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CHAPTERI 

General introduction 

In reccnt ycarsヲ gcnomc projccts havc rapidly proccじdcd in many organisms 

including worms, bactcria, rruit llics and human as targcts for thc nucl じotiùc sじquじncmg 川、

thc cntire ~cnomc lcadinσto an undcrstandin~ 01‘ thcσcnctic information 01、 thc orσanisms. b-"~ "'- '-~~"'b .~， ~.. ~"~-' ~ '~"~"'b ". ...-b 

In highcr plants, Arabidopsis thαliαnα L. has bccn a modcl plant for rcscarch in plant 

bio]ogy , and was choscn as the targct 01' a gcnome projcct (Kai叩r， 199ó), bじca凶c 01' its 

small gcnomc sizc and low contcnts 01、 rcpctitivc sC4ucncc contcnts (Luctwilcr et al. , 19~4) 

Thc scqucncing 01' A. thα liαnαis c10se to bcing finalizcd , and a11 nuclcotidc sc4u じnccs will 

bc rcportcd soon. Scquencc analyscs wil1 bc continucd in othcr organisms as wcl1. It is 

thus necessary to havc some csscntial information 01' thc genomc to makc projccts cilcctivc 

in plants. First, the genomc siχe is cssential in i'ormation , as it is important to cstimatc thc 

total cffort, funding and timc for thc projcct. Second, polyploidy is csscntial inCormation 

for gcnomc rcscarch, and can be obtained from cytogcnctic studics including invcstigation 

01' the number 01' chromosomes and chromosomc karyotypc. Third, gcnomc analysis 

rcqu�s thc positions 01‘ and/or the ordcr 01' gcnes. Onc rclcvant map is a chromosomc 

map, which shows thc lcngths 01‘ chromosomcs in cytogenctic study. Wc can usc it to 

analyzc a wholc gcnomc at onc time bccause the chromosomcs arc thc visualiχcd objccts 01' 

gcnctic ini'ormation constructcd at thc mitotic stagc in a ccll cyclc. Othcrs arc a physical 

map in which scqucncc data is accumulatcd and corrcctly arrangcd , and a linkage map that 

rcprescnts rccombination valucs. 

Plant gcnomc studics havc progrcsscd in many spccics, with progrcss as divcrsc as 



thc ¥'cry au¥'anccu gcnomc analysi 只 0 1' Ar(/hidopsis , to plants \\'hosc じhromosomc numbcrs 

arc unkno\\'n , Thrcc ぉ pccics 01' plants , Arαbidopsis l!wliollo L , LOlllS・ jαpOl/ iClIS L. and 

日pinach (九りil/αcia oler(/('e(/ L) ¥¥'crc choscn for thc prcscnt stuuy bccausc all or thcm nccd 

to ha¥'c chro l1l o以下mc maps to complctc thcir gcnomc rcscarch and also bccausc thcir status 

i n gcnomc rcscarch is di !lcrcnt .. 

Arahidopsi‘\' l!wli(/I/a is a mcmbcr or thc Brassicaccac and diploiu 只 pccics ¥¥'i th a 

short I i fc cyじIc anu bcing a small plan し Thc gcnol1lc siλc or A. l!wliα 11(/ is approxi matcl y 

130Mbp anu is organi/'，cu 川to ri¥'c small chromosol11cs at thc l11itotic M phasc , and is 

C叫imatcu to ha¥'c 25 ,000 gcncs. T¥¥'o maps , linkagc and physical l11aps , 01' cach 

chromoぉomc ha¥'c alrcady dc¥"clopcd. Thc linkagc map is bascd on rccombination 

rrcqucncics that includc thc classicaJ gcnctic Illap cstimatcd location ol" Illutant gcncs and a 

rccol11 binant i nbrcu map ¥¥'hich locatcs cloncd gcncs and molccular markcrs i.e. , rcstriction 

rragmcnt lcngth polymorphisl11s (RFLPs) , simplc scqucncc lcngth polymorphisl11s (SSLPs) 

and clca¥"cd amplil�u poJymorphiじ scqucnccnccs (CAPSs). Many markcrs ha¥'c bccn 

locatcu on thc linkagc maps in A. llwliα//(/. A ph)叫cal map ror A. llwlialla has bccn 

dc¥ clopcd and thc nuclcotiuc scqucnじc analyscs h出 c bccn thc most progrcsscd al110ng thc 

highcr plants. 1n thc !�st phasc 01' thc A. llw!iallo gcnome projcct , yeast artiricial 

chromosolllc (YAC) and bactcria artil"icial chromosomc (BAC)-bascd physical maps of its 

chromosolllcs ¥¥'crc conslructcd. 1 n thc sccond phasc , thc scqucncing prcリ cct has becn 

proじccding bascu on thc じontig map that じO\ ' crs thc cntirc chromosomc又It has bccn 

cnablcLl b) obt山 ning thcぉ c data rrom thc Wcb databωc (http://¥¥'¥¥'¥¥'.arabidopsis.org/).In 

じontrωt ， a じう . togcnctl じ chrol11osomc map has not bccn dc\ ・ clopcu UUC 10 1hc メmall sil.c ol" Lhc 

mitotic chromo以下I11 CS

Lofw可 japollic/{s i ぉ a spccics in thc Lcguminosac planL ral11ily and Lhc third Largct 

勺

plant for gcnomじ projccts in Japan. Likc thc othcr moucl plant , L japoniι'US possじsscs

l11any biologkal and gcnctic advantagω(Handbcrg and Stougaaru , 1 (92). For じxampl じ ， i t 

is a diploid , and a smal1 gcnomc siχc was cstimatcd. It has also a short gじncration timc 

and is sclf-fcrtiliχing. L. jα:ponicus has also bccn uscd for thc study or nitrogcn l�ation 

and nodulation as a l110dcl lcgumc plant. AJso, a linkagc map has bじじn constructcu. lt 

was rcportcd that mo1ccular polymorphism was dctcctcd using a DNA amplil�ation 

fingerprinting tcchniquc by a singlc arbitrary primer al110ng thc acccssions, a1though a lowｭ

dcnsity marker map is available now (Jiang and GrcssholT, 1997). Thc scqucncc data and 

cytogcnctic chrol11osomc maps havc not yct bccn prcscntcd , although scqucncing 0 1' ι 

japonicus gcnome has bcen in planning. 

Spinach is in the i、amily Chcnopodiaccac and is onc of thc l110st popular crops ， は

hiσhlv nutritious veσetablc cultivated in most countriωin thc world. As in most J ..-.. ... v _~ '-0  

vcgctables , spinach genetics have not becn analyヌcd in dctai1. Thc gcnomじ siχじ W出

reportcd as 989 Mbp (Arumuganathan and Ea r1 c, 1991) and is rclativcly small in highcr 

plants. Howcvcr, gcnetical linkagc , physical and cytogcnctic chromosomc maps havc yct 

to be devcloped yet 

In thc prescnce study , thc first priority was given to dcvcloping cytogじnじtic

chromosomc maps 01‘ thcsc thrcc plant spccics bccausc no chromosol11c maps havc bccn 

constructcd for thcsc thrcc plants, rcgardlcss 01' thc status 01' thcir gcnomc analysis. Wc 

can visually tracc chromosomal bchavior and thc localiχation 01' gcncs or DNA marlくじrs on 

chromosomc maps. This is virtual1y thじ only I11cthod applicablc for plants at thじ vcry

in1'ant stagc o(‘ gcnomc analysis. Morcovcr , oncc thc chromosomじ map has bccn 

dcvclopcd , wc can analyzc thc wholc gcnomc at onc timc by physically l11apping gcnじs and 

marlくcrs， although ccntromcric and hctcrochromatic rcgions arc rathcr dil1�u]t for physical 
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mapp� ng thc gcncぉ .

川fc ha¥'c tricd to dc¥'c1op thc chrol11osoll1C ll1aps by using a COmpU1Cr �ll1agc analysis 

I11cthoJ targcting thc じりndcnsation paltcrns , �.e. unc¥"Cn condcnsation of chromatin l�crs 

appc~lIing at thc promcLaphωc chromosol11 cぉ bascd on Lhc I11cthod dC\ ・clopcd ror thc 

冝cntil�ation 01 ぉmall plant chromosol11cs (Fuku� and 1 勀� ma 1991). Quant� Lati¥'c 

chromosomc maps constructcd by il11agc analyscs arc bcing dc\ ・ c1 0pcd ror ¥'arious plants , 

and arc acccpLcd as obJccti \ ・ c maps in ¥¥'hich rcscarchcrs' Iluctuation is c'¥cludcd. So I斗r ，

thc じhro ll1 0S0 ll1 CS 01' Alr厓lt'x rosea (Fukui and Mukai 1988) , ricc (Fukui and Iijima 1991) , 

oi I sccJ rapc (Kall1 l 只 ugi el 01. 1998) , thrcc diploid Brass兤o spccics (Fukui el 01. 1998) and 

wild sugarcanc (Ha el al. , 1999) ¥¥'crc idcntiJ�d bascd on thc condcnsation pattcrns , and thc 

q uan tllatl ¥'c じhroll1o以下mc m込ps ¥¥'crc dc¥'clopcd. Thc condcnsation patlcrn is no¥¥' 

considcrcd to bc a kcy paramctcr to charactcliχc small plant chromosomcs and to facilitatc 

thc dc¥'c1opmcnt 01" a chromosomc map. 

111 silll hybridi乙ation (1SH) ¥¥'as rirst rcpol1cd in 1969 as a molecular cytogenctical 

mcthod 10 ¥'isually dctcct spccific DNA or RNA scqucnccs located on thc chromosome , 

nuclcus or a tisslIc samplc using a microscopc. In thc J�st rcport, thc radio-isotopc (RI)ｭ

labclcd ribosomal RNA \\'ωuscd to dctcct thc local ization 01" rRNA gcnc scqllcnccs on thc 

hUll1an ccll nuclcoli (Gall anJ Pardllc 1969). Thc ISH mcthod has bccn grcatly impro¥'cd 

and is uscd ror lhc physical mapping 01' DNA scqucnccs on chromosomcs in both animals 

su1Ticicntly succcsst"ul cvじn l'or mapping 0 1'じosmid c]onじs or RFLP ll1arkcrs siχじ 1-2kh

(Ohmido e{ μ 1. 1998). Thc cOll1bination 01' scvω111ωroαωc山;

l'日ïlt じcr sctωs ， and thc cOll1puting scparation of spcctra cnahkd thc sil11ultancous discrill1ination 

01、 all thc human chromosomcs (Spcichcr cl a1. 1996, Schock et al. 1996). Wじ uscd thc 

FlSH mcthod to visually localiχc somc DNA scqucnccs on chromosomcs and uscd mapping 

data for thc construction 01、 thc quantitativc chromosomc maps. 

In Chaptcr 11 , spinach chromosomcs wcrc visually charactcriχじd by condcnsation 

pattcrns and a quantitativc chromosomc map of spinach chromosoll1cs was dcvじ lopじd .

Thcn , 45S and 5S rDNAs wcrc visua]]y mapped on thc chroll1osomcs by FISH. 

In Chapter 111, a quantitativc chromosomc map hascd on thc condcnsation pattじrn

was dcvcloped in A. lhalianu with thc locations 01' 45S and 5S rDNAs hy combination ol' 

FISH and imaging I11cthods. 

In Chaptcr V, the gcnome sizc 01' L. japonicus was 11rst dctcrmincd and a 

quantitativc chromosome map 01' L. jα~ponicus was subscqucntly dcvclopcJ. 45S and 5S 

rDNAs and 500 cDNAs werc also visualiχcd on chromosoll1cs duc to rcscarch runctional 
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Finally, in Chapter V, thc significancc of thc rcsults obtaincd in this study is 

summarizcd and disCllsscd , and prospccts 1'or cxtcnding thc study arc discusscd. 

and planls. on-RI ISH mcthod ¥¥'as dc¥'clopcd using a biotin labcling mcthod in 1981 

(じlllgcr el a/. 1981). Thc salとr ， simplcr and casicr mcthod 01' !luorcsccncc il/ silf{ 

hぅ七rldiλはtion (FI SH) mcthod 、 \\'hi じh uscs 11 uorochromcs for thc dclcction 01' thc targct 

nllじ Icotidc scqucnじcs ， has 別ncc bccn ¥¥'idcsprcad. Additionally , thc grcal impro¥'cmcnt of 

dctcction systcms and thc introdllction 01' thc imagc analysis mcthod madc thc FISH mcthod 
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CHAPTER I1 

Development of a spinach chromosome map of imaging methods and 

physical mapping of 458 and 58 rDNAs by FI8H 

6 

H・1. Introduction 

Spi nach (SpÎIf{/( ・ Îa olerac(/a L.) i 只 <J highly nlllritiollS ¥'Cgclablc and has bccn 

CLllti¥.atcd in most rcgions of thc ¥¥'orlu. Thc chroI1l0S0lllC nUl11bcr 01' spinach \\'a只 fOllnd to 

bc 2n=12 by Stomps (19J 1). SUbscljllcntly, th c じ hromos() l11 c s ¥¥'crc nllmbcrcu b<Jsc� on 

thcir morphological charactcri 引I CS ， Î. e., total Icn gth , arl11 ratio , anu prcscncc 0 1 、 sa tc llitc

(Ellis and lanick , 1960; Sugiyama and Sllto, 19(4). T \\,(> of thc si:¥ chrolllosolllcs arc sllbｭ

I11cLacentric and the others arc slIb-acroccntric ¥¥'i th 別 mil ar l11 orpho l ogica l じ haraじ tcn stl山 .

BlIt the idcntification 01' spinach chromosol11cs is still dilTicult and it i ぉ ncccssary to uc¥ clop 

a nc¥¥' mcthod for idcntification of cach chromosoll1c. 

Thc proccdurc 1'or constructing an idiogral11 bascd on condcnsation pattcrn (CP) 01' 

chroll1osoll1cs ¥¥'as de¥"clopcd by FlIklli and Mukai (υl 少988)リ1'0川oω(α)r 1吋dたjCIα∞n札叩川tiωiJï(.心i比似c山ω:λ刈a川山I孔山ll o n 0叶r お引叩S Il1 は叫all p凶!ね孔山叩nt

chr崎刀omoso ll1 cs bllt this proccdurc is dinηl 

1110rphology or bar汀ndi川ng pattcrns. CP is no¥¥' considcrcd to bc a uscful proccdurc to 

charactcli~ぽ 1110rphological trωts and idcntify thc chromosoll1cs in ll1any pl は nt spccics. 

111 sﾎ11I hybridization (ISH) is an eJlccti¥"c I11cthod for physical mapping 01' spccil� 

RNA anu/or DNA scqucnccs on chrol11osomcs. FI uorcsccncc il1 sillf h ybrid iμlti on (FISH) 

mcthod has cnablcd us to obtain high scnsi ti¥.i ty in chrol11osol11C anal ぅ ' s i s anu to shorlcn lhc 

dctcction pcriod for gcnc l11apping. 18S-5.8S-25S and/or 5S ri bosoll1al RNA (45S and 5S 

rDNA) loci ha¥"c alrcady bccn ll1appcd using lhc FISH mcthod in plant spccics ¥¥'ith sll1all 

chro l11 oso ll1 CS , slIch as ricc (Kamisugi eI (/1. , 1994; Fuklli el (/1. , 1994) and Ara/棈opsis 

l!wli(/Il(/ (L.) Hcynh (Murata el (/1. , 1997). 

1n thc prcscnl rcport, chromosol11cs 01' spinach ¥¥'Crc characlcri λcd and Iωryotypcu 

7 



bascd on thc CP 01' thc chro l11 oヌO I11 Cヌ using thc imaging systC I11 , CHIAS III , and numcrical 

data of じhromoso111c Icngth and arm ratio. Wc alω10ωliχcd thc 幻 lcけ'or 45S and 5S 

rDNAs by thc FlSH I11cthod. 

8 

11-2. Materials and Methods 

Plant materials and chromosome sample preparation 

Chromosomc sal11plcs ¥¥'crc prcparcd rrom ._)'pil1acia o/er(fc(!a c\' . “ MI nstcrland" 

Minstcrland is a m吋orculti\ ' ar and has bccn uscd for brccding. Wc usc� Minstcrlandωa 

rcprcscntaLﾌ¥'c 01' spinach culti¥'ars 剖 nじc thc prcJ iminarう又u r\-C)' for kはr)olypc and FISH 

analysis indicatcd similar rcsults among sc¥'cral culti¥'ars. ROOllips aboul 1 じ 111 long ¥¥'crc 

collcctcd from young plants arter a k¥¥' ¥¥'ccks gro¥¥'th in 500ml ¥'oIUI11C pols. Thc roollips 

¥¥'crc prctrcatcd wi th distillcd ¥¥'atcr at 0 OC for 20 h , and lﾏ:¥cd in Farmcr' s 11 uid (3 cthanol : 

1 acctic acid , \'八 ， ) at least 1 day bc1"orc prcparation. Chromosomc prcparations ¥¥'crc madc 

by an enχymatic maceration and air-drying (EMA) mcthod (Fukui , 1996; Fukui and 1 リ Ima ，

1991). Thc root ti ps ¥¥'erc \~ ' as hcd ¥¥'i th ¥¥'atcr and apiccs 1 mm long \,\'crc c:¥ciscd. Thc 

root apl じcs ¥¥'crc thcn maccratcd by incubation in 50μ1 cnχymatic sol ution (47c Ccll ulasc 

Onozuka RS , Yakull, Tokyo; ] 7r Pcctolyasc Y -23 , Scishin Pharmaccutical , Tokyo , pH 4.2) 

for 1 h at 3TC. Artcr rin出 ng the root apiccs ¥¥'ith distillcd \\'atcr, cach apc:¥ ¥¥'as placcd on 

a slide glass ヨ tappcd ¥¥'ith thc tip of fﾏnc forccps into small fragmcnls and a rc¥¥' drops 01' thc 

fi:¥ati¥'c (3 cthanol : 1 acetic acid , ¥'/¥') ¥¥'as added and thcn air dricd. For idcntif�ation of 

thc chromosomcs , specimcns ¥¥'ith ¥¥'cll sprcad chromosomcs ¥¥'crc uscd. Chromosomcs 

¥¥'crc stained ¥¥'ith a 1. 5呪) Gicmsa solution (Mcrck, Gcrmany) d出issol\'cd \札W川\'1川th 1/ l5M 

phospha叫1印c buf日Tc

chromosomcs \\ ' cr陀c photωographcd \れ\ '汀' ith black and \れ\ 'け， t七hi刊1 tωc rι川)リilm (Ncop込n Fヲ ISO 32 , Fuji , 

Tokyo) through thc microscopc (A:\iophoto , Zciss , Gcrmany). 

9 



Image analysis 

Conùcnぉalion pallCrn analysis of lhc chromosomcs slainc� ¥¥'i lh Gicmsはsolulion ¥¥'as 

carricd oul usi ng thc じ0111pulcr program 、 chromoso l11 c i magc 辻nal)χing systcll1 ¥'cr. 3 

(CHIASIJIり) 1山hは叫1 bc ob1aは山incù l' 

じchi はωs3 ， h1札1n川1η11り) (K は以lo 孔山nù Fukωui 199~) ， Thc CHIASIII systcm is a progral11 to quantiry lhc 

ullc¥'cn �nsity on thc じ hl・01110おomcs basc� on NIH Imagc (¥¥'Iittcn by Waync Rωb込nù at thc 

US Natiollal 1 n叫itulc 01' Hcalth and め'山 lablc from thc 1 ntCll1ct by anonymous rtp rrom 

/ippy.ni ll1 h ， nih ・ gm ' or on Il opp)・ disk rrom NTIS 、 5285 Port Royal Rd , Splinglïclù , VA 

221 ら 1 ， parl num bcr PB93 -5()4~68) ， A 只prcad-shcct progra l11 , Microsort E:'¥ccl (¥'cr. 5.0 , 

Microsorl) ¥¥'as uscd ror 1hcωIcula lÍon 01'出 ・cragcd CPs or stan�rd CPs lo dc¥'clop 

iùiogram 只 To slanùarùiιc �ta for arm Icnglh and thc dcgrcc 01' condcnsalion in cach 

chromosol11c ¥¥'crc collcclc� from 72 chromosoJllcs in si:'¥ chromosomc sprcはds ，

Fluorescence in situ hybridization (FI8H) 

FISH \\ ' a只 carricù oul accor�ng lo thc proccdurcs 01' Ohmido and Fukui (1997). 

Plior 10 il1 sillf hybridi ;，ation 、 日 lidcs ¥¥'crc incubatc� in 300μO， lmg/ml RNascA (Sigma) 

sol ution disso l\ ・ cù ¥¥'ith 2¥.SSC for ﾓO min at 3TC in a hUll1id chambcr. Subscqucnll) 、 lhc

slidcs ¥¥'crc rinscd thrcc timc日 ¥¥'ith :2:'¥SSC ror 5 I11ln cはじ h al 1'00111 lCl11pcraturc and 

dchydratcd by submcrging in 70 , 95, and 100切 (\'八) clh孔nol for 5min cach an� air-�ic�. 

A 20μI probc sollllion (2 ， 5μg/ 1l1 1 labclcd DNA 、 0.5mさ/ ml salmon ぉpcrm DNA 川 5() (ì(

f011l1amidcl2¥.SSC) ¥¥'as �llaturcd for 10 min at 9CfC and coolcd rapi�y on icc. Thcn , thc 

probc sollltion ¥¥'as droppcd on a chromosol11c prcparation. Thc gl はおおおI! dc じo\'crcd ¥¥'1 th a 

co¥'cr slip ¥¥'as dcnaturcd 1'or 2 min at 800C on a Ilal platc 01' thcrmal cうじIcr (PHC -3 、 Tcじhnc ，

UK). Prcparations ¥¥'crc Icrt lo h)・ bridiχc 1'0 r 18 h i n a h U 111 i d じhambcrat 370C. 

Post-hyblidiλalion ¥¥'ashcs 01' thc slidcs ¥¥'crc donc ぉUじじCSSI\ ・ cl) ¥¥'i th :2 \.SSC , 50守

fOl1l1amidc in 2:'\SSC , 2:'¥SSC and 4:'¥SSC ror 10 min cach al 4CfC. To prc¥'Cnt c:\じCSSl¥ C 

rcaction , slidcs ¥¥'crc blockcd ¥¥'ﾎlh 100μI blocking buJTcr con1aining Y�( (\\, / \ ,) non I斗 1 milk 

po¥¥'dcr i n 4.'ミSSCT (0.050 T¥¥'ccn-20 i n 4:'¥SSC) ror 5 l11i n at 3TC. A 7()μIO. lmg/ ml 

Fluorcsccin A¥'idin DCS (Vcctor Laboratory) solulion ¥¥'as droppc� onto thc 巴 1ass sl! ùcs , 

\yhiじh ¥¥'crc lhcn incubated at 3TC for 60 min , Arlcr rinsing thc FJTC-a¥'i�n solution ¥¥'ilh 

BT bufl・cr(0.1 M sodi UJll hydrogcn carbon川c ， 0 , 050 T\\'ccn-20 , pH 8.3) thrcc timcおはt 4CtC 

ror 10 m川 cach ， immunological blocki ng ¥¥'as carricu out ¥¥'i 1h 100μ1 Y�( goa1 scrum in 

4:'¥SSCT. A 70 μ1 biotinylatcd anli-a¥'i�n sol ution (1 mg/ml , V cclor Labor孔lory) \\ ・山

droppc� onlo thc glass sliùcs , \\'hi じh ¥¥'crc thcn i ncubatc� al 3TC rorιo min , Alkr 

¥¥'ashi ng ¥¥'i lh BT bulTcr thrcc ti mcs at 3TC fOl・ 5 111 i n caじh ， ぉ lidcs ¥¥'crc blockcd ¥¥'ith I()()μi 

blocking bulTcr じonlaining 50 (\\'八 . ) non rat mil k po¥¥'dcr i n 4"¥SSCT 1'01・ 5 min al3TC. A 

70μ10. 1 mg/ml Fluorcsccin A ¥'idin DCS (Vcctor Laboralory) 以)1ulion ¥¥'as �oppcd onto thc 

glass slidcs , ¥¥'hich ¥¥'crc thcn incubatcd at 3TC I'or ﾓO min ag山 n. Thcn , thcsc glass sl i�s 

¥¥'crc ¥¥'ashcd ¥¥'ith BT bullcr 1¥¥'0 limcs and 2XSSC oncc al room lcmpcraturc 1'or 10 min 

DNA probes 

T¥¥'o lypcs 01' ribosomal RNA gcncs (rDNAs) , 45S rDNA consisting 01' 18S-5.8S-25S 

rDNA gcnc cl uslcr (Sano an� Sano , 1(90) and 5S rDNA (Kamisugi el ピ1 1.， 1994) , ¥¥'crc uscd. 

80lh 1・DNAs ¥¥'crc isolatcd rrom thc gcnomc 01' ricc. Thc 45S rDNA ¥¥'as labclcd ¥¥'ilh 

biotin-l�-dUTP (Rochc) bぅ ， a ran�m priming mcthod. 5S rDNA ¥¥'as amplil、icd and 

labclcd ¥¥'i 1h bioti n -lかdUTP simul1ancously by polymcrωc chain rcaction (PCR) using 5S 

rDNA -scqucncc-spcci l� pri I1�crs (5' -GATCCCATCAGAACTCCGAAG-3' and 5' -CGGTG 

CTTTAGTGCTGGTATG-3 ') (Kamisugi el a/" 19(4). 
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cach. 

Chromosomcs on thc slidcs ¥¥'crc countcrstainc� ¥¥'i th 10μg/ml 4' ，ιdiamidi no・')­

phcnylin�lc (D̂PJ) ror 10 min. Artcr brid \\ '込shing ¥¥'i th \\'atcr, thc chromosomc 

prcparatlOnおれ'crc thcn mounlcd wi th 10μ1 Vcctashicl� (Vcじtor Laboratorics) and co¥'ercd 

¥¥'ith 22 '¥ 22mm slips. Fluorc山cnt signals 01' FITC (lluorcsccin isothiocyanatc) and 

n uorcsじcnt じhromo公omcs ¥¥'i th DAPI ¥¥'crc ObSCf¥'cd i ndcpcndcntly using a 11 UOl・csccncc

mlcro 問。pc (BX 凸0 , 01り1" η111pu 汚爪， Tokyo) us引l日川ng t\\ 'ν' 0 d出if“T、C口rcn川1札t riリilれtc口r局's ， B 10 and UVOl上, 

rcspc じ tJ円\ ' clり片yγEよ孔ld汁h i magc ¥¥'as rccor舟dcd scparat印cly th加rough a high-scnsiti¥'c CCD camcra 

(PXL 1400, Pholomc lJics , A riχ.). Chromosomal ident�cation \\ 'ωpcrformcd by 

microscopic obscl'yation. CPs 01' thc chromosol11cs ¥¥'crc mcasurcd by CHIAS III , and 

日 gn川 S 01' loci ror 45S an� 5S rDNAs ¥¥'crc idcnti I ・icd on thc chromosomcs bう ， FISH. 

12 

11-3. Results and Discussion 

Condensation pattern (CP) of spinach chromosomes. 

A squashcd prcparation 01' l11ctaphasc chromosomcs slaincd ¥¥'i th a Gicmsa sol ution 

is shov¥'n in Figllre 1 ト 1A. AII six pai rs of chrol11osomcs incllldi ng Chroll1osoll1C 5 , ¥¥'hich 

is kno'v¥'n to ha¥'C a satcllite ヲ \\'crc dilTicult 10 distingllish rrol11 cach othcr. Pro-mctaphasc 

chromosoll1cs stai ncd wi lh Gicll1sa Sollllion arc sho¥¥'n i n Fi 2urc 1 ト IB. Chromosol11c b 

rcgions condcnscd a1 thc pro-mctaphasc slagc could bc rccognizcd and disti nguishcù ， ω 

dcnscly staincd rcgions , ¥.¥'hich ¥¥'crc morc condenscd at thc carly slage of mctaphasc 1han 

othcr rcgions. AIso , ¥'ariations in condcnsation patlcrns sllch as thc dcgrccs and rcgions 

werc obser¥'cd among thc chromosomcs. Figurc Il-l C sho¥¥'s thc karyotypc obtaincd 1'rom 

Figllre II -1 B , in ¥¥'hich the nllmbers 1 to 6 ¥¥'erc assigned 1'or cach chromosomc accord川g to 

thc nomcnclature by Sugi1'ama and Suto (1964). 

lmage analysis 

The degree of condensation of each chroll1osomc ¥¥'as quantiJ�d and analyχcd on 別 .'\ proｭ

melaphase cells using CHIAS III for discriminating thc chromosomcs. Figurc Il-2 

sho¥¥'s a Jlo¥¥' chart 01' thc CP analysis and reprcsentati¥c steps 01' thc imagc maniplllalion 

ror the CP analysis by using CHIAS III. Figurc 1 ト2A-K sho¥¥'s thc samc chromosomcs. 

Figllre 1I-2A sho¥¥'s the Gicmza staincd chromosomcs imagc digitiχcd by a l� 1m scanncr 

at thc 別zc of 1200 x 1400 pixel. Thcsc chromosomc imagcs arc digitally prctrcatc� 

bcforc thc mcasurement of the numcrical data of thc CP from cach 12 じhromoメomcs.

Thc backgrollnd J�c1d imagc is structurcd using �gitally Jïltcr, ¥¥'hich rcprcscnt 

13 
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Figurc 1 卜 1 . Gicl1lsa staincd chromosomcs 01' spinach. (A) mctaphasc and (8) proｭ

mctaphωc 、 nU l11 bcrs indicatc lhc chromosomc nUl1lbcr dcsignatcd in thc prcscnl 
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Figurc 11-2. Rcprcscntati¥"c SlCpS 01' thc imagc manipulation for CP analysis. Thc �lails arc 

dcscri bcd i n thc tc:¥ t. 
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irrcgularity 01' light (Fig. 11-28). Figurc 1 ト2C 日 thc imagc al"tcr subtracting Figurc 1 ト28

from Fi gurc 1 ト2A and thcn appl icd rank opcr川ion filtcr (mcdian l�tcr) ¥¥'ith a 3 x 3 pixcl 

l11atri ~ SI メc . Thc chrol11osomal rcgion arc discIimi natcd rrom background ficJd by 

thrcshold thc graう ， Ic¥'cl at thc gray ¥'al uc , 155. Thc forcgrollnd chromosol11c i magcs 

pωntcd i n rcd arc rcc()¥'crcd 山 thc じhrol11 osomal rcgions (Fig. 1 ト20) and thc chromosomc 

1111込gcs ¥¥'ithout baιkground noiscs arc obtaincd by climination 01' thc background l�ld (Fig. 

l 卜2E) . 12 chr・omo匁OI1l CS arc nor l11 ali/,cd Lo thcir唱 rcspcctl\ ・ c gr句， ¥'al ucs 01' 1 to 254 by 

はppliじation 01' thc normaliχation digiLaI l�Lcr and Lhcn applicd a mcdian riltcr ¥¥'ith a 5 x 5 

pi ¥.cl maLnx 引χc ， Gray ¥'alucs 01' all thc pixcls 01' cach chromosomc arc aJlocatcd to thc 

nc\\' , broadcncd rangc 01' thc gray ¥'alucs (Fig. 1 ト2F). AlphabcticaJ idcntij�ation from a to 

r i ndicati ng hOl11ologolls chromosomcs is as剖 gncd accordi ng to thc ¥'isllal idcntil�ation 01' 

Lhc CP i n ad\'anじc of thc acqllisi tion 01" Lhc digi LaJ data 01" thc CP for cach 01' thc 12 

chrol11osomcs pscudo-colorcd by はppJication 01' color tablcs (Fig. Il-2G). Figurc 1 トH and 1 

arc thcλ001111 ng up 1m込gc 01" t¥¥'o chrol11osomcs I'or I11casurc CP. Each chromosomc is 

markcd at じcntromcrc (Fig. 1 ト2H) . A Jinc tracing a mid-rib 01' a chromatid is inLcracti\ ・ cJy

drは\\ ' n ， and thc grは3 ・ \'aluc undcr thc 1 inc ¥¥'crc automatically mcasurcd (Fig. 1 ト21 ， J). A 

dcn只 it) prol�c obLaincd at thc mid-rib Jinc 01' thc cnlargcd chrom�omc is pJottcd in a nc¥¥' 

¥¥'indo¥¥' (Fig. 1 ト2J) . Thc hOl11ologous chromosomcs arc ¥'isually checkcd again ¥¥'ithin 

Cはじ h pancl I"or thc じ hromosoll1 c morphology はnd CP, and ncじcssaη，: rcplaccl11cnt 01" 

じ hl・omosoll1cs bcL¥¥'ccn homologous grollp or じhangc in assignmcnt 01" short and long arl11S i お

じよlrricd Ollt as rCl[ uc日tcd . To standardiλc ， CP dはta for arm Icngth and thc dcgrcc 01' 

condcnsation in cach chroll1osoll1C arc coJJcctcd from 72 chromosomcs in six chroll1osomc 

sprcads. 

Scωnd、 thc plottcd data 01'以 1 thc CPs arc copicd to thc sprcad-shcct of Microsoft 

]6 

E~じcl. Thc Jcngth in pixcls 01' short and long caじ h arm ぉ \\ ' a汽め cragcd dcnsit) profïlc只 daLa

01' 24 chromatids pcr onc chromosomc nUI11 bcr、 and thc じorrcsponding graう ， \ ・ alllc ror cach 

pixcl is calculatcd (Fig. II-2K) 

Dcnsity prol�Jcs 1"rom Gicl11sa-sLaincd imagcs 01' Lhc chromosoll1cs arc sho¥¥'n in Fig. 

11-3. Each pancl 01' this figurc sho¥¥'s thc (1¥'cragc condcnお札tion pallcrn 01' 川\. proｭ

mCLaphasc chromosomes platcs and i ndicatcs that cach 01' thc si ,\. chromosol1lcs had i ts O¥¥'n 

charactcrislic pattcrn 01' condcnsation. In thc profilcs , lo¥¥'cr thrcshold (G r，より， ¥'al uc = SJ�) 

corrcspondcd to lhc ¥'isual boundary bct¥¥'ccn darkly and lighlly staincd rcgions. Thc 

condenscd rcgiol1s indicating highcr Gray \ ・ alucs than thc lo¥¥'cr thrcshold 山-c rcprcscntcd 

by dottcd rcgions in thc idiogram. Thc highly condcl1scd rcgions , ¥¥'hlch ¥¥'crc 

discIimi natcd by thc upper thrcshold (Gray ¥'a1 uc 二 152) ， arc rcprcscntcd by solid bo~cs in 

thc idiogram. 80th armS 01" Chromosome 1 had dark rcgi�s. Chrol11osomcs 3 and 4 

¥¥'crc qllitc si 111 i lar i n thci r morphologics, but ¥¥'crc difTercnt in thc charaじtcristics 01' thc gray 

¥'alllcs on thc Iong arms , such as Chromosomc 3 had a ¥'cry dcnsc rcgion 011 thc long arm. 

The long arm 01' Chromosome 6 had a high1y dark rcgion cJosc to thc ccnlromcrc. 011 thc 

othcr hand , thc short arm ¥¥'as ¥'ery short and had no highly condcnscd rcgions. 

Morphological data 01' thc six chromosomcs 01" spi nach that ¥¥'crc c.¥.prcsscd as thc 

a¥'erage 01' six prometaphasc platcs are prcscntcd in Tablc I ト 1 . From thc arm raLios , 

Chromosomcs 1 and 2 , Chromosomcs 3 , 4 , and 5 , and Chromosomc 6 ¥¥'crc sllb-mctaccntric, 

sub-acroccntric , and tcloccntric chromosomcs , rcspccti¥'cl y. Chromosomc 5 \\'aぉ a satcll i lc 

chromosome. 

Physical mapping of 45S and 5S rDNAs. 

FITC hybridi;:ation signals 011 thc chromosomcs staincd by DAPI 山T sho¥¥'n in 

17 



Figurc 1 ト4 . Si.¥. 45S rDNA si lcs labclcu ¥¥'i lh bioli n ¥¥'crc clcalち， obscr¥'cd as ycllo¥¥'ish 

引 gnals oJ" FITC on lhc lhrcc pai rs 01' chromosomcs (Fig. 1 ト4A). Among thc thr・cc pairs 01' 

lhc signal 引 tc s ， a pai r 01' thc largcst onc ¥¥'as 10じよllcd on thc short arms 01' Chromosol11c 5 , 

which ¥¥'crc satcllitc chrol11osomcs. Anothcr promincnt signal 別 lc ¥¥'as also I"ound on Lhc 

short arms 01' Chroll1osoll1c 6. Thc rcst 01' 45S rDNA si tcs ¥¥'crc rccogniκcd as small 

日。 nはIs はnd 10仁川cu al lhc tclomcri じ rc[!ions 01' thc short arms on Chrol11osomc 2. と

Thc 5S rDNA signals ¥¥'crc dctcctcd at thrcc silcs on thc spinach chromosomcs (Fig. 

11-4B). Four signはl ぉ 01‘ thc t¥¥'o sitcs ¥Vcrc 10じatcd closcly on thc pro.¥.imal rcgions 01' thc 

long arms 01' Chroll1osomc 5. 1 n thc samc prcparation , thcsc t¥¥'o 5S rDNA loci ¥¥'crc 

somcti I11CS ObSCIYCU as onc si tc dllc to thc dcgrcc 01' condcnsation. Anothcr pair 01' thc 

signals ¥¥'crc rOllnu on thc sllb-lclomcri じ rcgions 01' thc long arms 01' Chromosol11c 2. 

Thc 45S anu 5S rRNA multicopy gcncs consist 01' highly rcpcatcd scqucnccs 

arrangcd i n tandclll は1 sc¥'Cral loci in cukaryolc gcnomcs. Althollgh ill silff h)七ridiχal1 0n IS 

nnt a rully quはntitali\'c I1lcthou , ditTcrcnccs in signal slrcngLh rcllcじ L \ 'an礼LIon lJ1じopy

num bcr 01' thc targcl loci (Lci tch anu Hcslop-Harrison ヲ 1993 ; Shishido el (/1. , 1999). Sincc 

lhc 引rcngths 01' thc 45S rDNA signals ¥¥'crc dill ‘ crcnt among loci in lhe prcscnt study , it is 

日lI ggcstcd lhat cach locus is ¥'aricd in rcpcat nllmbcrs 01' thc unit lcngth. Thc major Silc 01 

thc 45S rDNA loci じorrcsponucu to thc NOR 01' Chromosoll1c 5. High scnsiti¥'ity 01' thc 

FISH tcchniquc m刈c it possiblc to uctcct not only thc maj� lüci , bllt also additional 45S 

1・DNA loci 、 川日ho\\'n al thc distal parts 01' thc short arms 01' Chromosomcs 2 and 6. 

A Ilhough thc sccondary じonstriじ tions ¥¥'crc not clcarly ObSCIycd at thcsc locations , a small 

satcll itc ¥¥ as obscr¥'cu i n SOIl1C prcparations on thc short arm 01' Chromosomc 6. 

Characterization of each spinach chromosome 

18 

In Figurc ]卜3 、 1hc 10じは1ions 01' 1hc 4SS and SS rDNA 10じ l 川‘c sho¥¥'n on thc iuiogram 

bascd on ll1orphology 01' thc じhromoおoJ11 cs . Charac1cli 只 tlC ヌ 01 ' cac h spi n辻仁h じhromosoll1 c

on CPs and 1hc loca1ionぉ oJ" rDNAs arc 日1II11 mari/.cu as rollo¥¥'s: 

Chromosol11c 1: Submcdian and thc 10lwcst chromosomc amon[! thc si¥.. Almos1 
ごと

1hc ¥¥'holc rcgion 01' 1hc じhro ll1 osomc is じonucnscd ヲ c'\じcp1 1hc cnds 01" 1hc じ hrol11 OSOI11C 

Chrol110S0ll1C 2: Submcdian and shortcr than Chromosol11c 1. Thc じonucnscd

rcgion occupics thc pro¥.imal l¥¥'o-lhird 01' bo1h arms. 45S rDNA sitc 1 ぉ 10じa1cd on 1hc 

1clol11cric rcgion 01' thc short arll1 and 5S rDNA si tc is locatcd on thc お ub-1clomcric rcgion 01' 

thc long arm. 

Chromosomcs 3 and 4: Subtcrminal chromoso l11 cs , Chroll1osomc 3 i 日込 littlc longcr 

than Chromosomc 4. al1hou~h thc Icn~ths 01' thcil唱 short arms arc 川 1110日 t thc samc 
' とと

Chromosomc 3 has a large condcnscd rcgion on 1hc long arm , although Chromosomc 4 has 

a ぉl11 all cllcc1 01' condcnsa1ion. Morco¥'cr in Chromosomc 3 , a ll1uch condcnscd rcglon is 

obscr¥'cd at 1hc middlc 01' thc long arm. I1 is rcmarkablc 1ha1 1hc condcnscd rcgion on lhc 

long arm 01' Chromosomc 3 is largcr than that 01' Chromosomc 4. 

Chromosomc 5: Subtcrminal chrol11osomc ¥¥'i1h a sa1clli1c. Condcnscd rcιlon 1 只

obscr'¥'cd on 1hc pro.¥.imal halr of thc long arm. Satc)li1c rcgion is no1 conucnscd. 45S 

rDNA sitc is locatcd on 1hc 1crminal rcgion 01' 1hc shor1 ar l11 , COITCぉponding 10 NOR. T\\ ・0

5S rDNA sitcs arc on thc pro.¥.imal rcgion 01' 1hc long arm. 

Chromosol11c 6: Subtcrmi nal and thc shortcs1 じhromosomc. Thc short arm IS ¥'cry 

small and not condcnscd. It has a highly じondcnscd rcgion ncar thc じcnlromcrc and は

dcじondcnscd rcgion a1 thc tcrminal rcgion 01' 1hc long arm. 45S rDNA is 10じはtcd on thc 

tcrminal rcgion 01' thc short arm. 

As to thc locali/.a1ion 01' gcncs on thc chromosomc人 it ¥¥'as attcmptcu prc\'iouぉ 1)' bう'
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Tablc 11 -1. NUl11 crí じ and dala 01' 1hc spi nach じhromosomcs rcprcscn1cd by rcla1i¥'c 

Icngth. (Total Icng1h i n a ccll二 l ∞， 100 is cqual 1052.8Mm) 

112 
9タ

同

Chromosome No. Short armil) Long arma) Total Arm ratiob) 

L/ 286r 28斗

7.0 13.0 19.9 0.35 317 

2 5.9 12.1 18.0 0.33 
Pixcl 

3 3.7 14.2 17.8 0.21 Chromosome 4 Chromosome 5 Chromosome 6 

4 3.6 12.8 16.4 0.22 
。 100 200 

5「七| 己 k?1 凪ー 卜\\| 恒'
5 3.2 11.1 14.3 0.22 3斗

6 2.1 11.4 13.5 0.15 

Total 25.4 74.6 100.0 

‘'Tf hcωcragc 01'凸 promctaph出c plalcs. Thc Icng1h 01・ thc satcll i 1c ¥¥'as c.¥.cl udcd rrom 

caluじ ulation.

b)Shorl はrm / lolal Icngth 

262 

217 

277 

I :Hωily condcnscd rcgion 
口
口
Condcnscd rcgion 

Lightl)・ condcnscd rcgion 

. : 45S rDNA 

0: 5S rDNA 
...: NOR 

Figurc 1 ト3. Density proJ�es and idiogram 01" thc spinach chromosomcs. Thc ¥'crtical and 

horizontal a.¥.es rcprcsent the numbcr or pi.¥.cls along 1he chromosomc and thc gray \'aluc , 

rcspccti¥'cly. Thc highly condcnscd rcgions arc rcprcscntcd by lhc uppcr 1hrcshold in lhc 

pancls , corrcsponding 10 solid rcgions in thc idiogram. Thc modcratcly condcnscd rcgions 

discrimil1atcd bう ， thc lo¥¥'cr thrcshold in thc pancls , are rcprcscntcd by dollcd rcgions in 1hc 

idic> gram. Thc 45S and 5S rDNA loci arc sho¥¥'11 by solid and opcn circlcs on thc idiogram , 

rcspcct� ¥'cl y. 
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Figurc 1 ト4. Fluorcsccncc ;11 sil{( hybridi メation 01' spinach chromosomcs using 45S rDNA 

and 5S rDNA probcs. Y cllo¥¥'ish signals sho¥¥' hybridil.ation si tcs dctcctcd by FITC. (A) 45S 

rDNA 引gn川 s on Chrol11osomcs 2 , 5 , and 6 , and (B) 5S rDNA sign川s on Chromosomcs 2 

and 5. Thc じhromosomcs arc countcrstaincd ¥¥'i th DAPI (bl uc). Bars = 5μ111. 

ウウ

Ellis and lanick (1960) and SlIgiyama and SlIlo (1964) \γho 10ωliλcd thc sc'¥ dctcrmining 

ractors X and Y on Chromosomc 1 by u引 ng trisomic scncぉ li l.uka and JはnJじk (1971) 

localiχcd thc ractors on thc short arm ol" Chromosol11c 1 by usi ng a spontancouぉ

translocation i n Chromosomc 1. Ho\\ 'c\ 'cr, no olhcr rcport只 on locali ιation oJ gcnc只 ha\ ・C

bccn round in spinach. 

Thc prcscnt study is thc J�sl l"or physiじal mapping ol" gcncs u別 ng CP and F1SH in 

spinach. ln thc ncar l"uturc , it is cxpcctcd lhat FISH ¥¥'ill bc uscd cllicicntl) l"or mapping 

inglc gcncs or lo¥¥'-copy scqucnccs in spinaじh ， as sho¥¥'n in Brassic(/ spp. (lくはmisugi el 01. , 

1998) and ricc (Ohmido el a l. , 1998). Thcrcrorc , it is concl udcd that dc¥'c1opmcnl 0]' a 

quantitaLﾍ ¥'C chromosomc map as sho¥¥'n in thc prcscnt rcport is qui lc u 汚crul not onl) 1"or 

basic gcnomc and chromosomc rcscarchcs but also l"or practiω1 brccdi ng and gcnctics 01" 

spll1 aじh. It is antici patcd that thc physica1 chrol11osomc map 出只ho\\'n hcrci n ¥¥'ould bc 

im'aluablc ror loca1iλi ng uscrul gcncs and systcmatic brccdi ng. 
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11-4. Summary 

Molccular cytogcnctic tcchniqucs and COIl1 putcr-aidcd karyotypi ng ¥¥'crc appl icd to 

charactcJizc thc chromosol11cs 01' spinach (Sp;llac;a o!eracea L., 2n= 12). Chromo以下mc

Icngth人 arm ratio人 anu ucgrccs 01' conucnsation at promctaphasc じhro l11 osol11 cS ¥¥'crc 

anal う 'χcd using a sort¥¥'arc Chromosol11c Imagc Anal yχin g Systcm III (CHIAS 3). DNA 

probcs prcparcd from ricc (οハピa sal;va L.) rDNA ¥¥'crc appl icd to thc ヌ p in ach

chroll1osomcs bう ， thc n uorcsccncc in si tu hybridiz.ation (日SH) mcthod. Thrcc 45S rDNA 

loci ¥¥'crc dctcctcd at lhc nuclcolar organizing rcgion (NOR) 01' Chromosomc 5 , and at 

tcrminal po別 tions 01' short anns 01' Chroll1osomcs 2 and 6. Thc loci 01' 5S rDNA ¥¥'crc also 

rounu at thrcc loc辻lions . Onc ¥¥'as at thc sub-tclomcric rcgion 01' thc long arll1 01' 

Chromosomc 2 and thc othcr t¥¥'o ¥¥'crc at thc pro¥imal rcgion of thc long arm 01' 

Chromosomc 5. AII spinach chromosoll1cs ¥¥'crc idcnti1'icd ¥¥'hich ¥¥'ilJ proviuc ¥'aluabJc 

info l1ηation ror mapping gcncs on thcsc chromosomcs. 
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CHAPTER III 

Development of an Arabidopsis thαliana chromosome map by imaging 

methods and optical mapping of 45s and 5S rDNAs by Multicolor FISH 
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111 -1. 1 ntroduction 

Ar(/!J;dopsis l1w/iη11(/ I 只 a modcl plant that has bccn most cxtcnsi¥'cly studicd 

among highcr pl は nts. A. 11/(//i(/I1(/ has thc most dclai Icd gcnctic maps bascd on molccular 

l11arkcrs such 山 RFLPs ， AFLPs , CAPS (http://gcnol11c-¥¥'¥¥'¥¥'.stanl'ord.cuu/Arabiuopsis/). 

Rcccntly , physical maps じO\ ' cring most 01' thc A. flw/ialla じhromosomcs ha¥'c bccn 

dc¥'c1opcd by YAC con1igs (Zachgo el (/1. , 1996 ; Kolani el a/. 1997; Campcll el (/1. , 1992; 

Sa10 el a/. , 1998). SCljucncc analysis oJ' thc A. IIIσ!ial1a gcnol11c has bccn accclcratcd 

(h IIp: / /¥¥'¥V¥¥'. kaλusa.or.jp/arabi / ) (TcITyn el (/1. , 1998). Ho\\'c\'cr, kno¥¥'lcdgc on thc 

chromosol11cs is quitc limitcu in contrast 10 thc progrcss 01' scqucncc analyscs. Thc main 

rcωon is that thc A. l1w!i(/II(/ chromosomcs arc small in sizc (2 μm long on a¥'Cragc) at 

Il1ctaphasc. As a rcsul t, dClailcd morphological charaじtClistics arc di11icult to be detcctcd 

bぅ cOlwcntional mcthous. This ract has il11pcded the dc\ ・clopmcnt 01" a rcliablc 

じhromo只omc map 01' A. 11/(/li([I1(/ , ¥¥'hich pro¥'idcs thc basis ror studics 01' gcnctics , gcnol11 ic只

and 1110lccular biology. 

In thc prcscnt rcscarch , ¥¥'C analy乙cd quantitati¥'cly thc A. l1w!iall(/ promctaphasc 

chromosol1lcs using thc CHIAS 3. Wc also uc¥'clopcd a quantitati¥'c chromosome map 01' 

A. 11/(/li([l1([ bascd on thc numcricは 1 data 01' thc condcnsation paHcrns. In A. 111α liallα ， t ¥¥'0 

45S (18S-5 . 京S-25S) and thrcc 5S rDNA loci ha¥'c ¥'isually bccn dctcctcd on thc 

chromosol11cs by 11 uorcsccncc il1 sillf hybridiμllion (FISH) up to nO¥¥' (Malllsχynska and 

Hcslop-HalTison 、 199 1; Murata el ([1. , 1997; Frans/: e1 (/1 ., 1998). Wc also dctcctcd thc 45S 

and 5S rDNAs and accllratcly mはppcd thc 45S and 5S rDNA loci on thc quanli tati ¥'e 

chromosol11c map dc¥'clopcd by imagc analysis I11cthods in this study. 

111-2. 恥1aterials and 九1ethods

Plant materials and chromosome preparation 

For thc chromosomc prcparation , Ar打raαt!údピdοpスsυ' is l!uαt!Ì(υ(/川1川!(川fαILし~ . ccotypc Columbi孔 (211=10) 

¥¥'as llscd. Root tips about 1 cm long ¥¥'crc collcctcd I"rom young plants and l�"¥cu in 

Farmcr's lluid (cthanol acctic acid = 3: 1) aftcr prctrcatmcnt ¥¥'ith distillcd \\'atcr は t 11 ( 、

ror 3 h. Chromosomcs ¥¥'crc prcparcd by using thc cnχymalic macertIlion and air-dlying 

(EMA) mcthod (Fu1くui ， 1996). Thc root ti ps Cllt 1 mm long ¥¥'crc maccratcd i n cnλう ' maltc

solution (27r Celllllasc Onozllka RS , Yakult; 0.50( Pcctolyasc Y -23 , Scishin Co. 、 pH 4.2) 

f'or 70 min at 37 仁 Thcn ， t¥¥'o to thrcc root tips ¥¥'crc placcd on a glass slidc and tappcd 

¥¥'ith thc tip 01' rinc forceps ¥¥'ith a I'c¥¥' drops of frcsh f�"¥ati¥'c (l11cthanol : acctic acid , 3: 1) 

and thcn air-dricd. 

Fluorescence in situ hybridization (FISH) 

45S rRNA gcne (45S rDNA) and 5S rRNA gcnc (5S rDNA) ¥¥'crc uscu as thc probcs. 

FISH ¥¥'as carricd out according to the method dcsclibcd by Chaptcr 1. Thc 45S rDNA ¥¥'as 

labcled ¥¥'ith digoxigenine-l1-dUTP (Rochc) by nick translation and was dctcctcd 'v¥'i th 

Rhodamin anu Tcxas rcd. 5S rDNA ¥¥'as amplit‘ icd and labclcu with biotin-16-uUTP 

(Rochc) simultancollsly by PCR llsing a 5S rDNA scqucncc-spccil'ic pr川.1cr sct , and ¥¥'as 

detectcd by FITC (lluorcsccin isothiocyanatc) (Kamisugi el (/1. , 1994). Chromosol11cs 

¥¥'ere countcrstaincd ¥¥'i th 1μg/ml 4 1,6 diamidino-2-phenylindolc (DAPI). Each Jlllorcsccnt 

signal ¥¥'as indcpcndcntly ObSCl・\ ' cd using a Jluorcsccncc microscopc (8X而0， Olympus) with 

th1・CC ditlcl・cnt t�tcrs (810, 0]5 and UVOl) and ll110rcsccnt imagcs ¥¥'crc capturcd 



scparatcly using a coolcc.J CCD camcra (PXL] 400, Photomctrics). 

Image analysis of condensation pattern and FISH signals 

Chromo日omcお staincc.J ¥¥'ith DAPI ¥¥'crc ic.Jcntil�d by \ ・ isual i nspcじ tion undcr thc 

m1じroscopc bωcc.J on thc condcnsはtion pattcrn (Fukui and [リ ima 199] , Fukui と 1 al. 1(98). 

Numcriじは 1 c.Jata 01' thc dcnsi ty prol� Ic (CP) along thc mid-ri b 01' cach chromatid , ¥¥'hich 

rcprc只cnt thc con c.J cn汚ation pattcrn ¥¥'crc mcasurcd by using CHIAS 3 dcscribcd in Chaptcr 

1 I. Thc c.Jata ror thc arm Icngths anc.J thc CPs ¥¥'crc takcn from 40 chromosomcs i n 4 

じhromoso l1l c sprcac.Js. 

Imagc analyscs 01' FISH signals bう ， CHIAS 3/F1SH \'C rsioη\\'crc as rollo¥¥'s: digitally 

じはpturc c.J FISH signals and じhromosomc i magcs ¥¥'crc normal iχcd to cnhancc thc contrast oC 

thc original imagc. Thc CP只 0 1' thc FISH signals and chromosomcs thcmscJ¥'cs ¥¥'crc 

inc.Jcpcnc.Jcntly mc出urcd. Thc Icngths 01' the CPs ¥¥'crc a¥'craged among cight homologous 

chromosomcs (16 chromatids). Thc prorilcs 01' the signal intensi ty artcr FISH ¥¥'crc also 

a¥'cragcd and adju叫cd thc Icngth to thc chromosomal CPs. Thc a¥'cragcd signal prorilc 

artcr FISH \\'as 汎1pcrimposcd on thc CPs to localiχc thc FISH signal prcciscly on thc 

じ hrol11 osomcs.
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111 -3. Results and Discussion 

Condensation pattern on prometaphase chromosomes in A. tlwliana 

Staining by Iluorochromcs cnablcs to \"isualiχc thc morphology 01‘ A. !I/([ IiピIJ/(f

chromosomes at thc promctaphasc in dctai1. According to a common proじcdurc using 

DAP1 Figurc III-l a sho¥¥'s 10 mctaphasc chromosomcs c¥'Cnly staincd. 8ccausc thc 

individual chrol11osomc ¥¥'as small and similar in morphology , it \\ 'ωdillicultto distinguish 

thcl11 from each othcr. 1n contrast to thc mctaphasc chromosomcs , prolllctaphωc 

chromosomcs sho¥¥'cd an unc¥'en condcnsation along thc chromosolllc , ¥¥'hich ¥¥'as dcpictcd 

by intenscly (condensed) ， ωld faintly staincd (dispcrscd) rcgions (Fig. III-I b). Var山tJ onぉ

in the condcnsation pattcrns such as dcgrccs and rcgion只 \\'crc rccogn1λcc.J al110ng thc 

chromosomcs. 8ased on the charactcristic じon c.J cnsation pattcrn to cach homoJogous 

chromosomc , all thc chromosol11cs ¥¥'ere idcntifiablc and thc chromosomc numbcr was 

dcsignatcd in accordancc wi th thc num bers oC thc J 川 kagc map (Murala e! (/1. , 1997; 

Koornncef el (/1. , 1983). 

Thus in this study , thc unc¥'en condensation 01' cach chromosomc ¥¥'as quantil�c.J by 

using CHIAS 3. Thc CPs 01' DAPI-staincd chromosomcs ¥¥'crc sho¥¥'11 in Figurc Irr-2 

Thc CPs indicatcd that cach 01' thc ri¥'c chromosol11cs c.JispJaycc.J its O¥¥'n charactcristics 

Thc thrcshold (Gray ¥'aluc = ]00) in thc prol�cs corrcsponc.Js to thc ¥'isual boundary 

bct¥¥'ccn intcnscly (conc.Jcnscd) and raintly staincd (dispcrscd) rcgions. Thc conc.Jcnscd 

regions ¥¥'ith thc higher gray ¥'alucs arc dcpictcd 出 thc grはう ， rcgions in thc ic.Jiogram. 

Physical mapping of 45S and 5S rDNA loci on A. thaLwlla chromosomes 

FISH signals on thc chromosomcs ¥¥'crc sho¥¥'n in Figurc III-Ic and lc.J. 45S 
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rDNA 引 tcs ¥¥'crc dctcじtcd aヌ rcd signals on thc short 山羽lS of Chromo只omcs :2 and 4. 

Signals rrom 45S rDNA on Chromo日omc :2 ¥¥'CIT strongcr than thosc on Chromosomc 4 , 

¥¥'hich \\ ・凶 consistcnt ¥¥'1 th thc rcsul ts obtはincd by Murata el o/. ( 1(97). 45S rDNA loci on 

ChrolllOSOI1lCS:2 and 4 arc cstimatcd appro¥.imatdy as 3.5 and 4.0 Mb わy thc RFLP analysi人

rcspcじ ti\cl) (Copcnha¥'cr and Pikaard , I 996a). Thc ¥'isual dilTcrcncc in thc signal 

intcnsit) bct¥¥'ccn thc l¥¥'o 45S rDNA loci did not ncじcssaη1) rc日 cct thc di ITcrcncc i n thc 

じopy nllm bcr 01' 45S rDNA. 1 t lllay bc callscd by thc di ITcrcnccs i n hybridi;:ation 

clTi.cicncy , duc to thc diJTcrcnじc in thc じondcn只ation dcgrcc of thc chroma1in l�crs bct¥¥'ccn 

thcお C 1¥¥'0 NOR rcgions. Thus i1 ¥¥'as likcly 1ha1 1hc 45S rDNA on Chromosomc :2 

condcn只C只11l 0rc sl()¥¥'l:y 1han 1hat on Chromosomc 4 in A. llw/iollo. On thc othcr hand , at 

thc i ntcrphasc ， はImo只 t similar signal intcnsity bct¥¥'ccn Chromosomcs :2 and 4 ¥¥'as dClcctcd , 

出 dcscribcd by Mal u以ynska and IIcslop-HalTison (1991) , bccausc thc chromatin struじturc

ln 川 tcrph山c nuclci ¥¥'as morc rcla¥.cd to thc similar lc\・ cJs for bolh thc 45S rDNA rcgions 

1han in thc promclaphasc. 

Si'¥ signals r 

Chrol1losomcs 3 、 4 はnd 5 (Fig. III-l d). Thc 5S rDNA signals on Chromosomc 5 ¥¥'crc 

叶 ighlly strongcr thはn thosc at thc othcr 引 tcs. Thc 5S rDNA locatcd on the short arm close 

to thc ccntromcrc or Chromo以川lC 4. H O\\'c\ 'C r, thc molecular map localiχed the 5S rDNA , 
Figurc III-l. A. Ilw/ial1o chromosomcs al mclaphasc (A ,C) and promclaphasc (8 ,D). DAPI 

has bccn placcd on thc long arm じlosc to lhc ccntromcrc (Schmidt el α/. ， J 995). Thc 
staincd chromosomcs for CP analysis (A ,B). Multiprobc FISH ¥¥'i1h thc 45S (rcd) and 5S 

rcason ror this discrcpはnじ) bct¥¥'ccn ollr FISH rcメ1I 1ts and YAC con1igs might bc due to thc 
(grecn) rDNA probcs (C ,D). 45S rDNA signals 10じatc on chromosomcs '2 and 4 , and 5S 

di!Ticull) in thc dctcrmination 01' thc ccntromcrc by thc prcscncc 01' rcpcat scqucnccs around 
rDNA signals on chromosomcs 3 , 4 and 5. Chromosomcs ¥¥'crc staincd ¥¥'ith DAPI (bluc). 

thc ccntromcric rcgion. Our FISH rc叩 1ts ¥¥'crc consistcnt ¥¥'i th thc prc¥'ious FISH rcsul ts 
Scalc bar sho¥¥'s 5um. 

using mitotic chromosol11cs (Murata el a/. , 1(97) and pachytcnc chromosomcs (Fran以 el a/. , 

:2()()()). Onc 5S rDNA locus is c10scly localiλcd to thc 45S rDNA loclls on thc shortω-111 01' 
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Figurc [1 ト2 . CPs and dcnsi ty prol�cs ror FISH signals , and idiograms ¥¥'i th thc addrcsscs 

01" thc A. Ilwliolla chromosomcs. Thc ¥'crtical and hori 乙ontal a.¥.cs rcprcscn1 thc numbcr of 

pi.¥.cls along 1hc chromosomcs and thc graぅ ， \ 'aluc , rcspccti¥'cly. Thc condcnscd rcgions 

i ndicatcd by thc thrcshol� (Gray ¥'al uc = 1 �) arc rcprcsentcd by gray rcgions in the 
i�ogram. 45S an� 5S rDNA loci arc dcsignatcd bぅ the rcd rcgions and solid bluc circlc 

on thc idiogram , rcspccti¥ cly. p an� q indicatc short and long arms , rcspccti¥'cly. Thc 5S 

rDNA loci arc illCI u�� to thc addrcss p 卜 1 01" chrol11osomc 3 , 4 and 5. 
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Chromosoll1c 4. Closc pro.¥.imi1y 01" 45S and 5S rDNAs is not じomlllon 孔mong plant 

spccics but ha¥'c also bccn rcpor1cd in Brassica 11αpllS (Kamisugi el 01., 1998) , l3. ropa 

(Fukui げ al. ， 1998) , OrvこどI o.l!iciJlalis and O. eiclLﾌllgeri (Shishido げ 01. ， 20()()). 

Thc prccisc mappmg 01" rDNA loci on thc dcf�cd chromosomal rc♂ ons \\ .出

pcrformcd using 1hc CHIAS 3/FISH ¥"crsion. Thc CPs and 引 gnal prol�cs 01" thc rDNAs 

artcr FISH ¥¥'crc shown 川 Figurc 111 -2. Thc a¥'cragcd prol�c 01" rDNAs signalおじIcarly

indicatcd 1ha1 thc most probablc locations on Chromosomc 2 、 3 ， 4 and 5. Thc 10じations 01" 

thc t¥¥'O 45S and 1hrcc 5S rDNA loci wcrc �pictcd on thc idiogram. 

FISH signals 01' 45S rDNAs on the Chromosomcs 2 and 4 cO¥'crcd c.¥.tcndcd rcgions 

rcaching thc cnd 01' thc short arms. Each uni t scq Ll cnじc 01' 45S rDNA \\'as じa. 1 () kb long 

and thc rcpcat occurrcd in long 1andcm arrays 0じじupying 8(�( 01" thc gcnomc (Pruitt and 

Meycrowitz , ] 986; Copcnhm'cr and Pi kaard , 1996a). Molccular c¥'idcncc rc¥'calcd bv 

RFLPs 01" 45S rDNA using pulscd l�ld gcls clcctrophorcsis indicatcd that thc rDNAs rcach 

the cnds 01' short arm I"or both Chromosomcs 2 and 4 , adjoining thc tclomcrc scqucnじcs

(Copcnha¥'er and Pikaard , ] 996b). Thusヲ thc 45S rDNA loci on thc i�ogram ¥¥'crc not 

dcpictcd by dots likc 5S rDNA loci , bul by thc rcgions co¥'cring I"rom thc cnd 01' shor1 arms 

to thc pcaks 01' the signals and thc samc c.¥.tcnsion tO\\'aJ寸s thc ccntromcrc. 5S rDNA is 

organizcd in tandcm arrays 01' ca. 500 bp unit lcngth and containcd appro.¥.imatcly 1000 

COplCS pcr haploid genomc in A. 11ωliww (Campcll el 01., 1992). Thus 5S rDNA loci ¥¥'crc 

indicatcd by thc dots on thc idiogram. 

Characterization of each A. thalialla chromosome 

Tablc 11 ト 1 sho¥¥'s 1hc 1110rphological �ta an� thc posi tions 01' rDNA loci , ¥¥'hich arc 

a¥'cragc� ror cight promctaphasc じhromosomc s. Thc total Icnglh 01' thc haploid 
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promclaphasc Chl・01110S0 ll1 CS is 16.5μm ， ¥¥'hich ¥¥'as about 1.8 ti mc父 thc 只 lχc 01' thc 

mctaphasc chromosomcs. Thc charactcrs 01' cach じhl・0 l11 0S0l1l C and location日 01" thc rDNA 

loci arc summarizcd as rollo¥¥'s: Chromosomc 1 is a mctaccntric and thc longcst 

Tablc Il 1 -]. Numcrical uata 01" somatiじじhromosol11 cs ofA. l/w訂正lJla. chromosomc. Thc chromosomc sho¥¥'s condcnsation onl)' i n thc pro.¥imal rcgions 01' thc 

Chr Shor1 arm I JOI1)! an11 Ann ratiod I'otal ICl1gtl1 -+5S rD~A 5S rD~A 

:--.;・ o . Icngth (μm) S.I). I じIIgth (μrn) S.O. lcn芦th (μn S.D. Rclativc rcgion (μm)b pOsiliOI1 (μm)h 
ccntromcrc. Chromosomc:2 is 込 submctaccntric chroI11osomc ¥¥'i th a 45S rDNA locus i n 

1.83 0.18 ト90 0.:29 1.04 3.73 0.42 22.68 
thc tclomcric rcgion 01' thc short arm. 1t has longcr condcnscd rcgion than Chromosomc 

rヲ 1 . 1 () 0.11 2.]5 0.28 1.96 3.24 0.36 19.69 0-1.10 4, which is a kcy charactcr to idcnti Cy Chromosomc 2 rrol11 Chroll1osol11C 4. Chromosol11c 

3 ト 16 0.13 l.76 0.36 1.51 2.92 0.46 17.74 1.00 

4 1.0:2 0.09 2.04 0.42 1.99 3.06 0.50 18.57 0-0.65 0.76 
3 is a mctaccntric and thc shortest chromosomcs. Chromosomc 3 has 5S rDNA locus at 

5 ト54 0.30 1.96 0.32 1.27 3.51 0.61 21.32 ト36 the pro:¥imal region on thc short arm. Chromosomc 4 is a submctaιcntric chrol11osol11C 

S.D.: standard dc¥'iation ¥¥'ith both 45S and 5S rDNA loci on thc short arm. Chromosomc 5 is a mctaじcntric

d Lρng arm lcngth / Short arm lcngth. 

hSignal po釧 tions rrom thc short arm cnd. chromosomc with a 5S rDNA locus closc to thc ccntromcrc on thc shorl arm. 

Thc prcscnt study cnables to de¥'clop thc chromosomc map of A. l!wliall(/ by u引ng

imaging mcthod based on the condcnsation paltcrns. It is possiblc to ¥'isuali/'.c not only 

rDNA loci but also singlc copy genes or 1 0\トcopy scqucnccs on thc A. 111α 1 i (///(/ 

chromosomes by FISH as already shown in Brassi( α(Kamisugi el (/1. , 1998) anu n じC

(Ohmido el α1. ， 1998). The quantitati¥'c chromosomc map is uscrul ror l11apping thc DNA 

sequenccs ¥'isually detectcu. It is concluued that thc quantitati¥'c chrol11osomc map 

dc¥'clopcd in the prcscnt study is uscful not only f'or cytological sludics bul also for 

gcnomics and molccular biology of A. I/wliall仏
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111-4. Summary 

A. Ilwliall{/ L. has 10 chromosol11cs that arc small and similar in morphology. 

Molccular cytogcnctics and imagc analyscs ¥¥'crc applicd to charactcriχc thc somatic 

chromoぉomcs. Promctaphasc chromo沢)mcs ¥¥'crc quantitati¥'cly analyχcd bascd on thcir 

paLlcrns 01' condcnsation , bccausc thcy sho¥¥' a promincnl unc¥'cn condcnsation al�g thc 

じhromosomcs. Thc total Icngth 01' thc haploid promclaphasc chromosol11cs is 16.5μn1 ， 

¥¥'hich is aboul 1.8 ti mc日 thc s iχc 01' thc I11claphasc chrol11osol11CS. Wc also dctcctcd thc 

45S (18S-5 , 8S-25S) and 5S rDNA loci by 日 uorcsccncc ;11 s;l11 hybridiχation (FISH) and 

dctcrmi ncd thci r locations on lhc chromosomcs by thc imagi ng mcthods. As a rcsult, a 

quanti tali ¥'C chromosomc map bascd on thc condcnsation patlcrn ¥¥'as dc¥'cloped for thc fi rst 

timc in A. ,1/(/1;(11/(1 ¥¥'ith thc localions 01' rDNAs by u引 ng imaging mcthods. lt is nO¥¥' 

possiblc to loc込liλc gcncs prcciscly on thi 討 map.

CHAPTER IV 

Development of Lofus chromosome maps and determination 

of their genome sizes 



IV -1. 1 ntroduction 

LcgUI1lcS arc thc III はIn 以)UITCぉ 0 1' planl prolcin bolh for man anu uomcslic animals. 

Lcgulllcおはrc は!日 o il11porlant UUC to thcil縄 abilily to Iﾏ¥. nitrogcn by symbiosis ¥¥'ith rhi χobia . 

Thc small gcnolllc s以c ， short 1 i I"cじyclc ， diploidy ， 日clf-1"c11i1 i ty anu a\ '山 lability 01 

transroll11ation Illakc Lol/(.¥' japol/;c/ls a 汎litablc plant spccics ror a gcnomc projcct such as 

Arabidops;五 I!WIi (/110 and οryご(/ sal;va L. L japoll;c/ls has bccn uscd as a Illodcl pl はnt

spccics (Handgcrg and Slougaaru 1992). 

Thc gcnus , Loll川、 Fabaccac ， consisls 01' morc lhan onc hundrcd spccics 01" ui ploius 

(211二 10 ， 12 、 (4) ， tClraploius (211二24， 2R) and hc¥.aploid (211二36) spccics. Thc basic 

じhroll1 oso ll1 c nU ll1 bcrおれ'crc rcpol1cd as x=6 and x=7 (Fcrnandcs and Quciros ヲ 1978 ; Orlc ga, 

19~ó ; O'Donollghuc el 01. , 1990; Sall1mOllr e! al. , 1991; Small e! (/1. , 1984). L j(/POI1;CIIS 

(Rcgal) K. しはrscn (二 ι ('orl/ ;c lI la! lIs L. \ ・ ar. japoJ/;clIs RcgaJ) is a dipJoid spccics (211二 12)

(Ka ¥¥'a kam i 、 1930 ; Kodama , 1989; 0' Donoughuc e! (/1. , 1990; Y ch e! (/1. , 1986) , ¥¥'hi Ic L. 

corll;ni!lIl/1s L 、 a Ill orpholo巴 i じall) similar spccicぉ ， ln じluucs uiploid (211=12) , lclraploid 

('211=24) (Slllall el (1 1. 、 1984) anu hc¥.aploiu (2 1/二36) (Baltisbcrgcr, 1990). 

IjJI/lS polymorphi ぉm has bccn studicd using isoλymc analyscs (Raclson and Granl, 

1989; Rはclson (:'! al. 、 1989) . Thc RAPD patlcrns ¥¥'crc analyχcd (Calllpos (:'1 (/1 ., 1994) , and 

rcぉ tl・Icllon 川 lc ¥�.lriations of chloroplasl DNA ¥¥'crc rcportcd (Gaulhicr el α 1. 1997). Jiang 

and GrcssholT (1997) iucntil�u I1l0lCClIlar polYlllorphislll bct¥¥'ccn thc t¥¥'o acccssions GiCu 

B 1 '29-S9 anu FlInakllra B581 01" L. japοIlI C/{ .':，・ lI sing a DNA amplil�alion l�gcrprinting 

tcじ hni Lj uc ¥¥'i th 孔 singlc arbitrar) primcr. 

Thc idcnti l� 

3g 

microscopc has bccn di ITicul t bccallsc 01' thcir sI1lall si/.c and morphologi じ社| 幻 milari ty 

Quanti tati\'c じhromosomc maps ¥¥'crc uc¥ clopcu I"or thcsc spccic日 bascd on digital imagc 

anal う ' scs 01' thcir condcnsation pattcrns. Thc condcnsation pallCrn is no¥¥' consiucrcu a kC) 

charactcr to iucntiry and characlcliχc small plant じhromosomcおよ1I1U I斗cilitatc日 lhc

construction 01' a chromosomc map (lto el 01. , 2000a; 1lo el al. 2000b; Fulくui anu Ohmiuo, 

2000; Fukui e! 01. , 2(00). Phぅ ' sÌcal mapping 01' 45S and 5S rDNAs ¥¥'as also pcrrormcu by 

11 uorcsccncc ;11 s;l/( hybridiχation (FISH) mcthou to locali/.c thcsc gcncs on thc t¥¥'o 

acccssions 01' L. jaαlPヌχ却矧Oω711;ピ行川[(凸口S‘ to cc川‘111日川1η1111 tけhc じchr代o川mos叩OωIll C

じondcnsalion patlcrns. Moωr同-cQ\ ' c口r ， a mη11氏\.t凶ur陀c 0 1'、 じ .a. 500 (.じ~D卜NA じc1 0ncs \れ\ ' C口rc labclcd and 

uctcctcu on L jαpOlliclIS chromosomcs by thc F1SH mcthod to uctcrminc thc uistribulion 01" 

runctional gcncs on thc LOll1S chromosomcs. 

1n this thcsis , ¥¥'C rcport idcnlil�ation 01' thc chromosolllcs rrom l¥¥'o acccssions 01' L 

jαPOII;CIIS ， Miyakojima and Gifu. Thcir gcnomc SIχcs ¥¥'crc also dClcrmincu by rIo¥¥' 

cytol11clry 
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IV -2. Materials and Methods 

Plant materials and f10w cytometry 

T\以.\ ' 0 a じcc 汚州S引10川n匁 ()川〉川l' fλιJ山. .it仰lリψ/ρyο仰fυ川lυjμピfげ川./川川/{

Thcs叩4氾C Il1η1 は川lc凶C口r司j川i川a川l 只 1れ1ν叩'cr陀c kiα1!1(吋ùωj1 う , pro¥'i�� by ProL Masayoshi Ka¥¥'agu じhi (Uni¥'Crsity 01' Tokyo) 

an� pror. Maknlo Hay山hi (Osaka Uni¥'crsity). Thc nuclcar DNA じonlcnt ¥¥'as mcasurc� by 

Jlo¥¥' cytomc1ry aじじ01・ùing 10 thc mcthod dcsclibcd by Arull1l1gana1han and Earlc (1991) and 

UOI.U el a/. (1997) ¥¥'i th mi nor mo�1'ications. L japollic/{s nllclci ¥¥'crc isolatcd rrom thc 

〉1)ungiC山℃只 rrom '2-l1lonth-ol� planLs by chopping thc Ic川、 tiss lI cs an� j�tration (30μm porc 

お lλc) . ト~lI clcar samplcs \\'crc 日 taincù ¥¥'i lh O.lmg/ml 01' propidiull1 iodidc (pI) J'or 60 min. 

Each 汽amplc \\ ' a只 analyλcd using a llo¥¥' cytomc1cr (FACS Calibur, Bccton Dickinson) 

cLjuippcd ¥¥'ith an air-coolc� argon-ion lascr tubc ¥¥'ith an cmission \\ '山'clcngth 01' 488nl11 

Thc 11 uorcsccn t si gnょt1 s 01、 PJ ¥¥'crc mcasurc� artcr pωぉing through a 585nm bandpass l�tcr. 

Isol は lcぉ 01' cはじhmは1criaJ ¥¥'crc analyχcd lIsing a1 Icasl 500 nuじIci in triplicatc. Thc nuclci 

rrom lca\ 'C只 0 1' Arahidopsi5・ cCOlypc Columbia prcparcd by thc samc I11clhod ¥¥'crc uscd as an 

i ntcrnal stan�rd. Thc ¥ al uc '260Mb1'2C (Thc Arabidopsis 1 n1'orll1ation Rcsourcc: http://¥¥'¥¥'¥¥'. 

はrabiùop日 l 只 . org/ ) ¥¥'as aùoptcdω1hc nllclcar DNA contcnt 01' A. Iha !iallα. 

Ch.'omosome p.-epa.-ation 

Scc� 01' Miyakojima an� Giru ¥¥'crc scariricd b)・ stirring in 9Y万 sulruric acid ror lO 

l1l川山1Ù \\ ・ashcù bぅ tap \\ 'は tcr and thcn put on O. 7(万 agarosc arLcr stcli I iχation . Thcy ¥¥'crc 

gcrminalcd al 26
0

C in lhc Jark 1'or 3 days. Root tips about 3 cm in lcnglh ¥¥'crc collcctcd 

i 、rom gcrminatcd sccdlings an� lï,cù in Farmcr's Jlui� (cthanol : acclic acid = 3: 1) ¥¥'ithout 
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any prctrcatmcnl. Chrol11osomcs ¥¥'crc prcparc� usi ng an cnの matlじ 111 込じcration an� は Irｭ

�ying (EMA) mcthod (Fukui , 19(6) ¥¥'ith a k¥¥' ll1 0ùiJÏωtions. Thc root tips \\'crc じ1I 1 1 nlo 

I 111m Icngth ヲ anù maccratcd i n thc cnλymatic mi¥turc (2呪 Ccllulasc Onol.uka RS. Y ょlklllt; 

O.Y7r Pcctolyasc Y -'23 , Scishin Pharmaccutical Co. 、 pH 4.'2) 1'01' 40 min at 37 仁 Thcn 、 thc

root lips ¥¥'crc plaじcù on glass sli�s an� C\PO匁cù 10 sLcall1 O¥'Cr a ¥¥'atcr bath at 7()OC ror '2 

scc, tappcd ¥¥'ith j�c 1'orじcps ¥¥'i lh a fc¥¥' �ops 01' a nc¥¥' fi.\札 tJ¥'C (l11 cthはnol acclic acid 二

3: 1) , c¥poscd again to stcam , and air-dricd on a hol platc aI6C)"C. 

Cloning and nucleotide sequencing of 5S rRNA gene (5S rDNA) 

To はmpl i1‘y the DNA rragmcnLs containing 5S rDNA , PCR ¥¥'as carricd out u別 ng

KOD polymcrasc (Toyobo, Japan) and a p山 r 01' primcr人ターGATCGCATCCGTAAAGTTA

TGCGGG-3 ' , 5'-CGATCATACCAGCACTAATGCACCG-3 ' , \\'hi じh hybriJiχcù to thc 

ccnter 01' thc 5S rDNA coding scqucncc in thc oppositc oricntation. Thc ampliJ�� 

1'ragmcnts ¥¥'crc ligatcd into thc Hillcll sitc 01' pUC18 and tranS1'011l1Cﾙ into f:'. ('oli (JMI09). 

Thc inscrts 01' thc cloncd DNA ¥¥'crc scqucnccd llsing an ABI Plism 3] 0 GcnctJc Anal:yχcr 

(Pcrkin Elmcr Co. , USA). 

1 mage analysis of condensation pattern. 

LOlllS chromosol11cs ¥¥'crc slaincd ¥¥'i th a '2(k Gicmsa solution (Mcrck) ¥¥'i lh 1115M 

sodium phosphatc blllTcr (pH 7.0) ror 5 min. Wcll sprcad mctaphasc an� promctaphasc 

chromosomc plalcs ¥¥'crc sclcctcd undcr a microscopc (BX50, Olympus). Each 0 1' ιpairs of 

LOIIIS chromosomcs at promctaphasc ¥¥'crc idcntiJ�d bascd 011 thc condcnsation pattcrn 

(Ful乱li and Iijima , 1991; Iijima el (/人 1991) and photographcd on black and ¥¥'hi lc l� 1m 

(Ncopan F , ISO 32 , Flリ i). 
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A nal ysi s 01' thc cOl1llcnsはtion pa1tcrnl.� 01 Gic ll1 sa-staincd じ hrolllOSO I11 CS ¥¥'as 

pcrrormcd usi ng CHl AS 3 ùcおじribcd 川 Chaplcr] 1. Eighty-foUl同 chrolllo以下Ill CS from sc¥'cn 

promη1Ct凶aphは山おc p凶lい礼以1ωcs 01】叶l' Gir、'u an� t山hi口1'1りうイ-ぺ川lけhlηrcc chr凋てひ01110只以o川I11 C汚 l' 

Miりya爪k吋叩i川n

Fluorescence ill silll hybddization (FISH) 

45S rDNA rrcヲmοrv::， {/ s(/Ii\引 、 5S rDNA from L. japollic/(s and c. a. 500 mi:¥cd cDNA 

じ loncs rrom L japoll;c/(s ¥¥'crc physi仁川 I~・ mappcd bう ' FISH. Thc 500 じDNA c10ncs from I to 

2 kbp in si/. c じontaincd non-rc�n�nt and non-rctrotransposon cloncs bascd on thc dat辻basc

(】 1 ・ 5' cnd c:¥prcsscd scqucncc tags (ESTs) rrom cDNA librarics cons1ructcd rrom young (2-

¥¥'cck-old) L j(/POI/;c/(s plants (Asamizu , el α/. 20(0). FISH ¥¥'as canied out according to thc 

Il1 clh<刈 ùcscribcd in Chaptcr II. 8riclly , 45S rDNA and cDNAs ¥¥'crc labclcd ¥¥'ith biotin-

1 (ﾍ-dUTP (Rochc) by thc nlck 1ranslation I11c1hod and ¥¥'crc dctcctc� ¥¥'ith Iluorcsccin 

isothioじyanatc (FITC) as grccn lluorcsccncc signals. 5S rDNA ¥¥'as simultaneously 

山11pl i lïcd 山ld labclc� ¥¥'ith �go.¥.igcnin-ll-dUTP (Roじhc) by PCR using thc 5S rDNA 

ぉcqucnじc-spccil� pri mcr sc1 , and \\ '山 dClcctcd ¥¥'ith Tc:¥as rcd as rcd Iluorcsccncc signals. 

Chromosol11cs ¥¥'CI'C じりuntcrstaincd ¥¥'ith 1μg/ml 4' , 6 diami� no-2-phcnyl i ndolc (DAPI). 

Eaじ h Iluorcsccn1 si 巴 nal ¥¥'as indcpcndcntJy ob日cl\'cd using a Iluorcsccncc microscopc (A.¥.io 

Plan 2 、 Zciss) ¥¥'ith thrcc Jillcrcnt l�tcr scts (01 ， 17 、 15) ， Thc imagcs 01' grccn , rcd and bluc 

II uorcはcnt slgnal ぉ \\'crc caplurcd 日cparatcly using a じoolcù CCD camcra (MicroMa.\. , 

PhOlO l11 ctli じs) ， and ¥¥'crc mcrgcd using Photoshop (\'cr. 5 , Adobc). 
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I V -3. Results and Discussion 

Determination of the genome size. 

Tablc 1 sho¥¥'s thc nuclcar DNA contcn1 01' thc t¥¥'O acccssionぉ 0 1' L japollic/(s 

dctcrmi 

じalculatcd as 472.1:8.98 and 442.8:t2.32 Mbp (mcan :t standar� crror) , rcspccti¥'cly. Thc 

gcnol11c sizc (1 C) 01' Miyakojima \\ '出 largcr than that 01' Gi ru by 30 Mbp. This di Ilcrcncc 

¥¥'as st込tistically signi l�an1 (/)=0.01). 

Condensation pattern of the prometaphase chromosomes. 

Figurcs IV-IA and 18 sho¥¥' thc mctaphasc chromosol11cs 01' Miyakojima an� Giru , 

rcspcctl\ ・ cly. 80th Miyakojima and Giru had 6 p山 rs 01 ‘ chromosomcs in cach somatic ccll. 

Chromosomcs at thc mctaphasc stagc ¥¥'crc staincd c¥'cnly ¥¥'i th thc G icmsa sol ution 

川正licating allllost llniform con�nsation. Thc small sizc and morphological similarity 

madc i t diflï じult to distinguish thcl11 from cach othcr. Promc凶phasc じhromo以ln1CS 01' 

Miyakojima (Fig. IV-IC) and Giru (Fig. IV-ID) appc札口 ng i n 1hc samc magnil�ation 

sho¥¥'cd a promincnt unc¥'cn condcnsation along thc chromosomcs. Condcnsc� rcgionぉ 01

thc chromosomc只 \\'crc intcnscly slaincù , and dispcrsc� rcgions ¥¥'crc I'aintly stainc� 

Small condcnsalions ¥¥'erc obscr¥'c� at lhc 1clol11cric rcgions 01' Miぅ 『孔k吋 ima chrol11o 

(A lTO\\ 'S, F刕. 1 V -1 C) , ¥¥'hilc no such condcnsations \\ 'ωobscr\'cd 川 1hc tclol11cric rcgions 01' 

Gifll chromosol11cs (F刕. 1 V -1 D). 

Si.¥. P山 rs 01' prol11ctaphasc chromosomcs in L japollic{{s can bc iJcnti l�d bascd on 

thc chromosomc spccil� condcnsation pattcrns. Thrcc Miyalω'J 1111 ははnd sc¥'cn G i ru 
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Nuclcar DNA conlcnt Gcnoll1 c ぉlχc
A じじcsslons

(pg :::l::: S.E.UI) (Mbp :::l::: S.E.bl) 

Miyaktリ 1 1l1é.l 0.4891 + 0.00412 472.1 + 3.98 

Giru 0.4588 士 0 . 00240 442.8 :::l::: 2.32 

Tablc I V -1. Nuclcar ONA contcnts an� gcnoll1 c 釧 λc 01' L japollﾎclfs I11casurcd by 
11 o¥¥' cytol11 ctryd 

dl I)~ ，へ conl じnts o!" {，・ /O/JO III ( ' /lS \\'じrじ c<l lculalcd hasじι1on Arohido/JS川戸CI10 1l1じ日1χc (1301¥ [hp) 
hl 日 t éUld ，u'd じ汀or
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Figurc IV -l. Gicll1sa-staincd chroll1osoll1cs 01' L. japol/ﾎclfS. (A) Mctaphωc plalC 01' 

Miyakojima , (B) Mctaphasc platc 01' Giru. (C) Promctaphasc platc 01' Miyakojill1a. (0) 

Promc凶phasc platc 01' Giru. Arro¥¥'s sho¥¥' Miyakojima spccil� jιint ， unstablc an� sl1lall 

con�nsations (FUSCs). Numbcrs or 1 to 6 bcsidc thc cbromosomcs indicatc thc chromosomc 

numbcrs �signatcd in tbc prcscnt papcr according lo thcir lcngth ordcr. Bars = 5μm . 
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じhromosol11 al pla1CS a1 111 i 101ic 日 i111 i lar ぉ 1agc ¥¥'i th i n thc pro l1l c1aph出c slagc \\ ・ crc

statlstl じally sclcctcd anu Icngths 01" thcir chro l11 o以下l11 al arms ¥¥'crc I1l ca只 urcu using CHIAS 3. 

Tablc 1 V-'2. NUlllcri じは 1 uata 01 sOl1lalic chrol1l o日O l11 CS 01" L .]apoIJﾎclIs. Tablc IV -'2 sho¥¥'s thc nUl1lcrical data 01" thc chroll1osol11CS 01" Miyakojil11a anu Gil"u 

( 、 hr 日 horl arm I パmg arm ..¥ rm ralio川 ' 1、 olal Icngth 

\cccssionぉ ~O . 叶 Lcngth S . D け Lcngth 日]) Lcngth 日]) lミclati\'c
Chro l11 o汽omc numbcr只I"rom 1 106 ¥¥'crc dcsignatcu in 1hc dccrcasing ordcr of rcl はti¥'C Icngth 

lli�.2 出111) {μæ2 Icngt h ( ヲ )
。 l‘ Mi)・akoJil11a and Gi fu chromosomcs , rcspcc1i¥'CI)'. Thc Ictlcrs A to F ¥¥'crc uscu 10 

(. ¥) 2.()7 り ()3 7.57 ()おり 275 り 6斗 1.32 23 . 2り

2 (13 ) Uﾟ  o 斗G () 53 o り l 2.67 8.3(> o り6 20.19 indicatc thc corrcsponding chrol11osomcS bc1¥¥'ccn Miyakojima anu Giru bωcu on thcir 

入 li)ak()jimél
λ ( ( 、 ) 335 0.52 斗 18 0.80 0.9-1- 7.5-1- 1.16 18.21 

斗 (])) 3.00 0 . 5斗 3 . 3 り 0.72 0.85 6.38 1.10 15 斗2
condcnsa1ion pallcrns anc.l rDNA loci. As a rcsult , thc ordcr of じhro l11 oso l11 c Icngth in Gifu 

:、 (E) 2 . 1 り 0 . 3 父 3.00 0.68 1 (゚  51 り o り7 12 . 5斗 ¥¥'as chromosol11c B , C, A , 0 , E and F. Our rcsults inc.licatcd a largc dillcrcncc in si/.c 01‘ 

{ラ (1 ;) i り3 0.35 2.36 0.3-1- 0 り2 斗 29 0.61 10.36 

chrol11osomc A bct¥¥'ccn Miyakojima and Gifu. 
(13) 3.51 o 斗7 7.26 0.7() 1.55 10.77 1.06 25 り5

2 (C 、 ) 3.58 0.51 斗 11 0.65 。メ6 7 . 6り 1.10 18.52 

3 (. ¥) 2.-+り 0.28 •-1- 9 0.62 1.35 ().98 0.80 1 (, .80 
C�l'u 

斗 (D) 2.60 o 斗3 3 . 6斗 0.-1-7 1.05 6 . 2斗 0.75 1,:) 03 
Physical mapping of 45S and 5S rDNAs 

> (1:) 2.12 0 . 3斗 2.8-1- 0.56 1.00 斗り6 0.7-1- II り3 Figurc 1 V -2 sho¥¥'s 312 bp nuclcolidc scqucnccs of 5S rDNA 01' Gi l¥t. Bold J'aじC
6 (F) 2 . 0斗 0.25 2.85 0.-1--1- 1.05 斗 89 0.53 11.77 

IclLcrs indicate thc 120bp coding rcgion of 1hc 5S rRNA gcnc. Thc 5S rDNA scqucncc 

.I I ThじIc\\じrs .ヘ ー J ; 11H.lica¥c \11じ corrじ日 ponJing chromosomcs bc\\\'ccnλliyakoリ ima <.U1J Gif'u. 

1>1 1, (> ng arm Short arl1l ¥¥'as thc samc bct¥¥'ccn to Miyakojima anc.l Gi1'u in both thc coding and spaccr scqllcnccs. 

,'1 S\ ,U1t!<.u'd dc¥'iat.ion 
Thc coding rcgion 01' 5S rDNA of L japolJﾎclIs sho¥¥'s 97.47c hOl11ology to tha1 of G/VC;Ilt' 

lI1ax, and 97.57r to that of O. sa!;va. Thc lc\ ・ cls of scqucncc homology 10 G. tJlax and ο. 

salÎνa in thc spaccr rcgions arc quitc 10¥¥'. 

Figurcs IV-3A and 3B sho¥¥' thc positions 01' 45S and 5S rDNA loci on Miyakojima 

and Giru chromosomcs dctcctcd by FISH. Thc 45S rDNA loci ¥¥'crc c.lctcclcc.l as grccn 

signals a1thc cnd 01' shOrl arms 01' chromosol11c A (solid arro¥¥'s) and thc proximal rcgion on 

thc short arm of chromosomc F (solid an・O\\ ' s). Thc n uorcsccn1 signal on chromosol11c A 

¥¥'as USll川 Iy largcr than that on chromosomc F. Thc 5S rDNA locus ¥¥'as dc1cClcd as rcd 

引 gn川 S on thc proximal rcgions on 1hc short はrms 01' chrol11osomc A (solid arro¥¥'hcads). 

Thus. chromosomc A has bo1h thc 45S anu 5S rDNA loci on lhc short arm. Thc loca1ion 
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1 GGATGCGATC ATACCAGCAC TAATGCACCG GATCCCATCA GAACTCCGCA 50 

51 GTTAAGTGTG CTTGGGCGAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA 100 

101 AGTCCTCGTG TTGCATCCCC TTTTGCCGTT TTTTCGCAAT TCCTTATTTT 150 

151 TTTTTTAATT TCTTAGAAGC CTCGGATGAA TACGAAGTGA ACTACAAAGT 200 

201 TGAAGACAAA AATAAAGTAA TTGCACGCTT GTTTGCCGTT TTTTCGCAAT 250 

251 TCCTTATTTT TTTTTAATTT CTTAGTTTAA CGCATATTAT GTTTTAACCC 300 

301 GCATAACTTT AC 312 

Figurc I V -2. Nuclco1iuc scqucnじcs 01 ・ a U l1l t 只cqucncc 01' 5S rDNA. Boldracc Ic11crs indicatc 

thc 5S rRNA じouing scqucnccs. Thc scqucncc da1a ha\ ・ c bccn dcposi tcd i n thc 

DDBJ/EMBL/GcnBank uatabascs ¥¥'ith 1hc acじCSSIοn n Ull1 bc r A B 046 I 1 6. 
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anu num bcr oJ、 45S rDNA loci and 5S rDNA locus ¥¥'crc 1hc samc in thc 1\\'0 はじじcsslons.

Figurc 1 V -3C sho¥¥'s 1hc mcrgcd i l11agc 0 1'山 gnals and chrol11osol11cs 01 ・ Lja/)ollicf(s 

じhromosol11 cs artcr FISH using 500 cDNA cloncs. Thcir signals ¥¥'crc ui 日 pcrscu 0¥ cr all 

chromosomc rcgions , ¥¥'i1h a tcndcncy to accumulatc on 1hc tcrminal rcgion ra1hcr 1han 1hc 

じcntrol11 cric anu pro.¥imal rcgions 01' 1hc chromosol11cs. 

Quantitative chromosome maps of Miyakojima and Gifu 

Figurcs IV-4A and 4B sho¥¥' quantitati\ ・c chrol11osomc map日 bascd on thc a¥'cragc 

dcnsity profilcs (CPs) , i.e. , standardiχcd digi 1al data or thc condcnsa1ion paltcrn ぉ (stCP) 01 

Miy 

condcnscd and dispcrscd rcgions corrcspond 10 thc bordcr bc1¥¥'ccn gray anu whi tc bars on 

thc chromosomc maps. Thc condcnscd rcgions arc di¥'idcd in10 hCa¥'ily condcnscd and 

condcnsed rcgions , ¥¥'hich arc prescntcd by thc black and gray bars on thc chromoぉOI11 C

maps , rcspccti¥'cly. Thc gray ¥'alue 1ha1 dclimits bc1¥¥'ccn hca¥'ily condcnscd and 

condcnscd rcgions ¥¥'as 83 and that bct¥¥'ccn conucnscd anu dispcrscd rcgions ¥¥'as 148 in lhc 

casc 01' Miyakojima. Thc corrcsponding gray ¥'alucs or Gifu ¥¥'crc 58 and 131 , rcspcじ ti\ ' cly.

Thc 45S rDNA loci are indica1cd as doublc opcn circles and thc 5S rDNA Jocus is sho¥¥'n by 

singlc opcn circlcs on thc chromosomc maps. Faint, uns1ablc anu smaJJ conucnsatiuns 

(FUSCs) ¥¥'crc onl)' obscn'cd mainly a1 thc tcrminal rcgions 01' Miyakojimは To

dilTcrcntiate FUSCs rrom 1hc largcr condcnscd rcgions cons1anlly appcaring in thc pro.¥imal 

rcgions , smaJJ soJid circlcs ¥¥'crc placcd 011 1hc chromoωmc map 01" Miyakojima. 

Charactclistics 01' cach L japo l1;{,lIs chromosomc bascd on thc chromosol11c map討

(Fig. 1 V -4) arc as follo¥¥'s. Thc condcnsation pattcrns and locations or rDNAs arc sho¥¥'n 

diagrammalically in Figurc IV-4, and thc numcrical uala arc prcscntcu in Tablc IV-2. 
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Fi さ urc J V-3. Dctcction or rDNAs 山ld gcncs on thc IJJ!II九; chromosomcs by FISH , (A) 45S 

rDNA (aITO¥¥') and 5S rDNA (はlTo\\'hcょld) ¥¥'crc dctcじtcd in Miyakojima and (8) Gifu. Grccn 

Il uorcおじcnt 日 gn川日 on chromosol1lcs A and F sho¥¥' thc 45S rDNA loci. Rcd Iluorcsccnt 

別 gnはい on chrnmosol1lc A sho¥¥' thc 5S rDNA locus. (C) Mcrgcd imagc 01' chromosoll1cs and 

引 gnals obtaincd ¥¥'i lh 500 cDNA じJoncs as probcs. (D) Enlargcd imagc or part 01' lhc 

chrol110S0ll1C \\ ' ith ぉ ignals indicatcd b) thc arro¥¥' in Fig , 3C. 8ars = 5μm . 
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Figurc IV-4. Quantitati¥'c chromosomc maps ¥¥'ith thc addrcsscs (Miyakcリ ima and Girll) 

bascd on the stCPs. CEN , p, q sho¥¥' ccnlromcric position , short arm and long arm , 

rcspccti¥'cly. Numbcrs 1 to 6 arc thc chromosomc nUl11bcrs bωcJ 011 thci r Icngths , and A to 

F indicatc corrcsponding chromosomcs bCl¥¥'ccn thc 1¥¥'0 acccssion日 . Gray bars rcprcscn1 thc 

condcnscd chromosomal rcgions , ¥¥'hilc solid bars rcprcscnt thc hca\ ・ ily じo l1 dcnscd rcgionぉ.

Thc opcn bars corrcspond to dispcrscd rcgions 01' thc chromosomcs. Thc po引 tions 01' 45S 、

5S rDNA loci , and faint , llnstablc , small condcnsations (FUSCs) arc sho¥¥'n by doublc , 

singlc opcn and solid circlcs on thc maps , rcspccti\'cly , 
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Chromosol11c A: Mi yak<リ I ll1 a Chrol11osomc I ¥¥'as lhc longc只 l 汎Ibtcloccnlric Chromosomc D: Mi ぅ 'akojima and Gil"u Chromosomc 4 ¥¥'crc I11claccnlric I"or both lhc 

chromo~oll1 c. II had hca¥ Ilうじondcnscd rcgion討 lhroughoUl はllllosl lhc ¥¥'holc rcgion 01" lhc acccSS lOns , Condcnscd rcgions ¥¥'crc localcd al thc pro.'¥imal rcgions and , in lhc じasc 01" 

日 horl arlll and lhc pro¥imal rcglon 01' lhc long arlll. Gil"u Chrol11osol11c 3 ¥¥'as Mi yakoji ma FUSCs ¥¥'crc localcd on thc tcrmi nal parts 01' both arl11s. 

汎Ib l11 ctaccntric ， and had hca\'ily じondcnscd rcgionぉ on both arl11s. Allhough thc patlcrn 01" Chromosomcs E and F: O¥'cr all morphology , Chromosomcぉ E and F ¥¥'crc simi lar to 

thcωndcn日cd rcgions \\ 'はお similar to Miyak(リ ima Chromosoll1c 1, thc distal rcgions 01' thc cach othcr. Both Chromosomcs E はnd F ¥¥'crc small-siχcd mctaccntric chromosomcs. 

long arm ¥¥'crc L)UltC dilTcrcnt bct¥¥'ccn Miyak叩 ma and Gil"u Chromosoll1c A. Miyakojima Pro.'¥imal hca\'ily じondcnscd rcgions on thc 只hort arms 01' both Chromosoll1cs E and F ¥¥'crc 

Chrol11osol11c I had t¥¥'O l110rc condcnぉcd rcgions at lhc di 乱立 I and tclomcric rcgions 01" thc largcr than thosc on thc long arll1S in both acccssions , Thc hca¥'ily condcnscd rcgions ¥¥'crc 

long arm 、 \\'hcrcas Gifu Chromosomc 3 had no such c.'¥lcnsion 01、 thc chromosol11al long locatcd at thc pro.'¥imal rcgion 01' thc short arms only in Miyakojima Chromosolllcs 5 and 6 

arll1. Thc distal pω-t 01' lhc long arm might ha¥'c bccn loSl during phy'logcncti じ and lhc proximal rcgions of both arms in Giru. A small Lcrminal condcnscd rcgion and t¥¥'o 

di Ilcrcntiation. Both thc 45S rDNA and 5S rDNA loci ¥¥'crc locatcd on lhc short arm 01' FUSCs ¥¥'crc obscr¥'cd on thc long arm of Miyakojima Chroll1osomc 5. A sll1all 45S rDNA 

Chro l11 oぉO I11 C A in both はじccsslons . locus ¥¥'as dclcClcd on thc short arm 01' Chromosomc F i n both acccssions. 

Chromosoll1c B: Miyakojill1a Chromosomc 2 ¥¥'as thc sccond largcst subtcloccntric 

じ hromosolllc ， ¥¥'hiJc Gil'u Chromosomc 1 ¥¥'as thc largcst submclaccnlric chromosoll1c Differentiation between Miyakojima and Gifu 

はmong thc 6 chromosomcs. Condcnscd regions ¥¥'crc distri butcd along most parls of lhc Thc DNA contcnt pcr haploid gcnol11c 01' L japolliclIs Gi fu ¥¥'as rcportcd lo bc 0.5 pg 

日 hort arms of lhc l¥¥'o aじじcsslon只 Thc pro.'¥imal rcgions 01' thc long arms ¥¥'crc hca\ ' i!う ' as detcrmincd by microdcnsitomctry (482.5 Mbp) (Chcng and Grant 1973 , Sλ-Borsos 1973 , 

じondcnscd . Thc hcωily じondcnscu rcgions on thc short arms arc largcr than thosc on thc Bcnnctt and Smilh 1976). Thc cslil11aled genomc siχc is similar to thal 01' thc ncc gcnomc 

long arms. (Arumuganathan and Erale 1991). 1 n lhis study, dillcrcnl gcnomc siχcs wcrc oblaincd 1'01' 

Chro l11oωmc C: Miyakojima Chromos�l11c 3 and Gifu Chromosomc 2 ¥¥'crc lhc t¥¥'o acccssions , Mi)'叫cojima (472.] Mbp) and Gil'u (442.8 Mbp). Thc 29.7 Mbp largcr 

mclaccnt l'l c 、 孔nd thc siλcs 01' thcsc chromoso l11 cおれ 'crc si mi lar bctwccn thc t¥¥'o acccssions , gcnomc Slχc 01' Miyakojima could bc accounlcd 1'01' by an incrcasc in hctcrochromatic 

although Miyakojim孔 Chro l1l 0S0 ll1 C 3 had a fai nt 、 unslablc 、 and small condcnsation (FUSC) rcglOns only in Miyakojima. Hclcrochromatic rcgions arc oftcn cluslcrs 01" tandcm 

は l thc lcrminl 01' both anns. Hca¥'il) condcn只cd rcgions ¥¥'crc also dilTcrcnt rrom cach rcpeatcd scqucnccs as sho¥¥'n in thc casc 01' Tandcm rcpcat ぉcqucncc A (丁目A) 01' Orvご(/

olhcr. Miyakojima Chromo刈mc 3 had hc山 il) condcn日cd rcgions on both shorl and long sa!lVα(Ohtsubo and Ohtsubo, 1994). Thc 丁目A is similar lo morphologi じはlI y thc lcrminal 

山'ms ， \\ ' hcrcωGifu Chromoメomc 2 had only onc hCé1\ ' ily じondcnscd rcgion on thc short condcnsation 01' Miyakojima (Ohmido and Fulく ui 1997). Ohmido el al. (2000) cOl11parcd 

arl11. t¥¥'o ricc typcs , lndica and Japonica, and I"ound that Indica ricc has 6 丁目A si tcs al thc cnd 01' 
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12 じhro ll1 o日)Il1 C人口' hilc Japonica ricc hはお:2 TrsA 日 tcs . In addltion 、 thc gcnoll1c 01' Indica 

n じC IS は largcr by 37 Mbp duc to thc aじじ u ll1 ulation oJ ‘ othcr rcpcatcd sC4ucnccs i ncl uding 

丁目A (Ohl11ido e1 (1/. :2()()()). Thc obscr¥"ation that tropical or subtropical Indica ricc has a 

largcr numbcr 01' TrsA than thc tCl1lpcratc Japoniじは ricc is consistcnt ¥¥'i th thc rcsul ts 

obtai ncd , i.e. gcographiじal distribution I_o!lfs 日 pccics and thc nUI11 bcr 01' thc FUSCs anu 

gcnol1lc Slλcs 

Chcng and Grant (1973) rcportcd thc karyolypc of L japollin/s as l�'c pairs 01' 

submclaじcnlriじはnd onc pai r 01' mct孔ccntric chrol11osoll1cs. A I though i nlra-spcci l� c 

¥'ariation 01' thc karyotypcs among LO!lfs ぉpccics ¥¥'as not rcportcd in Il1claphasc 

chro ll1 oトmmcs ， dilTcrcnl katurcs 01' Lollfs じhro ll1 osomcs ¥¥'crc rc\ "Calcd , ¥¥'hcn thc 

promctaphωc platcぉ 0 1' thc t¥¥'O acccssions ¥¥'crc comparcd. For cxampJc, Chro ll1 o只O Il1 CS 1, 

3 、 4 and 501' MiyはkOJima carry FUSCs c10sc to lhcir tcloll1cric rcgions. Thc FUSCs could 

bc ObSCIycd ¥¥'hcn Miyakojill1a chrol1l0S0l11CS ¥¥'crc only at thc promctaphasc stagc. No 

FUSCs ¥¥'CIT obscn'cd in Gifu chrol11osomcs. Thus , ¥¥'C concludcd thal thc promctaphasc 

じ hromoヌomcぉ arc suilablc ror analysis of minutc morphologiじal charactcristics among thc 

Iρ! IfS じhro l11 o只O I11 CS . FISH rcsults using rDNAs as probcs rurlhcr supportcd thc 

idcnti lïcatiυn bう ' じonucnsation paltcrn只 Espccially ， Chrol11osomcs A and F could bc 

iιlcntiricdωMiyakojima Chromo日omc 1 and Giru Chromosomc 3 , although thc simplc 

chromosomc Icngth 日 \\'crc 411itc dilTcrcnt rrom cach othcr. FISH ¥¥'as cJTccti¥'c to 

disじ riminatc bct¥¥'ccn Chromo只omc只 E and F , bccausc Chromosomc F has onc small 45S 

rDNA 10CllS at thc proximal rcgion on thc short arm. 

I n thc prcscnt studぅ 、 t\\'o ki nds 01' rDNA loci ¥¥'crc 10じatcd at 引 milar positions on thc 

samc chromosomcs 01' thc t¥¥'o acccssions 、 よ11thOllgh thc posi tions and numbcr 01' rDNA loci 

ha¥'c bccn rcportcd to bc qui tc ¥ ariablc c¥'cn among phylogcnctically closcly rclatcd spccics 
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(Shi ぉhido e! a/. 2000). Thc similar rDNA locations rcprcscnL rurthcr c¥"idcncc thal thc 

LO!lfs gcncs arc locatcd at similar positions on chrol11osomcs bcl¥¥'ccn thc t¥¥'o acccぉslons .

Localization of 500 cDNA on chromosomes 

Thc FISH signals using 500 DNA cloncs as probcs ¥¥'crc dispcrscd on all じhroll1 osomal

rcgions cxccpt ror thc ccntromcric rcgions (Fig. 1 V -C ,D) . Thcy tcndcd to bc conccnlratcd 

as small signal CI ustcrs i n dispcrscd rcgions of thc chro l11 osomc, ¥¥'hich corrcspondcd to lhc 

rcgions sho¥¥'n by ¥¥'hi lc bars on thc chrol11osol11c maps. A 1 though furthcr stuuics arc 

ncccssary , thcsc obscr¥"ations suggeslcd that lhc cxprcsscd gcncs locatc on latc condcn只cd

regions on thc Lollfs じhromosomcs similarly lo thc barlcy chrol11osomcs (KUnl.cl el a/. 

2000). 

The rcsults obtaincd in this stlldy prO¥'idc uscCul inl'ormation l'or gcnol11c anal :y川) ol' 

L japolliclIs. 
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IV ・4. Summary 

Gcnol1lc and chrol1l0S011lC dll1lcnsions ¥¥'crc dctcrl1lincd u引 n 2. t¥¥'o aじじcssions 01' 
と

LollIs ja/)ollicf( s , Mi)・akoji III は MG-20 and Gifu 8-129. Thc gcnomc sil.cs 01' Miyakojima 

and Giru ¥¥'crc dctcrmincd as 472.1 and 442.8 Mbp , rcspccti¥.cly. Both thc acccssions 

¥¥'crc di ploid (211= 12) and si.\. じhromosomcs ¥¥'crc idcnti l�d and charactcriιcd bωcd on thc 

condcnsation pattcrns and thc 10じations 01' rDNA loci. Thc ob¥'ious polymorphism 

obぉcr\"cd i n thc gcnomc siλc and thc chromosol11c morpho[ogy bct¥¥'ccn thc t¥¥'o acccssions , 

\ ' calcd ぉ pccilïじはじじしI l11 u[ation 01' hctcrochrol11川川 in Miyakojima or c[ill1ination in Gifu 

Thc chromosol11cs L ja/)ollicf(s ¥¥'crc numbcrcd according to their [cngth , Quantitati¥"c 

じhromoso l1l c Illap 01' t¥¥'o acccssions ¥¥'crc also dc¥'c[opcd by thc imはging mcthods usi ng thc 

di gl tal data 01' lhc じondcnsation paltcrn. 45S rDNA loci ¥¥'crc localiχcd on Chromosomcs 

A and F、 and 5S rDNA locu只 ¥¥'as [0じ込[iχcd on Chromosol11c A by 11 uorcsccncc ﾎJl silfl 

h ぅ bridi/.alion (FTSH) Idcnti ri じation 01' thc chrol11osoll1C and gcnomc siχcs and 

dc\ ・clop ll1 cnt 01‘ thc 4uantiLati¥'C chromosomc map rcprcscnt significant contribution Lo thc L 

jψ川IÎC f(S gcnol11c projcct as thc basic inrormation. 

CHAPTERV 

Conclusion 

This study has bccn carricd out to rcscarch p[ant gcnomcs usi ng thc advanccd 

mcthods 01' imagc analysis and molccular cytology. Cytologica[ chromosomc maps ot、

three plants, Arαbidopsis lhaliω1α) Lolus jαponicus and spinach (Spinacia olerαcω) havc 

bccn developed , as thcrc arc no chromosomc maps dcvc[opcd for thcsc plants, although 

they arc di11、crcnt in status 1n their genomc analysis , Thus thc dcvclopmcnt 川、 thじ

chromosome map is only a method enabling the localiχation 01" gcncs or markじr DNAs 

through the entirc genome in thc case of L. jαponicus and spinach , Thc quantitativc 

chromosome maps 01' the thrce plants were succcssfully dcvclopcd by imagc analysis , and 

mappcd physically genes on thc chromosomc maps using FISH mcthods. It was a 

prerequisitc to obtain as many good chromosomc samplcs as possiblじ for FISH cxpcrimcnts , 

For this purposc, sevcral conditions 01' the growth of roots from young plants, and thc bcst 

conditions for pretreatment to collect cclls at mitotic staσe wcrc cxami ncd. Thc I1lcthod 。

for prcparing chromosomc samplcs was improvcd bccausc promctaphasc chromosomcs arc 

long and are difficult to bc sulIicicntly sprcad. Sccondly , imaging tcchnology was adoptじd

to confirm thc accuracy 01' the chromosomc maps. Signal positions in J¥. lhαliαnαwcrc 

mcasurcd using CHIAS 3 aftcr modit�ation of thc program. Thirdly , FISH proccdurcs 

werc improvcd, cspccially thc dcnaturing conditions 01' chromosomal DNA in ordcr to 

achievc distinct signals on chromosomcs by FISH. Thc improvcmcnt and dcvclopmcnt 01' 

a11 thcse basic cytological mcthods cnablcd thc succcssful dcvclopmじnt 01' chromosomc 

maps. 



In Chaptcr 11 , it wω t"ounù that thc mcthod bascd on th じ condcnsation pattcrn in 

promctaphasじじnalヲ lcd a11 thじ() chromosomcs of spinach to bc distinguishcd. 

Chromosomじ l じngths， arm ratios and thc dcgrcc of condcnsation at promctaphasc 

chromωomcs wcrじ anれ1a内l

In this stuùy , th じ FISH mctho� was tﾏrst applicd to spinach chromosomcs. Thrce 45S 

rDNA loci wcrc dctcctc� at tcrminal positions 01、 short arms 01‘ Chromosomcs 2, 5 an� 6. 

Thrcc loci 01" 5S rDNA wcrc also found at thrcc locations al thc long arm of Chromosomc 2 

an� 5. 

Small chromosomcs of A. thaliana had limitcd uscs in thc cytogcnctic study. In 

Chaptじ r [Il , fivc chromosomcs arじ charactcöχcd ， and 45S and 5S rDNAs dilTcrcnt colors on 

thc chromosomcs arじ simultancously dctcctcd by tcchnical improvcmcnts. Thcrcrorc, a 

quantitativc chromosomc map was devclopcd with acじ uratc localization of 45S and 5S 

rDNAs using imagじ analysis. A suit of thrじc maps , linkagc and chromosom(二 maps and 

nuclcoti� scqucnccs arc now dcvclopcd in A. thalianαIn thc futurc , thcsc maps wi11 bc 

adcquatc for thcir purposcs. Mapping gencs on chromosomes using FISH is a powerful 

tool for invcstigating thc sitcs of transgcncs, translocation and rccombination 01' 

chromosomじ Sじgmcnts.

ln Chaplcr IV , thじ dctじ rmination of thc gcnomc sizc 01' L. japonicus was carricd out 

using llow cytomctry. Consequcntly, it was shown that the genome siχc 01' one accession, 

Miyako.i ima, was about 30Mbp largcr than that 01' thc other acccssion Gifu. Although 

clcar ditlcrじ nccs in karyolypcs bctwccn Miyako.iima and Gifu bascd on the quantitativc 

chromosomc maps dじvclopcd wcrc rcvcalcd, lh じ successfu1 identification 01、 both

chromosomじs 01' Miyako.iima and Gifu was achicvcd using the CP 01‘ thc chromosomcs and 

rDNAs positions mappじd by FISH. Morcovcr, it was cstimatcd that th心じxprcsscd gencs 
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wcrc localiχcd at latc con�nsc� rcgions or tcrminal rじgions on thc L juponicu τ 

chromosomω by FISH using 500 cDNAs as thじ probc . This m川じじular cytogじnじtic

ini'ormation will bc uscrul for advancing gじnomic analyscs in L japonic~川\

Thじ dcvclopment 01' quantitativc chromosomc maps, as shown in this study , is a 

basis 01' and is uscful 1'or gcnomic and cytogcnctic rじSじarch . Thc ùcvじlopm じnt of a 

multicolor FlSH mcthod has bccn csscntial for progrcss in thじ analysis 01' th じ physical

mapping of gcncs and thc ordcr of gじncs on thじ chromosomc . It will じnalヲ Ic us to 

understand thc rclationship bctwccn thc actual chromatin structurc and thじ chromosomc

map. A distribution pattcrn 01' individual gcncs and rcpcatcd sじquじ ncじs will contributcd to 

thc undcrstanding of physical organiχation an� gcnomc dynamics of thc chromosomじ and

nuclcus. It is anticipated that thc quantitativc chromosomc maps, as shown in this thcsis , 

will be invaluablc 1'or both basic gcnome rcscarch , such as localizing uscful gcnじs on 

chromosom(二s ， and also on thc appHed sidcヲ such as systcmatic brccding in じrop plants. 
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