing　o　f　these　assumption　to　properly
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analyze　the　data・Relative　quantification　is　used　to　compare　the　changes　in　steady－　st　ate

mRNA　levels　oftwo　or　more　genes　with　each　other，　with　one　ofthem　as　an　endogenous

reference．　So，　the　number　o　f　target　gene　copies　is　normalized　to　the　reference　gene，　fbr

example，　a　suitable　reference　gene　and　then　all　saMI）1es　are　expressed　as　an　n－fbld

difference　relative　to　that　mRNA．　Theoretically，　relative　quantification　should　be

superior　to　and　far　more　convenient　than　absoIute　quantification．　This　is　because　the

result　is　a　ratio，　hence，　RNA　concentration　is　ir　relevant．　The　underlying　justification　for

the　relative　quantification　method　is　as　fb　llows：

　　1．Based　on　the　amplification　equation　of　PCR　fbr　target　gene　and　normalizer，　the

amo皿t　o　f　amp　lification　mo　lecules　at　the　thresho　ld　cycle　is　given　by：

XT・To（1＋E，）　Cp・t

Where　XT　is　the　number　o　f　target　copies　at　the　thresho　ld　cyc　le　of　the　reaction，　To　is　the

initial　number　o　f　target　copies，　ET　is　the　effric　iency　o　f　target　amplification，　C　p，t　indicates

the　thresho　ld　cycle　fbr　target　amplification．

　　2．A　similar　equation　for　the　endogenous　reference　reaction　is：

XR　・R。（1＋ER）Cp・「
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Where　XR　is　the　number　o　f　reference　gene　copie　s　at　the　thresho　ld　cyc　le，　Ro　is　the　initial

number　of　reference　gene　copies，」ER　is　the　efficiency　of　reference　gene　amplification，

Cp，r　is　the　threshold　cycle　for　reference　gene　amplification．

　　3．Dividing　XT　by　XR　gives　the　ratio　of　target　gene　copies（T）to　reference　gene

copies（R）at　the　thresho　ld　cycle　and　normalizes　the　expression　o　f　target　gene：

　　　　　　　　　　　　　　　　　　　　　　　　　　T。／R。（1＋E）（Cp・t微Cp・「L　K，

This　equation　is　based　on　the　precondition　that　the　effrlciencies　of　target　gene　and

refbrence　gene　amp　lification　are　approximately　equa1．　Where　Cp，t・・Cp，，　is　the　differenc　e

in　threshold　cycles　fbr　target　gene　and　reference　gene，　and　K　is　a　constant．1わんRo　is　the

normalized　amount　oftarget　and　the　equation　can　be　rearranged　to

T・／R・－K／（1＋E）（cp・tロcp・「）・r　T。／R。－K／（1＋E）△cp，

Comparing　serial　dilutions　oftarget　gene　and　reference　gene　s㎞ultaneousl5～the　plot　of

log　input　amount　versus△Cp（Cp　target　gene－Cp　reference　gene）has　a　slope　of

approximately　O．　In　practice，　anything　less　than　O．1　is　deemed　to　be　acceptable．

Kis　dependent・n　q）the　rep・rter　dye　used　with　the　pr・be・r　primer，（2）sequence

context　effects　on　the　fluorescence　properties　ofthe　probe　or　priner，（3）purity　ofprobe

or　primer，　and（4）efficiency　o　f　probe　or　primer　cleavage；the　exact　value　ofKneed　not

21



be　equal　to　1．　However，　influencing　parameters　are　assumed　to　vary　only　negligibly

among　single　samples　so　that　K　is　assumed　to　be　equal　and　thus　does　not　affect　the

comparison　o　f　calculated　relative　ratio　s．　The　efficiency　o　f　PCR　provides　the　information

ab・ut　the　amplificati・n　rate　and　varies丘・m　O　t・1．The　rate　equa11（－100％）means　that

in　each　cycle　the　number　ofcopies　is　doubled．　The　effriciency　can　be　calculated　from　the

slope　ofastandard　curve：

E＝10－1／s　一．1
　　　　　　　　　　　　　　　　，

Where　E　is　the　run　efficiency　and　s　is　the　slope　ofgenerated　from　standard　curve．

　　　　There　are　two　main　problems　with　the　relative　quantification　to　an　intemal　contro　l，

which　is　rRNA　or　a　reference　gene　appro　ach：

　　　　This　appro　ach　tends　to　introduce　a　significant　statistical　bias　that　results　in

misleading　biological　explanation（25）．　This　is　particularly　true　when　there　are　vast

differences　in　the　expression　levels　of　target　and　normalizer　or　when　the　target　gene　is

expressed　at　very　low　levels．　In　this　case　the　relationship　between　target　gene　and

reference　gene　levels　may　not　regress　to　a　zero　intercept．　This　is　important，　because

the　relationship　between　the　two　factors　may　not　be　linear　at　very　low　target　gene　copy

numbers．　Interestingly，　this　problem　with　the　ratio　method　has　been　described　before，

albeit　in　another　context（26），　but　seems　to　have　been　fbrgotten．
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　　　　It　is　difficult　to　fnd　a　reference　gene　whose　expression　is　constant　and　against

which　the　target　gene　copy　numbers　can　be　normalized　during　the　experimental

conditions．　However，　under　certain　circumstances，　if　it　can　be　shown　that　experimental

treatment　does　not　affect　the　reference　gene　chosen　as　the　nomalizer，　relative

quantification　can　be　usefUl．　There　are　several　mathematical　models　that　calculate

relative　expression　ratios，　some　of　which　correcting　fbr　differences　in　amplification

effic　iency　and　some　no　t．

1．4．2．1．Reference　Gene（Housekeeping　Gene）

　　　　Bacterial　gen・mes　usually　c・ntain　several　th・usand　different　genes．　S。me。f　the

gene　products　are　required　by　the　cell　under　all　growth　conditions　and　these　genes　are

called　housekeeking　genes．　They　are　always　turn　oh　and　are　believed　to　be

collstitutively　expressed　and　minimally　regulated．　These　genes　include　the　genes　that

encode　such　proteins　as　DNA　polymerase，　RNA　polymerase，　and　DNA　gyrase．　Many

other　gene　pro　ducts　are　required　under　specific　growth　conditions．　They　include

enzymes　that　synthesize　amino　acids，　break　down　specific　sugars，　or　respond　to　a

specific　environmental　condition　such　as　DNA　damage．　Housekeeping　genes　have　been

used　widely　as　reference　genes　for　relative　quanti七a七ive　RTLPCR　analysis．　Refbrence

genes　must　be　expressed　at　some　level　all　of　the　t㎞e．　Frequently，　as　the　cell　grows
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塩ster，　more　of　the　reference　gene　products　are　essential．　Even　if　the　celI　grows　very

slow　growth，　some　of　each　reference　gene　product　is　made．　When　choosing　a

housekeeping　gene　as　a　reference　fbr　relative　quantification，　one　must　identify　a　gene

who　se　expression　level　remains　relatively　constant　fbr　a　certain　experimental　set－up．　In

fact，　it　is　usually　necessary　to　test　a　panel　of　housekeepmg　genes　exper五nentally　to　f血d

one　that　is　not　regulated　in　the　investigated　system．　Since　choosing　an　appropriate

reference　gene　is　critical　f（）r　accurate　quantitative　RNA　analysis，　the　behavior　of

candidate　genes　in　different　cell　types　and　cell　metabolic　stages　should　be　carefUlly

exammed．

L4．2．2．　Normalization

　　　　Data　no㎜alization　in　real－time　RT－PCR　is　a　fUrthei　significant　marker　in　gene

quantitative　analysis．　Data　normalization，　while　a　vital　aspect　of　experirnental　design

（27），remains　a　real　problem　fbr　absolute　quantification（28）and　it　is　impossible　to

provide　general　recommendati皿about　the　mo　st　appropriate　pro　cedure．　The　reason　is

different　experimental　setups，　targets，　and　samples　sources　are　so　divergent，　that　no

single　set　of　rules　or　even　recommendations　can　be　correct　for　every　one．　RT－PCR

specific　errors　in　the　quantification　of　mRNA　transcripts　are　easily　miXed　by　any

variation　in　the　amo皿t　o　f　starting　material　between　samp　le　s．　The　ideal　interna1　standard
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should　be　expressed　at　a　constant　level　amount　different　cell，　at　alI　stages　of

development，　and　should　be　unaffected　by　the　experimental　treatment．　In　addition，　an

end・gen・us　c・ntr・l　sh・uld　als・、be　expressed　at　r・ughly　the　same　level　as　the　RNA

under　study　Because　any　one　single　RNA　with　a　constant　expression　level　dose　not

exist　in　all　ofthese　situations（29），　various　reference　genes，　rRNA，　and　total　RNA　are

mo　st　commonly　used　to　normalize　gene　expression　patterns．

　　　　Arecently　systematic　analys　is　and　comparison　of　their　usefUlness　has　concluded

that　a　single　reference　gene　should　not　be　used　for　normalization．（30）．　The　recent

demonstration　of　the　effectiveness　of　normalization　against　the　geometric　mean　of

multiple　carefUlly　selected　reference　gene　is　interesting（31）．

　　　　Figure　1－7　describes　the　data　analysis　befbre　and　after　normalization　is　different

（35）．The　amount　o　f　assayed　mRNA　may　fluctu，ate　before　normalization　is　sho　wn　in　Fig．

1－7AThe　reason　is　due　to　differences　in　variations　in　initial　sample　amount；RNA

degradation；variations　in　samp　le　lo　ading／p　ipetting　errors；variations　in　cDNA　synthe　sis

ef丘ciency　Figure1－7　B　shows　that　the　amount　of　’mRNA　decreased　fluctuation　after

normalization　to　one　reference　gene．　Figure1－7　C　shows　that　the　amount　of　mRNA

didn’t　fiuctuate　after　normalization　to　more　than　one　reference　gene．　The　purpose　o　f

normalization　is　to　remove　the　sampling　differences．　However，　the　main　problem　in

relative　quantification　of　rnRNA　expression　analysis　is　selection　of　an　appropriate

control　gene．
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　　Fig．1－71　Data　analysis　belbre（A）and　after　noimaIization　to　one　reference　gene（B）alld

after　noimalization　to　more　than　one　reference　genes（C）（35）．

　　1．4．2．3．GeNorm　Program

　　　　　　Several　variables　need　to　be　controlled　fbr　in　gene－expression　allalysis，　such　as　the

　　amount　of　starthlg　Inaterial，　enzymatic　e伍ciencies，　and　differences　between　cells　in

　　overall　transcriptional　activity　Various　strategies　have　been　apPlied　to　nornlalize　these

　　varlatlons。

　　　　　　Tb　date，　internal　genes　are　Inost丘equelltly　used　to　nonnalize　the　mRNA　ffaction．

　　This　intemal　control－often　referred　to　as　a　reference　gene－should　not　vary　in　the　cells

　　under　investigation，　or　in　response　to　experimental　treatment．　With　the　illcreased

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　26



sensitivity，　reproducibility　and　large　dynamic　range　of　rea1－time　RT－PCR　methods，’ 狽?

requirements　fbr　a　proper　intemal　control　gene　have　become　increasi皿gly　stringent．

Thus，　expression　levels　of　target　gene　are　usually　normalized　to　expression　levels　of

internal　control　genes　that　are　supposed　to　show　stable　expression　m　cell　ofinterest．

　　　　　GeNorm　method（34）relies　on　the　principle　that　the　expression　level　ratio　of　two

ideal　internal　control　genes　is　identical　in　all　samples，　regardless　of　the　experimental

condition　or　cell　type．　In　this　way，　variation　of　the　expression　ratios　of　two　reference

genes　reflects　the　fact　one（or　both）ofthe　genes　is（are）not　constantly　expression，　with

mcreasmg　varlatlon　m　ratlo　corresponding　to　decreasing　expression　stability　For　every

contro　l　gene，　the　metho　d　determined　the　pairwise　variation　with　all　other　contro　l　genes

as　the　standard　deviation　o　f　lo　garithmically　transformed　expressio　n　ratio　s，　and　de血ed

the　intemal　control　gene－stability　measure，　M，　as　the　average　pa辻wise　variation　of　a

particular　gene　with　all　other　control　genes．　Calculation　of　the　control　gene　stability　M

was　perfbrmed　according　to　Vandesompele（34）．　In　brief，　real－t㎞e　RT・・PCR　expression

levels　a、v・f油temal　c・ntr・1　genes　ar6　determined　in　m　samples．舳a廿a晦・f　m

elements　is　calculated　fbr　every　combination　of　two　intemal　control　genes／and　k，

collsisting　of　log2－transfbrmed　expression　ratiosαij／αi，k（Equation　1）．　The　pa加ise

variationぴfbr　the　control　genes／and　k　represents　the　SD　ofAi；k　elements（Equation

2）．The　gene　stability　measure叫fbr　control　gene／is　the　arithmetic　mean　of　all

pairwise　variations形，k（Equation　3）．
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U≠k）

4β一｛・g2（；1：f）1・g2（3：」1・92（ll：1）…．…1・92（雀：f）i

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（here，　i＝1，2，3．．．．．．．．m）

（1）

］V」，k　・st．dev．（Aノ，」

（2）

　　　　　　　Σ・，，、

Mノ＝㍑呈一1 （3）

Genes　with　the　lowest　M　values　have　the　most　stable　expression．　Assuming　that　the

control　genes　are　not　co－regulated，　stepwise　exclusion　of　gene　with　the　highest　M　value

results　in　a　combination　o　f　two　constitutively　expression　’reference　genes　that　have　the

most　stable　expression　in　tested　samples．

　　　　In　order　to　measure　expression　levels　accurately，　normalization　by　multiple

reference　genes　instead　of　one　is　required．　Nomalization　factor（NFn）were　determined

fbr　each　sample　by　calculating　the　geometrical　mean　of　expression　levels　of　the

perfbrming　contro　l　genes（n）．

For　i　sample，　normalization　factor（NFn，　i）was　calculated　as　fo　llowing　equation（4），
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NFn，r＝”αi　1×ai，2×ai．3…・・…ai，n
（4）

P－｛・＆㌫，画課1》，．．．」・＆（ee．；）i｝　（5）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（here，　i＝1，2，3．．．．．．．．nn，）

Vn／n＋1－st．dev．（P）
（6）

　　　　It　is　obvious　that　an　accurate　normalizatio　n　factor　should　no　t　inc　lude　the　rather

unstable　genes　that　were　observed　in　samples．　Additionally，　the　geNorm　software　made

apahwise　variationγ励＋1　that　was　calculated　between　the　two　sequential　normalization

factors（NF．　and　NF　n＋1）fbr　all　samples　within　the　same　cell　to　dete㎜mine　the　optimal

number　o　f　genes　necessary（equation　6）．　A　large　value　means　that　the　added　gene　has　a

significant　effect　and　should　be　included　for　calculation　o　f　the　normalization　factor．

15．Obj　ectives

1．5．1．Evaluati皿of　Ref已ence　Genes　StabiUty　during　Biodegradation

In　order　to　quickly　purify　polluted　groundwater　and　toxic　waste　sites，　the
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bioremediation　needs　that　bacteria　remain　higher　active　to　degrade　pollutants．　It　is　very

important　to　quantify　gene　expression　in　bioremediation．　The　two　mo　st　conrmonly　used

methods　to　study　data　fヒom　real－time　quantitative　PCR　experiments　are　absolute

quantification　and　relative　quantification．　Relative　quantification　relates　the　PCR　signal

of　target　gene　transcript　qnd　reference　gene　transcript．　Although　the　growth　of　bacteria

is　a　physiological　process，　target　gene　transcript　and　reference　gene　transcript　would

vary．　Therefbre，　the　refbrence　genes　expression　need　to　be　analyze　under　l五vestigation

condition．

　　　　Use　of　the　rea1－time　polymerase　chain　reaction（PCR）to　ar叩1ify　cDNA　products

reverse　transcribed　ffom　mRNA　is　on　the　way　to　become　a　routine　tool　in　molecular

biology　to　analyze　low　amount　gene　expression．　ReaRime　PCR　is　easy　to　perform，

provides　the　necessary　accuracy　alld　produces　reliable　as　well　as　rapid　quantification

results．　Reference　genes　are　often　used　fbr　the　relative　quantification　oftarget　genes　in

gene　expression　studies　in　eukaryote．　However，　the　stability　of　refbrence　genes　fbr

relative　quantitative　gene　expression　in　the　bioremediation　has　not　been　described

enough　detail．

　　　　In　the　present　study，　pure　culture　was　performed　in　Pseudomonas　putida　mt－2　in

the　presence　ofp－xylene．　We　used　eight　reference　genes（ηフo凡η）oD，　dbhA，　phaE

168乃RIV4，　gぷt，　lexA，　and　atkA）during　degradation　ofp－xylene　fbr　the　systematic

comparison　o　f　the　stability　among　reference　genes　exp　lained　detail　in　chapter　3．　We
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also　analyzed　the　relationship　between　gene　expression　and　stability　o　f　reference　gene．

1．5．2．Effect　of　Different　Strategies　on　Target　Genes　Expression　Level

　　　　Although　real－th皿e　RT－PCR　is　widely　used　to　quantitative　biologically　relevant

changes　in　mRNA　levels，　remaining　a　number　of　problems　associated　with　its　use．

These　include　the　inherent　variability　o　f　RNA，　variability　o　f　proto　cols　that　may　copurify

inhibitors，　and　different　reverse　transcription　and　PCR　efficiencies．　Consequent1）！it　is

important　that　an　accurate　method　of　normalization　is　chosen　to　control　for　this　error．

Unfortunately，　universal　and　idea　refbrence　gene　dose　not　appear　in　all　experiments．

Therefbre，　a　suitable　and　selective　reference　genes　require　to　be　studied　in

bioremediation．　The　aim　o　f　the　reference　contro　l　gene　is　to　normalize　the　PCR　data　for

the　amo　unt　o　f　RNA　added　to　the　reverse　transcript　reactioh．　Normalization　remains　one

of　real－time　PCR　most　difficult　problem　The　validation　of　reference　gene　is　very

important　fbr　relative　quantification　of　target　gene（s）．　In　this　study，　RT　and　real－t㎞e

PCR　were　performed　at　optimal　condition．　We　identified　and　selected　a　set　of　suitable

reference　gene　s．　Different　normalization　strategies　have　been　investigatgd　fbr

normalizing　real－time　PCR　data．　We　illustrated　the　valid　reference　genes　using　two

target　genes，　XγIA　and　XyZE．
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Chapter　2

Invest童蜘n°f　RNA　QugMity　and　C°哺「嘔董゜n

　　　　　　　　of　PCR　Primers　Spec描city



Abstract

　　　　Rea1－tirne　quantitative　reverse－transcription　polymerase－chain－reaction（qRT－PCR）

reaction　is　the　sensitive　and　reliable　quantitative　method　that　can　be　used　fbr　the

measurement　of　low　abundant　mRNA　gene　expression．　However，　many　factors　may

輌ence　the　sensitivity・fpr・cedure，　such　as，　RNA　quaiity　and　designed　primers．　The

assessment　of　RNA　quality　is　a　important　first　step　in　obtaining　meaningfUl　gene

expression　data．　Using　high　quality　RNA　is　a　key　element　for　the　successfU1　application

of　modem　molecular　biological　method．　The　complete　synthesis　ofthe　primers　is　also

precondition　to　get　ideal　quantitative　gene　expression　result．　They　were　checked　by

electrophoresis　agaro　se　gel　and　melting　curve．　Quantification　ofDNA　contaminant　was

detected　fbr　a　precaution　against　false　positive　results．　In　this　study，　our　result　showed

the　RNA　samples　extracted廿om　culture　using　RNAspin　Mini　RNA　Isolation　kit（GE

Healthcare　UK　Limited，　Buckinghamshire，　UK）were　good　and　the　designed　primers

were　completely　produced，　and　also　the　residual　DNA　level　was　regarded　as　negligible

b6cause　the　different　between　C（P，　RT．。，g、、i。。、。。、，。1、ampl，、）and　C（P，RT、ampl，）was　greater　tl㎜

4．
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2．1．Introduction

　　　　　For　quantifying　mRNA　levels，　SYBR　Green　I－based　real－time　reverse　transcription

PCR（real－time　RT－PCR）method　is　widely　used（1）．　This　techno　logy　has　the　advantage

ofsensitivit）弓speed，　high　throughput　and　high　degree　ofpotential　automation　compared

to　the　compared　to　the　conventional　quantification　methods，　such　as，　Northem　blot

analysis　or　RNase　protection　assay　The　accuracy　of　gene　expression　estimation　is

c°nsidered　as過uenced，by　the　quality・f　RNA　and　primers・Purities・f　RNA　and

pr㎞ers　are　critical　elements　fbr　the　overall　success　of　RNA－based　analyses．　It　is

preferable　to　use　high・，　quality　RNA　and　primers　as　starting　point　in　mo　lecular　biology

Therefbre，　any　，kind　o　f　array　app　lic　ations　o　f　the　used　total　RNA　should　be　checked．　It　is

well　known　that　RNA　is　sensitive　to　degradation　by　postmortem　processes　and

inadequate　samp　le　handling　or　storage（2）．　The　quality　and’　quantity　o　f　purified　RNA　is

variable　after　the　extraction　during　long　storage　rather　unstable（3）．　As　a　result，　several

steps　during　bacteria　handling　must　be　carefUlly　controlled　to　preserve　the　quality　of

RNA　samples．

　　　　Using　a　set　ofprimers　have　proven　to　be　a　very　accurate　and　reproducible　tool　fbr

gene　quantification（4）and　thus　this　system　has　been　selected　fbr　the　quantification　of

catabolic　genes．01igonucleotide　primers　are　generally　synthesized　in　the　range　18－30

bases，　though　it　is・possible　to　amplify　low　complexity　DNA　with　shorter　primers．

39



Primer　sequences　should　have　similar　G＋C　content，　minimal　secondary　structure　and

low　complement　to　each　other　DNA　contamination　in　RNA　samples　due　to

co・・extraction　should　be　removed　by　DNase　treatment　fbr　accurate　quantitative　mRNA．

However，　there　is　a　possibility　ofpresence　ofcontaminating　DNA　in　RNA　samples　even

after　DNase　treatment，　DNA　contamination　may　interfere　with　the　subsequent

quantification　oftarget　genes．

　　　　In　this　study，　our　aim　is　to　investigate　RNA　samples　and　designed　pr㎞．ers　quality

to　preserve　meanillg　results．　In　addition，　the　differences　between　Cp（RT．negativ，　c。nt，。l

samples）and　Cp（RT　samples）were　carried　out　to　get　an　accurate　estimation　of　gene

　　　　　　　　　　　　　　　　　　　喜

expresslon．

2．2．Experimental　Section

2．2．1．MateriaRs　fbr　Cu且ture

　　　　Pputida　mt－2　（DSM　3931），　was　obtained　from　Japan　Collection　of

Microorganisms　RIKEN　BioResource　Center　A　growth　medium　or　culture　medium　is

di飽ed　as　a　liquid・r　gelat血・us　substance　c・ntaining　nutrients　iP　which　micr・・rganisms

or　tissues　are　cultivated　fbr　scientific　purposeS（5）．

　　　　Two　growth　mediums，　Nutrient　Agar　NO2（6）and　Mg　minimal　medium（7），　were
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used　in　the　study　as　follow（Table　2－1　and　Table　2－2，　respectively）

Table　2－1：The　component　ofnutrient　agar　No．2

Nutrient　Agar　No．2

Peptone 10．Og

Meat　extract 10．Og

NaC　1 5．09

Distilled　water 1．OL

A（輌stpH　tO　7．0－7．2

Table　2－2：The　component　ofMg　m血imal　medium

M9　MINIMAL　MEDIUM

5×Mg　salts 200．00m1

Ag　solution 20．00ml

MgSO4（1　M） 1．oom1

Ammonium　iron　citrate　6％ 1．00

　　　　　　　　　　　　　　　　　　　　　　　　　「

rterile　deionised　H20　to　l　liteち　　　　A（輌st　pH　to　7．4．
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5×Mg　salts：

Na2HPO4×7H20 64．Og

KH2PO4 15．Og

NaC1 2．59

NH4C1 5．09

Sterile　deionised　H20　to　l　liter　　　　　　　　　　　　・

Ag　Solution：

HBO3 0，30g

ZnCl2 0，05g

M血C12×4H20 0，30g

CoC12 0，20g

CuCl2×2H20 ’　　　　　　　0．01g

NiCl2×6H20
　　　　　vタ1

D　　　　　0．02g

NaMO4×2H20 0，03g

Desionsed　H20　to　a丘nal　volume　of　l　liter

2．2．2．Growth　of　the］B　acte姓al　Strain

　　　R」putida　mt－2　was　inocuIated　in　nutrient　agar　NO．2（without　agar）at　30°C　on　a

rotary　shaker　at　l　l　O　rpm　for　20　h　and　the　cell　pellets　were　co　llected　and　washed　twice　in
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PBS（phosphate－buffered　salme）and　stored　at－80°C　until　use．

　　　　Pμ’tida　mt－2　was　put　into　the　flask（500　ml）containing　the　Mg　mineral　medium

（300m1）with　succhlate（10％，9ml）and　was　incubated　at　30°C　on　a　rotary　shaker　at　110

1pm　fbr　pre－culture．　After　su伍cient　growth（L20D），　the　pellet　was　centrifUged　and

was　washed　by　PBS．　Washed　pellet　was　transferred　in　Mg　mineral　medium　in　the

presence　of　12－xylene　vapor　as　the　sole　carbon　source．　ViaIs　（50　ml）containing　the

mineral　medium（12　ml）and　the　bacterial　were　used　f｛）r　degrading　culture．　A　small

amount　of　cotton　withクーxylene（9．5μ1）was　added　to　a　tube，　which　was　then　placed　in

the　via1（Fig．2－1）．

Metal　aluminium

Aromatic　compound

Cotton

Rputida　mt－2

　　　　　　And

M9　minimat　medium

Fig．2－1．　The　vial　used　for　the　growth　of∬Psettdomonas　ptttida　tnt－2　in　the　presence　of

aromatlc．
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　　　　Three　replicate　vials　were　incubated　at　30°C　on　a　rotary　shaker　at　110　rpm．

Bacterial　growth　was　monitored　by　determining　the　optical　density　at　600　nm（OD600）

and　cells　were　obtained　fヒom　1．5－ml　cell　cultures　by　centrifUgation　at　4°C　fbr　10　min　at

60001pm　fbr　different　time　intervals．　The　cell　pellets　were　washed　twice　in

pho　sphate－buffered　sa1姐e　and　stored　at－80°C　until　use・

2．2．3．RNA　Extraction

　　　　Total　RNA　from　frozen　cell　pellets　was　extracted　using　an　RNAspin　Mini　RNA

Isolation　kit（GE　Healthcare　UK　Limited，　Buckinghamshire，　UK）in　accordance　with

the　manufacturer’s　instructions．　To　eliminate　the　residual　DNA，　RNase－free　DNase　I

treatment　was　performed　during　the　iso　lation　pro　cedure．　The　purity　of　RNA　sample　was

routinely　determined丘om　the　optical　density　ratio（OD260／OD280）using　a　V」550

UVIVIS　spectr・ph・t・meter（JASCO，　T・ky・，　Japan）・Extracted　RNA　was　checked　by

electr・ph・resis・n　a　1％agar・se　ge1，　sta血血g　with　ethidium　br・mide・and　viewed　with　a

UV　transilluminator．

2．2．4．cDNA　Synthesis

Reverse　transcripti・n　reacti・ns　were　perf・rmed　using　an　Exscript⑧　RT　regent　kit
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in　accordance　with　the　manufacturer’s　instructions（Takara　Bio　Inc．，　Otsu，　Japan）with

random　6－mers　to　obtain　cDNAs　from　the　mRNAs（4μ1）．　Reaction　conditions　were　as

fo　llows：heating　at　42°C　fbr　15　min　fbr　reverse　transcription　reaction，　heating　at　95°C

fbr　2　min　fbr　enzyme　denaturation，　and　rapid　cooling　at　4°C　in　a　total　volume　of　20μ1．

Tb　check　fbr　the　presence　of　reSidual　DNA，　reverse　transcriptase　control　samples

（RT－negatiVe　control　samples）were　prepared　fbr　each　RNA　sample　using　the　identical

cDNA　synthesis　procedure　except　fbr　omission　of　reverse　transcriptase．　All　cDNA

samples　and　RT－c・ntr・l　samples　were　diluted　1：5　and　St・red　at　一一20°C　f・r　use　as

templates　in　real－time　PCR　analysis・

2．2．5。Quantitative　ReaR－time　PCR

　　　　Primers　were　designed　for　the　reference　genes　and　target　genes　using　Primer3（8）

and　were　obtained丘om　Invitrogen　Japan（Tokyo，　Japan）（Table　2－3）．　PCR　amplification

and　analysis　were　perfbmled　using　a　LightCycler　instrument（Roche，　Ma㎜、heim，

Germany），　s・ftware　versi・n　3．5（R・che　Diagn・stics）and　＄YBR⑧　Premix　Ex　TaqTM

（Takara　B　io　Inc．）according　to　the　manufacturer’s　recommendations．　Brie且y，　the　fmal

PCR　miX　included　O．2　PtM　each　primer，2μ1　diluted　cDNA，　and　10μ1・f　SYBR⑧

Premix　Ex　TaqTM（2×）in　a　final　volume　Of　20μ1．　Cyclmg　conditions　consisted　of

heating　to　95°C　fbr　10　s，　fbllowed　by　45　cycles　of　5　s　at　95°C，　and　20　s　at　60°C．．
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Finally，　melting　curve　analys　is　was　performed．

　　Table　2－3：Characteristics　ofreference　genes－specific　real－time　PCR　assays

Name 5’－3’Pr㎞er　sequence Amplicon（bp） PCR　efficiency

rpoN、

rフoD

dbん4

phaF

16S　TR2VA

gst

lexA

atkA

Forward：

Reverse：

Forward：

Reverse：

Forward：

Reverse：

Forward：

Reverse：

Forward

Reverse：

Forward

Reverse：

Forward：

Reverse：

Forward：

Reverse：

　gttaaggCtttgCaCCag

　gatttCatCgaCCtgCtC

　　CgatggaaatCaCCagaC

　gCtgatCgaCCttgagaC

　　gCtggCCttgatCttga

　attCtCgaCagCatCaCC

tg999tagttgaagatgC

CCaagattCaggaCgaag

CCgtgtCtCagttCCagt

tgagCCtaggtCggatta

99aCattCtCaag99tga

gttggaCtCCCaCaggta

tCaCCagCtCCtgttCtt

gaCgaagtCaCCgtCaag

　gtagtCggCaaaggtCtg

CaaCttCtg99tCgaCat

108

143

138

135

104

109

112

114

O．95

0．92

0．97

0．93

0．94

O．91

0．94

0．93
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　　　　　　For　relative　quantification　of　gene　expression，　a　standard　curve　was　generated

using　a　four－fbld　serial　dilution　of　cDNA　stock　solution．　Crossing　point（Cp）and　PCR

efficiency　were　derived　f士om　the　standards　curve．　The　Cp　value　is　considered　as　the

signal　point　when　the　fluorescence　rises　appreciably　above　the　baseline　and　is　inversely

correlated　to　cDNA　concentration．　Stock　solution　of　cDNA，　negative　control（distilled

water），　and　RT－negative　control　sa即1es　were　included　in　each㎜．　Duplicate

measurements　fbr　each　cDNA　sample　were　perfbrmed　and　their　mean　values　were

calculated．　Amplified　products　were　analyzed　by　agaro　se　gel　electrophoresis　using　2％

agarose　gels　in　Tris－acetate－EDTA　buffer．　The　gels　were　then　stained　with　ethidium

bro血ide．

2．3．Results　and　1）iscussion

2．3．1．　RNA　Quality

　　　　Rea1－time　RT－PCR　requires　carefUI　assay　design　and　reaction　opt㎞ization　to

maximize　the　sensitivity　and　to　get　reliable　quantitative　results．　RNA　samples　were

examined　fbr　purity　and　gel　electrophoresis　on　a　1％agarose　ge1．　The　range　of　the

optical　density　ratio（OD260／OD280）was　from　1．86　to　2．00　（Fig．2－2）．　It　indicated　that

all　RNA　samples　were　high　purity　From　the　appearance　ofthe　two　bands　in　the　Fig．
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2－3，the　presence　of　l　6s　rRNA　and　23s　rRNA　bands　were　confirmed．　Silce　DNA　can　be

co－extracted　with　RNA，　another　band　was　also　observed　and　it　has　been　considered　as

the　contaminating　DNA　band（Fig．2－3）．　In　order　to　eliminate　the　contaminating　DNA，

DNase　treatment　was　caiTied　out、　After　DNase　treatment，　No　other　band　was　fbund　in

the　region（Fig．2－4）．　So，　the　contaminatbig　DNA　is　not　in　extracted　RNA　samples．　All

RNA　samples　were　pure　and　protein一廿ee　isolated．　Thus，　it　was　found　that　the　DNase

treatment　is　necessary　and　effective　in　obtaining　sufficiently　pure　RNA．

8
心2
N

o

2、1

　2

1．9

1．日

1、7

1．6

1．5

1，4

1，3

1．2

1．1

　1

　　　　　　　　012　357
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Time（h）

Fig．2－2．　The　purity　of　RNA　extracted　frorn　R　putida　mt－2　culture　growth　with∫フーxylene

as　the　carbon　source．0－23　indicates　the　time　salnple　to　collection．
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Contaminating

DNA

23S　rRNA

16S　rRNA

Fig．2－3．　Agarose（1％）gel　electrophoresis　of　total　RNA　extracted廿om　R　plttidcl　mt－2

culture　growth　with　p－xylene　as　the　carboll　source　befbre　DNase　treatlnellt．　Lanes：M

Perfect　RNA　markers　with　a　size　range　of　200　to　I　OOOO　bp．　N：negative　colltroLO－23

indicates　the　tiIne　salnple　to　collection．

　　　　　MOI23579111723N

10000

3000

1500

200

No　band

23S　rRNA

16S　l・RNA

Fig．2－4．　Agarose（1％）gel　electrophoresis　of　total　RNA　extracted　f㌃om　P　pl’tida　mt・・2

culture　growth　with　p－xyle！le　as　the　carboll　soul’ce　a丘er　DNase　treatment．　Lalles：M

Perfect　RNA　markcrs　with　a　size　range　of　200　to　lOOOO　bp．　N：negative　control．0－23

indlcates　the　time　sample　to　collection．
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2．3．2．9）ifference｜between　Cp（R．T．negative　contr。1　samples）and【Cp（RT　samples）

　　　　Gene　level　studies　have　recently　become　popular　because　of　the　developments　in

mo　lecular　techniques　that　have　allowed　extensive　inve　stigation　o　f　gene　expression．　One

ofthe　problems　with　mRNA　quantification　is　the　DNA　contamination　in　RNA　samples

due　to　co－extraction．　DNase　treatment　is　usually　perfomied　to　selective　eliminate　the

DNA　contaminant　from　RNA　samples　using　RNase－free　DNase　step　and　then　the

samples　are　used　fbr　the　reverse　transcription（RT－PCR）．　However，　DNase　treatment

was　performed　before　quantitative　mRNA　and　there　is　a　possibility　that　the　RNA

samples　may　still　contain　the　DNA　contarninant．　Therefbre，　DNA　contamination　may

interfere　in　the　quantific　ation　o　f　mRNA．　S　o，　quantific　ation　o　f　DNA　contaminant　is　also

detected　fbr　a　precaution　agahlst　false　positive　results．

　　△Cp　values（Cp（RT．negative　c。ntr。1　samples）and　Cp（RT　samples））「were　calculated　to　compare

the　amo皿ts　ofthe　RT－control　sample　and　cDNA　sample．　As△Cp　value　was　fbund　to　be

greater　4（Fig．2－5），　the　residual　DNA　level　was　regarded　as　negligible（9）．
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Fig．2－5．　Difference　between　Cp（RT－negati．eωnlr。1　samples）and　Cp（RT　s．　amp］e）in　reference

genes　ofall　sampIes．

2．3．3．Real－time　PCR　Specificity

　　Following　real－time　PCR，　the　resulting　PCR　products　were　checked　to　confirm　the

ampli五catioll　specificity，　Melting　curve　analysis　is　an　inversion　of　PCR　detection

method，　in　which血creases　in　fluorescence　are　detected　during　cycling（10）．　In　order　to

visualize　nonspecific　PCR，　a　melting　curve　analysis　can　be　per量）mled．　Different

廿agments　will　usually　appear　separating　melting　peaks．　The　PCR　products　of　reference

gene（17フoノ〉）and　other　reference　genes　were　analyzed　by　melting　curve　analysis　as
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shown　in　Fig．2－6　A　and　2－6　B，　respectively．　Only　a　single　melting　peak　at　the　same

melting　temperature　was　produced　for　PCR　product．　Melting　curve　analysis　did　not

detect　any　primer　diminers　or　other　side－product．　The　result　indicated　the　PCR　reaction

is　accurate　and　high　specificity．
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Fig．2－6　A．　The　rea1－time　PCR　was　specific．　In　real－t㎞e　PCR，

was　perf～〕rmed　to　demonstrate　the　specificity　ofthe　reactions．

amelting　cur－ve　analysis
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2．3．4．E且ectrophores且s　ofRTLPCR

　　　　In　order　to　confirm　PCR　specificity，　gel　electrophoresis　was　prefbrmed．

Electrophoresis　analysis　of　all　the　amplified　products　fbr　refbrence　gene（ηpo～V）and

other　reference　genes　showed　a　single　band　with　the　expected　size　il　all　samples

（Fig．2－7A　and　Fig．2－7B）．　The　result　indicated　that　non－specific　PCR　products　with　the

primer　sets　were　not　detected　in　the　analyzed　temperature　range．　Because　the　secret　of

the　ge1’s　ability　to　separate　DNAs　of　different　sizes　lies　in　f五ction，　every　PCR　product

also　generated　prominent　bands　with　expected　sizes　in　the　gel　electrophoresis　analysis．

If　the　rates　o　f　desired　band　and　other　band　move　different　and　primer　dimmers　or　other

side－products　fall　without　the　range　of　the　standards，　it　reveals　PCR　non－specificity　In

contrast，　a　single　band　with　the　desired　size　was　fbund　in　the　range　of　standards．　It

describes　PCR　specificity

　　　　The　amplification　specificity　was　checked　by　both　melting　curve　analysis　and　gel

electrophoresis．　Agaro　se　gel　electrophoresis　demonstrated　a　single　band　with　the

expected　size，　and　all　products　showed　a　single　melting　peak　on　real－time　PCR　Two

results　were　in　agreement．　Therefbre，　only　primers　sets　that　pro　duce　a　single　melting

peak　and　a　single　band　of　expected　size　on　gel　were　used　for　fUrther　analysis．
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2・4●Conclusions

　　　　In　conclusion，　all　works　should　be　made　to　obtam　high－quality　RNA　sample．　The

quantitative　mRNA　has　the　major　problems，　such　as，　RNA　samples　purity，　designed

primer　sets，　and　DNA　co－extraction．　The　study　illustrated　the　application　rea1－time　PCR

and　the　primer　sets　were　designed．　SYBR⑧Premix　Ex　TaqTM　was　used　in　real－t㎞e

quantitative　P　CR　because　it　can　analyze　the　accumulation　of　primer　diinmers　and　the

amplification　ofnon－specific　PCR　products．　The　OD260／OD280　values　showed　all　RNA

samples　were　purity　and　designed　primer　sets　were　good．　Because　one　melting　peak　at

the　same　melting　temperature　was　produced　fbr　PCR　product　and　each　PCR　product

also　generated　prorninent　bands　with　expected　sizes　in　the　gel　electrophoresis　analysis，

it　demonstrated　quantitative　PCR　condition　is　optima1．　Only　prirners　sets　were　used　fbr

血rther　analysis．　In　according　to△Cp　values　that　were　great’er　4　and　the　residual　DNA

level　as　negligible，　the　all　RNA　samples　can　be　used　fbr　thq　fUture　quantitative　gene

expression．　Our　results　suggest　that　the　investigation　of　RNA　samples　purity　and　the

confirmation　of　primers　specificity　are　important　step　in　fUrther　gene　expression

analysis．
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Chapter　3

Ev訊亙uatto　m　o　f　Reference　Ge皿es　in　Psendo栩oπ卵

　　　　pestidα　mt－2　in　Presence　of」ρ一xy且ene



Abstract

　　　　　The　quantitative　rea1－time　reverse　transcription　polymerase　chain　reaction

（qRT－PCR）is　an　important　and　very　usefU1　tool　for　the　quantification　ofgene　expression．

qRT－PCR　relies　on　accurate　normalization　of　gene　expression　data．　Refbrence　genes

are　used　as　normalizer　fbr　reIative　quantification　of　target　genes　in　gene　expression

studies．　However，　the　expression　level　of　these　genes　may　vary　among　cells，　and　may

change　under　certam　ch℃umstance．　In　this　study，　we　perfbrmed　real－time　PCR　to

investigate　the　expression　of　eight　reference　genes（ηフo∧乙ηフoD，　dbh／1，1フha」F，165

廊ハ比gst，　lexA，　and　atkA）in　1）seudomonaぷputida　mt－2　during　degradation　of

p・・xylene．　The　dedicated　validation　program（geNorm）was　used　to　rank　the　eight

reference　genes　from　best　to　worst　and　ascertain　the　most　suitable　reference　from

these　candidates．　rρoN，　rρoD，　genes　were　the　most　stable．reference　genes，　while　the

助αFand　dbん4　genes　showed　unstable　expressed　genes　by　the　method．　The

normalization　factors（NF4）were　obtained丘om　the　fbur　mo　st　suitable　reference　genes

（rρoN，－rρoD，－16S　rR7VA，　and　atkA）by　geNom　metho　d．　　　t一
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3。1．　］1〔ntroductiom

　　　　Detection　ofbacterial　gene　expression　in　environment　has　become　an　active　field　of

research　in　microbial　ecology，　bioremediation，　and　diversity　monitoring．　The　recently

developed　quantitative　rea1－tirne　PCR　method　is　extremely　sensitive，　and　rapid，　has　a

bro　ad　dynamic　quantification　range，　and　is　relatively　easy　to　perfb㎜（1，2）．　The　method

allows　the　detection　ofanコplicaon　accumulation　since　it　is　performed　using　intercalating

dyes　such　as　SYBR　Green　I，　rather　than　by　conventional　end－point　analysis．

　　　　Relative　quantitative　real－time　P　CR　can　be　app　lied　to　normalization　o　f　target　gene

expression　to　some　fbrm　of　control，　to　assess　variations　in　sample　mPut，　extraction，

reaction　efficiencies，　and　RNA　quality　among　samples．　The　expression　levels　of

reference　genes　sh・uld　remain　relatively　c・pstant　am・ng　different　samples　and

experimental　conditions（3）．　If　the　requirements　are　not　fUlfilled，　then　normalization　to

varying　intemal　references　c　an　lead　to　increased“no　ise”or　erroneous　results（4）．　Thus，

the　use　ofvalid　reference　genes　is　a　prerequisite　f～）r　accurate　gene　quantification．

　　　　Bact．erial　reference　genes　have　been　used　for　normalization　of　gene　expression

（5－9）．However，　several　studies　indicated　that　the　expression　levels　of　the　reference

genes　did　not　remain　constant　under　different　metabolic　conditions　or　among　treatments

in　the　same　samp　le　or　different　groWth　stages（10－13）．　Identification　o　f　candidate　genes

that　are　at　least　minimally　regulated　under　the　conditions　investigated　and　preferably　the
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inclusio　n　o　f　more　than　one　reference　gene　in　the　analysis　are　inportant　for　the　accuracy

of　quantitative　real－time　PCR　test（14，15）．　For　prokaryotic　mRNA　quantification，　the

expression　stability　of　different　reference　genes　was　validated　fbr、Pseudomonas

aeruginosa　and／l　ctinobac〃us　1フleurojりneu〃70niae（15）．

　　　　The　suitability　of　refbrence　genes　fbr　relative　quantitative　gene　expression　in　the

environment　has　not　been　investigated　in　sufficient　detail　to　date．　To　find　suitable

reference　genes，　we　evaluated　the　expressional　stability　hl　a　panel　of　eight　candidate

reference　genes（ηりoハ㌧ηフoD，　dbん4，助αF，16Sγ㎜，　gst，　lexA，　a孤1　a　th　4）in

Pseudomonaぷ蝋da　mt－2　during　degradation　ofp－xylene　using　the　geNorm　program

（14）．The　selected　genes　take　part　m　critical　fUnctions．　The　rρoD　gene　encodes　the

housekeeping　sigma　factorσ70，　which　is　a　critical　housekeeping　gene（16）．　The助αF

gene　is　involved　in　a　ring－hydroxylation　system（17）．　The　dbhA　gene　encodes　the

DNA－binding　protein　HU－alpha（18）．　The　rρoN　gene　eneodes　the　altemative　sigma

factorσ54，　which　was　fbund　to　be　involved　m　growth　phase－dependent　activation　of

promoters　o　f　various　genes（19）．　The　gst　gene　encodes　glutathione　S－transferase　family

protein（20）．　The　lexA　gene　encodes　a　LexA　repressor　that　is　able　to　bind　the　rec．！l　gene

promoter　region（21）．　The　atkA　gene　encodes　cation－transporting　ArPase（22）．16S

rRNA　is　an　important　part　of　the　ribosomal　complex（13）．16S　rRNA　was　the　most

abundant　among　the　genes　tested　all　the　tirロe　as　detemlined廿om　the　Cp　value，　which

was　consistent　with　the　results　reported　previously（13）．
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　　　　The　goa1　ofour　study　is　the　systematic　comparison　ofthe　stability　among　reference

genes　in　Pseudo〃zonas　putida　mt－2　during　biodegradation　o　fp－xylene　using　the　geNom

pro　gram　and　the　relationship　between　gene　expression　and　stability．　In　addition，　the　aim

is　to　detemユine　which　genes　are　most　appropriate　fbr　the　nomalization　of　gene

expression　and　normalization　factors　can　be　calculated　from　the　number　of　most

suitable　reference　genes　by　the　geNorm　pro　gram．

3．2．Experimental　Section

‘

3．2．1．Materiais　for　Culture　and　Growth　ef　the　Bacteriai　Strain

　　　　Pseudo〃zonas　1フzt　tida　〃zt－2　is　the　origmal　isolate　of　R　」putida　bearing　the

archetypical　TOL　plasmid（23）．　Japan　Collection　of　Microorganisms　RIKEN

BioResource　Center　provided．P．　putida　mt－2（DSM　3931）．　The　bacteria　were　cultured　at

30°Con　a　rotary　shaker　at　110　rpm　in　M9　mineral　medium（24）of　12ml　to　expose　to

vapors　Qfp－xylene　as　the　sole　carbon　source．　To　this　end，　the　release　of　mducer　was

slowed　down　by　generating　vapors　of」ワーxylene（9．5μ1）丘om　small　amount　of　cotton．

Three　replicate　vials　were　incubated．

　　　　The　liquid　cultures　were　centrifUged　at‘4°C　fbr　10】祉n　at　6000　rpm。　cells　pellets

washed　twice　in　phosphate－buffered　saline，　and　then　stored　at－80°C　until　use．　The
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detail　culture　procedure　has　been　iltroduced　in　the　exper㎞ental　section　ofchapter　2．

3．2．2．Isoilation　of　［A〕otaR　RNA

　　　　Total　RNA　was　extracted　from　frozen　cell　pellets　by　an　RNAspin　Mini　RNA

Isolation　kit（GE　Healthcare　UK　Limited，　Buckinghamshire，　UK）in　accordance　with

the　manufacturer’s　instructions．　To　eliminate　the　residual　DNA，　RNase－f『ee　DNase　I

treatment　was　perfbrmed　during　the　iso　lation　pro　cedure．

3．2．3．RT　Step

　　　　Reverse　transcription　reacti皿s　were　perfbrmed　using　an　Exscript⑧RT　regent　kit

in　accordance　with　the　manufacturer’s　instructions（Takara　B　io　Inc．，　Otsu，　Japan）with

random　6－mers　to　obtain　cDNAs　ffom　the　mRNAs（4　p1）．　Reaction　conditions　were　as

fo　110　ws：heating　at　42°C　fbr　15　min　for　reverse　transcription　reaction，　heating　at　95°C

fbr　2　min　fbr　enzyme　denaturation，　and　rapid　cooling　at　4°C　in　a　tota1　vo　lume　of　20　pL

To　check　fbr　the　presence　of　residual　DNA，　reverse　transcriptase　control　samples

（RT－negative　control　samples）were　prepared　fbr　each　RNA　sample　using　the　identical

cDNA　synthesis　procedure　except　fbr　omission　of　reverse　transcriptase．　All　cDNA

samples　and　RT－control　samples　were　diluted　1：5　and　stored　at－20°C　fbr　use　as
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templates　in　real－time　PCR　analysis．

3．2．4．　Quantitative　ReaE－time　PCR

　　　　Primer3（25）was　used　to　design　the　all　primers．　The　primers　were　obtained丘om

Invit「°gen　Japan（T°ky°・Japan）・PCR　amplificati・n　c・nditi・n、and　analysis　were

introduced　m　the　experimental　section　ofchapter　2．

3．2．5．Data　Analysis

　　　　The　mathematical　equations　used　fbr　the　analysis　of　gene　expression　data　are　as

fb　llow（26）：

　　　　　　　　　　　　　　　　文一X。×（E＋1ア…＿．………．（1）

Here，　Xn　is　the　amo皿t　of　PCR　product　at　cycle　n，　Xo　is　the　beghlning　amount　PCR

template（which　we　want　to㎞ow）and　E　is　amplification　efficiency　which　can　have　a

value　between　O（no　ar口plification）and　1（doubling　of　the　PCR　product　in　each

arpplification　cycle）．

　　　　Smce且u・rescence　signal　is　pr・p・丘i・nal’t・the　accumulati・n・fPCR　ampli丘cati。n
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product，　the　equation　l　can　be　written　as：

F。－Fo×（E＋1）n
．．．．．．．．．．．．．．．．．．．

i2）

where，　F　is　fluorescence　signal　after　background　subtraction．

Then，　the　begtming　offluorescence　Fo　can　be　calculated　as：

F。＝
　　　　　　（E＋1）n ．＿∴＿＿＿＿．（3）

where　Fn　is　the　signal　of　dye　fluorescence　at　cycle　n　and　Fo　the　theoretical　beginning

fluorescence　that　is　proportiona1　to　the　amount　O　f　begt　ning　PCR　teml）late．　In　real－time

PCR　technique，　n　in　the　equation　can　be　replaced　by　Cp：

　　　　　　　　　FCp

F。＝
　　　　　　（E＋1）Cp

．．多．．．．．命．．．．．．．◆．．

i4）

Cp　that　is　the　fiuorescence　signal　needed　to　rise　above　baseline　is　detected．　Fcp

represents　the　thresbold　fluorescence・which　can　be　set　fbr　each　of　the　compared
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amplification　individually，　or　a　thresho　ld　value（Fcp）commen　for　all　compared

amplification　can　be　used．　Amplification　efficiency（E）fbr　each　gene　was　calculated

using　the　equation　ofthe　standard　curve：

Φ一
P。g（：＋1）×1・gF・＋1。‖芸三1）…一一（5）

　　　　　　　　　　1

E＝10sl°pe　－1
＿＿＿＿．．．．＿．．．．．，．．．

i6）

　　　　　　　　　　　　　　　　1

ぷ1qりθ＝－
　　　　　　　　　　　10g（E＋1） ．．．．．．．．．．．．．．．．

i7）

　　　　Tb　compare　the　amounts　of　the　cDNA　sample　and　RT－control　sample，△Cp　was

calculated．　As△Cp　of＞4　was　fbund　in　this　study，　the　residual　DNA　level　was　regarded

as　negligible（27）．

　　　　Tb　compare　the　stability　o　f　candidate　reference　genes，　we　app　lied　geNorm，　version

35（14）．The　geNoml　so丘ware　depends　on　the　assumption　that　the　expression　ratio　of

two　ideal　intemal　control　genes　is　identical　in　all　samples，　regardless　of　the

experimental　conditions．　Cp　values　were　transfbrmed　into　relative　quantities　by

equation　8　for　analysis　with　geNorm　so　ftware　manual（28）．　The　calculation　procedures
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of　the　stability、14　values　and　the　normalization　factors（NFn）have　been　introduced　hl

chapter　1．

　　　　　　　　　　　　　　　　　　　　ατり＝（E＋1）△cρの＿．．．，．、．…．8

（here：△（為＝Cpノ（ム。wes，）、一’“（；pl，，ノ

Cp　j（L・w・・t）：　　Lowest　cro　ssing　point　for　j　gene　among　all　samples．

Cp　i，j：　　Crossing　Point　fbr　j　gene　in　i　sample）

3．3。Resullts　and　I）iscussion

3．3．1．Standard　Curve　fbr　Reference　Genes

　　　　Standard　curves　o　f　the　analyzed　reference　genes　are　shown　in　Fig．3－1and　were

generated　by　using　lo　garithmic　values　o　f　standard　R　N／　A　amounts　vs　the　cro　ssing　point

（Cp）that　is　the　cyc　le　number　when　the　thresho　Id　fluo　rescence　is　reached．　The

coefficients　ofthe　standard　curves　indicate　that　the　ef狂ciencies　ofreverse　transcription

and　the　PCR　amplification　efficiencies　are　similar　in　all　dilutions．　Amp　lification

efficiency（E）representative　fbr　each　refbrence　gene　was　calculated　fヒoIn　equation　6　ill

Experimental　Section．　The　coefficient　values（R2）were　shown　in　Table　3－1．Detection

and　quantification　were　linear　over　the　range　ofthe　cro　ssing　point　examined．　The　result

showed　that　these　standard　curves　can　be　used　for　relative　quantification．
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Table　3－1．The　coe伍cient　values　ofreference　genes

Gelle
ノpoN η）oD ／eM 4blrメ ατM gM 16∫〃～M ρ乃αF

R2
0．9956 0．9941 0．9952 0．9959 0．9987 0．9972 0．9964 0．9983

ロ

ヨ
芯

’

ユo

35

30

25

20

15

10

　5

　0

　－3．0　　　　　　　　　－2．0　　　　　　　　　－1．0　　　　　　　　　　0．0　　　　　　　　　　1．O

　　　　　　　　　　　　　　　　　　　　Log　Concentration（re［ative）

Standard　curves　fbr　reference　genes，　ipoハノ（black　curve　and　closed

；’アoD（red　curve　and　cIosed　squares）；ie．x“A（blue　curve　and　open　triangles）；

　　　　　　　　　　　　　　　　　　　　　　　　　　；αtたA　（purple　curve　and　open　circles）；gst

　　　　　　　　　　　　　　　　　　　　；16S’rR∧fA（green　curve　and　open　diamonds）；phaF

　　　　　　　　　　　　　　　　　　Quantities　ofstandard　RNA　were　expressed　as　dilution

　　　　　　　　　　　　　　　　，0．25，0．0625，0．OI5625，0．0039062）．

Fig．　3－1．

diarnonds）

dbhA（yellow　curve　and　closed　triangles）

（ama1’anth　curve　and　open　squares）

（azul’e　curve　and　closed　circles）．

factors　of　IUNIA　preparation（1
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3．3．2．Expression　Pro丘1mg　ofthe　Cand【idate　Reference　Genes

　　　　The　expression　levels　o　f　the　eight　candidate　reference　genes　were　investigated，　and

are　shown　depending　on　Cp－values　as　a　box－plot　in　Fig．3－2．　In　this　study，　ten　collection

samples　fbr　each　reference　gene　were　included．　The　median　expression　level　and

interquartile　values　are　shown　in　boxes　and　the　whiskers　indicated　the　total　expression

ranges．　The　eight　candidate　reference　genes　studied　showed　a　wide　expression　range，

with　Cp　values　between　g　and　28．　Figure　3－2　indicated　that　two　arbitrary　lines　separated

these　refbrence　genes　into　three　groups（29）．　Genes　with　lower　expression　levels

showed　higher　Cp　values　and　genes　with　higher　expression　levels　showed　lower　Cp

values．　Among　the　genes　tested，16S　rR？VA　showed　the　highest　level　ofexpression　with

amean（±SD）Cp　value　of　11．03±0．86，　whileατM　showed　the　lowest　level　of

expression　with　a　mean（±SD）Cp　value　of　27．20±0．61．　Genes　spanning　a　maximal

expression　range　wereη戊o／V（1．36），ηフoD（1．44），　dbhA（2．88），　phaF（2．37），　and　16S

rRノ＞A（2．32），　gst（2．35），　lexA（2．47），　atk　4（1．71），　mdicatmg　changes　in　the　expression

level　ofreference　genes　in．　the　bacteria　durmg　biodegradation　of1フーxylene．

　　　　In　order　to　avoid　co－regulated　genes，　the　eight　employed　reference　genes（ηフoN，

ηりoD，　dbh／4，、ρhaF，16S　7沢ノV∠，　gst，　lexA，　atkA）（8，9）belong血g　to　different　fUnctional

classes　were　selected　in　this　study　Based　on，SYBR　Green　detection，　a　rea1－time　qPCR

assay　was　prefbrmed　fbr　expression　profiling　of　these　reference　genes．　Although　the
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growth　ofbacteria　is　a　physiological　process，　we　fbund　variable　expression　levels　ofnot

only　the　target　gene　but　also　the　reference　genes．　These　observations　were　consistent

with　the　results　ofprevious　studies　in　both　eukaryotic（30，31）and　prokaryotic（13）cells．

Ideal　and　universal　re］Ference　genes　do　not　exist．　Therefbre，　the　stability　of　re」ference

genes　in　prokaryotic　should　be　tested　under　the　investigated　conditions．

　　　　　　　28

　　　　　　　26

　　　　　　24

　　　　　　22

　　　』20

　　　　ξ・8

　　　316

　　　　　　14

　　　　　　12

　　　　　　10

　　　　　　　8

　　　　　　　　　　　　ηワoハ「　ηワoD　　dbん4　phaF　16S’rRNA　gst　　tex～4　　atk、4

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Genes

　　　Fig．3－2．　Real－time　PCR　Cp・values　in　collected　samples．　The　distributions　of

expression　levels　of　candidate　reference　genes　are　shown　as　median（1ines），10wer　and

upper　quar七iles（boxes），　and　ranges（whiskers）（n＝10）．　DiffeXent　expressed　refbrence

genes　were　divided　into　3　groups　by　the　arbitrary　lines　at　Cp　20　and　26．

已ヨ亭　1口　　字田
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3．3．3．Candidlate

Program

Reference　Genes　Expression　Stabi蹴y　Me劉sured　by　Sof辻ware

　　　　The　essential　requirement　of　a　candidate　gene　fbr　nomalization　purposes　is　its

㎞variable　expression　in　each　search　situation．　Therefbre，　particular　validation　of

potential　reference　genes　fbr　the　respective　conditions　is　needed．　It　is　a　very　time

consuming　and　labor一血tensive　process　to　search　fbr　an　apPropriate　reference　gene，　and

various　software　and　methods　have　been　suggested　to　simplify　the　search．　Several

appro　aches　have　been　recommended　to　identify　suitable　reference　genes丘om　candidate

genes．（32，33－35）．　In　this　study，　we　applied　geNorm　to　objectify　our　results．　The

pro　gram　has　o　ften　been　used　in　other　studies　to　find　suitable　reference　genes丘om　a　set

ofcandidates（14，30，36・・39）．

　　　　Tb　identify　the　reference　gene　with　the　most　stableどxpression，　the　data　were

analyzed　using　the　geNorm　software　package（14），　which　chooses　appropriate　reference

genes　by　calculating　the　gene　expression　stability　measure，　the　M　value．　The　value　is　the

mean　pairwise　variation　fbr　a　gene　compared　with　all　other　tested　control　genes．

Increasing　M　value　corresponds　to　decreasing　expression　stability　The　gene　with　the

highe　stルf　value　is　excluded　and　the　gene　with　the　lo　wer　M　value　is　regarded　as　the　mo　st

stable　gene．　A　new　M　value　is　calculated　and　this　calculation　procedure　is　prefbrmed

agam　unti1・nly　tw・genes　rema血・T与ese　tw・genes　have　the　1・west　M　value　and　are　the
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most　stably　expressed．　According　to　their　increasing　expression　stability（decreasing　M

value），　the　stability　ranking　ofthe　eight　reference　genes　is　shown　in　Fig．3－3．　All　ofthe

genes　studied　appeared　to　show　high　expression　stability　with　Iowルf　values　less　than

O．6，which　were　below　the　default　limit　of　1．5　in　the　geNomprogram
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　　Fig、3－3．　Stability　ranki皿g　of　the　reference　genes　by　geNorm．　Average　expression

stability　value　M　after　excluding　unstable　gene　at　every　step　was　calculated．　Genes　are

ranked　from　left　to　right　to　increasing　expression　stability（decreasing　M　value）．
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3．3．4．Norm姐zation　Factor　Calcu且ated　by　GeNorm　Met㎞od

　　　　It　has　been　suggested　that　normalization　should　be　based　on　more　than　one

reference　gene　alone　to　achieve　more　accurate　normalization（14，12）．　The　geNo皿

software　made　a　pairwise　variation（V。／n＋1）that　was　calculated　between　the　two

sequential　normalization魚ctors　for　dete㎜ination　of　the　optimal　number　of　genes

necessary　The　pairwise　variation　analysis　showed　that　V2／3　value　was　O．099（Fig．3－4），

which　was　below　the　cutoff　value　ofO．15．　The　cutoff　value　was　considered　as　the　limit

beneath　which　it　would　not　be　necessary　to　include　additional　reference　genes　fbr

normalization．　A　large　variation　means　that　the　added　gene　has　a　significant　effect　and

should　preferabIy　be　included　fbr　calculation　of　the　normalization　factor．　Since　the

geNorm　software　suggested　that　at　least　three　stable　reference　genes　were　recommended

and　1°we「γvalue　did　n・t　essentially　decrease　when　n・less　than　five　reference　gengs

were　included，　we　used　four　reference　genes（乃ρo∧ξrρoD，16ぷrRハ膓4，　and　a　tk　4）fbr

normalization　factor　calculation　of　gene　profiling　studies　in　this　experiment．　By

calculating　the　normalization　factor（NF4）that　is　the　geometric　mean　o　f　rρoN－rρoD－16S

rR2VA－atkA　genes，　the　mo　st　accurate　way　ofnormalization　can　be　obtained．
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　　　　Fig．3－4．　Optimal　number　of　control　genes　fbr　normalization．　Pairwise　variability

Vn／n＋1　showed　the　change　in　normalization　accuracy　with　stepwise　addition　of　more

reference　genes　according　to　the　stability　rank廿1g　ofthe　reference　genes．

3．3．5．The・ReEati・nship　between　Average　Gene　EXPressi・Mnd　Gene　St岨ty

　　　　Although　the　average　Cp　values　of　eight　reference　genes　studies　cover　a　wide

dynamic　range（average　Cp　：11－27），　there　was　no　correlation（coefficient　of

detemination，　R2　＝＝O．002）between　the　average　Cp　values　and　the　M　values　by　geNorm

（Fig．3－5）．　As　mentioned　above，　fbur　genes，　rρoN，ろρoD，161∫rR〈IA，　and　atkA，　were

considered　as　the　most　suitable　reference　genes　fbr　the　calculation　of　normalization

factors．　These　genes　represented　the　three　arbitrarily　defned　levels　oflow，　intermediate，

and　high　gene　expression（Fig．3・・2）．　These　stable　reference　genes，　minimally　regulated
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mresponse　to　experlmental　treatments，　are　of　paramount　importance　in　the　relative

quantification　oftarget　gene　expression　under　different　physio　logical　conditions．
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Fig．3－5．　Expression　stability（M）versus　average　expression　（Cp）by　geNorm．

According　to　the　diverse　scatters，　there　was　no　apparent　correlation（R2・＝0．002）

between　gene　expression　stability　and　expression　values．
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3．4。Conclllsions

　　　　　In　order　to　nomlalize　the　variations　in　the　amount　of　starting　material，　enzymatic

ef丘ciencies，　and　between　cells　in　overall　transcriptional　activity，　various　strategies　have

been　applied　to　normalization　these　variations．　The　selection　ofstable　reference　genes　is

the　major　problem　for　normalization　puny）ose．　Our　appro　ach　has　let　to　investigate　eight

reference　genes　fairly　stably　expressed　in　P．1フutida　rnt－2　throughout　degradation　of

lフーxylene．　Our　results　reveal　there　are　the　significant　variations　in　re］rerence　genes　durmg

bacterial　growth　by　geNoml　programs，　and　shows　there　is　not　apparent　correlation

between　gene　expression　stability　and　gene　expression．ηフ〇八～rpoD，　genes　were　the

mo　st　stable　reference　genes，　while　the　phaF　and　dbhA　genes　showed　unstable　expressed

genes．　Additional，　lower　V　value　did　not　significantly　decrease　when　no　less　than　five

reference　genes　were　included，　we　detem血le　to　use　fbur　reference　genes（ηフo∧ξワρoD，

16ぷ1ソ～1＞A，and　atkA）fbr　normalization　factor　calculation　of　gene　profil血g　studies　in

this　experiment．　The　normalization　factors（NF4）were　obtained丘om　the　geometric

mean　of　fbur　most　stable　reference　genes（ηフoN，一・rρoD，－16S　TR？VA，　and　atkA）by

geNorm　method　and　can　be　used　to　normalize　target　genes　expressions　fbr　accurate

quantification．
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Abstract

　　　　In　detemlining　relative　gene　expression　by　quantitative　measurements　of　mRNA

levels　using　rea1－thne　quantitative　PCR，　internal　standards　such　as　reference　genes　are

essentiaL　In　this　study，　we　used　geNorm　method　to　analyze　the　stable　expression　of

eight　reference　genes　（ηpoN，ηワoD，　dZ）hA，　phaF，16S　rRArA，9ぷち　1（ヲxA，　and　atkA）　in

Pseudo〃70nas　putida　mt－2　during　degradation　of　p－xylene．　According　to　their

expression　stability　The　method　revealed　that　the　rρoハζηフ01），16ぷz㎜，　and碗口

genes　were　suitable　reference　genes，　while　the．ρ乃αF　and　dbhA　genes　showed　unstable

expressed　genes．　The　levels　of　expression　of　target　genes，　Uμand抑班，　no㎜alized

with　unstable　refbrence　gene　alo　ne，　phaF　or　dbん4，　showed　significant　different　behavior

compared　with　those　nommalized　with　the　nommqlization　factor（NF4）obtained　from　the

four　suitable　reference　genes（卿碑フoD－16S　rR2VA一α砲）using　geNorm　software．　In

addition　to　over－or　underestimation　of　target　gene　expression，（i）the　delay　in　maximal

gene　expression，（ii）the　increasing　gene　expression　without　inducer，（iii）the　highest

relative　expression　ofημand　ayIE　at　the　same　time　were　observed　using　unstable

reference　genes，　though　it　is　experimentally　sho　wn　that　the　expression　o　f　the　two　genes

reach　a　maximum　differently．　Our　study　indicates　that　a　valid　set　of　reference　genes

cove血g　a　bro　ad　expressio　n　range　is　recommended　as　a　normalizer　to　have　an　accurate

relative　quantification　ofthe　target　gene（s）transcript　in　many　microbial　pro　cesses．
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4．1。　Introduction

　　　　　Many　Gram－negative　bacteria　can　utilize　toxic　aromatic　co即ounds　as　the　only

carbon　and　energy　sources．　Typically，　when　Pseudomonas　putida　mt－2　encounters

p－xylene　in　the　mediu】n，　the　aro　matic　compound　is　sensed　both　as　a　growth　substrate　to

metabo　lize（1）and　as　an　environmental　stressor　to　endure（2，3）」Pseudomonas　putida

mt－2　has　the　TOL　plasmid　that　encodes　the　enzymes　fbr　the　oxidative　catabolism　of

p－xylene．　The　compound　is　degraded　by　the　progressive　oxidation　of　a　methyl　side

chain　to　carboxylic　acid，　fbllowed　by　oxygenative　cleavage　of　the　aromatic　ring　and

finally　changed　into　the　Krebs　cycle　by　means　of　the　products　of　lower　operon（4，5）．

Xylene　oxygenase　encoded　by　the　x　ylA　gene　is　the　key　enzyme　in　the　upper　degradation

pathway　for　p・・xylene．　The　first　step　fromρ・・xylene　to　p－methylbenzyl　alcoho　l　catalyzed

by　the　XγIA　gene　product　is　the　key　step　in　the　degradation　pathway．　Catecho1

2，3－oxygenase，　the　product　ofXγIE，　is　the　enzyme　in　the　lower　degradation　pathway　fbr

p－toluate　that　is　produced　from　the　upper　degradation　pathway（6）．

　　　　Arecent　development，　real－t㎞e　fluorescence－based　RT－PCR，　integrates　the

amplification　and　analysis　steps　ofthe　PCR，　and　its　sensitivity，　specificity，　and　wide

dynamic　range　make　it　the　method　fbr　quantitative　steady－state　mRNA　levels．（7）．

　　　　However，　variability　in　protocols　used　fbr　samples　acquisition　and　RNA　template

iso　lation　can　mtroduce　errors　into　the　analysis　process．　Gene　expression　studies　in
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bioremediation　have　not　been　investigated　in　sufficient　detail　to　date．　For　that　purpose，

the　relative　quantification　ofreverse　transcription－PCR（RT－PCR）data　is　the　method　of

choice　to　determ血1e　gene　expression（7，8）．

　　　　This　method　is　based　on　the　normalization　ofthe　target　gene　expression　on　any

stab　ly　expressed　internal　reference　gene，　a　so－called　reference　gene，　measured　in　the

same　bio　lo　gical　material．　A　crucia1　problem　invo　lved　here　is　fnding　such　a　suitable’

reference　gene，　which　has　to　be　tested　and　verified　under　defined　study　conditions．

　　　　For　quantitative　mRNA　studies，　cho　o　sing　a　valid　interna1　contro　l　for　monitoring

intersample　variation　is　mandatory．　In　literature，　several　single　reference　genes　or

reference　gene　indexes　summarizing　two　or　more　reference　genes　have　been　used　for

relative　quantification（9－12）．　The　use　ofmultiple　control　genes　results　in　a　much　more

accurate　and　reliable　normalization　ofgene　expression　data．

　　　　In　this　study，　our　aim　is　to　identify　the　valid　set　of　reference　genes　fo’r　accurate

normalization　were　illustrated　using　two　target　genes，ηL4　and　aylE，　which　are

well－studied　gene　s　invo　lved　in／p－xylene　degradation　and　analyze　the　effects　o　f　using　the

different　normalization　appro　aches　on　gene　of　interest．
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4・2．Experimental　Section

4・2・1・Bacterial　Strain　and　GroWth　Conditions

pseud・m・nas　putida　mt－2　is　the・riginal　is・late・f只蝋4αbea血9　the　archetypical

TOL　plasmid．（13）．　Japan　Collection　of　Microorganisms　RIKEN　BioResource　Center

provided　the　bacteria．　Growth　conditions　and　procedures　were　introduced　in　the

experimental　section　ofchapter　2．　The　optical　density　at　600　um（OD600）was　measured

for　the　bacterial　growth　and　at　designated　time　point，

4．2．2．Chemical　and　Analysis　ofp－xyHene

　　　　P－xylene（＞98％pure）was　used　as　the　carbon　source　and　obtained丘om　Wake　Pure

Chemical　Industries，　Ltd．　Gas　chromatography－mass　spectrometry（GC－MS）analysis　o　f

2り一xylene　concentration　was　carried　out　with　a　Hewlett－Packard　5973　mass　spectrometer

co皿ected　to　a　6890　gas　chromatography　fitted　with　a　fused　silica　capillary　column

（PH－5；0．25　by　30m；film　thickness，0．25μm）．　The　fo　llowing　conditions　were　used　for

GC：2．O　ml　o　f　high－purity　helium　per　min，　on－colu㎜、　inj　ection　mo　de；oven　telnperature，

50°Cfbr　l　min；thermal　gradient　40°C／min　to、170°C，　where　it　was　held　fbr　5　rnin，　then

increased　at　10°C／min　to　280°C，　and　then　held　at　280°C　fbr　l　min．1ml　of　aqueous
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samples　were　extracted　by　l　ml　hexane・The　hexane　layer　was　rem・ved　and　1μl　sample

was　injected　into　GC－MS　to　analyze．

4．2．3．RNA　Extraction

　　　　The　extraction　process　oftotal　RNA　and　an　RNAspin　Mini　RNA　Isolation　kit　was

iltroduced　in　the　exper㎞ental　section　ofthe　chapter　2．

4．2．4．c］DNA　Synthesis

　　　　The　synthe　sis　pro　cedure　of　cDNA　and　an　Exscript⑧　RT　regent　kit　were　intro　duced

in　the　experimental　section　ofchapter　2．

4．2．5．Real－time　PCR　Ass3ys

　　　　Prirner3（14）was　used　to　design　the　primers　of　target　genes．　The　primers　were

obtained　from　Invitrogen　Japan（Tokyo，　Japan）（Table　4－1）．　PCR　amplification　and

analys　is　were　perfoirned　using　a　LightCycler　i　lstrument（Ro　che，　Ma皿heim，　Germany），

software　version　3．5（Roche　Diagno　stics）and　SYBR⑧Premix　Ex　TaqTM（Takara　Bio

Inc．）according　to　the　manu　facturer　’s　recommendations．　Briefly，　the　final　PCR　mix
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included　O．2μM　each　primer，2μl　diluted　cDNA，　and　10μ1　of　SYBR⑧Premix　Ex

TaqTM（2×）in　a　fmal　volume　of20　pL　Cycling　conditions　consisted　ofheating　to　95°C

fbr　10　s，　followed　by　45　cycles　of5sat　95°C，　and　20　s　at　60°C．　Finally，　melting　curve

analysis　and　gel　electr・ph・resis　were　perf・rmed・Tw・results　were　in　agrgement．　Only

primers　sets　that　produce　a　single　melting　peak　and　a　single　band　ofexpected　size　on　gel

were　used　for　fUrther　analysis．

Table　4－1．　Characteristics　o　f　target　genes－specific　real－time　PCR　assays

Name 5’－3’Primer　sequence Amplicon（bp） PCR　efficiency

aワIA

」cylE

Forward：

Reverse：

Forward：

Reverse：

　CagCCgtttCtgCttaCt

　tatCagtCCggCtatcgt

　agCatCCtCatCCaCaaC

gCCgtgtCtatCtgaag9

132

113

0．97

0．93

4．2．6．Data　Anallysis

The　calculation　o　f　the　amplification　efficiency（E）for　each　gene　was　introduced　in
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the　exper㎞ental　section　in　chapter　3．

　　　　Tb　compare　the　amounts　of　the　cDNA　sample　and　RT－control　sample，△Cp　was

calculated．　As△Cp　of＞4　was　fbund　m　this　study，　the　residual　DNA　level　was　regarded

as　negligible（15）．

　　　　Tb　determine　the　differences　between　unstable　gene　s　and　the　normalization　factor，

NFn，　which　is　the　geometric　mean　of　n　control　genes（14），　we　calculated　the

discrepancies　using　the　fo　llo　wing　formula：

difference（％）：
Gene　－一　NF
　　　　　L’　　　n×100
　　　　NF　n

　　　　In　the　fb　rmula，　difference（％）is　the　percentage　difference　between（Gene、・・　NFn）

and　NFn，　and　the　terms　Geneu　and　NFn　are　uhstable　gene　and　normalization　factor，

respectively．

　　　　The　normalized　target　gene　expression　levels　can　be　calculated　by　dividing　the

target　gene　by　the　normalization　factor（NF4）or　single　stable　refbrence　gene　expression

leve1　or　unstable　reference　gene　expression　level　for　each　sample　according　to　geNorm

software　manual（16）．
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4．3．Resu星ts　and　Discussion

4．3．1．Sta】匝dlard　Curve　fbr　Target　Genes

　　　　Relative　standard　curves　ofthe　analyzed　target　genes　are　shown　in　Fig．4－1and

were　generated　by　us血g　lo　garithmic　values　o　f　standard　RNA　amounts　vs　the　cro　ssing

point（cp）that　is　the　cycle　number　when　the　thresho　ld　fluorescence　is　reached．　The

coeffic　ients　o　f　determination（R2）for　aylA　and　aylE　were　O．9996　and　O．9971，

respectively．　Amp　lification　efficiency（E）representative　fb　r　each　reference　gene　was

calculated　from　equation　6　in　Experimenta1　Section　ofchapter　3．　Detection　and

quantification　were　hnear　over　the　range　ofthe　target　gene　cro　ssing　point　examined．

The　result　showed　that　these　standard　curves　could　be　used　fbr　relative　quantification．
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Fig・4－1・Relative　standard　curves　fbr（A）sワIA　and（B）aylE．　Quantities　of　standard

RNA　were　expressed　as　dilution　factors　of　RNA　preparation（1，0．25，0．0625，0．015625，

0．0039062）．

4．3．2．Standard　Curve　forp－xy且ene

　　Aseries　solution　ofp・・xylene　from　2ppm　to　500ppm　was　prepared　fbr　making　the

standard　curve　o　f　p－xylene　and　the　se　concentrations　were　monitored　by　GC－MS．　The

results　showed　strong　linear　relationship（0．9979，　Fig．4－2）and　can　be　used　as　the

standard　curve．
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Fig．4－2．　Standard　curve　o　f▲g－xylene．

4・3・3・Growth　Bacteria　and　Degradation　ofρ一xylene

　　　　Figure　4－3　shows　the　gro　wth　curves　o　f　Pseudo〃zonas　putida　mt－2　and　the　change

ofp－xylene　concentration　and　their　blanks．　It　is　wel1　known　that　there　are　four　stages　in

bacterial　growth：lag　phase，　exponential　growth　phase，　stationary　and　death　phases．

When　p－xylene　was　added，　OD600　decreased　at　the　beg註ming　o　f　growth，　and　then　OD600

quickly　increased　and　reached　into　1．1　at　about　10　hours．　The　reason　is　that　p－xylene　is

toxic　fbr　the　bacteria．　And　then　the　bacteria　adapted　fbr　p－xylene　and　degraded　1フーxylene

t・9r・w．　A且er　10　h・urs，　OD6。。didn・t　significahtly　change．　Because　the　gr・wth　curve
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without　p－xylene　did　not　significantly　cllange，　it　indicated　p－xylene　is　sole　carboll

SOUrce．

　　　During　the　initial　experimental　period，　the　concentration　ofρ一xylene　in　medium

showed　quickly　illcreasillg　because」o－xylene　entered　the　medium廿om　cottoll　with

p－xylene，　and　thell　decreas∬1g　after　degradation，　The　complete　degradation　tilne　of

p－xylene　was　about　7110urs．　The　concentratioll　ofρ一xylene　ill　medium　didn’t

sigllificantly　show　ally　change　without　bacteria．　So，　tlle　vial　can　be　collsidered　as　sealed．
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4．3．4．1）i舐erence　between　N］F4　and　Unstable　Ref已ence　Genes

　　　　To　compare　the　difference　between　normalization．　factors（NF4）and　unstable

reference　genes，　we　calculated　the　discrepancies　depending　on　the　formula　in　the

experimental　section．　The　discrepancies　are　shown　in　Table　4－2．　The　table　clearly　shows

the　large　differences　between　NF4　and　unstable　genes　alone，　dbん40r、ρ加F．　The　wide

range　of　minimum　and　maximum　differed　markedly　between－62．87％and＋66．86％，

and　these　values　indicated　that　if　gene　expressions　were　nomユalized　to　an　unstable

reference　gene，　the　target　gene　expressions　would　be　over－or　underestimated．　The　error

data　was　caused　by　unstable　reference　gene．　This　supported　the　extensive　variation　in

expression　of　various　unstable　refbrence　genes．　Therefbre，　validation　of　reference　gene

is　absolutely　important　fbr　accurate　gene　expre　ssio　n　quantific　ation　durmg　bacterial

gro　wth．
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Table　4－2　Difference（％）between　normalization　factor（NF4）and　unstable　referenc　e

　　　　　　　　　　　　　　　　　　　　　　　　　genes（ρhaF　and　dbhA）

Time（h） 0 1 2 3 5 7 9 11 17 23

Difference（％）a－35．41　－9．02　　＋7．35　」6．17　　－62．87　　－57．18　－46．23　－42．89　－37．33　－37．23

Difference（％）b　－56．99　－37．90　－22．75　＋1950　＋52．41　＋52．67　＋66．86　＋2253　－54．93　－56．88

＋and－represent　over　and　under　normalization　fac七er（NF4），　respectively．

a：percentage　difference“between（phaF－　NF4）and　NF4

b：percentage　difference　between（dbhA－NF4）and　NF4

4．3．5．Expression　Levels　ofXγL4　Gene　using　NF4　and　Single　Stable　Re£erence　Genes

as　Normalizer　　　　　　　　　　　　　　　t

　　　　In　o　rder　to　discuss　the　difference　between　normalization　factor（NF4）and　single

stable　reference　gene，ηフo／V　or　16S　rR7VA，　as　norrnalizer，　the　expression　levels　of　」Cy∠A

gene　after　no．rmaliz血g　to　three　different　strategies　is．　shown血Fig．4－4．　The　tendency　o　f

three　curves　is　similar　However，　compare　to　normalization　factor（NF4），　the　expression

levels　of　XγIA　gene　using　ηフ01V　or　16ぷrRAIA　as　a　contro　l　gene　give　significantly

different　levels，　average　decreasing　18％or　mcreasj血g　34％，　re　sp　ective　ly．　These　results

clearly　provided　evidence　that　a　conventional　normalization　strategy　based　on　a　single

99



reference　gelle　leads　to　en’oneous　normalization　and　reveal　the　Ileed　f～）r　a　lnore　reliable

normalization　lnethod．　Therefbre，　we　determine　to　use　fbur　stable　reference　genes　fbr

normalization　of　gelle　expression　levels　ill　Pseudomonas　pittida　mレ2　during

degradation　ofp－xylene，
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　　　　Fig．4－4．　Relative　expression　of元ル｛gelle　with　nonnalization　factor（NF4）

colnpared　to　single　stable　reference　gelle．　Tlu・ee　lines　represent　relative　expression　of

target　gene　depending　on　three　different　normalization　strategies［red　curve　alld　closed

circles，疋γL4／NF4；black　curve　alld　closed　triangles，．xγVA／’アo／V；blue　curve　and　closed

squares，　xrviA〃6∫1・RA（．4］．　The　errorbars　show　standard　deviation．
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4．3．6．ReRative　Quantification　of　Target　Gene　xytA　Normalized　to　NF4　and　UnstabRe

Reference　Gene

　　　　Many　studies　have　only　concentrated　on　over－or　underestimated　target　gene

expression　m　eukaryote（17，18），　not　on　discussing　the　relative　quantification　during

bacterial　growth　phase，　to　describe　the　validation　of　reference　genes　in　prokaryote．　In

the　present　study，　in　accordance　with　the　geNorm　software　manual，　we　calculated

relat　ive　expression　levels　normalized　to　NF4　and　the　unstable　genes　dbhA　and吻F

under　given　physiological　conditions　to　illustrate　the　importance　of　selecting　suitable

reference　genes　when　using　gene　expression　analysis　techniques．

　　　　Rapid　depletion　ofp－xylene　in　the　culture　medium　was　observed　at　7　h（Fig．4－2）．

Figure　4－5　shows　that　three　relative　expression　levels　oftarget　gene　normalized　to　NF4

0r　unstable　genes，　dZ）ん1　and　1フhaE，　mcreased　rapidly　becaUse　target　gene，　XyZ、4，　is　the

丘rst　gene　in　upper　operon　of　TOL　plasmid　of　Pseudo〃zonaぷputida　mt・・2，　and　can　be

induced　immediately　after　cell　encountered　p－xylene　and　the　gene　expression　level

increased　quickly（19）．　For　normalizing　to　NF4　and　the　unstable　gene，　dbん4，　both

relative　expression　levels　reached　the五maximums　at　early－exponential　growth，　then

declining　and　fmally　retum　to　their　background　levels．　The　relative　expression　after　the

depletion　ofp－xylene　did　not　increase　with　no㎜alization　to　NF4，　whereas　in　the　case　of

normalizing　to　the　unstable　gene，励ん4，　the　relative　expression　increased　after　the
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depletion　of　p－xylene　at　early－stationary　phase　was　surprisingly　fbund　in　the　same

experiment．　The　phenomenon　was　not　consistent　with　the　reality　that　gene『expression

does　not　increase　when　there　is　no　inducer　The　reason　was　the　largest　amount　of元γIA

transcript　appeared　at　early－exponential　phase，　but　the　largest　expression　level　of　dbhA

gene　showed　later　at　mid・・exponential　growth　as　previously　research（20）．　After　ente血g

statiollary　phase，　the　expression　level　of　aγIA　gene　was　lower　and　changed　little，　but

dbhA　gene　expressi皿1evel　was　still　high　and　decreased　quickly．　Thus，　relative

expression（tylA／dbhA）was　the　lowest　at　early－stationary　phase，　and　then　increased

again　with　decreasing　dbhA　gene　expression　level．

　　　　With　normalization　to　the　unstable　gene，　phaF，　the　relative　expression　reached　a

maximum　at　mid－exponential　growth．　Subsequentl）らarapid　decrease　was　observed．

That　is，　maximal　relative　gene　expression　with　nprmalization　to　the　unstable　gene　phaF

was　about　3　h　later　than　that　with　normalization　to　NF4．　The　result　was　contrary　to　the

results　ofaprevious　study　regarding　the　maximal　gene　expression　at　the　initial　stages　of

log　phase（19，21）．　Because　the　expression　levels　of　pha1アgene　and　xlylA　gene

simultaneously　reached　the辻highest　levels　at　early－exponential　growth，　the　relative

expression　did　not　reach　a　maximum　At　mid－exponential　growth，　phaF　gene　expression

reduced　to　a　very　low，　but砂L4　gene　expression　was　still　high．　The　result　caused　the

relative　expression　reached　a　maximum　at　this　time．　Thereafter，　the　relative　expression

would　decline　with　decreasing　xylA　gene　expression　leve1．
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　　　　As　mentioIled　above，　the　behavior　oftarget　gene　after　normalizing　to　NF4　changed

regularly　as　the　earlier　studies（19，21），　whereas　that　oftarget　gene　after　noinializing　to

dbhA　gene　or　phctF　gene　did　not，　showillg　delay　hl　maximuln　relative　expression　or

increasing　gene　exp1’ession　without　inducer．　These　results　demonstrated　that　the　fbur

refierence　genes、’－po／V，ノ’po∠），∫6∫i・RNA，　atkA，　were　valid　as　Ilorlnalizer，　and　the　two

reference　genes，　phaF　and　dbhA，　were　invalid　as　normalizer．　The　resuIts　were　also

consistent　with　the　above　findings　by　the　geNonn　software．
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Fig．4－5，　Growth　curve　and　I－elative　expression　of　．rytA　gene　depending　on　different

normalization　approaches　during　the　degradation　ofp－xylelle．　The　each　highest　relative

expression　is　set　to　l．　The　lefモyLaxis，　three　solid　lines　represent　relative　target　ge1コe

expressions　of　diffei’ellt　normalization　to　approaches［red　curve　and　closed　circles，

－rvん4／NF4；blue　curve　and　open　squares，．iylA／‘ibん4；black　curve　and　open　triangles，

x．ytAiphctFl．　The　dashed　line，　referring　to　the　right　y－axis，　represents　the　growth　curve．

The　error　bars　show　standard　deviatioll．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　、
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4．3．7．The　Ef匪bct　of伽e　Two　Target　Genes　NormaUzing　to　NF4　a船」ψαF　Gene

　　　　Figure　4－6　shows　the　two　target　genes，　ayIA　andη班，　normalized　to　NF4　and

unstable　gene」phaF．　For　normalizing　to　NF4，　the　maximal　relative　expression　of砂M

gene　was　earlier　than　that　of　aγIE　gene．　The　result　was　consistent　with　the　previous

described（19）．　lt　is　caused　by　tw・reas・ns．　F辻st，　tw・target・genes，　aylA　and　aylE，　were

induced　by　different　substrates，」θ一xylene　and」り一to　luate，　respectively　The　orig血al

sources　of　two　substrates　were　different．　A　mount　ofp－xylene　was　directly　put　into　the

mediate　at　the　initial　time．　However，　the　p－toluate　was　the　intermediate　that　was

pro　duced　from　the　upper　degradation　o　fp－xylene．　S　econd，　XγIA　gene　and　aγIE　are　in　the

upper　and　lower　operon，　respectively　and　two　operons　in　TOL　plasmid　were　separated

by　several　thousands　base　pairs．　Therefbre，　the『xpression　processes　oftwo　target　genes

were　different．　For　normalizing　to　unstable　reference　gene助αF，　both　maximal　relative

expressions　o　f　XγIA　gene　and　aylE　gene　were　fo皿d　at　the　same　time（5h）．　The　reason　is

phaF　gene　expressio　n　was　very　low　at　the　time，　but　aylA　gene　and　aylE　gene　expression

were　still　high．　The　result　implied　the　maximal　relative　expression　ofother　target　genes

in　the　TOL　p　lasmid　would　be　fb皿d　at　the　same　time　during　the　degradation　o　fp－xylene．

The　variation　of　unstable　reference　genes　could　cause　cor血si皿g，　even血sleading

explanation　of　gene　expression　data．　Therefpre，　the　relative　expression　relying　on　the

reference　genes　chosen　describes　the　significance　of　validation　of　reference　genes　血
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　　Fig．4－6．　Relative　expressions　oftarget　genes，．rvtA　and．xiyiE，　non皿alizing　to　NF4　and

ph　ctF　gene　during　the　degradation　oflフーxylene．　The　each　highest　relative　expression　is

set　to　1．　Four　lines　represent　relative　target　gelle　expressions［red　curve　and　closed

circles、エγレ｛／NF4；black　curve　and　opell　triangles，　x．vlA　iphaF；blue　curve　and　open

circles，元v1E／NF4；yellow　curve　and　closed　diamonds，　xγIE／phaF］．　The　e皿or　bars　show

standard　deviation．

105



4．4Conclu【sions

　　　In　gene　expression　researches，　relative　quantification　used　different　strategies　to

estimate　quantitative　real－time　reverse　transcription－polymerse　chain　reaction（RT－PCR）

data．　One　of　the　major　prerequisites　associated　with　the　relative　quantification　of

target　gene　is　the　validation　of　suitable　reference　genes．　It　is　necessary　to　evaluate　the

effect　different　strategies　on　target　genes　in　bacteria　growth．　In　this　study，　we

inve　stigated　the　difference　between　normalization　factors（NF4）and　unstable　reference

genes，　and　comparhユg　normalization　factors（NF4）with　one　stable　reference　gene　and

the　relative　expressions　of　aγIA　gene　and　XソIE　gene　to　analyze　the　validation　of　eight

reference　genes　in、P．　putida　mt－2　during　degradation　ofp－xylene．　Our　results　reveal

using　an　unstable　gene　as　a　normalizer　may　not　only　show　the　wrong　target　gene

expression，　such　as，　delay　in　the　target　gene　maxirntlm　relative　expression　at

mid－exponential　phase　or　still　having　the　increasing　relative　expression　with　no　inducer，

but　also　show　confUsing　the　relationship　ofgene　expressions　among　all　target　genes　in

the　bacterium．　These　erroneous　results　would　be　caused　by　the　lack　of　validation　of

reference　genes，　indicating　the　effects　of　unstable　reference　genes　on　the　analysis　of

target　gene　expression．　In　addition，　the　conventional　normalization　strategy　based　on　a

single　reference　gene　results　in　the　error　normalized　data．　The　results　also　show　the　use

of　more　than　one　reference　genes　has　been　proposed　fbr　nomalization　because　of　the
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obvious　reference　gene　expression　variations　in　some　gxperiment．　A　reliable　set　of

normalizillg　genes　coverilg　a　wide　range　of　expression　appears　a　potential　improved

advantage　in　gene　profiling　studies　of　many　microbial　processes　fbr　accurate　relative

quantification　and　normalization　purposes．
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5．E．　Genera且Condusions領｛10ut且ook

　　　　The　field　of　present　thesis　was　Establishing　the　Reference－Genes　System　fbr

Accurate　Quantification　of　Gene　Expression．　In　this　study，　rea1－tirne　PcR　was

successfUlly　used　to　accurately　quantify　the　reference　genes　and　target　genes　durmg

degradation　of』ワーxylene　and　geNoml　method　was　used　to　analyze　the　stability　of

reference　genes．　We　obtained　the　results　as　fo　llows：

In　Chapter　1，　we　illustrated　basic　knowledge　and　regarding　reported　literature　in

bioremediation　to　better皿derstand　the　present　thesis．　We　illustrated　the　bacteria，

Pseudomonas　putida　mt－2，　and　bioremediation　story；comparison　the　conventional

method　of　ground　water　cleanup　and　bioremediation　method；Biodegradation　pathway

ofaromatic　hydro　carbons　and」り一xylene．　Additiona1，　we　als6　described　TOL　p　lasmid　that

is　important　fbr　bioremediation．　Next，　conventional　quantification　PCR　and　Real－Time

quantitative　PCR，　and　reference　gene　were　explained　and　normalization　software　was

introduced．　Finally，　we　described　the　objective　o　f　the　present　study．

　　In　Chapter　2，　we　described　all　RNA　samples　were　purity　and　designed　prirner　sets

were　very　well．　One　melting　peak　and　gel　electrophoresis　analysis　demonstrated　that　the

quantitative　PCR　condition　is　opt㎞a1．　The　residual　DNA　level　is　negligible　because　of
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△Cp　values＞4．　The　all　RNA　samples　can　be　used　fbr　the　fUture　quantitative　gene

expresslon・

　　Evaluation　of　Reference　Genes　in、Pseudo〃ionas」putida　mt－2　during　Degradation　of

p－xylene　was　discussed　in　Chapter　3　and　the　conclusions　were　as　fbllows：

　　1，The　expression　levels　ofreference　genes　were　significant　changed　and　no　apparent

correlation　between　gene　expression　stability　and　gene　expression　was　shown　during

bacterial　growth．

　　2，According　to　their　expression　stability，㌘oハξrρoD，　genes　were　the　most　stable

reference　genes，　while　the．phaF　and　dbhA　genes　showed　unstable　expressed　genes．

　　3．The　normalization　factors（NF4）obtained丘om　the　geometric　mean　offbur　suitable

reference　genes（ηフo汚η　oD，－16S　rRAIA，　and　atkA）by　geNorm　metho　d　can　be　used　to

normalize　target　genes　expressions　fbr　accurate　quantificafion．

　　4．Four　suitable　refbrence　genes（ηpoN，・・ηpoD，－16S　rRAIA，　and　atkA）represent　the

levels　oflow，　intermediate，　and　high　gene　expression．

　　　　Influence　of　Normalization　to　Different　Strategies　on　Target　Genes　in

Pseudomonαs／putida　mt－2　was　discussed　in　Chapter　4　and　conclusions　were　as　fbllowsl

1，The　expressi・n　levels・f．　target　genes・綱and　aylE・n・㎜alized　with皿stable

reference　gene　al・ne，　phaF・r　d醐，　sh・Wed　significant　different　behavi・r　c・蜘ared
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with　tho　se　no㎜alized　with　the　no㎜alization抗ctor（NF4）obtained　from　the　four　mo　st

suitable　reference　genes（η戊oハLrρoD－16∫τ醐一atkA）using　geNorm　software．

　　2，In　addition　to　over－or　underestmlation　of　target　gene　expression，（i）the　delay　in

maximal　gene　expression，（ii）the　increasing　gene　expression　without　inducer，（iii）the

highest　relative　expression　of　xy1A　and抑ZE　at　the　same　t㎞e　were　observed　using

unstable　reference　genes，　though　it　is　experimentally　shown　that　the　expression　of　the

two　genes　reach　a　maximum　differently．

3，A　reliable　set　o　f　normalizing　genes　covering　a　wide　range　of　expression　appears　a

potential　improved　advantage　in　gene　profiling　studies　ofmany　microbial　processes　fbr

accurate　relative　quantification　and　normalization　purposes・
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