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AGCTTGATTTGGATACATAAAGTGGCTGGAGAATCACCAGGAAGT
TGAATAAATCTCATAGGAGTTGGCATGAAGAAGTTATCCCACTT
TCAAATCAGGTGATTCCAGTTTCCCAGTTTGGGAATAGCACAGC
TTCTTCGTCGTTCCAATCAAACCAGGATGAATCWCTTTGTRARA
AGCT

FIG. 1A

AGCTTGATTTTGATACATAAAGTAGTGGAGAATCAYTWGGAAGT
GGAATAAATCTCATAGGAGTTAGGATGAAGAAGCTATCMCACTT
TCAAATCAGGTGATCCCARTTTTCCTGTTTGGGAATATGACAAC
TTMTTTGTCATTCTAATCAAACCAGGAWGAATCGCBATGTAARA
AGCT
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AGCTTGATTTGGATACATAAAGTGGTGGAGAATCACCAGGAAGT
TGAATAAATCTCATAGGAGTTGGSATGAAGAAGTTATCCCACTT
TCAAATCAGGTGATTCCAGTTTCCCAGTTTGGGAATAGCACAGC

TTCTTCGTCGTTCCAATCAAACCAGGATGAATCACTTTGTRAGA
AGCT

FIG. 1D
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KGAATAAATCTCATAGGAGTTAGGATGAAGAAGCTATCCCACTT
TCAAATCAGGTGATCCCARTTTTICCTGTTTGGGRAATAKGACARC
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CGAG

FIG. 2A
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CCCGTAATATATCGAGACGCTCGAAATTGAATRYTGAAGCTCTG
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CCATCACGGGTTTTCTGGGCCRTTTGGAAGGTCAAACGAGCCCC
GGAGCGAGCATACGCCTCATTITGACGATTTTCGTGTGCTATTG
CACACCATTTTTTGGGTGATCGGGATTCCGACGTCAAARAATGCC
AAATTTGTTCGTGGACGTCCGTCAAGACGTTGTCTATGCATACG

GTTGG
FIG. 3A

CCATCACGGGTTTTCTGGGCCRTTTGGAAGGTCAAACGAGCCCC
GRAGCGAGCATACGCCTCATTTITGACGATTTTCGTGTGCTATTG
CACACCATTTTTTGGGTGATCGGGATTCCGACGTCAAAAATGCC
AAATTTGTTCGTGGACGTCCGTCAAGACGTTGTCTATGCATACG

GTTGG

FIG. 3B
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GGCCACACAACCCCCATTTTTGTCGAAAATAGCCATGAACGACC
ATTTTCAATAATACYRAAGGCTAACACCTACGGATTTTTRACCA
AGAAATGGTCTCCACCAGAAATCCAAGAATGTGATCTATGGCAA
GGRAAACATATGTGGGGTGAGGTGTAYGAGCCTCTGGTCGAYGAT
CAAT

FIG. 4A

GGCCACACAACCCCCATTTTTGTCGAAAATAGCCATGAAYGACC
ATTTTCAATAATACCGAAGGCTAACACCTACGGATTTTTGACCA
AGAAATGGTCTCCACCAGAAATCCAAGAATGTGATCTATGGCAA
GGAAACATATGTGGGGTGAGGTGTAYGAGCCTCTGGTCGATGAT
CAAT

FIG. 4B
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GGTTCCGGTGGCAAARAACTCGTAGCTTTGTATGCACCCMGACAC
CCGTTTTCGGAATGGGTGACGTGYGACAACAGAAATTGCGMGAA

ACCACCCCAAACATGAGTTTTGKACCTAAAGTAGTGGATTGGGC
ATGTTCGTTGYGAAAAACGAAGAAAT

FIG. 4C
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Chromosome 2
marker or marker
Sequenoed | macker poiaxt Marker [propectes,
doac same pair locaGoa Lpdﬁo- Forward Primer Reverse Primer
I AGOGCTGGGATGGGT {TTAATGOGGCAATGGCTGA
TBEH | TI3ELLOU|  peimer 17552385 JLan & Col YGGTIG ACAAG
GGTTGCGGTTACTA|TATGCATGOGAGITGG GG
TUOEN [ T13E1130] pimer | 30628-31270 fLan & Col CATGGGTTTCAG AGGTAAAG
AACDCCOGTAAATTA JOGATAOGGGCATGACTCCA
TIEN | TI3E1148] primer | 4813748969 [Lan & Col AAQCACAC G
ACGGOGGTTGAGAGG JOOOCAAACGCAGCAAGAC
TEN | TI3ENL63] primer | 6388664530 JLan & Col AGAAGC AATC
AACAAAACAAATGOC [CTOCGGTOGCAAAGTTACA
TUEN | TOEN78] pimer | 78190-78878 {Lan & Col AGGTCAGG TACAG
: GTTAODCCGGTOCTGA | TTGGGGAGCAGGATTTGAT
TI3EN | TI3ELE93] peimer | 93907-94579 (Lan & Col GATTGAG GTG
ICAGGOGATTGTCTTTT [FTTYGCYGGAACGGAGGGA
FIC21 | E23C21.18)  primer | 18383-19057 {Lan & Col ATAGGCTGTAAG GTAC
ACAAAAGOOGAACTC [TGOCTGGTITGATTATIGCT
F21C21 { F27C21.02{ primer | 25703293 Jian & Col GTGGAAG IGAAAG
AATGCTTTYGCGACTC [TTGTTATITIGGGTTITGGG
A6 | PAI6T1 | pimer | 71978-72592 [Lan & Col TTTTGAL TIGG
OGCAGGOGGCTACTT JGATGAATTGATCOGTTGIT
PAL6 | PAI6SI | primer | 53253-53921 |Dom GTITG TTATGTICT
CAAGGOGGGAAAACA |AATTATITTCAAQGGCTCT
PIALS | PAL638 ] primer | 3711637733 L)mn ACTC TTACC
GTATITAGCATTATGT [GCTOCTTGOGTATTICITCAG
PAI6 | DAL | primer | 2216622889 [Dom TAGTCIGITAGTGG __JC
GATCCAGCAACCTTA {GATOCCTCAGTTOGAAATC
PAL6 | PAIGO) 33084091 [Lan & Col GOCTCCTTC AATCTTC
AAGGCATCAACGTTIT
TSM2 | mito border]  marker 17685 IDom GTGTG . [CTACCAGGTAGGTGAAACG
ATTATIGGCTGCTGCA JAGGGOOGGAGCTOGTATGG
TSEY_§ T5E123 | prma §109092:109688]{Lan & Col CTTCTGTCAC A
: TCTOGGGAGTAGGGG JOGGTCGOCCTOGTTICTGTA
TSET | TSE1L73 | pama | 73466-74120 {Lan & Col ICTTTGITCTG TCIG
AGGGGGCTTACAAGA [TOGOCAATGAAAGAGGGT
TSE? | T5E158 } pamar | 57942-58583 JLan & Cal ATGAAC AG
. . | GTAGOOGGCTCAGTCTJCTAAATOOOGAAAACOCAA)
TSE? | T5E140 | pimer ] 4091341537 Jian & Col ICATAACATC AOCAC
lOGAATTOCTTCAGATG
TSE? | mitobordar]  marker 13507 jDom ATGC TIGOCTTACCTATACOOGAC
AAATGGCAGAAGCAG [TAATGCAAGGGTCTOGTAA
TSE7 | 156102 | pimar | 29193585 {Lan & Col AAGCAGGAATAG ITGGAAATG
IGTGTGGOCTOGTGTGA|AGTTTGCTTOGTTGCTTGCT]
TI22 § 1120201 | peimax 1373-1998 _ {Lan & Col {OCTGAC TATTATG
[CTGGOOCATOCCTTAT JAGOGCAATCAAGCTATOCT
TI202 | TI2s219 | peimar | 19369-20038 {Lan & Col ICGGTTTAC TACATA
] AOCTCODOCACACTTA JCTCAGAATOOCAAAACAGA]
T1212 | 1121237 | primer } 3775038359 JLan & Cal AAOGACACTG IGOCACAC
TGAATGCTATGAAAG |AGACGGCTAGTGATITGGT
TI2R . | ATEDAS?!  marker 50592 Lan & Col ATGGATGAAAC GG
l AATOGGGCTOGGTTGT| A TGGOGCAATCAAAAGCA
T1252 | 1120256 | peimer | 5645557533 JLan & Cot GTAGAAAC ATCC

FIG. 14A
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] ACTTGTAGGOOCTTTG [TGCTTTGTGTTGCTTTGATT
Ti2n TI2273 pamer 73911-74556 jLan & Col ATGTTCTG ATTCTATTAG
ACGAACCOGACGAOC JACGOCTTTGATIOCATITCH
TiI6c8 | T14c81 § pima | 88629544 fLan & Cot ACTG TACC
, GAOGGGTTGAAAGAA |AGAAGATGATGGCAAGTT
TIecE | T14c86 | mimer | 10837-11485 Jian & Cot AGCACAG ACGAAGAG
\OGACCATTCAOGAOOJAAGOOCATTCAAAAGAGTT]
TI14C8 TI4CR7 primer 4533446016 {Lan & Col ATAC AGGAGAG
ATAGOGTCA! AOCCCTTTTGCITGTATITIC
TI4C8 | T14C83 | peimer | 4667247283 Jlan & Col HTTCAG - GIG
ICAAATGGGOGGAGGG [TGTGGCAAGTCATGGGTAA
TI4C8 | TI14C88 | primer ¥ 4883349538 [lan & Col GG _ AG
] 'GGTGOGGGAGAAOGA JOOGGTITCTGOGATATITG
T14C8 | 11489 | poimer | 71115-71878 {Lan & Col [1GAC IGITAG
TTOOGOGOUCAAAAG JAGAGTCAAGCOCAAGCAAT
T14c8 | T14C8S | peimee | 7384174456 Jian & Cdl GTG AACAGG
AAGAAGGCTGGAAAT JGAGOGGAAGTAGATGCAG
T14C8 | T14c84 | pimec | 75442-76122 JLan & Col TGGTTGAG AATGTC
AAGGTOOGGOGGTGG JGGGTOGAGTGATGTGATIG
819 | F1819.1 | prima 308757  |tLan & Col TGAG AGTG
) TAACGTCATCAGOGGTTTACAAGOGAGAAAAGAT
FIB19 F7B19.12 pomex 13831 Lan & Col AGGAAAC IGAGAAGC
| COOOGCTGAACTGACT] TOOGOCCAOOGATAAGATA
FIB19 FIB19.27 pomer 27033 Lan & Col GACTACGAG QGAC
GCTOGTTGOGGTTGCT
819 | F18192 | pimer | 30189-30791 Jian & Cot GTTC OCGOGGTGGCIGCTTITAG
CAGGGAAAGTGGTTG [TGOCTCTTOOGGAACTGGT
FiB19 FIB19.43 primer 43142 Lan & Col GATTGATG G
ATITGITGOOCATOGT [TTATCAATGTATTTOCOCCTA
FIB19 FiBi193 primer 55446-56209 |Lan & Col OCTIC TGTATC
TTGAAGAATGOGCAT [TCTGGGATGAAGAGAAAG
F7B19 | F7B19.59 { primer 39771 Lan & Cot AGOOGTAG AGAACTGIC
AAAAACOGTGAGACC [TCCAAATOGOGAAAGTGAC
FIBl19 FIB19.4 pamer 70859-71492 {Lan & Col ICATAAATG AG
ATAACOGAAGAAGOC JATOCGGAGACGAAAATGA
FIB19 F1B19.T7 pOomer 77633 Lan & Col IGAGAAATC ACTITAG
TOGATIGOCAGCAGA [TGGGGGCTTGTAAGGAGG
£7819 | F1819.95 | primer 95351 {Lm&Col GTCAGAAC AGTAAC
AGATGGGGTGCTATTC] GOGGTOGAGTGATITGCTG
7819 | F1B195 { peimer | 98977-99658 |Dom? TTGTATG TAG
AGGGOGAAACTTTGA |[TATOGGGTTITTGAAGAGGG
F1819 | F1B19.6 | pimer §112337-113039]Lan & Col GAGCAC AAGG
AGOGTCGGOGGTGTG TTGTCITCT
TisD9 TISD93 peimer 2985 Lan & Col GAG OGITG
 GCTOOGOCATCTOCTC |GAAGTOOCATGOCTATOOC
TI5D9 TISD9.1 peimer 12299-12914 |Lan & Col IGTC G
LAST
RBOOMBINANTIGAGOOCTTCTATGAGCJAGAGATOOOCTGTTACTAA
Tis09 | TI5D9.19 | MARKER 18991 La [CTACCIGTTIC AGOCTATICTG
l ATGGGGTAATOGAAT JOOCTAGGGCATOOGTTTIT
TI509 | 715092 | piimer § 3710337728 JLan & Co AGTGTGGTC ATCTC
OGGAGAAAGTTGGGG IGAGAGGTTTGGGTIGGGCT
Ti509 T1509.3a paimcy 52189-52841 jCol IGITAGTVG TGTAG
lGCTGOGAAOCCACAC ATGTTATOGTOGOOGOGTT
Ti5DY TISD955 pemex 55134 flan & Col TITGCTC TTATG

FIG. 14A (cont’d)
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1 AACOGGTTGATAGTA
1509 _§ TI5D9.73 | paimer 72993 © L& Col IGAOGAGATG TAGAG
Mmmmﬁcgmmmmuc
TI509 ) 115094 | primer | 73930-24552 |Lan & Col TGAAG
TOGGAAAGGCTYAGAG JATTGGACTATATGGGOCTC
TI5D9 § TISD9S | primer | 3672481494 fLan & Col ATGGGTAACTG C
HTTGOGGATATICTAA [TACTATIGOGCTGCTGTTG
TI5D9 | TISD993 | peimer 93763 Lan & Col AGGTGATG AGG
, \GGATOCAATGOOOGTTITOGAGGGAGGATGCTGAGT]
FIK9 FIKS3 pamx | 21647-22236 i & Col ATGATG ATG
GOGGOCATCTC TTCATAOOGOCACAT
FIK9 FIK92 | primer | 1221612843 jLas & Col
ACTATGOGTGGGTIGG
FIKS FIK9.1 peimer 35904226  f{Lan & Col GGGGCATGOGGAATCTC
t ] JAGOGAGGTTATCTATCIGATTAGGTOOGCTICITOC
FI2P2 | FIZP233 | primer | 61772-62430 |Lan & Col AGGGTTG AGTITAG
ICITCATTIGCATCATC GTCTGAGGCIC)|
FI2PD | FI2PDS | piimer | 4487045511 J3a & Col ATTAG
'AOOCATGOCTTGACT JTTCTGAACGTGTGTGTICT
F12P23 | F12P34 §  pimor | 4088041507 JLan & Col ATTTG
l CTAA TOGGGAAGAGTGOCTAAG
FI2PDB | F12P232 | piimer § 22431-23107 JLan & Col [TGGGAAC AG
IACAATGGCAACAATG ITTOGGGTOGTTGTIOCTAA
Fize | Fuze3i §  poimar 33524026 {20 & Col TAG AG
CTOGGTCTGGTAATGT
T4DS T4DES | pimear | 81647-£2250 Jisg & Col IGAAGIGGT ATAOGTOGOGGGAGTTGAG
LGOOOGTCTGOCATCTC CAGOCACA
T4DS T4D83 | pri 4714647883 {Lan & Col TATC A
AAACTOGOOGOCTOGTIAGGATAAACOCATAGCITG]
T4DS T4D82 | peimer | 2184822453 §lan & Cot \GTAAC AOCAG
Mmmr TATAAOQOOGTOO0GT
TDS T408.1 | pimer | 18915-19589 {Lan & Col G

FIG. 14A (cont’d)
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macker oc imacker
Sequenaed]  marker priner Moarsker propartics,
done azme paic loaation G Focwacd Primer Reverse paimer
Lan & Col [TTTGTTACOOCTITGGC]AAGGGGACACGCAC
TSHR2 | T5H2200 |  peimer 248-265¢ [TOGGACTGG AAAAACGCTCTC
'GTCGOOCTTGGTCTAG JCTGTICGTOGOCTTC
TSHR | TSH 21 | poimer | 21508-22868 Dom  JTAAATGG TGCTG
TTGOGAGAAACTTGOG JTTAGAAAAGCATOG
TSHR [TH22413] pima | 35072-35719 {Lan & Col  JAGGAACATC GGCACQCAAAC
CTOCCTOGCATA GTTGOCAAAGTTCT(
TSHZ? ITSH22414] primer | 6440465591 Do |TGACTG TACGATIC
TCAACCTAAGGCAAAT [TITAATGAAGGOOC
TSHZ2 | TSH2265 | peimer | 65036-66470 [Lan & Col  {TTTCTAAG AACACC
\GTGCATGGOCTAAACA JGTTCTCATAACGGGT]
TIM24 ] TIM2404] pamer | 48168214 [JLan & Col  JACAG ICAGTOC
ATGTTATGTTTACGTC ATG
TIM24 | TIMUA6] piamer | 4624047868 |Col Dom  IGGGGTTGIGTIG ATTTGTATTITC
TGAOGAAGAAGGGGG OGTGGTGAAAG
T25H8 | T25H801 | primer 18892953 Jlan & Col  JAAAAGITG  TAGGCTGTGAAG
ACTAAAGOOOCAACTG JAAAOOGOCACTACC
T25H8 | T25HR.17 | pimar | 1684617990 |Col dom AAGAGGAAG IGOCATAA
AATCGATOCOGTCTITC [CTTOCTGCAGCOGTT
T25HS |T2SH8 229! pamer | 22482-25074 JLex & Col _ JACCAAC ICTTC
L IOGGCATGAQCAAAOCC]AGGGGAAAGATGAA
T24MS | T24MB6S | pimer | 65402-66309 fian & Col [TAAACTC AGATGAAATAAG
TAATAAAQOGCTCAGC [GGGCTGCTOCAATCT
T2AME § T2AMBS54| primer ! 53851-34655 |Col Dom _ JCAOCACTCTAAG {OGCTACAC
L [CTTAAATTGOCOGTGA [GATGGAGTOGGCAA
T24M8 | T2AM8.43 ] peimer | 4243943274 JLan & Col _ [TGATGGTITG AAGATAGGATG
ACGAGAAGOGAAAAC JOGAACCTAAACCAA
T2AM8 | TUAMB 22| pimer { 72640-23386 {tan & Col AAGATAG ACCTAAACTGAATC
AGTTCTGGGGTAATT JATTCTTGOGTGTOOC
T24M8 | T24M8.09 ] paimer 5961-8374 Lhn & Col _TOCTCTCG TGGTGTAAC
AGACAGOOGGAAGCA [TCTOGCTGCTGGACA,
T2HHA [ T24H2482] primer | 82814-82890 fLer & Col  JATGGTGG I TACTCACTCAC
IGTTGAAGGAOCGGAGT| TGTGGATOGGTTATT
T JTUHA66] pimar | 66082-66765 JLer & Col  |TGTTAGAC GGAGGG
| OOCOCAGOCCATTGAG [AGOGGOGGOCTTGA
T2UHA | TUH2448] primer | 4783648636 Lex & Col  [TGAGTAG IGAGTATC
i \GGOGGOGTAGTTATGT JTAOCAOGGOOO0GA
TUA | TUHAI]  pimer | 11212-11867 Jler & Col  {TGATTGAG IGATACTAAC
TOGOGCAAATGGGACA JOGGGGAGGCTOGGG
121020 | T2102077| peimer | 77681-78420 [Lan & Cod _}OG AATC
ACCTGOGATAGAGTTG JCTGOCTTTGOOGATA
TZID20 | T2102064] pimer | 6419866686 Jier & Col  [TGAGITC ATAGTC
L OOGOOGGCTTATGCTG JGAAGAGAAATGOOC
T21020 | T21D2051] pimer | S1084-51783 {Lan & Col  [AG TGTGAGTOC
GTGATTOGCAGGACAT [TACATTTITGCAGCC
21020 | 121020.41] primer | 4120342770 JLan & Col  {TGAGTG ATITIGIG
TOGAATGGCTGAAAGA|AAAAOGGGTGGOGG
T21020 [ 127102006] primer 61076887 {Cot Do {AAAGAATAAGAG AGAATG
CGTCTCOOGTGAGGTG JATTITCATAATTATT
T19817 | TI9B17.96] pema | 96402-97060 Lun&Col GC TGGCGTGTGC
OGAACCOCATOCGAAC [TGOCACAACAAACT
T19817 { T19B17.77] peimer | 77318-78093 [Lan & Col  |TAAC CCACTATG

FIG
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l CGTCTFCATOGGCTTC GCGGAGGA
F14G16 1 F14G16381] piimer | 2290523604 {lan & Cot  JGTTCAG CTTG
AGOGATTGTACCOCCA [GCTOOGGCAATCTT]
F14G16 | F14G16.66] primer | 3768938299 Jan & Cot T1C TTOCTCTC
ACTTTGGGCAATGAAG JAACCOCTTAGGATT
F14G16 | F14G16.49) primer | 5415054777 JLan & Gol  JOGTATG ATTOGTAGIGTTC
TCTOGCAGTTGCAGAG JTODGOGAAGAGAAG
F28D6 | F14G1632] paimer 81728825 llan & Col JATGGIG AGTGATGG
l AGOGATTGTAOOOOCA JGCTOOGGCAATCTTC
F28D6 | F14G1666] pimer | 9445-10055 [Lan & Col fOCATIC TTOCTCTC
TGGTGTATTTITIGCITT [GTIGTTOOGCTATGG
F2806 | F1461616] primer | 24251-24873 [Lan & Cot  |GTTTCTCAGG IGGCTAAGG
IGTGOGGAAATGTCTGG [ AATCACTCAACCGE
2806 | F14G1601] prima | 3980140577 fjLam & Cot Locrc GAAACTCTATC
ATCAAOODOCAAATCA JAATOGOGGTTAGOC
F2306 | F280642 ] pimer | 4256543225 JLan & Cot GAAAC ACTTCATC
‘ ATTAT [TTOGGGAAGOCTGT
F28D6 | F28D6 50k | MARKER 50323 Col Dom _ [CTGAGTTG GGAAG
ACOOCGAGCTCAACTT |[GGACGGGAGATGGG
F28D6 | F28D658 | pima | 58994-59869 {ColDom  fCITAGG ATTACC
AGAATAGGAGCTGGG |ATACTTAGATGCAA
F2806 | £280676 | peimer | 7557177289 Jlana et faGGTCAAAC TGGGTGTGGTG
COOCATOCTGOOGACA [TACTOOGCATCATCT
F2306 | F28D0693 | primer | 9382394512 JLan & Col  [TAAAG TOCATCTCTTC
GAGGGGOGAGTAGTTG|OCTAAGOODGAAAC
F2806 | F2806.120]  primer 79858102 L& Col |AATCTGC [CAAGTGAG

FIG. 14B (cont’d)
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Chromosome (V
l AAGTCTGGGAAGAGG |ATAAAGEAEOECGC
T TUIS0 | primer | 50248-50937 JLan & Col |ATGAGAAACCC CCATCAATAG
GGCAGATACGGOGGGTITCTGAATOGCATCTC)
T32N4 | T32N4.09 ] primar | 1017511108 JLan & Col JOCATAC ICTOGTGTAAAG
AGCTGOOGTA JGCOGTTGATGATGA
T2N4 | T32N424 | primer | 24917-25724 JLan & Col JGAAG AAATAGGGTG
(OGOOCCTTCAGGTTAG [GTTTGCTOOOCTOOC
TI2N4 ] TIIN4AS | primer | 4584046451 JLan & Col  fTCC AGTG :
CTGGOGTAOGAGAGTG |ATGACCCTGTGCTTIT
TI2N4 | 1320446 ] primer | 4663747558 JCol Dom _ |CTTGTG [TGCTOCTC .
GOOCGGCTGGTGCT
T32M4 { T32M4.60 ] pcimer | 6077761645 JLan & Col ATTC
AAAGAAGOGAAACAA JGGAGACAAAGAAAT
T32N4 | T32N4.66 | pimer | 6649767374 |Col Dom TAACCATAG OGGCAGAGTAG.
CATGOCCGAATTACGA JGOGOCAAATCTICTA
Tind }rinzenid] pimer ) 114825-115648 Lan & Col OCTC AACAACACTC
AATGAATGGGAOGAA JGCATOODOGGTACT
TS24 | T152490 | pimer | 9066591646 JLan & Col  JAAOGAAACT GGTGAG
AATOGOGACTTTGOCT [TAAACTACTATOCCA
T4 | T192481 | peimer | 8092181638 }Col Dom  f1OC OCAOCCACTACC
GTGTATCGGGGGCOCAT |[GCTCAACATOGOCG
T4 | T12479 | primer | 7956980351 JLan & Col G CAATCT
GTATAAGOGC|TAAGCGOCTCACTTC
T8 | T12461 | primer | 6044061245 JLan & Col OCTA ACCATTG
AAGGAGCCACA|TCOOCAGACCTCTOG
T4 | T1NR4s1 | primer | 51061-51798 Jlan & Col  TAAG TIGAC
GGOOGGGAGTTGGTCA [TCAATTTCAATOCOC
Tii4 T1124.27 _pama 27855-28895 JlLan & Col TAAGG GCTGGTC
* HGGTOGGGCATATIGT [CGGOGCTGTOCCTG
TiRd | Ti423 | pimer | 2394324800 lian & Col  TTTICITGTG GTTOC
TTOCOOCAAAAATOGTT JACATCGOCTCTTCAA
TU24 | TIR401 | primes 6831663 jlan& Col  JcAGC COCACTC
anknown-uniquc| ACOCGAGAAGOCGATG]AAATTTGGGGGAGT
FHS | FoHB70 | primer seq  Jtan&col- jacc TGATAAGTGIG
GCTAAGOCATOCAAGT JGTTTGAGTCTTIGGC
FoHE | roHs.st | prime unknown  JLan & Col - JTCTGAG TITGTATGTTIC
OGTGCAGGGGAGTGTC | CAATTTCAATOCOOG,
FoHg | reHB94 | pimar unknown  |(an & Col- JGTG CTGGTC
(OGOGGCTGOCTTCATG JGOOCATTTGTOGOCT
FéHs | F6HB.114 | primer uoknown  |Lan & Col- JTATCTATC [ TATTCTATTC
TTTITGGGGATAGGGA [TAAGOGGAAGGAGA
212 | 21o82 | pimer | 8246383233 jLan & Col JTTGAGIGTG GGTTTGAAGUTG
TGCTGGOCTITGTCATHOOGOGGGGACTGOC
e | 21270 | pimer | 7041571220 JLan & Gl |TATTITGTC TACTIC
CCAGAGOOGGGGAAA [TAGODGGGGTGGTC
AR | 21268 | pima | 6387469938 fran& Cot  JoCAATAC [TOGTOG
TGACTATAGGGGOGG T TTGGCTTGGAGTTTG
R | 2250 | pima ]| 5028850891 Jran& ot jrGTGGTAAG OGTOGTC
ACCTTTCTTOCTCAACH AACOOCTTGGCATAT
P12 | 211248 | primer | 48960-50345 jCol CACCTCACC AACTCOGACTC
GTGGGGTOGAGTGGTG|GGATOOCCTGTTACT]
Fan § 29 | pima | 2989530702 Jtan & Gt |TGGTAG TAAGCCTATTC
AAAATCCTOOOGOGTC JCATCATOOCAATOCD
112 | 211202 | pimer 23133098 Jan& Cot  jaacarc AAATACAAGTC
AAACTTTOGOCACTCT JATTTGOGTAAGGOG
FL4G16 [F14G16.100]  primer 34964174 |Lan & Col  JOCTCTATTATG TTGATGACTC

FIG. 14B (cont’d)
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Chromosome IV
F AGCGGTCAATGTTICTT [TATOGOGGOGGAGT
TI9B17 {T19B1759] pomer | 59092-59808 JLan & Col JCAATGTOGTAG CAGGAG
CTGOOOCGACCACCTT {TTGOGGATTOGTTAT
TI9B17 | T19B17.44] pimcr | 4405744788 [Col Dom _ |TCAAC IGCTIGTICTC
ATOGOOGOOGTCTICTIJCAGGTTCAGOOOGTT
TI9BI7 | Ti19B1730] pamar | 30680-31352 ]ian & Col G JCAACTATAATC
TTTGOGTCTAGAG |GGSGTAGAAAGAAG
T19817 | TI9BI7.11] pimer § 11260-12044 (20 & Col JGTGGAGTGC GAGGGATAG
[CAOGGCATCATTCATC JGTAGGATOOGGCTG
T26N6 | T26N6.12 | primer | 12724-13462 Lan & Col  JAAACGAG AATAGIGGTGG
TCTTOOGATGACGACA JATTCTGCTGCTGCTG
N6 | T26N627 ] pimar | 2783928536 JLan & Col  JAOGACAC ATTOCTG
GACGGOCTITICATICHTITCATATITGCTCA
T26NG | T26M6.42 | pimer | 4399644639 [Colonly  ICACACAG [TCTAACOCCITC
.GOCTCGAACCCTACAC [AGTOGOCGTAGCAA
T26N6 | T26N659 | pimer | 5933359938 JCol only ICTCCAC ATGAAACC
ATGGGGOCOCTTITGACT JTOCGGAGACGATITH
T26N6 | T26N6T4 | primar | 74460-75083 Jlan & Cd  JACTGAG IGATGAC
TTOOOGCATGCATTAG [TTGOCATCATCTITC
T26N6 | T26N693 | primer | 93352-93986 JlLan & Cal  JTTCTTGTG TGTGTTIGTCTATC
GCAGACGOGAGGACA [CAGOCTAAGOCOCAT
FaH6 | FaH6.44 | pamer [ 4256743173 {Lan & Col JCAGACAG TIGTTTTGAAG
GTTOCAACGCTAGCAA JAGGGGCCAACATGC
FSH6 | F4H6.60 | pamer | 60209-60835 Jian & Col  JGGTCTG ACTACAAG
ACAAATCAGAGGOCCA|TGGGCOGAATAACA
FaH6 | F4H682 | primer | 82859-83642 Jtan& Cat  |aAGTCAATG GCAAGTOC
ATCCAAACGOCCAAAT{TTAAGTGOGGTGOG
F4H6 | FAH6.100 | primer | 100331-101001 Jtan & Co  |GTCAAC |GTTCAAATAC
ATGOCCATAAAGAAAGIOGOCTATCTTOGGTG
TI908 | T19118.12] primer | 12781-13435 JLan & Col  JOOCAGTC TCTOGTC
CAGOGCTGTACAGTGG JCGTGGGTCAGGTGG
Tiong | 11951827 pimer | 2809329954 {L2o & Col  ITCAAATG GTCAGG
' ’ [CATTACTTAOCOGCTTQAATGITAGTIGCOGAG
T4821 | 11951871 ] primer 63807009 {lLan & Col JOGTCTTTATC TITATGGITGIGIC
TGTOGOCTTACTCCATT OGGOOGOCTTCATGT]
T4B21 ] T19N842) pimer | 20045-20648 Jtan & Col  JOGTTCAAC ATCTATCTC
SSLP AATAGGCTTTTCOGGT [AATTGATTTITGGGGT]
T4B21 | T4B2120 | primar | 21757-22522 {polymorphic |GCTTCTC TICTCTGITC
, i GTGAAAGGAGCAGCA {ATTTATAGGCTCAAT
T4B21 | T4B2135 | primer | 3734638074 {Lan & Col  {GGAACAGTG GAOCCAATCG
) ICTATCAAACGCAGTCA JAGAAGGTGAGOCAA
T4821 | 1951857 pamar | 38498-39157 LLm&Col AAGAAAGG AGAGATTAGTG
ATAGACAAAATTGGCAJCAOGOCACTCTTCAT,
T4821 | T482152 | pimer | 5432055077 [Lan & Col JACACATACC [CTCCTTIC
TTGTCATIGGOGCTGC JGCTTTOOOCACCAAT]
T4B21 | T4821.68 | prima | 69927-70543 {lan & Co!  JTCTATC ATOCYITC
L AAGOCOCGOGATTIGGT JOGCTACGCATGGGT
T4821 | T4B2183 | primar | 8577286299 |Lan& Co_ fTC CTATITG
TAGAGOGGTAACTTAA JATGTGGGGOCAAAT
T T51.08 | priemer 28629483 [Lan & Col  |OGAATGTGC AAATCAAAAC
TGGAGGGCTTGCATGT JCAGAGOOGGATGAG
Tt TUL23 | pamer | 2315523843 Lan & Col_ |GAGAGTG AAAACAGAGC
AATCAATTGGTTTCTA JAACTOOGACTGAAG
T T15016 |  oarker 38027 CAPS CTTTITAG GTATAGC
' ACCGGCTCATIGGCTA ITAAGGGTTGGGGT
THL Ti139 | pimer | 3917740124 ftaa & Col {AAAAGTIC HCATCTGTCAC

FIG. 14B (cont’d)
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PLANT CENTROMERE COMPOSITIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 09/553,231, filed Mar. 13, 2002, now
U.S. Pat. No. 6,900,012, which is a continuation of U.S.
patent application Ser. No. 09/090,051, filed Jun. 3, 1998,
now U.S. Pat. No. 6,156,953 which claims the priority of
U.S. Provisional Patent Application Ser. No. 60/048,451,
filed Jun. 3, 1997; and U.S. Provisional Patent Application
Ser. No. 60/073,741, filed Feb. 5, 1998, both of the disclo-
sures of which are specifically incorporated herein by ref-
erence in their entirety. This application is also a continua-
tion-in-part of U.S. patent application Ser. No. 09/531,120,
filed Mar. 17, 2000 which claims the priority of U.S.
Provisional Application Ser. No. 60/125,219, filed Mar. 18,
1999; U.S. Provisional Application Ser. No. 60/127,409,
filed Apr. 1, 1999; U.S. Provisional Application Ser. No.
60/134,770, filed May 18, 1999; U.S. Provisional Applica-
tion Ser. No. 60/153,584, filed Sep. 13, 1999, U.S. Provi-
sional Application Ser. No. 60/154,603, filed Sep. 17, 1999
and U.S. Provisional Application Ser. No. 60/172,493, filed
Dec. 16, 1999, each of which disclosures is specifically
incorporated herein by reference in its entirety.

The government owns rights in the present invention
pursuant to U.S. Department of Agriculture Grant No.
96-35304-3491 and Grant No. DE-FC05-920R22072 from
the Consortium for Plant Biotechnology Research, National
Science Foundation Grant No. 9872641, and Department of
Energy Small Business Innovation Research Grants
DE-FG02-01ER83163, DE-FG02-01ER83165, and
DE-FG02-01ER83166.

BACKGROUND OF THE INVENTION

Two general approaches are used for introduction of new
genetic information (“transformation™) into cells. One
approach is to introduce the new genetic information as part
of another DNA molecule, referred to as an “episomal
vector,” or “minichromosome”, which can be maintained as
an independent unit (an episome) apart from the host chro-
mosomal DNA molecule(s). Episomal vectors contain all the
necessary DNA sequence elements required for DNA rep-
lication and maintenance of the vector within the cell. Many
episomal vectors are available for use in bacterial cells (for
example, see Maniatis et al., 1982). However, only a few
episomal vectors that function in higher eukaryotic cells
have been developed. Higher eukaryotic episomal vectors
were primarily based on naturally occurring viruses. In
higher plant systems gemini viruses are double-stranded
DNA viruses that replicate through a double-stranded inter-
mediate upon which an episomal vector could be based,
although the gemini virus is limited to an approximately 800
bp insert. Although an episomal plant vector based on the
Cauliflower Mosaic Virus has been developed, its capacity
to carry new genetic information also is limited (Brisson et
al., 1984).

The other general method of genetic transformation
involves integration of introduced DNA sequences into the
recipient cell’s chromosomes, permitting the new informa-
tion to be replicated and partitioned to the cell’s progeny as
a part of the natural chromosomes. The introduced DNA
usually is broken and joined together in various combina-
tions before it is integrated at random sites into the cell’s
chromosome (see, for example Wigler et al., 1977). Com-
mon problems with this procedure are the rearrangement of
introduced DNA sequences and unpredictable levels of
expression due to the location of the transgene in the genome

—

0

20

25

30

35

40

45

50

55

60

65

2

or so called “position effect variation” (Shingo et al., 1986).
Further, unlike episomal DNA, integrated DNA cannot
normally be precisely removed. A more refined form of
integrative transformation can be achieved by exploiting
naturally occurring viruses that integrate into the host’s
chromosomes as part of their life cycle, such as retroviruses
(see Cepko et al., 1984). In mouse, homologous integration
has recently become common, although it is significantly
more difficult to use in plants (Lam et al. 1996).

The most common genetic transformation method used in
higher plants is based on the transfer of bacterial DNA into
plant chromosomes that occurs during infection by the
phytopathogenic soil bacterium Agrobacterium (see Nester
et al.,, 1984). By substituting genes of interest for the
naturally transferred bacterial sequences (called T-DNA),
investigators have been able to introduce new DNA into
plant cells. However, even this more “refined” integrative
transformation system is limited in three major ways. First,
DNA sequences introduced into plant cells using the Agro-
bacterium T-DNA system are frequently rearranged (see
Jones et al., 1987). Second, the expression of the introduced
DNA sequences varies between individual transformants
(see Jones et al., 1985). This variability is presumably
caused by rearranged sequences and the influence of sur-
rounding sequences in the plant chromosome (i.e., position
effects), as well as methylation of the transgene. A third
drawback of the Agrobacterium T-DNA system is the reli-
ance on a “gene addition” mechanism: the new genetic
information is added to the genome (i.e., all the genetic
information a cell possesses) but does not replace informa-
tion already present in the genome.

One attractive alternative to commonly used methods of
transformation is the use of an artificial chromosome. Arti-
ficial chromosomes are man-made linear or circular DNA
molecules constructed from cis-acting DNA sequence ele-
ments that provide replication and partitioning of the con-
structed chromosomes (see Murray et al., 1983). Desired
elements include: (1) Autonomous Replication Sequences
(ARS) (these have properties of replication origins, which
are the sites for initiation of DNA replication), (2) Cen-
tromeres (site of kinetochore assembly and responsible for
proper distribution of replicated chromosomes at mitosis or
meiosis), and (3) if the chromosome is linear, telomeres
(specialized DNA structures at the ends of linear chromo-
somes that function to stabilize the ends and facilitate the
complete replication of the extreme termini of the DNA
molecule).

The essential chromosomal elements for construction of
artificial chromosomes have been precisely characterized in
lower eukaryotic species, and more recently in mouse and
human. ARSs have been isolated from unicellular fungi,
including Saccharomyces cerevisiae (brewer’s yeast) and
Schizosaccharomyces pombe (see Stinchcomb et al., 1979
and Hsiao et al., 1979). An ARS behaves like a replication
origin allowing DNA molecules that contain the ARS to be
replicated as an episome after introduction into the cell
nuclei of these fungi. DNA molecules containing these
sequences replicate, but in the absence of a centromere they
are partitioned randomly into daughter cells.

Artificial chromosomes have been constructed in yeast
using the three cloned essential chromosomal elements.
Murray et al., 1983, disclose a cloning system based on the
in vitro construction of linear DNA molecules that can be
transformed into yeast, where they are maintained as artifi-
cial chromosomes. These yeast artificial chromosomes
(YACs) contain cloned genes, origins of replication, cen-
tromeres and telomeres and are segregated in daughter cells
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with high fidelity when the YAC is at least 100 kB in length.
Smaller CEN-containing vectors may be stably segregated,
however, when in circular form.

None of the essential components identified in unicellular
organisms, however, function in higher eukaryotic systems.
For example, a yeast CEN sequence will not confer stable
inheritance upon vectors transformed into higher eukary-
otes. While such DNA fragments can be readily introduced,
they do not stably exist as episomes in the host cell. This has
seriously hampered efforts to produce artificial chromo-
somes in higher organisms.

In one case, a plant artificial chromosome was discussed
(Richards et al., U.S. Pat. No. 5,270,201). However, this
vector was based on plant telomeres, as a functional plant
centromere was not disclosed. While telomeres are impor-
tant in maintaining the stability of chromosomal termini,
they do not encode the information needed to ensure stable
inheritance of an artificial chromosome. It is well docu-
mented that centromere function is crucial for stable chro-
mosomal inheritance in almost all eukaryotic organisms
(reviewed in Nicklas 1988). For example, broken chromo-
somes that lack a centromere (acentric chromosomes) are
rapidly lost from cell lines, while fragments that have a
centromere are faithfully segregated. The centromere
accomplishes this by attaching, via centromere binding
proteins, to the spindle fibers during mitosis and meiosis,
thus ensuring proper gene segregation during cell divisions.

In contrast to the detailed studies done in S. cerevisiae and
S. pombe, less is known about the molecular structure of
functional centromeric DNA of higher eukaryotes. Ultra-
structural studies indicate that higher eukaryotic kineto-
chores, which are specialized complexes of proteins that
form on the centromere during late prophase, are large
structures (mammalian kinetochore plates are approximately
0.3 pm in diameter) which possess multiple microtubule
attachment sites (reviewed in Rieder, 1982). It is therefore
possible that the centromeric DNA regions of these organ-
isms will be correspondingly large, although the minimal
amount of DNA necessary for centromere function may be
much smaller.

The above studies have been useful in elucidating the
structure and function of centromeres-. The extensive litera-
ture indicating both the necessity of centromeres for stable
inheritance of chromosomes, and the non-functionality of
yeast centromeres in higher organisms, demonstrate that
cloning of a functional centromere from a higher eukaryote
is a necessary first step in the production of artificial
chromosomes suitable for use in higher plants and animals.
The production of artificial chromosomes with centromeres
which function in higher eukaryotes would overcome many
of the problems associated with the prior art and represent a
significant breakthrough in biotechnology research.

SUMMARY OF THE INVENTION

The present invention allows the isolation and identifica-
tion of plant centromere DNA sequences from the total
genomic DNA of an organism or fractions thereof. With
centromere DNA sequences, it is possible to construct
chromosomes having functional centromeres and carrying
large number of genes. Genes for producing a vast set of
products have been identified, but technologies used within
the industry severely limit the delivery of these genes to
plant cells. One or at most a few genes are typically inserted
into random locations in the host chromosomes, which can
irreversibly disrupt host gene functions while causing vari-
able and uncontrolled expression of the introduced genes.
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The present invention makes it possible to overcome the
technical limitations associated with gene delivery in crop
species, thereby allowing for the ability to shorten the time
required for crop development.

In one aspect, the invention provides a method to obtain
a centromere DNA sequence from a selected organism, the
method comprising the steps of preparing a sample of
genomic DNA from a selected organism, obtaining a plu-
rality of nucleic acid segments from the genomic DNA and
screening the nucleic acid segments to identify one or more
centromere nucleic acid sequences. In an embodiment, the
method of obtaining the plurality of nucleic acid segments
comprises contacting said genomic DNA with a restriction
endonuclease and selecting nucleic acid segments contain-
ing repetitive DNA to obtain said plurality of nucleic acid
segments. In another embodiment, the method of obtaining
the plurality of nucleic acid segments comprises contacting
said genomic DNA with a methylation sensitive restriction
endonuclease and selecting nucleic acid segments exhibiting
resistance to cleavage with said methylation sensitive
restriction endonuclease to obtain said plurality of nucleic
acid segments. In yet another embodiment, the method of
obtaining the plurity of nucleic acid segments comprises
contacting said genomic DNA with a restriction endonu-
clease or physically shearing said genomic DNA and select-
ing nucleic acid segments that anneal rapidly after denatur-
ation to obtain said plurality of nucleic acid segments.

In another aspect, the invention provides a method for
identifying a centromere nucleic acid sequence from a
dataset of the genomic sequences of an organism. The
method comprises the steps of (1) providing a first dataset
consisting of the genomic sequences, or a representative
fraction of genomic sequence, of the organism; (2) identi-
fying and eliminating known non-centromeric repeat
sequences from the first dataset by using the BLAST
sequence comparison algorithm to create a second dataset;
(3) comparing each sequence in the second dataset to itself
by using the BLAST sequence comparison algorithm,
obtaining a BLAST score for each pair of sequence com-
pared, and collecting high score pairs to create a third
dataset; (4) examining the BLAST score of each high score
pair in the third dataset and eliminating the pairs having a
score greater than 1072° to create a fourth dataset; (5)
eliminating the high score pairs in the fourth dataset having
less than 80 bp or more than 250 bp to create a fifth dataset;
(6) examining the nucleotide position of each high score pair
in the fifth dataset and eliminating pairs having 100%
identity as well as identical nucleotide positions to create a
sixth dataset; (7) examining the nucleotide position of each
high score pair in the sixth dataset and eliminating pairs
having opposite orientation of the nucleotides to create a
seventh dataset; (8) examining the nucleotide position of
both sequences for each high score pair in the seventh
dataset and eliminating sequences that are overlapping to
create an eighth dataset; and (9) examining the nucleotide
position of each sequence in the eighth dataset and elimi-
nating sequences not having at least one neighboring
sequence within 250 bp to create a ninth dataset; and (10)
comparing each sequence in the ninth dataset to all other
sequences in the ninth dataset by using the BLAST sequence
comparison algorithm and selecting the most common
sequence as a centromere sequence of the organism. In one
embodiment, the known non-centromeric repeat sequence in
the second step is a ribosomal DNA.

In another aspect, the invention provides a Brassica
oleracea centromere comprising Brassica oleracea cen-
tromere DNA. In one embodiment, the Brassica oleracea
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centromere is defined as comprising n copies of a repeated
nucleotide sequence, wherein n is at least 2. Potentially any
number of repeat copies capable of physically being placed
on the recombinant construct could be included on the
construct, including about 5, 10, 15, 20, 30, 50, 75, 100, 150,
200, 300, 400, 500, 750, 1,000, 1,500, 2,000, 3,000, 5,000,
7,500, 10,000, 20,000, 30,000, 40,000, 50,000, 60,000,
70,000, 80,000, 90,000 and about 100,000, including all
ranges in-between such copy numbers. In one embodiment,
the repeated nucleotide sequence is isolated from Brassica
oleracea given by SEQ ID NO:1, 2, 3, or 4.

In yet another aspect, the invention provides a Glycine
max centromere comprising glycine max centromere DNA.
In an embodiment, the Glycine max centromere is defined as
comprising n copies of a repeated nucleotide sequence,
wherein n is at least 2. Potentially any number of repeat
copies capable of physically being placed on the recombi-
nant construct could be included on the construct, including
about 5, 10, 15, 20, 30, 50, 75, 100, 150, 200, 300, 400, 500,
750, 1,000, 1,500, 2,000, 3,000, 5,000, 7,500, 10,000,
20,000, 30,000, 40,000, 50,000, 60,000, 70,000, 80,000,
90,000 and about 100,000, including all ranges in-between
such copy numbers. In one embodiment, the repeated nucle-
otide sequence is isolated from Glycine max given by SEQ
ID NO:5, 6, 7, or 8.

In yet another aspect, the invention provides a Lycoper-
sicon esculentum centromere comprising Lycopersicon
esculentum centromere DNA. In an embodiment, the Lyco-
persicon esculentum centromere is defined as comprising n
copies of a repeated nucleotide sequence, wherein n is at
least 2. Potentially any number of repeat copies capable of
physically being placed on the recombinant construct could
be included on the construct, including about 5, 10, 15, 20,
30, 50, 75, 100, 150, 200, 300, 400, 500, 750, 1,000, 1,500,
2,000, 3,000, 5,000, 7,500, 10,000, 20,000, 30,000, 40,000,
50,000, 60,000, 70,000, 80,000, 90,000 and about 100,000,
including all ranges in-between such copy numbers. In one
embodiment, the repeated nucleotide sequence is isolated
from Lycopersicon esculentum given by SEQ ID NO:9 or
10.

In yet another aspect, the invention provides a Zea mays
centromere comprising Zea mays centromere DNA. In an
embodiment, the centromere is defined as comprising n
copies of a repeated nucleotide sequence, wherein n is at
least 2. Potentially any number of repeat copies capable of
physically being placed on the recombinant construct could
be included on the construct, including about 5, 10, 15, 20,
30, 50, 75, 100, 150, 200, 300, 400, 500, 750, 1,000, 1,500,
2,000, 3,000, 5,000, 7,500, 10,000, 20,000, 30,000, 40,000,
50,000, 60,000, 70,000, 80,000, 90,000 and about 100,000,
including all ranges in-between such copy numbers. In one
embodiment, the repeated nucleotide sequence is isolated
from Zea mays given by SEQ ID NO:1, 12 or 13.

In yet another aspect, the invention provides a recombi-
nant DNA construct comprising a plant centromere sequence
of the present invention. The recombinant DNA construct
may additionally comprise any other desired sequences, for
example, a telomere. Still further, one may wish to include
a structural gene on the construct, or multiple genes.
Examples of structural genes one may wish to use include a
selectable or screenable marker gene, an antibiotic resis-
tance gene, a ligand gene, an enzyme gene, a herbicide
resistance gene, a nitrogen fixation gene, a plant pathogen
defense gene, a plant stress-induced gene, a toxin gene, a
receptor gene, a gene encoding an enzyme, a gene encoding
an antibody, a gene encoding an antigen for a vaccine, a
transcription factor, a cytoskeletal protein, a DNA-binding
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protein, a protease, an endonuclease, a lipid, a seed storage
gene, an interleukin gene, a clotting factor gene, a cytokine
gene, a growth factor gene and a biosynthetic gene for
producing pharmaceutically active proteins, small mol-
ecules with medicinal properties, chemicals with industrial
utility, nutraceuticals, carbohydrates, RNAs, lipids, fuels,
dyes, pigments, vitamins, scents, flavors, vaccines, antibod-
ies, and hormones. In one embodiment of the invention, the
construct is capable of expressing the structural gene, for
example, in a prokaryote or eukaryote, including a lower
eukaryote, or a higher eukaryote such as a plant. Moreover,
the recombinant construct could contain other useful non-
coding sequences, including promoters, terminators, bound-
ary elements that regulate gene expression, sequences that
alter maintenance, inheritance, or stability of the construct,
and sequences that allow subsequent modification of the
composition of the construct.

In still yet another aspect, the invention provides a recom-
binant DNA construct comprising a plant centromere
sequence of the present invention and which is capable of
being maintained as a chromosome, wherein the chromo-
some is transmitted in dividing cells. The plant centromere
may be from any plant or may be from any other source of
DNA or may be partially or entirely synthetic in origin.

In yet another aspect, the invention provides a recombi-
nant DNA construct comprising a plant centromere sequence
of'the present invention and which is a plasmid. The plasmid
may contain any desired sequences, such as an origin of
replication. The plasmid may also comprise a selection
marker.

In still yet another aspect, the invention provides a min-
ichromosome comprising a plant centromere sequence of the
present invention and may also contain a telomere sequence.
Any additional desired sequences may be added to the
minichromosome, such as an autonomous replicating
sequence and a structural gene such as those described
above. The minichromosome may comprise any of the
centromere compositions disclosed herein.

The minichromosome also may contain “negative” select-
able markers which confer susceptibility to an antibiotic,
herbicide or other agent, thereby allowing for selection
against plants, plant cells or cells of any other organism of
interest containing a minichromosome. The minichromo-
some also may include genes or other sequences which
control the copy number of the minichromosome within a
cell. One or more structural genes also may be included in
the minichromosome. Specifically contemplated as being
useful will be as many structural genes as may be inserted
into the minichromosome.

In still yet another aspect, the invention provides a cell
transformed with a recombinant DNA construct comprising
a plant centromere sequence of the present invention. The
cell may be of any type, including a prokaryotic cell or
eukaryotic cell. Where the cell is a eukaryotic cell, the cell
may be, for example, a yeast cell or a higher eukaryotic cell,
such as plant cell. The plant cell may be from a dicotyle-
donous plant, such as tobacco, tomato, potato, soybean,
canola, sunflower, alfalfa, cotton and Arabidopsis, or may be
a monocotyledonous plant cell, such as wheat, maize, rye,
rice, turfgrass, oat, barley, sorghum, millet, and sugarcane.
In one embodiment of the invention, the plant centromere is
a centromere chosen from the group consisting of Brassica
oleracea, Glycine max, Lycopersicon esculentum, and Zea
mays and the cell may be a cell chosen from one of the above
species or any other species. The recombinant DNA con-
struct may comprise additional sequences, such as a telom-
ere, an autonomous replicating sequence (ARS), a structural



US 7,119,250 B2

7

gene or genes, or a selectable or screenable marker gene or
genes, including as many of such sequences as may physi-
cally be placed on said recombinant DNA construct. In one
embodiment of the invention, the cell is further defined as
capable of expressing said structural gene. In another
embodiment of the invention, a plant is provided comprising
the aforementioned cells.

In still yet another aspect, the invention provides a method
for preparing a transgenic plant cell. The method comprises
the steps of contacting a starting plant cell with a recombi-
nant DNA construct comprising a plant centromere sequence
of the present invention, whereby the starting plant cell is
transformed with the recombinant DNA construct.

In still yet another aspect, the invention provides a trans-
genic crop comprising a minichromosome, wherein the
minichromosome comprises a plant centromere sequence of
the present invention. The minichromosome may further
comprise a telomere sequence, an autonomous replicating
sequence or a structural gene, such as a selectable or
screenable marker gene, an antibiotic resistance gene, a
ligand gene, an enzyme gene, a herbicide resistance gene, a
nitrogen fixation gene, a plant pathogen defense gene, a
plant stress-induced gene, a toxin gene, a receptor gene, a
gene encoding an enzyme, a gene encoding an antibody, a
gene encoding an antigen for a vaccine, a transcription
factor, a cytoskeletal protein, a DNA-binding protein, a
protease, an endonuclease, a lipid, a seed storage gene, an
interleukin gene, a clotting factor gene, a cytokine gene, a
growth factor gene and a biosynthetic gene for producing
pharmaceutically active proteins, small molecules with
medicinal properties, chemicals with industrial utility, nutra-
ceuticals, carbohydrates, RNAs, lipids, fuels, dyes, pig-
ments, vitamins, scents, flavors, vaccines, antibodies, and
hormones. The transgenic crop may be any type of crop,
such as a dicotyledonous plant, for example, tobacco,
tomato, potato, pea, carrot, cauliflower, broccoli, soybean,
canola, sunflower, alfalfa, cotton and Arabidopsis, or may be
a monocotyledonous plant, such as wheat, maize, rye, rice,
turfgrass, oat, barley, sorghum, millet, and sugarcane.

In still yet another aspect, the invention provides a method
for preparing a transgenic crop tissue. The method com-
prises the steps of contacting a starting crop tissue with a
recombinant DNA construct comprising a plant centromere
sequence of the present invention, whereby the starting crop
tissue is transformed with the recombinant DNA construct.

In still yet another aspect, the invention provides a method
for preparing a transgenic crop seed. The method comprises
the steps of contacting a starting crop, crop tissue, or crop
cell, with a recombinant DNA construct comprising a plant
centromere sequence of the present invention, whereby the
starting crop, crop tissue, or crop cell is transformed with the
recombinant DNA construct. These transformed crops, crop
tissues, or crop cells are allowed to develop into mature
crops, using standard agricultural techniques. Transgenic
seed is then collected from these crops.

In still yet another aspect, the invention provides a method
for preparing an extract of a transgenic crop, crop tissue,
crop seed, or crop cell. The method comprises the steps of
contacting a starting crop, crop tissue, or crop cell with a
recombinant DNA construct comprising a plant centromere
sequence of the present invention, whereby the starting crop
cell is transformed with the recombinant DNA construct.
The resulting transgenic crop, crop tissue, crop seed, or crop
cell is then extracted and processed to yield the desirable
product. One preferred desirable product is a food product.
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Another preferred desirable product is a pharmaceutical
product. Yet another preferred desirable product is a chemi-
cal product.

Additional features and advantages of the present inven-
tion are described in, and will be apparent from, the follow-
ing Detailed Description of the Invention and the figures.

BRIEF DESCRIPTION OF THE FIGURES

The following drawings form part of the present specifi-
cation and are included to further demonstrate certain
aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in
combination with the detailed description of specific
embodiments presented herein.

FIGS. 1A-F Consensus sequences of repeats from Bras-
sica oleracea. FIG. 1A is the consensus sequence of
ChrBol. This consensus was assembled from 33 sequences
collected by the inventors. The length of this repeat is
180+0.86 base pairs and A and T compose 60% of the
consensus. FIG. 1B is the consensus sequence of ChrBo2.
This consensus was assembled from 7 sequences collected
by the inventors. The length of this repeat is 180+0.45 base
pairs and A and T compose 63% of the consensus. FIG. 1C
is a comparison of the consensus sequences of ChrBol and
ChrBo2. The two repeats (ChrBol and ChrBo2) were
alligned to each other using the ClustalX program (ClustalX
is a free multiple sequence alignment program for Windows.
Those sites with significant differences between the two
sequences (Chi-squared, P<0.05) are highlighted. FIG. 1D is
a revised consensus sequence of ChrBol. This consensus
was assembled from 33 DNA sequences collected by the
inventors and 18 sequences from Genbank, identified by the
assession numbers:

M30962 M30963 M31436 M31435
M31438 M31434 M31439 M31437
X68786 X12736 X07519 X16589
X15291 X68783 X68784 X61583
AJ228348 722947

FIG. 1E is a revised consensus sequence of ChrBo2. This
consensus was assembled from 7 DNA sequences collected
by the inventors and 5 sequences from Genbank, identified
by the accession numbers AJ228347, M30962, X12736,
X61583, and X68785. FIG. 1F is a comparison of the
revised consensus sequences of ChrBol and ChrBo2,
aligned as for FIG. 1C.

FIGS. 2A-F Consensus sequences of repeats from Gly-
cine max. F1G. 2A is a consensus sequence of ChrGm1. This
consensus was assembled from 32 sequences collected by
the inventors. The length of this repeat is 92+0.79 base pairs
and A and T compose 63% of the consensus. FIG. 2B is a
consensus sequence of ChrGm2. This consensus was
assembled from 21 sequences collected by the inventors.
The length of this repeat is 91+048 base pairs and A and T
compose 62% of the consensus. FIG. 2C is a comparison of
the consensus sequences of ChrGm1 and ChrGm?2. The two
repeats (ChrGm1 and ChrGm2) were aligned to each other
using the ClustalX program (ClustalX is a free multiple
sequence alignment program for Windows). Those sites with
significant differences between the two sequences (Chi-
squared, P<0.05) are highlighted. FIG. 2D is a revised
consensus sequence of ChrGml. This consensus was
assembled from 32 DNA sequences collected by the inven-
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tors and 1 sequence from Genbank, identified by the acces-
sion number 7Z26334. FIG. 2E is a revised consensus
sequence of ChrGm?2. This consensus was assembled from
21 DNA sequences collected by the inventors and 13
sequences from Genbank, identified by the accession num-
bers AF297983, AF297984, and AF297985. FIG. 2F is a
comparison of the revised consensus sequences of ChrGm1
and ChrGm?2, aligned as for FIG. 2C.

FIGS. 3A-B Consensus sequences of repeats from Lyco-
persicon esculentum. FIG. 3A is a consensus sequence of
Chrlel. This consensus was assembled from 42 sequences
collected by the inventors. The length of this repeat is
181+0.61 base pairs and A and T compose 50% of the
consensus. FIG. 3B is a revised consensus sequence of
Chrlel. This consensus was assembled from 32 sequences
collected by the inventors and 2 Genbank sequences iden-
tified by the accession numbers X87233 and AY007367.

FIGS. 4A-C Consensus sequences of repeats from Zea
mays. FIG. 4A is a consensus sequence of ChrZml. This
consensus was assembled from 38 sequences collected by
the inventors. The length of this repeat is 180 1.15 base pairs
and A and T compose 56% of the consensus. FIG. 4B is a
revised consensus sequence of ChrZm1. This consensus was
assembled from 38 sequences collected by the inventors and
26 sequences from Genbank, identified by the accession
numbers:

M32521 M32522 M32523  M32524  M32525  M32526
M32527 M32528  M32529  M32530  M32531  M32532
M32533 M32534  M325375 MB32536  M32537  M32538
M35408 AF030934 AF030935 AF030936 AF030937 AF030938
AF030939  AF030940

FIG. 4C is a consensus sequence of ChrZm?2. This con-
sensus was assembled from 6 sequences collected from
Genbank identified by the accession numbers:

AF078918
AF0789121

AF078919
AF078922

AF078920
AF078923

The length of this repeat is 158 1.6 base pairs and A and
T compose 53% of the consensus.

FIG. 5 Minichromosome containing centromere
sequences as well as minichromosome vector sequences

FIG. 6 Minichromosome construct formed by minichro-
mosome vector tailing method.

FIGS. 7A-7N. Exemplary Minichromosome vectors: The
vectors shown in FIG. 7A, FIG. 7B, FIG. 7E, FIG. 7F, FIG.
71 and FIG. 7J have an E. coli origin of replication which can
be high copy number, low copy number or single copy. In
FIGS. 7A-7N, the vectors include a multiple cloning site
which can contain recognition sequences for conventional
restriction endonucleases with 4-8 bp specificity as well as
recognition sequences for very rare cutting enzymes such as,
for example, I-Ppo I, I-Cue I, PI-Tli, PI-Psp I, Not I, and PI
Sce . In FIGS. 7A-7N, the centromere is flanked by Lox
sites which can act as targets for the site specific recombi-
nase Cre. FIG. 7A. Shows an E. coli plant circular shuttle
vector with a plant ARS. FIG. 7B. Shows a plant circular
vector without a plant ARS. The vector relies on a plant
origin of replication function found in other DNA sequences
such as selectable or screenable markers. FIG. 7C. Shows a
yeast-plant circular shuttle vector with a plant ARS. The
yeast ARS is included twice, once on either side of multiple

20

25

30

35

40

45

50

55

60

65

10

cloning site to ensure that large inserts are stable. FIG. 7D.
Shows a yeast-plant circular shuttle vector without a plant
ARS. The vector relies on a plant origin of replication
function found in other plant DNA sequences such as
selectable markers. The yeast ARS is included twice, once
on either side of the multiple cloning site to ensure that large
inserts are stable. FIG. 7E. Shows an E. coli-Agrobacterium-
plant circular shuttle vector with a plant ARS. Vir functions
for T-DNA transfer would be provided in trans by a using the
appropriate Agrobacterium strain. FIG. 7F. Shows an F.
coli-Agrobacterium-plant circular shuttle vector without a
plant ARS. The vector relies on a plant origin of replication
function found in other plant DNA sequences such as
selectable markers. Vir functions for T-DNA transfer would
be provided in trans by a using the appropriate Agrobacte-
rium strain. FIG. 7G. Shows a linear plant vector with a plant
ARS. The linear vector could be assembled in vitro and then
transferred into the plant by, for example, mechanical means
such as micro projectile bombardment, electroporation, or
PEG-mediated transformation. FIG. 7H. Shows a linear
plant vector without a plant ARS. The linear vector could be
assembled in vitro and then transferred into the plant by, for
example, mechanical means such as micro projectile bom-
bardment, electroporation, or PEG-mediated transformation.
FIGS. 71-7N. The figures are identical to FIGS. 7A-7F,
respectively, with the exception that they do not contain
plant telomeres. These vectors will remain circular once
delivered into the plant cell and therefore do not require
telomeres to stabilize their ends.

FIGS. 8A-8B. Sequence features at Arabidopsis CEN2
(A) and CEN4 (B). Central bars depict annotated genomic
sequence of indicated BAC clones; black, genetically-de-
fined centromeres; white, regions flanking the centromeres.
Sequences corresponding to genes and repetitive features,
filled boxes (above and below the bars, respectively), are
defined as in FIGS. 11A-T; predicted nonmobile genes, red;
genes carried by mobile elements, black; nonmobile pseudo-
genes, pink; pseudogenes carried by mobile elements, gray;
retroelements, yellow; transposons, green; previously
defined centromeric repeats, dark blue; 180 bp repeats, pale
blue. Chromosome-specific centromere features include a
large mitochondrial DNA insertion (orange; CEN2), and a
novel array of tandem repeats (purple; CEN4). Gaps in the
physical maps (//), unannotated regions (hatched boxes), and
expressed genes (filled circles) are shown.

FIG. 9. Method for converting a BAC clone (or any other
bacterial clone) into a minichromosome. A portion of the
conversion vector will integrate into the BAC clone (or other
bacterial clone of interest) either through non-homologous
recombination (transposable element mediated) or by the
action of a site specific recombinase system, such as Cre-
Lox or FLP-FRT.

FIGS. 10A-G. Method for converting a BAC clone (or
any other bacterial clone) into a minichromosome. The
necessary selectable markers and origins of replication for
propagation of genetic material in E. coli, Agrobacterium
and Arabidopsis as well as the necessary genetic loci for
Agrobacterium mediated transformation into Arabidopsis
are cloned into a conversion vector. Using Cre/loxP recom-
bination, the conversion vectors are recombined into BACs
containing centromere fragments to form minichromo-
sores.

FIGS. 11A-T. Properties of centromeric regions on chro-
mosomes Il and IV of Arabidopsis. (Top) Drawing of
genetically-defined centromeres (gray shading, CEN2, left;
CEN4, right), adjacent pericentromeric DNA, and a distal
segment of each chromosome, scaled in Mb as determined
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by DNA sequencing (gaps in the grey shading correspond to
gaps in the physical maps). Positions in ¢cM on the RI map
(http://nasc.nott.ac.uk/new_ri_map.html) and physical dis-
tances in Mb, beginning at the northern telomere and at the
centromeric gap, are shown. (Bottom) The density of each
feature (FIGS. 11A-11T) is plotted relative to the position
on the chromosome in Mb. (FIGS. 11A, 11K) cM positions
for markers on the RI map (solid squares) and a curve
representing the genomic average of 1 ¢cM/221 kb (dashed
line). A single crossover within CEN4 in the RI mapping
population (http://nasc.nott.ac.uk/new_ri_map.html; Somer-
ville and Somerville, 1999) may reflect a difference between
male meiotic recombination monitored here and recombi-
nation in female meiosis. (FIGS. 11B-11E and FIGS.
111.-110) The % of DNA occupied by repetitive elements
was calculated for a 100 kb window with a sliding interval
of 10 kb. (FIGS. 11B, 11L) 180 bp repeats; (FIGS. 12C,
12M) sequences with similarity to retroelements, including
del, Tal, Tall, copia, Athila, LINE, Ty3, TSCL, 106B
(Athila-like), Tatl, I'TRs and Cinful; (FIGS. 11D, 11N)
sequences with similarity to transposons, including Tagl,
En/Spm, Ac/Ds, Tam1 MuDR, Limpet, MITES and Mariner;
(FIGS. 11E, 110) previously described centromeric repeats
including 163A, 164A, 164B, 278A, 11B7RE, mil67,
pAT27, 160-, 180- and 500-bp repeats, and telomeric
sequences. (FIGS. 11F, 11P) % adenosine+ thymidine was
calculated for a 50 kb window with a sliding interval of 25
kb (FIGS. 11G-11J, 11Q-11T). The number of predicted
genes or pseudogenes was plotted over a window of 100 kb
with a sliding interval of 10 kb. (FIGS. 11G, 111, 11Q, 11S)
predicted genes (FIGS. 11G, 11Q) and pseudogenes (FIGS.
111, 11S) typically not found on mobile DNA elements;
(FIGS. 11H, 11J, 11R, 11T) predicted genes (FIGS. 11H,
11R) and pseudogenes (FIGS. 11J, 11T) often carried on
mobile DNA, including reverse transcriptase, transposase,
and retroviral polyproteins. Dashed lines indicate regions in
which sequencing or annotation is in progress, annotation
was obtained from GenBank records (http://www.ncbi.nlm-
.nih.gov/Entrez/nucleotide html), from the AGAD database
(http://www.tigr.org/tdb/at/agad/.), and by BLAST compari-
sons to the database of repetitive Arabidopsis sequences
(http://nucleus.cshl.org/protarab/AtRepBase.htm); though
updates to annotation records may change individual entries,
the overall structure of the region will not be significantly
altered.

FIG. 12. Methods for converting a BAC clone containing
centromere DNA into a minichromosome for introduction
into plant cells. The specific elements described are provided
for exemplary purposes and are not limiting. A) diagram of
the BAC clone, noting the position of the centromere DNA,
a site-specific recombination site (for example, lox P), and
the F origin of replication. B) Conversion vector containing
selectable and color markers (for example, 35S-Bar, nptll,
LATS52-GUS, Scarecrow-GFP), telomeres, a site-specific
recombination site (for example, lox P), antibiotic resistance
markers (for example, amp or spc/str), Agrobacterium
T-DNA borders (Agro Left and Right) and origin of repli-
cation (RiA4). C) The product of site specific recombination
with the Cre recombinase at the lox P sites yields a circular
product with centromeric DNA and markers flanked by
telomeres. D) Minichromosome immediately after transfor-
mation into plants; subsequently, the left and right borders
will likely be removed by the plant cell and additional
telomeric sequence added by the plant telomerase.

FIGS. 13A-B. Conservation of Arabidopsis centromere
DNA. BAC clones (bars) used to sequence CEN2 (FIG.
13A) and CEN4 (FIG. 13B) are indicated; arrows denote the
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boundaries of the genetically-defined centromeres. PCR
primer pairs yielding products from only Columbia (filled
circles) or from both Landsberg and Columbia (open
circles); BACs encoding DNA with homology to the mito-
chondrial genome (gray bars); 180 bp repeats (gray boxes);
unsequenced DNA (dashed lines); and gaps in the physical
map (double slashes) are shown.

FIGS. 14A-B. Primers used to analyze conservation of
centromere sequences in the A. thaliana Columbia and
Landsberg ecotypes. FIG. 14A: Primers used for amplifica-
tion of chromosome 2 sequences. FIG. 14B: Primers used
for amplification of chromosome 4 sequences.

FIG. 15. Sequences common to Arabidopsis CEN2 and
CEN4. Genetically-defined centromeres (bold lines),
sequenced (thin lines), and unannotated (dashed lines) BAC
clones are displayed as in FIGS. 14A, B. Repeats AtCCS1
(4. thaliana centromere conserved sequence) and AtCCS2
(closed and open circles, respectively), AtCCS3 (triangles),
and AtCCS4-7 (4-7, respectively) are indicated (GenBank
Accession numbers AF204874 to AF204880), and were
identified using BLAST 2.0 (http://blast.wustl.edu).

DETAILED DESCRIPTION OF THE
INVENTION

The inventors have overcome the deficiencies in the prior
art by providing the nucleic acid sequences of plant cen-
tromeres. The significance of this achievement relative to the
prior art is exemplified by the general lack of detailed
information in the art regarding the centromeres of multi-
cellular organisms in general. To date, the most extensive
and reliable characterization of centromere sequences has
come from studies of lower eukaryotes such as S. cerevisiae
and S. pombe, where the ability to analyze centromere
functions has provided a clear picture of the desired DNA
sequences. The S. cerevisiae centromere consists of three
essential regions, CDEI, CDEII, and CDEIII, totaling only
125 bp, or approximately 0.006 to 0.06% of each yeast
chromosome (Carbon et al., 1990; Bloom 1993). S. pombe
centromeres are between 40 and 100 kB in length and
consist of repetitive elements that comprise 1 to 3% of each
chromosome (Baum et al., 1994). Subsequent studies, using
tetrad analysis to follow the segregation of artificial chro-
mosomes, demonstrated that less than 5 of the naturally
occurring S. pombe centromere is sufficient for centromere
function (Baum et al., 1994).

In contrast, the centromeres of mammals and other higher
eukaryotes are less understood. Although DNA fragments
that hybridize to centromeric regions in higher eukaryotes
have been identified, in many cases, little is known regard-
ing the functionality of these sequences (see Tyler-Smith et
al.,, 1993). Centromere repeats often correlate with cen-
tromere location, with probes to the repeats mapping both
cytologically and genetically to centromere regions. Many
of these sequences are tandemly-repeated satellite elements
and dispersed repeated sequences in arrays ranging from 300
kB to 5000 kB in length (Willard 1990). To date, only one
of these repeats, a 171 bp element known as the alphoid
satellite, has been shown by in situ hybridization to be
present at each human centromere (Tyler-Smith et al., 1993).
Whether repeats themselves represent functional cen-
tromeres remains controversial, as other genomic DNA can
be required to confer efficient inheritance upon a region of
DNA (Willard, 1997). Alternatively, the positions of some
higher eukaryotic centromeres have been estimated by ana-
lyzing the segregation of chromosome fragments. This
approach is imprecise, however, because a limited set of
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fragments can be obtained, and because normal centromere
function is influenced by surrounding chromosomal
sequences (for example, see Koornneef, 1983; FIG. 2).

A more precise method for mapping centromeres that can
be used in intact chromosomes is tetrad analysis (Mortimer
et al., 1981), which provides a functional definition of a
centromere in its native chromosomal context. Centromeres
that have been mapped in this manner include those from the
yeasts Saccharomyces cerevisiae, Schizosaccharomyces
pombe, and Kluyveromyces lactis (Carbon et al., 1990;
Hegemann et al., 1993). In many of these systems, accurate
mapping of the centromeres made it possible to clone
centromeric DNA, using a chromosome walking strategy
(Clarke et al., 1980). Subsequently, artificial chromosome
assays were used to define more precisely the centromere
sequences (Hegemann et al., 1993; Baum et al., 1994).

Attempts to develop a reliable centromeric assay in mam-
mals have yielded ambiguous results. For example, Hadlac-
zky et al., (1991) identified a 14 kB human fragment that
can, at low frequency, result in de novo centromere forma-
tion in a mouse cell line. In situ hybridization studies,
however, have shown that this fragment is absent from
naturally occurring centromeres, calling into question the
reliability of this approach for testing centromere function
(Tyler-Smith et al., 1993). Similarly, transfection of alphoid
satellites into cell lines results in the formation of new
chromosomes, yet some of these chromosomes also required
host sequences that could contribute centromere activity
(Haaf et al., 1992; Willard, 1997). Further, the novel chro-
mosomes can have alphoid DNA spread throughout their
length yet have only a single centromeric constriction,
indicating that a block of alphoid DNA alone may be
insufficient for centromere function (Tyler-Smith et al.,
1993).

Although plant centromeres can be visualized easily in
condensed chromosomes, they have not been characterized
as extensively as centromeres from yeast or mammals.
Genetic characterization has relied on segregation analysis
of chromosome fragments, and in particular on analysis of
trisomic strains that carry a genetically marked, telocentric
fragment (for example, see Koornneef 1983). In addition,
repetitive elements have been identified that are either
genetically (Richards et al., 1991) or physically (Alfenito et
al., 1993; Maluszynska et al., 1991) linked to a centromere.
In no case, however, has the functional significance of these
sequences been tested.

Cytology in Arabidopsis thaliana has served to correlate
centromere structure with repeat sequences. A fluorescent
dye, DAPI, allows visualization of centromeric chromatin
domains in metaphase chromosomes. A fluorescence in situ
hybridization (FISH) probe based on 180 bp pAL1 repeat
sequences colocalized with the DAPI signature near the
centromeres of all five Arabidopsis chromosomes
(Maluszynska et al., 1991; Martinez-Zapater et al., 1986).
Although a functional role for pAL1 has been proposed,
more recent studies have failed to detect this sequence near
the centromeres in species closely related to Arabidopsis
thaliana (Maluszynska et al., 1993). These results are par-
ticularly troubling because one of the species tested, A.
pumila, is thought to be an amphidiploid, derived from a
cross between A. thaliana and another close relative
(Maluszynska et al, 1991; Price et al., 1995). Another
repetitive sequence, pAtT12, has been genetically mapped to
within 5 ¢cM of the centromere on chromosome 1 and to the
central region of chromosome 5 (Richards et al., 1991),
although its presence on other chromosomes has not been

20

25

30

35

40

45

50

55

60

65

14

established. Like pALl, a role for pAtT12 in centromere
function remains to be demonstrated.

Due to the fact that kinetochores constitute a necessary
link between centromeric DNA and the spindle apparatus,
the proteins that are associated with these structures recently
have been the focus of intense investigation (Bloom 1993;
Earnshaw 1991). Human autoantibodies that bind specifi-
cally in the vicinity of the centromere have facilitated the
cloning of centromere-associated proteins (CENPs, Rattner
1991), and at least one of these proteins belongs to the
kinesin superfamily of microtubule-based motors (Yen
1991). Yeast centromere-binding proteins also have been
identified, both through genetic and biochemical studies
(Bloom 1993; Lechner et al., 1991).

The centromeres of Arabidopsis thaliana have been
mapped using trisomic strains, where the segregation of
chromosome fragments (Koornneef 1983) or whole chro-
mosomes (Sears et al., 1970) was used to localize four of the
centromeres to within 5, 12, 17 and 38 cM, respectively.
These positions have not been refined by more recent studies
because the method is limited the difficulty of obtaining
viable trisomic strains (Koornneef 1983). These factors
introduce significant error into the calculated position of the
centromere, and in Arabidopsis, where 1 ¢cM corresponds
roughly to 200 kB (Koornneef 1987; Hwang et al., 1991),
this method did not map any of the centromeres with
sufficient precision to make chromosome walking strategies
practical. Mapping of the Arabidopsis genome was also
discussed by (Hauge et al., 1991).

1. Isolation of Centromere Clones

The present invention relates to methods of isolating and
identifying centromere DNA sequences from total genomic
DNA of an organism without genetic mapping of the organ-
ism. Centromere DNA can be purified from total genomic
DNA using several methods which include: 1) digesting
genomic DNA with restriction enzymes and separating the
fragments on agarose gels, to reveal major classes of repeti-
tive DNA; 2) digesting genomic DNA with restriction
enzymes sensitive to DNA methylation and separating the
fragments on agarose gels to reveal the heavily methylated
fraction of the genome; and 3) collecting the rapidly anneal-
ing fraction of denatured genomic DNA. These three meth-
ods isolate centromere DNA; therefore, these methods are
expected to independently isolate the same sequences, thus
validating the sequences’ centromere origin. It is anticipated
that each of these methods can be applied to genomic DNA
from any organism, including some lower organisms such as
yeasts, as well as higher organisms such as plants and
animals. Each of these methods is described in detail below.

1. Isolation of Repetitive DNA

Centromere regions often contain many copies of the
same DNA sequence (repetitive DNA); such repeats can
range in size from a few nucleotides long to hundreds or
thousands of bases. Such repetitive DNA can be identified
following digestion of genomic DNA with restriction endo-
nucleases. Digestion of non-repetitive genomic DNA with a
particular restriction enzyme produces a distribution of size
fragments; in contrast, digestion of repeats with a restriction
enzyme that cuts within each repeat produces a fragment of
a typical size. Thus, genomic DNA that has been cut with a
restriction enzyme can be size fractionated by agarose gel
electrophoresis to reveal repetitive DNA elements; after
staining the gel to reveal the DNA, the repetitive fragment
can be excised and purified using conventional techniques or
commercial kits. Such repeats can be introduced into clon-
ing vectors and characterized as described below. By using
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this method with a variety of restriction enzymes, different
repetitive elements can be purified from genomic DNA.

2. Purification of Methylated DNA

This method is disclosed in detail in co-pending U.S.
patent application Ser. No. 09/888,220, filed Jun. 22, 2001,
the disclosure of which is incorporated herein by reference
in its entirety and made a part hereof. Plant centromere DNA
is often extensively modified by methylation; the presence
of this methylation can be used to purity centromere frag-
ments. Digestion of genomic DNA with a methylation-
sensitive restriction endonuclease (for example Sau3A or
Hpall) yields a range of fragment sizes; endonuclease sites
that are methylated are protected from digestion. Heavily
methylated DNA molecules, such as centromere DNA, yield
large fragments after digestion and can therefore be sepa-
rated from the lightly or non-methylated fraction by virtue of
their size. For example agarose gel electrophoresis, acryla-
mide gel electrophoresis, sucrose gradient fractionation, or
other size fractionation techniques can be used to separate
these fragments into pools of “large” (7-12 kb) and
“smaller” fragments (3—7 kb and 0-3 kb).

3. Isolation of Rapidly Annealing DNA.

The rapidity with which denatured single stranded DNA
can reanneal with another single stranded DN A molecule of
complementary sequence upon renaturation is dependant
upon its abundance. Therefore when genomic DNA is dena-
tured and allowed to renature, the repetitive fraction of the
genome, including centromere DNA, will renature before
the unique and low copy fractions of the genome. Thus by
fragmenting purified genomic DNA, denaturing it, collect-
ing fractions at specific time points (such as 2, 4, 6, 8, and
10 minutes) during renaturation and treating those fractions
to remove unannealed DNA it is possible to purify repetitive
DNA from total genomic DNA. Several methods can be
used to remove unannealed from annealed DNA including
treatment of the sample with an enzyme, such as Sl
nuclease, that degrades single-stranded DNA or exposure to
an agent that binds single-stranded DNA such as hydroxy-
lapatite. By varying the time at which fractions are collected
during renaturation it is possible to separate DNA fragments
into highly repetitive, moderately repetitive, and non-repeti-
tive fractions.

II. Cloning and Sequencing Small Fragments of Centromere
DNA

Repetitive or methylated DNA fragments isolated using
the methods described above can be ligated (using T4 DNA
ligase, for example) to a plasmid vector and cloned by
transformation into E. coli. These clones can then propa-
gated, sequenced, used to assemble minichromosomes, or
used to identify larger centromere clones, generate molecu-
lar markers that facilitate genetic mapping of centromeres,
or create probes for chromosome mapping experiments such
as fluorescent in situ hybridization (FISH).

III. Identifying Centromere Clones in Genomic Libraries
A genomic library can be screened for clones carrying
centromere DNA by arraying the clones onto solid supports,
such as membrane filters, and probing with labeled frag-
ments of purified centromere DNA, including cloned repeti-
tive or methylated DNA fragments described above, or
alternatively, the entire set of rapidly annealing genomic
DNA or highly methylated genomic DNA fragments. Probes
can be used singly or in combination. Typically these probes
are labeled by incorporation of radionucleotides, fluorescent
nucleotides, or other chemical or enzymatic ligands that
enable easy detection. The labeled probe DNA is denatured
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and hybridized to the arrayed library using standard molecu-
lar biology techniques. Hybridization is performed at a
temperature that will discourage non-specific DNA anneal-
ing while promoting the hybridization of the labeled probe
to complementary sequences. After incubation, the arrayed
library is washed to remove unannealed probe, and a detec-
tion method appropriate to the label incorporated in the
probe is used. For example, if the probe is radiolabeled, the
labeled filter is exposed to X-ray film.

To identify centromere clones, the results of several
hybridization experiments are quantitated and compared. In
some cases, centromere clones may hybridize to only one
probe; in other cases, the clones will hybridize to multiple
probes. The hybridization intensity of each clone to each
probe can be measured and stored in a database. A preferred
method for this analysis is to use software that digitizes the
hybridization signals, assigns each signal to its correspond-
ing clone address, ensures that duplicate copies of the clones
successfully hybridized, and enters the resulting information
into a relational database (MySQL for example). Another
possible method for this analysis is to examine the hybrid-
ization results visually, estimate the hybridization intensity,
and tabulate the resulting information.

The results of each hybridization experiment can be
classified by grouping clones that show hybridization to
each probe above a threshold value. For example, a com-
puterized relational database can be queried for clones
giving hybridization signals above a certain threshold for
individual probes or for multiple probes. Based on these
hybridization patterns, clones can be grouped into catego-
ries, and representative members of each category can be
tested in minichromosomes.

IV. Identifying Centromere Sequences of an Organism from
Genomic Sequence Datasets

It is possible to devise computational algorithms to search
databases of genomic sequences and select centromere
sequences by identifying those with the characteristics of
centromeres. For example, by selecting the most abundant
tandem repeat of a particular size will yield centromere
sequences. Other sets of characteristics could also be useful.
The following is an example of a computational algorithm
designed to extract centromere sequences from genomic
sequence datasets. It is important to note that this algorithm
examines primary sequence data and does not rely on prior
annotation of the sequence. The algorithm consists of steps
1 through 10. However, not all the steps must occur in the
listed order without altering the output. Other rearrange-
ments are easily recognizable by one skilled in the art. The
following terms are used in describing the algorithm.
BLAST is Basic Local Alignment Search Tool, a family of
freely available algorithms for sequence database searches.
BLAST aligns two sequences and yields an estimate of the
probability that this alignment is significant, i.e. that it did
not occur by chance. The two sequences compared by
BLAST are called the ‘query’, usually a single sequence of
interest, and the ‘subject’, often part of a large database of
sequences that are compared to the query. The query
sequence (query) can also be part of a database of sequences.
The outputs of BLAST are High Scoring Pairs (HSPs) that
are alignments of subject and query sequences. Nucleotide
position describes the position of a given nucleotide within
the sequence, relative to the first nucleotide of the sequence.
BLAST score (e value) is the likelihood that a given
sequence alignment is significant (the lower the value the
higher the significance). The algorithm is as follows:
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(1) provide a first dataset consisting of the genomic
sequences, or a representative fraction of genomic sequence,
of the organism of interest;

(2) identify and eliminate known non-centromeric repeat
sequences from the first dataset by using the BLAST
sequence comparison algorithm to create a second dataset;

(3) compare each sequence in the second dataset to itself
by using the BLAST sequence comparison algorithm, obtain
a BLAST score for each pair of sequence compared, and
collect high score pairs to create a third dataset;

(4) examine the BLAST score of each high score pair in
the third dataset and eliminate the pairs having a score
greater than 1072° to create a fourth dataset;

(5) eliminate the high score pairs in the fourth dataset
having less than 80 bp or more than 250 bp to create a fifth
dataset;

(6) examine the nucleotide position of each high score
pair in the fifth dataset and eliminate pairs having 100%
identity and identical nucleotide positions (i.e. self matches)
to create a sixth dataset;

(7) examine the nucleotide position of each high score
pair in the sixth dataset and eliminate pairs having opposite
orientation of the nucleotides to create a seventh dataset;

(8) examine the nucleotide position of both sequences for
each high score pair in the seventh dataset and eliminate
sequences that are overlapping to create an eighth dataset;
and

(9) examine the nucleotide position of each sequence in
the eighth dataset and eliminate sequences not having at
least one neighboring sequence within 250 bp to create a
ninth dataset; and

(10) compare each sequence in the ninth dataset to all
other sequences in the ninth dataset by using the BLAST
sequence comparison algorithm and select the most common
sequence as a centromere sequence of the organism.

Optimally, the databset used in step (1) in the above
algorithm would be the whole genome dataset such as the
Arabidopsis genome which was derived by methodical
sequencing of mapped clones or the rice genome dataset
which was derived by shotgun sequencing. Alternatively, the
algorithm would also work well on representative genome
datasets. By the term “representative genome datasets”, it is
meant that the genomic sequences in the dataset is a subset
of the sequences of the whole genome collected from the
whole genome without bias, such as bias toward coding
sequences. These sequences would be representative of the
genome as a whole. For example, the use of a 0.5x or even
a 0.1x library of Arabidposis with representative genome
datasets would return a true positive result. On the contrary,
the use of a subset of genomic sequences of the whole
genome which are not representative of the whole genome
and biased toward certain sequences, such as the coding
sequence, would return false positive results.

V. Centromere Compositions

The present invention concerns nucleic acid segments,
isolatable from various plant cells, that are enriched relative
to total genomic DNA, or isolated from other sources or
chemically synthesized with a novel sequence, or other
nucleic acids that are capable of conferring centromere
activity to a recombinant molecule when incorporated into
the host cell. As used herein, the term “nucleic acid seg-
ment” refers to a nucleic acid molecule that has been purified
from total genomic nucleic acids of a particular species.
Therefore, a nucleic acid segment conferring centromere
function refers to a nucleic acid segment that contains
centromere sequences yet is isolated away from, or purified
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free from, total genomic nucleic acids. Included within the
term “nucleic acid segment”, are nucleic acid segments and
smaller fragments of such segments, and also recombinant
vectors, including, for example, minichromosomes, artificial
chromosomes, BACs, YACs, plasmids, cosmids, phage,
viruses, and the like.

Similarly, a nucleic acid segment comprising an isolated
or purified centromeric sequence refers to a nucleic acid
segment including centromere sequences and, in certain
aspects, regulatory sequences, isolated substantially away
from other naturally occurring sequences, or other nucleic
acid sequences. In this respect, the term “gene” is used for
simplicity to refer to a protein, polypeptide- or peptide-
encoding unit. As will be understood by those in the art, this
functional term includes both genomic sequences, cDNA
sequences and smaller engineered gene segments that may
express, or may be adapted to express, proteins, polypep-
tides or peptides.

“Isolated substantially away from other sequences”
means that the sequences of interest, in this case centromere
sequences, are included within the genomic nucleic acid
clones provided herein. Of course, this refers to the nucleic
acid segment as originally isolated, and does not exclude all
genes or coding regions.

In particular embodiments, the invention concerns iso-
lated nucleic acid segments and recombinant vectors incor-
porating nucleic acid sequences that encode a centromere
functional sequence that includes a contiguous sequence
from the centromeres of the current invention. Again,
nucleic acid segments that exhibit centromere function
activity will be most preferred.

In still yet another aspect, the invention provides a plant
centromere which is further defined as an Arabidopsis
thaliana centromere. In yet another embodiment of the
invention, the plant centromere comprises an Arabidopsis
thaliana chromosome 2 centromere. The chromosome 2
centromere may comprise, for example, from about 100 to
about 611,000, about 500 to about 611,000, about 1,000 to
about 611,000, about 10,000 to about 611,000, about 20,000
to about 611,000, about 40,000 to about 611,000, about
80,000 to about 611,000, about 150,000 to about 611,000, or
about 300,000 to about 611,000 contiguous nucleotides of a
first nucleic acid sequence flanking a first series of 180 bp
repeats in centromere 2 of A. thaliana. The centromere may
also be defined as comprising from about 100 to about
50,959, about 500 to about 50,959, about 1,000 to about
50,959, about 5,000 to about 50,959, about 10,000 to about
50,959, 20,000 to about 50,959, about 30,000 to about
50,959, or about 40,000 to about 50,959 contiguous nucle-
otides of a second nucleic acid sequence flanking a second
series of 180 bp repeats in centromere 2 of A. thaliana. The
centromere may comprise sequences from both of the third
and the fourth sequences, including the aforementioned
fragments, or the entirety of these sequences. In particular
embodiments, the inventors contemplate a 3' fragment of the
first sequence can be fused to a 5' fragment of the second
sequence, optionally including one or more 180 bp repeat
sequence disposed therebetween.

In still yet another aspect, the invention provides an
Arabidopsis thaliana chromosome 4 centromere. In certain
embodiments of the invention, the centromere may comprise
from about 100 to about 1,082,000, about 500 to about
1,082,000, about 1,000 to about 1,082,000, about 5,000 to
about 1,082,000, about 10,000 to about 1,082,000, about
50,000 to about 1,082,000, about 100,000 to about 1,082,
000, about 200,000 to about 1,082,000, about 400,000 to
about 1,082,000, or about 800,000 to about 1,082,000 con-
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tiguous nucleotides of a third nucleic acid sequence flanking
a third series of repeated sequences, including comprising
the nucleic acid sequence of the third sequence. The cen-
tromere may also be defined as comprising from about 100
to about 163,317, about 500 to about 163,317, about 1,000
to about 163,317, about 5,000 to about 163,317, about
10,000 to about 163,317, about 30,000 to about 163,317,
about 50,000 to about 163,317, about 80,000 to about
163,317, or about 120,000 to about 163,317 contiguous
nucleotides of the nucleic acid sequence of a fourth
sequence flanking a fourth series of repeated sequences, and
may be defined as comprising the nucleic acid sequence of
the fourth sequence. The centromere may comprise
sequences from both the third and the fourth sequences,
including the aforementioned fragments, or the entirety of
the third and the fourth sequences. In particular embodi-
ments, the inventors contemplate a 3' fragment of the third
sequence can be fused to a 5' fragment of the fourth
sequence, optionally including one or more 180 bp repeat
sequence disposed therebetween.

In yet another embodiment, there is provided a Arabi-
dopsis thaliana chromosome 1, 3 or 5 centromere selected
from the nucleic acid sequence given by one of the repeated
sequences in these chromosomes, or fragments thereof. The
length of the repeat used may vary, but will preferably range
from about 20 bp to about 250 bp, from about 50 bp to about
225 bp, from about 75 bp to about 210 bp, from about 100
bp to about 205 bp, from about 125 bp to about 200 bp, from
about 150 bp to about 195 bp, from about 160 bp to about
190 and from about 170 bp to about 185 bp including about
180 bp. In one embodiment, the construct comprises at least
100 base pairs, up to an including the full length, of one of
the preceding sequences. In addition, the construct may
include 1 or more 180 base pair repeats.

In one embodiment, the centromere n copies of a repeated
nucleotide sequence obtained by the method disclosed
herein, wherein n is at least 2. Potentially any number of
repeat copies capable of physically being placed on the
recombinant construct could be included on the construct,
including about 5, 10, 15, 20, 30, 50, 75, 100, 150, 200, 300,
400, 500, 750, 1,000, 1,500, 2,000, 3,000, 5,000, 7,500,
10,000, 20,000, 30,000, 40,000, 50,000, 60,000, 70,000,
80,000, 90,000 and about 100,000, including all ranges
in-between such copy numbers. Moreover, the copies, while
largely identical, can vary from each other. Such repeat
variation is commonly observed in naturally occurring cen-
tromeres.

In another embodiment, the centromere is a Brassica
oleracea centromere comprising Brassica oleracea cen-
tromere DNA. In one embodiment, the Brassica oleracea
centromere is defined as comprising n copies of a repeated
nucleotide sequence, wherein n is at least 2. Potentially any
number of repeat copies capable of physically being placed
on the recombinant construct could be included on the
construct, including about 5, 10, 15, 20, 30, 50, 75, 100, 150,
200, 300, 400, 500, 750, 1,000, 1,500, 2,000, 3,000, 5,000,
7,500, 10,000, 20,000, 30,000, 40,000, 50,000, 60,000,
70,000, 80,000, 90,000 and about 100,000, including all
ranges in-between such copy numbers. In one embodiment,
the repeated nucleotide sequence is isolated from Brassica
oleracea given by SEQ ID NO:1, 2, 3, or 4.

In yet another embodiment, the centromere is a Glycine
max centromere comprising glycine max centromere DNA.
In an embodiment, the Glycine max centromere is defined as
comprising n copies of a repeated nucleotide sequence,
wherein n is at least 2. Potentially any number of repeat
copies capable of physically being placed on the recombi-
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nant construct could be included on the construct, including
about 5, 10, 15, 20, 30, 50, 75, 100, 150, 200, 300, 400, 500,
750, 1,000, 1,500, 2,000, 3,000, 5,000, 7,500, 10,000,
20,000, 30,000, 40,000, 50,000, 60,000, 70,000, 80,000,
90,000 and about 100,000, including all ranges in-between
such copy numbers. In one embodiment, the repeated nucle-
otide sequence is isolated from Glycine max given by SEQ
ID NO:5, 6, 7, or 8.

In yet another embodiment, the centromere is a Lycoper-
sicon esculentum centromere comprising Lycopersicon
esculentum centromere DNA. In an embodiment, the Lyco-
persicon esculentum centromere is defined as comprising n
copies of a repeated nucleotide sequence, wherein n is at
least 2. Potentially any number of repeat copies capable of
physically being placed on the recombinant construct could
be included on the construct, including about 5, 10, 15, 20,
30, 50, 75, 100, 150, 200, 300, 400, 500, 750, 1,000, 1,500,
2,000, 3,000, 5,000, 7,500, 10,000, 20,000, 30,000, 40,000,
50,000, 60,000, 70,000, 80,000, 90,000 and about 100,000,
including all ranges in-between such copy numbers. In one
embodiment, the repeated nucleotide sequence is isolated
from Lycopersicon esculentum given by SEQ ID NO:9 or
10.

In yet another embodiment, the centromere is a Zea mays
centromere comprising Zea mays centromere DNA. In an
embodiment, the centromere is defined as comprising n
copies of a repeated nucleotide sequence, wherein n is at
least 2. Potentially any number of repeat copies capable of
physically being placed on the recombinant construct could
be included on the construct, including about 5, 10, 15, 20,
30, 50, 75, 100, 150, 200, 300, 400, 500, 750, 1,000, 1,500,
2,000, 3,000, 5,000, 7,500, 10,000, 20,000, 30,000, 40,000,
50,000, 60,000, 70,000, 80,000, 90,000 and about 100,000,
including all ranges in-between such copy numbers. In one
embodiment, the repeated nucleotide sequence is isolated
from Zea mays given by SEQ ID NO:11, 12 or 13.

The centromere can additionally be defined as the region
of the chromosome where the sister chromatids pair during
cell division. The centromere is also the chromosomal
region where the kinetochore (the chromosomal attachment
structure for the spindle) and the spindle (the cellular
machinery that provides the motive force for chromosome
segregation) attach to the chromosome during mitosis and
meiosis. The centromere is also defined as the region of the
primary constriction in a condensed chromosome. The DNA
of the centromere is characteristically heavily methylated,
repetitive, and condensed (heterochromatic).

VI. Minichromosome Construction

Minichromosomes are constructed by combining frag-
ments of centromere DNA with other DNA sequences useful
for propagation of the resultant recombinant DNA molecule
in E. coli, other bacteria, yeast or plants. Recombinant
plasmids containing large fragments of centromere DNA are
referred to as centromere clones. Centromere sequences
removed from centromere clones, or centromere sequences
derived directly from genomic DNA, are referred to as
centromere fragments. Recombinant constructs containing
DNA sequences necessary for the propagation, delivery,
selection, and detection of minichromosomes will be
referred to as minichromosome vector sequences or min-
ichromosome vectors; these sequences can include but are
not limited to selectable marker genes, visible marker genes,
origins of replication, restriction endonuclease recognition
sites, homing endonuclease recognition sites, sequences
recognized by site specific recombinase enzymes, telomere
sequences, and sequences required for delivery of minichro-
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mosomes into bacteria, yeast or plant cells. Recombinant
constructs containing both large centromere fragments as
well as minichromosome vector sequences are referred to as
minichromosomes. The process of assembling minichromo-
somes from centromere clones/fragments and minichromo-
some vector sequences can be done in several ways, and
involves techniques that are common practice among those
trained in molecular biology:

1) Joining Centromere Fragments to Minichromosome Vec-
tor Sequences:

Centromere DNA fragments and minichromosome vector
DNA fragments are generated and purified using conven-
tional techniques, some of which include restriction enzyme
digestion, agarose gel electrophoresis, gel purification of
specific fragments, anion-exchange purification and ethanol
precipitation. The resulting purified centromere and vector
fragments are enzymatically joined in vitro, using for
example T4 DNA ligase. The ends of the fragments can be
cohesive, as the result of digestion with compatible restric-
tion endonucleases or from the addition of compatible
oligonucleotide linkers; alternatively the ends of the frag-
ments can be blunt and can be directly joined. Following
ligation, the resulting minichromosomes are introduced into
E. coli, other bacteria, yeast, or plant cells using chemical or
physical transformation methods. The structure of the result-
ing minichromosomes can be determined by recovering
them from the host organism and assessing DNA fragment
size and composition.

2) Transfer of Minichromosome Vector Sequences into
Centromere Clones by Site-specific Recombination:

The minichromosome vector sequences can be con-
structed to include site-specific recombination sequences
(for example those recognized by the bacteriophage P1 Cre
recombinase, or the bacteriophage lambda integrase, or
similar recombination enzymes). A compatible recombina-
tion site, or a pair of such sites, can also be included in the
centromere clones. Incubation of the minichromosome vec-
tor and the centromere clone in the presence of the recom-
binase enzyme causes strand exchange to occur between the
recombination sites in the two plasmids; the resulting min-
ichromosomes contain centromere sequences as well as
minichromosome vector sequences (FIG. 5). Introducing the
DNA molecules formed in such recombination reactions into
E. coli, other bacteria, yeast or plant cells can be followed
by selection for marker genes present on both parental
plasmids, allowing the isolation of minichromosomes.

3) Minichromosome Vector Tailing Method for Minichro-
mosome Construction:

Centromere DNA fragments isolated from genomic DNA
or from centromere clones can be modified on their ends by
treatment with restriction endonucleases, or by ligation with
DNA molecules including, but not limited to, oligonucle-
otide linkers, or by the addition of nucleotides, to produce a
desired cohesive or blunt end. These fragments are size-
fractionated by, agarose gel electrophoresis or other meth-
ods, and the centromere fragments purified using conven-
tional techniques. Minichromosome vector fragments are
generated and purified in a similar manner, resulting in linear
minichromosome vector sequences with DNA ends compat-
ible with those on the centromere fragments. Compatible
ends in this case are defined by ends that can be joined in
vitro by the action of a ligase enzyme. As shown in FIG. 6,
the two fragments are then mixed so that the minichromo-
some vector molecules are present in at least two-fold molar
excess over the centromere fragments. The fragments are
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joined by the addition of a ligase enzyme (for example
bacteriophage T4 DNA ligase), resulting in the formation of
DNA molecules in which minichromosome vector mol-
ecules have been joined to both ends of the same centromere
fragment. Digestion of the ligation mixture with a rare-
cutting restriction or homing endonuclease (for example
endonucleases with recognition sequences of 8 or more
bases) results in linear minichromosome precursors consist-
ing of a fragment of the original minichromosome vector
attached to each end of the centromere fragment. The ends
of this hybrid molecule are compatible because they were
created by the same restriction enzyme. This linear min-
ichromosome precursor is purified, for example, by agarose
gel electrophoresis followed by gel purification of the DNA
fragments of the expected length. The purified DNA mol-
ecules are circularized by joining the ends, for example by
treatment with a DNA ligase enzyme. The resulting min-
ichromosome molecules can be introduced into E. coli, other
bacteria, yeast or plant cells, followed by purification and
characterization using conventional methods.

VII. Use of Minichromosomes for Plant Transformation

1) Delivery of Minichromosomes into Plant Cells:

Minichromosomes are purified and delivered into plant
cells, either individually or as a mixture. The minichromo-
somes can be either circular or linear or mixtures thereof.
The plant cells used for minichromosome delivery can be
either intact seedlings, immature or mature plants, parts of
seedlings or plants, specific plant tissues (for example
leaves, stems, roots, flowers, fruits), differentiated tissues
cultured in vitro (for example roots), or undifferentiated cells
(for example callus) cultured in vitro. The minichromosome
DNA can be delivered into plant cells by a variety of
methods including but not limited to the following: elec-
troporation; Agrobacterium-mediated DNA delivery; virus-
mediated DNA delivery; delivery mediated by salts or lipids
that facilitate the cellular uptake of DNA; microinjection of
DNA; manipulation into a cell of DNA-coated or DNA-
containing particles, droplets, micelles, microspheres, or
chemical complexes using a variety of techniques, including
biolistic particle bombardment, optical tweezers, particle
beams, and electrospray apparatus; manipulation of DNA-
coated magnetic particles into the cells by magnetic fields;
DNA delivery into cells by cell wounding using micro-
needles (for example silicon carbide needles); sonication or
other acoustic treatment of the cells to facilitate DNA
uptake; fusion of plant cells with other cell types carrying a
minichromosome, including bacterial, yeast, or other plant
cells; any other electrical, chemical, physical, or biological
mechanism that results in the introduction of minichromo-
some DNA into the plant cell.

2) Isolating Plant Cells Containing Minichromosomes:

Following minichromosome delivery, plant cells, plant
tissues, or complete plants carrying the minichromosome
can be isolated by a variety of selection methods. Selection
involves subjecting the plant cells, tissues or plants to
chemical, environmental, or mechanical treatments that
enrich for those cells, tissue or plants that contain a min-
ichromosome. The selection methods include but are not
limited to: fluorescence-activated cell sorting of cells, cell
clumps, or cell protoplasts based on expression of a marker
protein encoded by the minichromosome (for example, a
fluorescent protein such as DsRed); affinity purification of
cells, cell clumps, or protoplasts based on expression of a
cell wall protein, membrane protein, or membrane-associ-
ated protein encoded by the minichromosome; any cell
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fractionation method capable of separating cells based on
their density, size or shape to enrich for cells with a property
that differs from that of the starting population and is
conferred by the minichromosome; selection of cells for
resistance to an antibiotic conferred by the minichromo-
some; selection of cells for resistance to an herbicide con-
ferred by the minichromosome; selection of cells for resis-
tance to a toxic metal, salt, mineral or other substance
conferred by the minichromosome; selection of cells for
resistance to abiotic stress (for example heat, cold, acid,
base, osmotic stress) conferred by the minichromosome;
selection of cells capable of utilizing a carbon source or
other nutrient source not normally utilized by plant cells, this
utilization function being conferred by the minichromo-
some. As a result of the treatment, a population of plant cells
can be obtained that contain minichromosomes. Individual
clones or sub-populations of these cells can be expanded in
culture for further characterization.

Alternatively, plant cells, plant tissues, or complete plants
that carry minichromosomes can be identified by direct
screening. Such methods involve subjecting each cell, plant,
or tissue to diagnostic tests indicative of the presence of the
minichromosome. These tests can include direct assays for
the presence of minichromosome DNA, or indirect assays
for properties conferred by the minichromosome. Direct
assays for the presence of the minichromosome DNA
include but are not limited to: staining of cells with DNA-
binding molecules to allow detection of an additional chro-
mosome; in situ hybridization with labeled DNA probes
corresponding to sequences present on the minichromo-
some; southern blots or dot blots of DNA extracted from the
cells, plant or tissue and probed with labeled DNA
sequences corresponding to sequences present on the min-
ichromosome; electrophoresis of genomic DNA extracted
from the cells, plant or tissue under conditions that allow
identification of the minichromosome; amplification of spe-
cific sequences present on the minichromosome from
genomic DNA extracted from the cells, plant or tissue using
the polymerase chain reaction. Indirect assays for properties
conferred by the minichromosome include but are not lim-
ited to: detection of the expression of a fluorescent marker
encoded by the minichromosome by fluorescence micros-
copy, flow cytometery or fluorimetry; detection of the
expression of a protein encoded by the minichromosome by
use of specific antibodies, or any other reagent capable of
specifically binding to the protein; use of cell fractionation
methods capable of detecting a specific density, size or shape
of the cells or tissues, that is conferred by the minichromo-
some; growth of cells, seedlings, plants or tissues on an
antibiotic-containing medium to determine the presence of
an antibiotic-resistance gene encoded by the minichromo-
some; growth of cells, seedlings, plants or tissues on an
herbicide-containing medium to determine the presence of
an herbicide-resistance gene encoded by the minichromo-
some; growth of cells, seedlings, plants or tissues on a
medium containing a toxic metal, salt, mineral or other
substance to determine the presence of an gene conferring
resistance to this substance encoded by the minichromo-
some; growth of cells, tissues or plants under conditions of
abiotic stress (for example heat, cold, acid, base, osmotic
stress) to determine the presence of a gene conferring
resistance to this stress encoded by the minichromosome;
growth of cells on a medium containing a carbon source or
other nutrient source normally not utilized by plant cells, to
determine the presence of a utilization function conferred by
the minichromosome.
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3) Characterization of Plant Cell Clones Containing Min-

ichromosomes
Plant cells, tissues, or entire plants containing minichro-

mosomes can be further characterized to determine whether
the minichromosome is an autonomous DNA molecule, or
whether it is associated with one of the plant cell’s chro-
mosomes by integration. The methods used for this analysis
include, but are not limited to, the following:

1) Detection of marker protein expression by microscopy,
flow cytometry, fluorimetry, enzymatic assays, cell stain-
ing or any other technique that allows the detection of a
marker protein having a specific enzymatic activity, or
conferring a specific color, or fluorescence property onto
the cells. For example, if a cell line has been selected for
containing a minichromosome by selecting for the func-
tion of a resistance gene encoded by the minichromo-
some, and if a marker protein is also encoded by the
minichromosome, then expression of this marker protein
in the selected cells is an indication of the presence of the
entire minichromosome, and could indicate autonomy of
this minichromosome from the cell’s other chromosomes.

2) Use of gel electrophoresis to detect a minichromosome in
genomic DNA isolated from the plant cells, tissue or
entire plants. For example, genomic DNA isolated from
the cells, tissues or plants can be fractionated by gel
electrophoresis, either intact or following digestion with
restriction endonucleases or homing endonucleases,
allowing the detection of a minichromosome or a frag-
ment of a minichromosome.

3) Use of southern blots or dot blots of DNA extracted from
the cells, tissue or plants to detect the presence of specific
sequences contained on the minichromosome. For
example, digestion of genomic DNA extracted from the
cells, tissues or plants can be fractionated by agarose gel
electrophoresis, blotted onto a DNA-binding membrane,
and probed with labeled DNA sequences corresponding to
sequences present on the minichromosome to detect spe-
cific fragments of minichromosome DNA, and thus
allowing the determination of the autonomous, or inte-
grated structure of the minichromosome.

4) Cytological techniques for directly visualizing the min-
ichromosome in the transformed cells, such as staining of
cells with DNA-binding dyes or in situ hybridization with
labeled DNA probes corresponding to sequences present
on the minichromosome.

5) Genetic analysis of marker segregation by scoring marker
inheritance in progeny of a plant containing a minichro-
mosome. For example, markers present on an autonomous
minichromosome will segregate independently from
markers on the arms of the host chromosomes in a
population of F2 progeny generated from a cross between
a line carrying a minichromosome and a second marked
line that doesn’t carry the minichromosome. Markers
include but are not limited to: visible markers conferring
a visible characteristic to the plant; selectable markers,
conferring resistance to an antibiotic, herbicide, or other
toxic compound; enzymatic markers, conferring an enzy-
matic activity that can be assays in the plant or in extracts
made from the plant; protein markers, allowing the spe-
cific detection of a protein expressed in the plant; molecu-
lar markers, such as restriction fragment length polymor-
phisms, amplified fragment length polymorphisms, short
sequence repeat (microsatellite) markers, presence of
certain sequences in the DNA of the plant as detected by
the polymerase chain reaction, single nucleotide polymor-
phisms or cleavable amplified polymorphic sites.
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4) Plant Regeneration from Transformed Cell Clones:

Plant cells or tissues that harbor minichromosomes can be
used to regenerate entire plants. This will be accomplished
with standard techniques of plant regeneration from differ-
entiated tissues or undifferentiated cells. Typically, trans-
formed tissues or callus are subjected to a series of treat-
ments with media containing various mixtures of plant
hormones and growth regulators that promote the formation
of a plant embryo, specific plant tissues or organs, or a
complete plant (roots and shoot) from the starting cells or
tissues. Following plant regeneration, the plant can be grown
either in sterile media or in soil.

VIII. Testing Minichromosome Inheritance in Plant Cells

The inheritance of minichromosomes can be measured
through one or more cell divisions. After isolating cells,
tissues, or entire plants that contain the minichromosome,
the population of cells is allowed to grow (either with or
without selection), and the presence of the minichromosome
is monitored as the cells divide. Minichromosomes can be
detected in cells by a variety of methods, including but not
limited to: detection of fluorescence or any other visual
characteristic arising from a marker protein gene present on
the minichromosome; resistance to an antibiotic, herbicide,
toxic metal, salt, mineral or other substance, or abiotic stress
as outlined above (Isolating plant cells containing minichro-
mosomes); staining of cells with DNA-binding molecules to
allow detection of an additional chromosome; in situ hybrid-
ization with labeled DNA probes corresponding to
sequences present on the minichromosome; southern blots
or dot blots of DNA extracted from the cell population and
probed with labeled DNA sequences corresponding to
sequences present on the minichromosome; expression of a
marker enzyme encoded by a gene present on the minichro-
mosome (i.e. luciferase, alkaline phosphatase, beta-galac-
tosidase, etc.) that can be assayed in the cells or in an extract
made from the cells.

The percentage of cells containing the chromosome is
determined at regular intervals during this growth phase.
The change in the fraction of cells harboring the minichro-
mosome, divided by the number of cell divisions, represents
the average minichromosome loss rate. Minichromosomes
with the lowest loss rates have the highest level of inherit-
ance.

IX. Recovery of Minichromosomes from Plant Cells
Recovery of minichromosomes from plant cells can be

achieved by a variety of techniques, including, but not

limited to, the following:

1) Extracting the genomic DNA of transformed plant cells
and introducing that DNA into E. coli, other bacteria or
yeast and selecting for the antibiotic resistance genes
present on the minichromosome.

2) Isolation of chromosomes from cells, tissues or plants
containing minichromosomes, and sorting these by flow
cytometry to allow the separation of chromosomes of
different size;

3) Isolation of individual chromosomes from a cell harbor-
ing minichromosomes by micro-manipulation involving
mechanical devices such as needles made of glass, metal
or other suitable substances, or other techniques such as
optical tweezers, or micro-suction devices.

4) Combinations of the above, for example chromosome
isolation by flow cytometry or micromanipulation fol-
lowed by introduction into £. coli, other bacteria, yeast or
plant cells.

The resulting minichromosomes “rescued” in this fashion
may differ from their parental molecules in total size, size of

20

25

45

50

55

60

65

26

the centromere, presence or absence of additional sequences,
and overall arrangement of the sequences. These procedures
allow the isolation of DNA molecules capable of replicating
and segregating in plant cells without having to test min-
ichromosomes individually. For example, after delivery of
pools of minichromosomes, or pools of centromere clones
into plant cells, tissues or whole plants, and recovering them
by the methods listed above, facilitates the selection of
specific minichromosomes or centromere clones that remain
autonomous in plant cells. Whereas plant transformation
with minichromosomes relies on the sequences contributed
by minichromosome vectors, the recovery methods do not
necessarily require minichromosome vector sequences; as a
result, pools of centromere clones can be delivered into plant
cells followed by recovery of the ones that replicated and
persist.

X. Exogenous Genes for Expression in Plants

One particularly important advance of the present inven-
tion is that it provides methods and compositions for expres-
sion of exogenous genes in plant cells. One advance of the
constructs of the current invention is that they enable the
introduction of multiple genes (often referred to as gene
“stacking”), potentially representing an entire biochemical
pathway, or any combination of genes encoding different
biochemical processes or pathways. Significantly, the cur-
rent invention allows for the transformation of plant cells
with a minichromosome comprising a number of structural
genes. Another advantage is that more than one minichro-
mosome could be introduced, allowing combinations of
genes to be moved and shuffled. Moreover, the ability to
eliminate a minichromosome from a plant would provide
additional flexibility, making it possible to alter the set of
genes contained within a plant. Further, by using site-
specific recombinases, it should be possible to add genes to
an existing minichromosome once it is in a plant.

Added genes often will be genes that direct the expression
of a particular protein or polypeptide product, but they also
may be non-expressible DNA segments, e.g., transposons
such as Ds that do not direct their own transposition. As used
herein, an “expressible gene” is any gene that is capable of
being transcribed into RNA (e.g., mRNA, antisense RNA,
etc.) or translated into a protein, expressed as a trait of
interest, or the like, etc., and is not limited to selectable,
screenable or non-selectable marker genes. The inventors
also contemplate that, where both an expressible gene that is
not necessarily a marker gene is employed in combination
with a marker gene, one may employ the separate genes on
either the same or different DNA segments for transforma-
tion. In the latter case, the different vectors may be delivered
concurrently to recipient cells to maximize cotransformation
or may be delivered sequentially.

The choice of the particular DNA segments to be deliv-
ered to the recipient cells often will depend on the purpose
of the transformation. One of the major purposes of trans-
formation of crop plants is to add some commercially
desirable, agronomically important traits to the plant. Such
traits include, but are not limited to, herbicide resistance or
tolerance; insect resistance or tolerance; disease resistance
or tolerance (viral, bacterial, fungal, nematode); stress tol-
erance and/or resistance, as exemplified by resistance or
tolerance to drought, heat, chilling, freezing, excessive
moisture, salt stress; oxidative stress; increased yields; food
content and makeup; physical appearance; male sterility;
drydown; standability; prolificacy; starch quantity and qual-
ity; oil quantity and quality; protein quality and quantity;
amino acid composition; the production of a pharmaceuti-
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cally active protein; the production of a small molecule with
medicinal properties; the production of a chemical including
those with industrial utility; the production of nutraceuticals,
carbohydrates, RNAs, lipids, fuels, dyes, pigments, vita-
mins, scents, flavors, vaccines, antibodies, hormones, and
the like. Additionally one could create a library of an entire
genome from any organism or organelle including mam-
mals, plants, microbes, fungi, bacteria, represented on min-
ichromosomes. Furthermore one could incorporate a desired
genomic segment such as one that includes a quantitative
trait onto a minichromosome. One may desire to incorporate
one or more genes conferring any such desirable trait or
traits, such as, for example, a gene or genes encoding
herbicide resistance.

In certain embodiments, the present invention contem-
plates the transformation of a recipient cell with minichro-
mosomes comprising more than one exogenous gene. An
“exogenous gene,” can be a gene not normally found in the
host genome in an identical context, or alternatively, the
minichromosome could be used to introduce extra copies of
host genes into a cell. The gene may be isolated from a
different species than that of the host genome, or alterna-
tively, isolated from the host genome but operably linked to
one or more regulatory regions which differ from those
found in the unaltered, native gene. Two or more exogenous
genes also can be supplied in a single transformation event
using either distinct transgene-encoding vectors, or using a
single vector incorporating two or more gene coding
sequences. For example, plasmids bearing the bar and aroA
expression units in either convergent, divergent, or colinear
orientation, are considered to be particularly useful. Further
preferred combinations are those of an insect resistance
gene, such as a Bt gene, along with a protease inhibitor gene
such as pinll, or the use of bar in combination with either of
the above genes. Of course, any two or more transgenes of
any description, such as those conferring herbicide, insect,
disease (viral, bacterial, fungal, nematode) or drought resis-
tance, male sterility, drydown, standability, prolificacy,
starch properties, oil quantity and quality, modified chemical
production, pharmaceutical or nutraceutical properties,
bioremediation properties, increased biomass, altered
growth rate, altered fitness, altered salinity tolerance, altered
thermal tolerance, altered growth form, altered composition,
altered metabolism, altered biodegradability, altered CO,
fixation, altered stress tolerance, presence of bioindicator
activity, altered digestibility by humans or animals, altered
allergenicity, altered mating characteristics, altered pollen
dispersal, altered appearance, improved environmental
impact, nitrogen fixation capability, or those increasing yield
or nutritional quality may be employed as desired.

(1) Herbicide Resistance

The genes encoding phosphinothricin acetyltransferase
(bar and pat), glyphosate tolerant EPSP synthase genes, the
glyphosate degradative enzyme gene gox encoding glypho-
sate oxidoreductase, deh (encoding a dehalogenase enzyme
that inactivates dalapon), herbicide resistant (e.g., sulfony-
lurea and imidazolinone) acetolactate synthase, and bxn
genes (encoding a nitrilase enzyme that degrades bromoxy-
nil) are good examples of herbicide resistant genes for use
in transformation. The bar and pat genes code for an
enzyme, phosphinothricin acetyltransferase (PAT), which
inactivates the herbicide phosphinothricin and prevents this
compound from inhibiting glutamine synthetase enzymes.
The enzyme S-enolpyruvylshikimate 3-phosphate synthase
(EPSP Synthase), is normally inhibited by the herbicide
N-(phosphonomethyl)glycine (glyphosate). However, genes
are known that encode glyphosate-resistant EPSP synthase
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enzymes. These genes are particularly contemplated for use
in plant transformation. The deh gene encodes the enzyme
dalapon dehalogenase and confers resistance to the herbicide
dalapon. The bxn gene codes for a specific nitrilase enzyme
that converts bromoxynil to a non-herbicidal degradation
product.

(i1) Insect Resistance

Potential insect resistance genes that can be introduced
include Bacillus thuringiensis crystal toxin genes or Bt
genes (Watrud et al., 1985). Bt genes may provide resistance
to lepidopteran or coleopteran pests such as European Corn
Borer (ECB). Preferred Bt toxin genes for use in such
embodiments include the CrylA(b) and CrylA(c) genes.
Endotoxin genes from other species of B. thuringiensis
which affect insect growth or development also may be
employed in this regard.

It is contemplated that preferred Bt genes for use in the
transformation protocols disclosed herein will be those in
which the coding sequence has been modified to effect
increased expression in plants, and more particularly, in
monocot plants. Means for preparing synthetic genes are
well known in the art and are disclosed in, for example, U.S.
Pat. No. 5,500,365 and U.S. Pat. No. 5,689,052, each of the
disclosures of which are specifically incorporated herein by
reference in their entirety. Examples of such modified Bt
toxin genes include a synthetic Bt CrylA(b) gene (Perlak et
al., 1991), and the synthetic CrylA(c) gene termed 1800b
(PCT Application WO 95/06128). Some examples of other
Bt toxin genes known to those of skill in the art are given in
Table 1 below.

TABLE 1

Bacillus thuringiensis 6-Endotoxin Genes®

New Nomenclature Old Nomenclature GenBank Accession

CrylAa CrylA(a) M11250
CrylAb CryIA(b) M13898
CrylAc CryIA(c) M11068
CrylAd CryIA(d) M73250
CrylAe CrylA(e) M65252
CrylBa CryIB X06711
Cry1Bb ETS 132020
CrylBec PEGS 746442
Cry1Bd CryEl u70726
CrylCa CrylC X07518
CrylChb CryIC(b) MO97880
CrylDa CryID X54160
Cry1Db PiB 722511
CrylEa CrylE X53985
CrylEb CrylIE(b) M73253
CrylFa CryIF M63897
CrylFb PrtD 722512
Cryl1Ga PrtA 722510
Cryl1Gb CryH2 U70725
CrylHa PiC 722513
CrylHb U35780
Crylla CryV X62821
Cryllb CryV U07642
Cryla ET4 132019
Cryllb ET1 U31527
CrylK U28801
Cry2Aa CrylIA M31738
Cry2Ab CrylIB M23724
Cry2Ac CrylIC X57252
Cry3A CryllIA M22472
Cry3Ba CryllIB X17123
Cry3Bb CrylIIB2 M89794
Cry3C CryllID X59797
Cry4A CryIVA Y00423
Cry4B CryIVB X07423
Cry5Aa CryVA(a) L07025
CrySAb CryVA(b) L07026
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TABLE 1-continued

Bacillus thuringiensis &Endotoxin Genes®

New Nomenclature Old Nomenclature GenBank Accession

Cry6A CryVIA L07022
Cry6B CryVIB L07024
Cry7Aa CrylliC M64478
Cry7Ab CrylIICb U04367
Cry8A CryllIE U04364
Cry8B CryllIG U04365
Cry8C CrylIIF U04366
CryoA CrylG X58120
CryoB CryIX X75019
CryoC CryIH 737527
Cryl0A Crylve M12662
CryllA CryIvD M31737
Cryl1B Teg80 X86902
Cryl2A CryVB L07027
Cryl13A Ccryve L07023
Cryl4A CryVD U13955
Cryl5A 34kDa M76442
Cryl6A cbm71 X94146
Cryl7A cbm71 X99478
Cryl18A CryBP1 X99049
Cry19A Teg65 Y08920
CytlAa CytA X03182
Cyt1Ab CytM X98793
Cy2A CytB 714147
Cyt2B CytB U52043

?Adapted from: http://epunix.biols.susx.ac.uk/Home/Neil__Crickmore/Bt/
index.html

Protease inhibitors also may provide insect resistance
(Johnson et al., 1989), and will thus have utility in plant
transformation. The use of a protease inhibitor II gene, pinll,
from tomato or potato is envisioned to be particularly useful.
Even more advantageous is the use of a pinll gene in
combination with a Bt toxin gene, the combined effect of
which has been discovered to produce synergistic insecti-
cidal activity. Other genes which encode inhibitors of the
insect’s digestive system, or those that encode enzymes or
co-factors that facilitate the production of inhibitors, also
may be useful. This group may be exemplified by oryza-
cystatin and amylase inhibitors such as those from wheat
and barley.

Also, genes encoding lectins may confer additional or
alternative insecticide properties. Lectins (originally termed
phytohemagglutinins) are multivalent carbohydrate-binding
proteins which have the ability to agglutinate red blood cells
from a range of species. Lectins have been identified
recently as insecticidal agents with activity against weevils,
ECB and rootworm (Murdock et al., 1990; Czapla & Lang,
1990). Lectin genes contemplated to be useful include, for
example, barley and wheat germ agglutinin (WGA) and rice
lectins (Gatehouse et al., 1984), with WGA being preferred.

Genes controlling the production of large or small
polypeptides active against insects when introduced into the
insect pests, such as, e.g., lytic peptides, peptide hormones
and toxins and venoms, form another aspect of the inven-
tion. For example, it is contemplated that the expression of
juvenile hormone esterase, directed towards specific insect
pests, also may result in insecticidal activity, or perhaps
cause cessation of metamorphosis (Hammock et al., 1990).

Transgenic plants expressing genes which encode
enzymes that affect the integrity of the insect cuticle form
yet another aspect of the invention. Such genes include those
encoding, e.g., chitinase, proteases, lipases and also genes
for the production of nikkomycin, a compound that inhibits
chitin synthesis, the introduction of any of which is con-
templated to produce insect resistant plants. Genes that code
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for activities that affect insect molting, such as those affect-
ing the production of ecdysteroid UDP-glucosyl transferase,
also fall within the scope of the useful transgenes of the
present invention.

Genes that code for enzymes that facilitate the production
of compounds that reduce the nutritional quality of the host
plant to insect pests also are encompassed by the present
invention. It may be possible, for instance, to confer insec-
ticidal activity on a plant by altering its sterol composition.
Sterols are obtained by insects from their diet and are used
for hormone synthesis and membrane stability. Therefore
alterations in plant sterol composition by expression of
novel genes, e.g., those that directly promote the production
of undesirable sterols or those that convert desirable sterols
into undesirable forms, could have a negative effect on
insect growth and/or development and hence endow the
plant with insecticidal activity. Lipoxygenases are naturally
occurring plant enzymes that have been shown to exhibit
anti-nutritional effects on insects and to reduce the nutri-
tional quality of their diet. Therefore, further embodiments
of the invention concern transgenic plants with enhanced
lipoxygenase activity which may be resistant to insect
feeding.

Tripsacum dactyloides is a species of grass that is resistant
to certain insects, including corn root worm. It is anticipated
that genes encoding proteins that are toxic to insects or are
involved in the biosynthesis of compounds toxic to insects
will be isolated from 7ripsacum and that these novel genes
will be useful in conferring resistance to insects. It is known
that the basis of insect resistance in Tripsacum is genetic,
because said resistance has been transferred to Zea mays via
sexual crosses (Branson and Guss, 1972). It is further
anticipated that other cereal, monocot or dicot plant species
may have genes encoding proteins that are toxic to insects
which would be useful for producing insect resistant plants.

Further genes encoding proteins characterized as having
potential insecticidal activity also may be used as transgenes
in accordance herewith. Such genes include, for example,
the cowpea trypsin inhibitor (CpTI; Hilder et al., 1987)
which may be used as a rootworm deterrent; genes encoding
avermectin (Avermectin and Abamectin., Campbell, W. C.,
Ed., 1989; Ikeda et al., 1987) which may prove particularly
useful as a corn rootworm deterrent; ribosome inactivating
protein genes; and even genes that regulate plant structures.
Transgenic plants including anti-insect antibody genes and
genes that code for enzymes that can convert a non-toxic
insecticide (pro-insecticide) applied to the outside of the
plant into an insecticide inside the plant also are contem-
plated.

(ii1) Environment or Stress Resistance

Improvement of a plants ability to tolerate various envi-
ronmental stresses such as, but not limited to, drought,
excess moisture, chilling, freezing, high temperature, salt,
and oxidative stress, also can be effected through expression
of novel genes. It is proposed that benefits may be realized
in. terms of increased resistance to freezing temperatures
through the introduction of an “antifreeze” protein such as
that of the Winter Flounder (Cutler et al., 1989) or synthetic
gene derivatives thereof. Improved chilling tolerance also
may be conferred through increased expression of glycerol-
3-phosphate acetyltransferase in chloroplasts (Wolter et al.,
1992). Resistance to oxidative stress (often exacerbated by
conditions such as chilling temperatures in combination with
high light intensities) can be conferred by expression of
superoxide dismutase (Gupta et al., 1993), and may be
improved by glutathione reductase (Bowler et al., 1992).
Such strategies may allow for tolerance to freezing in newly
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emerged fields as well as extending later maturity higher
yielding varieties to earlier relative maturity zones.

It is contemplated that the expression of novel genes that
favorably effect plant water content, total water potential,
osmotic potential, and turgor will enhance the ability of the
plant to tolerate drought. As used herein, the terms “drought
resistance” and “drought tolerance” are used to refer to a
plants increased resistance or tolerance to stress induced by
a reduction in water availability, as compared to normal
circumstances, and the ability of the plant to function and
survive in lower-water environments. In this aspect of the
invention it is proposed, for example, that the expression of
genes encoding for the biosynthesis of osmotically-active
solutes, such as polyol compounds, may impart protection
against drought. Within this class are genes encoding for
mannitol-L-phosphate dehydrogenase (Lee and Saier, 1982)
and trehalose-6-phosphate synthase (Kaasen et al., 1992).
Through the subsequent action of native phosphatases in the
cell or by the introduction and coexpression of a specific
phosphatase, these introduced genes will result in the accu-
mulation of either mannitol or trehalose, respectively, both
of which have been well documented as protective com-
pounds able to mitigate the effects of stress. Mannitol
accumulation in transgenic tobacco has been verified and
preliminary results indicate that plants expressing high lev-
els of this metabolite are able to tolerate an applied osmotic
stress (Tarczynski et al., 1992, 1993).

Similarly, the efficacy of other metabolites in protecting
either enzyme function (e.g., alanopine or propionic acid) or
membrane integrity (e.g., alanopine) has been documented
(Loomis et al., 1989), and therefore expression of genes
encoding for the biosynthesis of these compounds might
confer drought resistance in a manner similar to or compli-
mentary to mannitol. Other examples of naturally occurring
metabolites that are osmotically active and/or provide some
direct protective effect during drought and/or desiccation
include fructose, erythritol (Coxson et al., 1992), sorbitol,
dulcitol (Karsten et al., 1992), glucosylglycerol (Reed et al.,
1984; ErdMann et al., 1992), sucrose, stachyose (Koster and
Leopold, 1988; Blackman et al., 1992), raffinose (Bernal-
Lugo and Leopold, 1992), proline (Rensburg et al., 1993),
glycine betaine, ononitol and pinitol (Vernon and Bohnert,
1992). Continued canopy growth and increased reproductive
fitness during times of stress will be augmented by intro-
duction and expression of genes such as those controlling
the osmotically active compounds discussed above and other
such compounds. Currently preferred genes which promote
the synthesis of an osmotically active polyol compound are
genes which encode the enzymes mannitol-1-phosphate
dehydrogenase, trehalose-6-phosphate synthase and myo-
inositol 0-methyltransferase.

It is contemplated that the expression of specific proteins
also may increase drought tolerance. Three classes of Late
Embryogenic Proteins have been assigned based on struc-
tural similarities (see Dure et al., 1989). All three classes of
LEAs have been demonstrated in maturing (i.e. desiccating)
seeds. Within these 3 types of LEA proteins, the Type-II
(dehydrin-type) have generally been implicated in drought
and/or desiccation tolerance in vegetative plant parts (i.e.
Mundy and Chua, 1988; Piatkowski et al., 1990; Yamagu-
chi-Shinozaki et al., 1992). Recently, expression of a Type-
IIT LEA (HVA-1) in tobacco was found to influence plant
height, maturity and drought tolerance (Fitzpatrick, 1993).
In rice, expression of the HVA-1 gene influenced tolerance
to water deficit and salinity (Xu et al., 1996). Expression of
structural genes from all three LEA groups may therefore
confer drought tolerance. Other types of proteins induced
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during water stress include thiol proteases, aldolases and
transmembrane transporters (Guerrero et al., 1990), which
may confer various protective and/or repair-type functions
during drought stress. It also is contemplated that genes that
effect lipid biosynthesis and hence membrane composition
might also be useful in conferring drought resistance on the
plant.

Many of these genes for improving drought resistance
have complementary modes of action. Thus, it is envisaged
that combinations of these genes might have additive and/or
synergistic effects in improving drought resistance in plants.
Many of these genes also improve freezing tolerance (or
resistance); the physical stresses incurred during freezing
and drought are similar in nature and may be mitigated in
similar fashion. Benefit may be conferred via constitutive
expression of these genes, but the preferred means of
expressing these novel genes may be through the use of a
turgor-induced promoter (such as the promoters for the
turgor-induced genes described in Guerrero et al., 1990 and
Shagan et al., 1993 which are incorporated herein by refer-
ence). Spatial and temporal expression patterns of these
genes may enable plants to better withstand stress.

It is proposed that expression of genes that are involved
with specific morphological traits that allow for increased
water extractions from drying soil would be of benefit. For
example, introduction and expression of genes that alter root
characteristics may enhance water uptake. It also is contem-
plated that expression of genes that enhance reproductive
fitness during times of stress would be of significant value.
For example, expression of genes that improve the syn-
chrony of pollen shed and receptiveness of the female flower
parts, i.e., silks, would be of benefit. In addition it is
proposed that expression of genes that minimize kernel
abortion during times of stress would increase the amount of
grain to be harvested and hence be of value.

Given the overall role of water in determining yield, it is
contemplated that enabling plants to utilize water more
efficiently, through the introduction and expression of novel
genes, will improve overall performance even when soil
water availability is not limiting. By introducing genes that
improve the ability of plants to maximize water usage across
a full range of stresses relating to water availability, yield
stability or consistency of yield performance may be real-
ized.

(iv) Disease Resistance

It is proposed that increased resistance to diseases may be
realized through introduction of genes into plants, for
example, into monocotyledonous plants such as maize. It is
possible to produce resistance to diseases caused by viruses,
bacteria, fungi and nematodes. It also is contemplated that
control of mycotoxin producing organisms may be realized
through expression of introduced genes.

Resistance to viruses may be produced through expres-
sion of novel genes. For example, it has been demonstrated
that expression of a viral coat protein in a transgenic plant
can impart resistance to infection of the plant by that virus
and perhaps other closely related viruses (Cuozzo et al.,
1988, Hemenway et al., 1988, Abel et al, 1986). It is
contemplated that expression of antisense genes targeted at
essential viral functions may also impart resistance to
viruses. For example, an antisense gene targeted at the gene
responsible for replication of viral nucleic acid may inhibit
replication and lead to resistance to the virus. It is believed
that interference with other viral functions through the use of
antisense genes also may increase resistance to viruses.
Further, it is proposed that it may be possible to achieve
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resistance to viruses through other approaches, including,
but not limited to the use of satellite viruses.

It is proposed that increased resistance to diseases caused
by bacteria and fungi may be realized through introduction
of novel genes. It is contemplated that genes encoding
so-called “peptide antibiotics,” pathogenesis related (PR)
proteins, toxin resistance, and proteins affecting host-patho-
gen interactions such as morphological characteristics will
be useful. Peptide antibiotics are polypeptide sequences
which are inhibitory to growth of bacteria and other micro-
organisms. For example, the classes of peptides referred to
as cecropins and magainins inhibit growth of many species
of bacteria and fungi. It is proposed that expression of PR
proteins in monocotyledonous plants such as maize may be
useful in conferring resistance to bacterial disease. These
genes are induced following pathogen attack on a host plant
and have been divided into at least five classes of proteins
(Bol, Linthorst, and Cornelissen, 1990). Included amongst
the PR proteins are §-1,3-glucanases, chitinases, and osmo-
tin and other proteins that are believed to function in plant
resistance to disease organisms. Other genes have been
identified that have antifungal properties, e.g., UDA (sting-
ing nettle lectin) and hevein (Broakaert et al., 1989; Barkai-
Golan et al., 1978). It is known that certain plant diseases are
caused by the production of phytotoxins. It is proposed that
resistance to these diseases would be achieved through
expression of a novel gene that encodes an enzyme capable
of' degrading or otherwise inactivating the phytotoxin. It also
is contemplated that expression of novel genes that alter the
interactions between the host plant and pathogen may be
useful in reducing the ability of the disease organism to
invade the tissues of the host plant, e.g., an increase in the
waxiness of the leaf cuticle or other morphological charac-
teristics.

(v) Plant Agronomic Characteristics

Two of the factors determining where crop plants can be
grown are the average daily temperature during the growing
season and the length of time between frosts. Within the
areas where it is possible to grow a particular crop, there are
varying limitations on the maximal time it is allowed to
grow to maturity and be harvested. For example, a variety to
be grown in a particular area is selected for its ability to
mature and dry down to harvestable moisture content within
the required period of time with maximum possible yield.
Therefore, crops of varying maturities is developed for
different growing locations. Apart from the need to dry down
sufficiently to permit harvest, it is desirable to have maximal
drying take place in the field to minimize the amount of
energy required for additional drying post-harvest. Also, the
more readily a product such as grain can dry down, the more
time there is available for growth and kernel fill. It is
considered that genes that influence maturity and/or dry
down can be identified and introduced into plant lines using
transformation techniques to create new varieties adapted to
different growing locations or the same growing location,
but having improved yield to moisture ratio at harvest.
Expression of genes that are involved in regulation of plant
development may be especially useful.

It is contemplated that genes may be introduced into
plants that would improve standability and other plant
growth characteristics. Expression of novel genes in plants
which confer stronger stalks, improved root systems, or
prevent or reduce ear droppage would be of great value to
the farmer. It is proposed that introduction and expression of
genes that increase the total amount of photoassimilate
available by, for example, increasing light distribution and/
or interception would be advantageous. In addition, the
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expression of genes that increase the efficiency of photo-
synthesis and/or the leaf canopy would further increase
gains in productivity. It is contemplated that expression of a
phytochrome gene in crop plants may be advantageous.
Expression of such a gene may reduce apical dominance,
confer semidwarfism on a plant, and increase shade toler-
ance (U.S. Pat. No. 5,268,526). Such approaches would
allow for increased plant populations in the field.

(vi) Nutrient Utilization

The ability to utilize available nutrients may be a limiting
factor in growth of crop plants. It is proposed that it would
be possible to alter nutrient uptake, tolerate pH extremes,
mobilization through the plant, storage pools, and availabil-
ity for metabolic activities by the introduction of novel
genes. These modifications would allow a plant such as
maize to more efficiently utilize available nutrients. It is
contemplated that an increase in the activity of, for example,
an enzyme that is normally present in the plant and involved
in nutrient utilization would increase the availability of a
nutrient. An example of such an enzyme would be phytase.
It is further contemplated that enhanced nitrogen utilization
by a plant is desirable. Expression of a glutamate dehydro-
genase gene in plants, e.g., E. coli gdhA genes, may lead to
increased fixation of nitrogen in organic compounds. Fur-
thermore, expression of gdhA in plants may lead to
enhanced resistance to the herbicide glufosinate by incor-
poration of excess ammonia into glutamate, thereby detoxi-
fying the ammonia. It also is contemplated that expression
of a novel gene may make a nutrient source available that
was previously not accessible, e.g., an enzyme that releases
a component of nutrient value from a more complex mol-
ecule, perhaps a macromolecule.

(vii) Male Sterility

Male sterility is useful in the production of hybrid seed.
It is proposed that male sterility may be produced through
expression of novel genes. For example, it has been shown
that expression of genes that encode proteins that interfere
with development of the male inflorescence and/or gameto-
phyte result in male sterility. Chimeric ribonuclease genes
that express in the anthers of transgenic tobacco and oilseed
rape have been demonstrated to lead to male sterility (Mari-
ani et al., 1990).

A number of mutations were discovered in maize that
confer cytoplasmic male sterility. One mutation in particu-
lar, referred to as T cytoplasm, also correlates with sensi-
tivity to Southern corn leaf blight. A DNA sequence, des-
ignated TURF-13 (Levings, 1990), was identified that
correlates with T cytoplasm. It is proposed that it would be
possible through the introduction of TURF-13 via transfor-
mation, to separate male sterility from disease sensitivity. As
it is necessary to be able to restore male fertility for breeding
purposes and for grain production, it is proposed that genes
encoding restoration of male fertility also may be intro-
duced.

(viii) Improved Nutritional Content

Genes may be introduced into plants to improve the
nutrient quality or content of a particular crop. Introduction
of genes that alter the nutrient composition of a crop may
greatly enhance the feed or food value. For example, the
protein of many grains is suboptimal for feed and food
purposes, especially when fed to pigs, poultry, and humans.
The protein is deficient in several amino acids that are
essential in the diet of these species, requiring the addition
of supplements to the grain. Limiting essential amino acids
may include lysine, methionine, tryptophan, threonine,
valine, arginine, and histidine. Some amino acids become
limiting only after corn is supplemented with other inputs
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for feed formulations. The levels of these essential amino
acids in seeds and grain may be elevated by mechanisms
which include, but are not limited to, the introduction of
genes to increase the biosynthesis of the amino acids,
decrease the degradation of the amino acids, increase the
storage of the amino acids in proteins, or increase transport
of the amino acids to the seeds or grain.

The protein composition of a crop may be altered to
improve the balance of amino acids in a variety of ways
including elevating expression of native proteins, decreasing
expression of those with poor composition, changing the
composition of native proteins, or introducing genes encod-
ing entirely new proteins possessing superior composition.

The introduction of genes that alter the oil content of a
crop plant may also be of value. Increases in oil content may
result in increases in metabolizable-energy-content and den-
sity of the seeds for use in feed and food. The introduced
genes may encode enzymes that remove or reduce rate-
limitations or regulated steps in fatty acid or lipid biosyn-
thesis. Such genes may include, but are not limited to, those
that encode acetyl-CoA carboxylase, ACP-acyltransferase,
p-ketoacyl-ACP synthase, plus other well known fatty acid
biosynthetic activities. Other possibilities are genes that
encode proteins that do not possess enzymatic activity such
as acyl carrier protein. Genes may be introduced that alter
the balance of fatty acids present in the oil providing a more
healthful or nutritive feedstuff. The introduced DNA also
may encode sequences that block expression of enzymes
involved in fatty acid biosynthesis, altering the proportions
of fatty acids present in crops.

Genes may be introduced that enhance the nutritive value
of the starch component of crops, for example by increasing
the degree of branching, resulting in improved utilization of
the starch in livestock by delaying its metabolism. Addi-
tionally, other major constituents of a crop may be altered,
including genes that affect a variety of other nutritive,
processing, or other quality aspects. For example, pigmen-
tation may be increased or decreased.

Feed or food crops may also possess sub-optimal quan-
tities of vitamins, antioxidants or other nutraceuticals,
requiring supplementation to provide adequate nutritive
value and ideal health value. Introduction of genes that
enhance vitamin biosynthesis may be envisioned including,
for example, vitamins A, E, B,,, choline, and the like.
Mineral content may also be sub-optimal. Thus genes that
affect the accumulation or availability of compounds con-
taining phosphorus, sulfur, calcium, manganese, zinc, and
iron among others would be valuable.

Numerous other examples of improvements of crops may
be used with the invention. The improvements may not
necessarily involve grain, but may, for example, improve the
value of a crop for silage. Introduction of DNA to accom-
plish this might include sequences that alter lignin produc-
tion such as those that result in the “brown midrib” pheno-
type associated with superior feed value for cattle.

In addition to direct improvements in feed or food value,
genes also may be introduced which improve the processing
of crops and improve the value of the products resulting
from the processing. One use of crops if via wetmilling.
Thus novel genes that increase the efficiency and reduce the
cost of such processing, for example by decreasing steeping
time, may also find use. Improving the value of wetmilling
products may include altering the quantity or quality of
starch, oil, corn gluten meal, or the components of gluten
feed. Elevation of starch may be achieved through the
identification and elimination of rate limiting steps in starch
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biosynthesis or by decreasing levels of the other components
of crops resulting in proportional increases in starch.

Oil is another product of wetmilling, the value of which
may be improved by introduction and expression of genes.
Oil properties may be altered to improve its performance in
the production and use of cooking oil, shortenings, lubri-
cants or other oil-derived products or improvement of its
health attributes when used in the food-related applications.
Novel fatty acids also may be synthesized which upon
extraction can serve as starting materials for chemical syn-
theses. The changes in oil properties may be achieved by
altering the type, level, or lipid arrangement of the fatty
acids present in the oil. This in turn may be accomplished by
the addition of genes that encode enzymes that catalyze the
synthesis of novel fatty acids and the lipids possessing them
or by increasing levels of native fatty acids while possibly
reducing levels of precursors. Alternatively, DNA sequences
may be introduced which slow or block steps in fatty acid
biosynthesis resulting in the increase in precursor fatty acid
intermediates. Genes that might be added include desatu-
rases, epoxidases, hydratases, dehydratases, and other
enzymes that catalyze reactions involving fatty acid inter-
mediates. Representative examples of catalytic steps that
might be blocked include the desaturations from stearic to
oleic acid and oleic to linolenic acid resulting in the respec-
tive accumulations of stearic and oleic acids. Another
example is the blockage of elongation steps resulting in the
accumulation of Cg to C,, saturated fatty acids.

(ix) Production or Assimilation of Chemicals or Biologi-
cals

It may further be considered that a transgenic plant
prepared in accordance with the invention may be used for
the production or manufacturing of useful biological com-
pounds that were either not produced at all, or not produced
at the same level, in the corn plant previously. Alternatively,
plants produced in accordance with the invention may be
made to metabolize or absrob and concentrate certain com-
pounds, such as hazardous wastes, thereby allowing biore-
mediation of these compounds.

The novel plants producing these compounds are made
possible by the introduction and expression of one or
potentially many genes with the constructs provided by the
invention. The vast array of possibilities include but are not
limited to any biological compound which is presently
produced by any organism such as proteins, nucleic acids,
primary and intermediary metabolites, carbohydrate poly-
mers, enzymes for uses in bioremediation, enzymes for
modifying pathways that produce secondary plant metabo-
lites such as flavonoids or vitamins, enzymes that could
produce pharmaceuticals, and for introducing enzymes that
could produce compounds of interest to the manufacturing
industry such as specialty chemicals and plastics. The com-
pounds may be produced by the plant, extracted upon
harvest and/or processing, and used for any presently rec-
ognized useful purpose such as pharmaceuticals, fragrances,
and industrial enzymes to name a few.

(x) Non-Protein-Expressing Sequences

DNA may be introduced into plants for the purpose of
expressing RNA transcripts that function to affect plant
phenotype yet are not translated into protein. Two examples
are antisense RNA and RNA with ribozyme activity. Both
may serve possible functions in reducing or eliminating
expression of native or introduced plant genes. However, as
detailed below, DNA need not be expressed to effect the
phenotype of a plant.
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1. Antisense RNA

Genes may be constructed or isolated, which when tran-
scribed, produce antisense RNA that is complementary to all
or part(s) of a targeted messenger RNA(s). The antisense
RNA reduces production of the polypeptide product of the
messenger RNA. Genes may also be constructed to produce
double-stranded RNA molecules complementary to all or
part of the targeted messenger RNA(s). Genes designed in
this manner will be referred to as RNAi constructs; the
double-stranded RNA or RNAi constructs can trigger the
sequence-specific degradation of the target messenger RNA.
The polypeptide product of the target messenger RNA may
be any protein. The aforementioned genes will be referred to
as antisense genes and RNAIi constructs, respectively. An
antisense gene or RNAi construct may thus be introduced
into a plant by transformation methods to produce a novel
transgenic plant with reduced expression of a selected
protein of interest. For example, the protein may be an
enzyme that catalyzes a reaction in the plant. Reduction of
the enzyme activity may reduce or eliminate products of the
reaction which include any enzymatically synthesized com-
pound in the plant such as fatty acids, amino acids, carbo-
hydrates, nucleic acids and the like. Alternatively, the pro-
tein may be a storage protein, such as a zein, or a structural
protein, the decreased expression of which may lead to
changes in seed amino acid composition or plant morpho-
logical changes respectively. The possibilities cited above
are provided only by way of example and do not represent
the full range of applications.

2. Ribozymes

Genes also may be constructed or isolated, which when
transcribed, produce RNA enzymes (ribozymes) which can
act as endoribonucleases and catalyze the cleavage of RNA
molecules with selected sequences. The cleavage of selected
messenger RNAs can result in the reduced production of
their encoded polypeptide products. These genes may be
used to prepare novel transgenic plants which possess them.
The transgenic plants may possess reduced levels of
polypeptides including, but not limited to, the polypeptides
cited above.

Ribozymes are RNA-protein complexes that cleave
nucleic acids in a site-specific fashion. Ribozymes have
specific catalytic domains that possess endonuclease activity
(Kim and Cech, 1987; Gerlach et al., 1987; Forster and
Symons, 1987). For example, a large number of ribozymes
accelerate phosphoester transfer reactions with a high degree
of specificity, often cleaving only one of several phospho-
esters in an oligonucleotide substrate (Cech et al., 1981;
Michel and Westhof, 1990; Reinhold-Hurek and Shub,
1992). This specificity has been attributed to the requirement
that the substrate bind via specific base-pairing interactions
to the internal guide sequence (“IGS”) of the ribozyme prior
to chemical reaction.

Ribozyme catalysis has primarily been observed as part of
sequence-specific cleavage/ligation reactions involving
nucleic acids (Joyce, 1989; Cech et al., 1981). For example,
U.S. Pat. No. 5,354,855 reports that certain ribozymes can
act as endonucleases with a sequence specificity greater than
that of known ribonucleases and approaching that of the
DNA restriction enzymes.

Several different ribozyme motifs have been described
with RNA cleavage activity (Symons, 1992). Examples
include sequences from the Group I self splicing introns
including Tobacco Ringspot Virus (Prody et al., 1986),
Avocado Sunblotch Viroid (Palukaitis et al., 1979; Symons,
1981), and Lucerne Transient Streak Virus (Forster and
Symons, 1987). Sequences from these and related viruses
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are referred to as hammerhead ribozyme based on a pre-
dicted folded secondary structure.

Other suitable ribozymes include sequences from RNase
P with RNA cleavage activity (Yuan et al., 1992, Yuan and
Altman, 1994, U.S. Pat. Nos. 5,168,053 and 5,624,824),
hairpin ribozyme structures (Berzal-Herranz et al., 1992;
Chowrira et al., 1993) and Hepatitis Delta virus based
ribozymes (U.S. Pat. No. 5,625,047). The general design and
optimization of ribozyme directed RNA cleavage activity
has been discussed in detail (Haseloff and Gerlach, 1988,
Symons, 1992, Chowrira et al., 1994; Thompson et al.,
1995).

The other variable on ribozyme design is the selection of
a cleavage site on a given target RNA. Ribozymes are
targeted to a given sequence by virtue of annealing to a site
by complimentary base pair interactions. Two stretches of
homology are required for this targeting. These stretches of
homologous sequences flank the catalytic ribozyme struc-
ture defined above. Each stretch of homologous sequence
can vary in length from 7 to 15 nucleotides. The only
requirement for defining the homologous sequences is that,
on the target RNA, they are separated by a specific sequence
which is the cleavage site. For hammerhead ribozyme, the
cleavage site is a dinucleotide sequence on the target RNA
is a uracil (U) followed by either an adenine, cytosine or
uracil (A,C or U) (Perriman et al., 1992; Thompson et al.,
1995). The frequency of this dinucleotide occurring in any
given RNA is statistically 3 out of 16. Therefore, for a given
target messenger RNA of 1,000 bases, 187 dinucleotide
cleavage sites are statistically possible.

Designing and testing ribozymes for efficient cleavage of
a target RNA is a process well known to those skilled in the
art. Examples of scientific methods for designing and testing
ribozymes are described by Chowrira et al., (1994) and
Lieber and Strauss (1995), each incorporated by reference.
The identification of operative and preferred sequences for
use in down regulating a given gene is simply a matter of
preparing and testing a given sequence, and is a routinely
practiced “screening” method known to those of skill in the
art.

3. Induction of Gene Silencing

It also is possible that genes may be introduced to produce
novel transgenic plants which have reduced expression of a
native gene product by the mechanism of co-suppression. It
has been demonstrated in tobacco, tomato, and petunia
(Goring et al., 1991; Smith et al., 1990; Napoli et al., 1990;
van der Krol et al., 1990) that expression of the sense
transcript of a native gene will reduce or eliminate expres-
sion of the native gene in a manner similar to that observed
for antisense genes. The introduced gene may encode all or
part of the targeted native protein but its translation may not
be required for reduction of levels of that native protein.

4. Non-RNA-Expressing Sequences

DNA elements including those of transposable elements
such as Ds, Ac, or Mu, may be inserted into a gene to cause
mutations. These DNA elements may be inserted in order to
inactivate (or activate) a gene and thereby “tag” a particular
trait. In this instance the transposable element does not cause
instability of the tagged mutation, because the utility of the
element does not depend on its ability to move in the
genome. Once a desired trait is tagged, the introduced DNA
sequence may be used to clone the corresponding gene, e.g.,
using the introduced DNA sequence as a PCR primer
together with PCR gene cloning techniques (Shapiro, 1983;
Dellaporta et al., 1988). Once identified, the entire gene(s)
for the particular trait, including control or regulatory
regions where desired, may be isolated, cloned and manipu-
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lated as desired. The utility of DNA elements introduced into
an organism for purposes of gene tagging is independent of
the DNA sequence and does not depend on any biological
activity of the DNA sequence, i.e., transcription into RNA or
translation into protein. The sole function of the DNA
element is to disrupt the DNA sequence of a gene.

It is contemplated that unexpressed DNA sequences,
including novel synthetic sequences, could be introduced
into cells as proprietary “labels” of those cells and plants and
seeds thereof. It would not be necessary for a label DNA
element to disrupt the function of a gene endogenous to the
host organism, as the sole function of this DNA would be to
identify the origin of the organism. For example, one could
introduce a unique DNA sequence into a plant and this DNA
element would identify all cells, plants, and progeny of these
cells as having arisen from that labeled source. It is proposed
that inclusion of label DNAs would enable one to distin-
guish proprietary germplasm or germplasm derived from
such, from unlabelled germplasm.

Another possible element which may be introduced is a
matrix attachment region element (MAR), such as the
chicken lysozyme A element (Stief, 1989), which can be
positioned around an expressible gene of interest to effect an
increase in overall expression of the gene and diminish
position dependent effects upon incorporation into the plant
genome (Stief et al., 1989; Phi-Van et al., 1990).

5. Other

Other examples of non-protein expressing sequences spe-
cifically envisioned for use with the invention include tRNA
sequences, for example, to alter codon usage, and rRNA
variants, for example, which may confer resistance to vari-
ous agents such as antibiotics.

XI. Biological Functional Equivalents

Modification and changes may be made in the centro-
meric DNA segments of the current invention and still
obtain a functional molecule with desirable characteristics.
The following is a discussion based upon changing the
nucleic acids of a centromere to create an equivalent, or even
an improved, second-generation molecule.

In particular embodiments of the invention, mutated cen-
tromeric sequences are contemplated to be useful for
increasing the utility of the centromere. It is specifically
contemplated that the function of the centromeres of the
current invention may be based upon the secondary structure
of'the DNA sequences of the centromere, modification of the
DNA with methyl groups or other adducts, and/or the
proteins which interact with the centromere. By changing
the DNA sequence of the centromere, one may alter the
affinity of one or more centromere-associated protein(s) for
the centromere and/or the secondary structure or modifica-
tion of the centromeric sequences, thereby changing the
activity of the centromere. Alternatively, changes may be
made in the centromeres of the invention which do not affect
the activity of the centromere. Changes in the centromeric
sequences which reduce the size of the DNA segment
needed to confer centromere activity are contemplated to be
particularly useful in the current invention, as would
changes which increased the fidelity with which the cen-
tromere was transmitted during mitosis and meiosis.

XII. Plants

The term “plant,” as used herein, refers to any type of
plant. The inventors have provided below an exemplary
description of some plants that may be used with the
invention. However, the list is not in any way limiting, as
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other types of plants will be known to those of skill in the
art and could be used with the invention.

A common class of plants exploited in agriculture are
vegetable crops, including artichokes, kohlrabi, arugula,
leeks, asparagus, lettuce (e.g., head, leaf, romaine), bok
choy, malanga, broccoli, melons (e.g., muskmelon, water-
melon, crenshaw, honeydew, cantaloupe), brussels sprouts,
cabbage, cardoni, carrots, napa, cauliflower, okra, onions,
celery, parsley, chick peas, parsnips, chicory, chinese cab-
bage, peppers, collards, potatoes, cucumber plants (mar-
rows, cucumbers), pumpkins, cucurbits, radishes, dry bulb
onions, rutabaga, eggplant, salsify, escarole, shallots,
endive, garlic, spinach, green onions, squash, greens, beet
(sugar beet and fodder beet), sweet potatoes, swiss chard,
horseradish, tomatoes, kale, turnips, and spices.

Other types of plants frequently finding commercial use
include fruit and vine crops such as apples, apricots, cher-
ries, nectarines, peaches, pears, plums, prunes, quince
almonds, chestnuts, filberts, pecans, pistachios, walnuts,
citrus, blueberries, boysenberries, cranberries, currants,
loganberries, raspberries, strawberries, blackberries, grapes,
avocados, bananas, kiwi, persimmons, pomegranate, pine-
apple, tropical fruits, pomes, melon, mango, papaya, and
lychee.

Many of the most widely grown plants are field crop
plants such as evening primrose, meadow foam, corn (field,
sweet, popcorn), hops, jojoba, peanuts, rice, safflower, small
grains (barley, oats, rye, wheat, etc.), sorghum, tobacco,
kapok, leguminous plants (beans, lentils, peas, soybeans),
oil plants (rape, mustard, poppy, olives, suntflowers, coconut,
castor oil plants, cocoa beans, groundnuts), fibre plants
(cotton, flax, hemp, jute), lauraceae (cinnamon, camphor), or
plants such as coffee, sugarcane, tea, and natural rubber
plants.

Still other examples of plants include bedding plants such
as flowers, cactus, succulents and ornamental plants, as well
as trees such as forest (broad-leaved trees and evergreens,
such as conifers), fruit, ornamental, and nut-bearing trees, as
well as shrubs and other nursery stock.

XIII. Definitions

As used herein, the terms “autonomous replicating
sequence” or “ARS” or “origin of replication” refer to an
origin of DNA replication recognized by proteins that ini-
tiate DNA replication.

As used herein, the terms “binary BAC” or “binary
bacterial artificial chromosome” refer to a bacterial vector
that contains the T-DNA border sequences necessary for
Agrobacterium mediated transformation (see, for example,
Hamilton et al., 1996; Hamilton, 1997; and Liu et al., 1999.

As used herein, the term “candidate centromere
sequence” refers to a nucleic acid sequence which one
wishes to assay for potential centromere function.

As used herein, a “centromere” is any DNA sequence that
confers an ability to segregate to daughter cells through cell
division. In one context, this sequence may produce a
segregation efficiency to daughter cells ranging from about
1% to about 100%, including to about 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90% or about 95% of daughter
cells. Variations in such a segregation efficiency may find
important applications within the scope of the invention; for
example, minichromosomes carrying centromeres that con-
fer 100% stability could be maintained in all daughter cells
without selection, while those that confer 1% stability could
be temporarily introduced into a transgenic organism, but be
eliminated when desired. In particular embodiments of the
invention, the centromere may confer stable segregation of
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a nucleic acid sequence, including a recombinant construct
comprising the centromere, through mitotic or meiotic divi-
sions, including through both meiotic and meitotic divisions.
A plant centromere is not necessarily derived from plants,
but has the ability to promote DNA segregation in plant
cells.

As used herein, the term “centromere-associated protein”
refers to a protein encoded by a sequence of the centromere
or a protein which is encoded by host DNA and binds with
relatively high affinity to the centromere.

As used herein, the term “circular permutations” refer to
variants of a sequence that begin at base n within the
sequence, proceed to the end of the sequence, resume with
base number one of the sequence, and proceed to base n-1.
For this analysis, n may be any number less than or equal to
the length of the sequence. For example, circular permuta-
tions of the sequence ABCD are: ABCD, BCDA, CDAB,
and DABC.

As used herein, the term “crop” includes any plant or
portion of a plant grown or harvested for commercial or
beneficial purposes.

As used herein, “eukaryote” refers to living organisms
whose cells contain nuclei. A eukaryote may be distin-
guished from a “prokaryote” which is an organism which
lacks nuclei. Prokaryotes and eukaryotes differ fundamen-
tally in the way their genetic information is organized, as
well as their patterns of RNA and protein synthesis.

As used herein, the term “expression” refers to the process
by which a structural gene produces an RNA molecule,
typically termed messenger RNA (mRNA). The mRNA is
typically, but not always, translated into polypeptide(s).

As used herein, the term “genome” refers to all of the
genes and DNA sequences that comprise the genetic infor-
mation within a given cell of an organism. Usually, this is
taken to mean the information contained within the nucleus,
but also includes the organelles.

As used herein, the term “higher eukaryote” means a
multicellular eukaryote, typically characterized by its
greater complex physiological mechanisms and relatively
large size. Generally, complex organisms such as plants and
animals are included in this category. Preferred higher
eukaryotes to be transformed by the present invention
include, for example, monocot and dicot angiosperm spe-
cies, gymnosperm species, fern species, plant tissue culture
cells of these species, animal cells and algal cells. It will of
course be understood that prokaryotes and eukaryotes alike
may be transformed by the methods of this invention.

As used herein, the term “host” refers to any organism that
contains a plasmid expression vector, or integrated construct
comprising a plant centromere. Preferred examples of host
cells for cloning, useful in the present invention, are bacteria
such as Escherichia coli, Bacillus subtilis, Pseudomonas,
Streptomyces, Salmonella, and yeast cells such as S. cerevi-
siae. Host cells which can be targeted for expression of a
minichromosome may be plant cells of any source and
specifically include Arabidopsis, maize, rice, sugarcane,
sorghum, barley, soybeans, tobacco, wheat, tomato, potato,
citrus, or any other agronomically or scientifically important
species.

As used herein, the term “hybridization” refers to the
pairing of complementary RN A and DNA strands to produce
an RNA-DNA hybrid, or alternatively, the pairing of two
DNA single strands from genetically different or the same
sources to produce a double stranded DNA molecule.

As used herein, the term “linker” refers to a DNA mol-
ecule, generally up to 50 or 60 nucleotides long and syn-
thesized chemically, or cloned from other vectors. In a
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preferred embodiment, this fragment contains one, or pref-
erably more than one, restriction enzyme site for a blunt-
cutting enzyme and a staggered-cutting enzyme, such as
BamHI. One end of the linker fragment is adapted to be
ligatable to one end of the linear molecule and the other end
is adapted to be ligatable to the other end of the linear
molecule.

As used herein, a “library” is a pool of random DNA
fragments which are cloned. In principle, any gene can be
isolated by screening the library with a specific hybridiza-
tion probe (see, for example, Young et al., 1977). Each
library may contain the DNA of a given organism inserted
as discrete restriction enzyme-generated fragments or as
randomly sheered fragments into many thousands of plas-
mid vectors. For purposes of the present invention, E. coli,
yeast, and Salmonella plasmids are particularly useful when
the genome inserts come from other organisms.

As used herein, the term “lower eukaryote” refers to a
eukaryote characterized by a comparatively simple physiol-
ogy and composition, and most often unicellularity.
Examples of lower eukaryotes include flagellates, ciliates,
and yeast.

As used herein, a “minichromosome” is a recombinant
DNA construct including a centromere and capable of
transmission to daughter cells. Minichromosome may
remain separate from the host genome (as episomes) or may
integrate into host chromosomes. The stability of this con-
struct through cell division could range between from about
1% to about 100%, including about 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90% and about 95%. The
minichromosome construct may be a circular or linear
molecule. It may include elements such as one or more
telomeres, ARS sequences, and genes. The number of such
sequences included is only limited by the physical size
limitations of the construct itself. It could contain DNA
derived from a natural centromere, although it may be
preferable to limit the amount of DNA to the minimal
amount required to obtain a segregation efficiency in the
range of 1-100%. The minichromosome could also contain
a synthetic centromere composed of tandem arrays of
repeats of any sequence, either derived from a natural
centromere, or of synthetic DNA. The minichromosome
could also contain DNA derived from multiple natural
centromeres. The minichromosome may be inherited
through mitosis or meiosis, or through both meiosis and
mitosis. As used herein, the term minichromosome specifi-
cally encompasses and includes the terms “plant artificial
chromosome” or “PLAC,” or engineered chromosomes or
microchromosomes and all teachings relevant to a PLAC or
plant artificial chromosome specifically apply to constructs
within the meaning of the term minichromosome.

As used herein, by “minichromosome-encoded protein” it
is meant a polypeptide which is encoded by a sequence of a
minichromosome of the current invention. This includes
sequences such as selectable markers, telomeres, etc., as
well as those proteins encoded by any other selected func-
tional genes on the minichromosome.

As used herein, the term “plant” includes plant cells, plant
protoplasts, plant calli, and the like, as well as whole plants
regenerated therefrom.

As used herein, the term “plasmid” or “cloning vector”
refers to a closed covalently circular extrachromosomal
DNA or linear DNA which is able to replicate in a host cell
and which is normally nonessential to the survival of the
cell. A wide variety of plasmids and other vectors are known
and commonly used in the art (see, for example, Cohen et
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al., U.S. Pat. No. 4,468,464, which discloses examples of
DNA plasmids, and which is specifically incorporated herein
by reference).

As used herein, a “probe” is any biochemical reagent
(usually tagged in some way for ease of identification), used
to identify or isolate a gene, a gene product, a DNA segment
or a protein.

As used herein, the term “recombination” refers to any
genetic exchange that involves breaking and rejoining of
DNA strands.

As used herein the term “regulatory sequence” refers to
any DNA sequence that influences the efficiency of tran-
scription or translation of any gene. The term includes, but
is not limited to, sequences comprising promoters, enhanc-
ers and terminators.

As used herein, a “selectable marker” is a gene whose
presence results in a clear phenotype, and most often a
growth advantage for cells that contain the marker. This
growth advantage may be present under standard conditions,
altered conditions such as elevated temperature, or in the
presence of certain chemicals such as herbicides or antibi-
otics. Use of selectable markers is described, for example, in
Broach et al. (1979). Examples of selectable markers include
the thymidine kinase gene, the cellular adenine-phosphori-
bosyltransferase gene and the dihydrylfolate reductase gene,
hygromycin phosphotransferase genes, the bar gene and
neomycin phosphotransferase genes, among others. Pre-
ferred selectable markers in the present invention include
genes whose expression confer antibiotic or herbicide resis-
tance to the host cell, sufficient to enable the maintenance of
a vector within the host cell, and which facilitate the
manipulation of the plasmid into new host cells. Of particu-
lar interest in the present invention are proteins conferring
cellular resistance to ampicillin, chloramphenicol, tetracy-
cline, G-418, bialaphos, and glyphosate for example.

As used herein, a “screenable marker” is a gene whose
presence results in an identifiable phenotype. This pheno-
type may be observable under standard conditions, altered
conditions such as elevated temperature, or in the presence
of certain chemicals used to detect the phenotype.

As used herein, the term “site-specific recombination”
refers to any genetic exchange that involves breaking and
rejoining of DNA strands at a specific DNA sequence.

As used herein, a “structural gene” is a sequence which
codes for a polypeptide or RNA and includes 5' and 3' ends.
The structural gene may be from the host into which the
structural gene is transformed or from another species. A
structural gene will preferably, but not necessarily, include
one or more regulatory sequences which modulate the
expression of the structural gene, such as a promoter,
terminator or enhancer. A structural gene will preferably, but
not necessarily, confer some useful phenotype upon an
organism comprising the structural gene, for example, her-
bicide resistance. In one embodiment of the invention, a
structural gene may encode an RNA sequence which is not
translated into a protein, for example a tRNA or rRNA gene.

As used herein, the term “telomere” refers to a sequence
capable of capping the ends of a chromosome, thereby
preventing degradation of the chromosome end, ensuring
replication and preventing fusion to other chromosome
sequences. Telomeres can include naturally occuring telom-
ere sequences or synthetic sequences. Telomres from one
species may confer telomere activity in another species.

As used herein, the terms “transformation” or “transfec-
tion” refer to the acquisition in cells of new DNA sequences
through the chromosomal or extra-chromosomal addition of
DNA. This is the process by which naked DNA, DNA
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coated with protein, or whole minichromosomes are intro-
duced into a cell, resulting in a potentially heritable change.

As used herein the term “consensus” refers to a nucleic
acid sequence derived by comparing two or more related
sequences. A consensus sequence defines both the conserved
and variable sites between the sequences being compared.
Any one of the sequences used to derive the consensus or
any permutation defined by the consensus may be useful in
construction minichromosomes.

As used herein the term “repeated nucleotide sequence”
refers to any nucleic acid sequence of at least 25 bp present
in a genome or a recombinant molecule that occurs at least
two or more times and that are preferably at least 80%
identical either in head to tail or head to head orientation
either with or without intervening sequence between repeat
units.

X1V. Examples

The following examples are included to demonstrate
preferred embodiments of the invention. It should be appre-
ciated by those of skilled the art that the techniques disclosed
in the examples which follow represent techniques discov-
ered by the inventors to function well in the practice of the
invention, and thus can be considered to constitute preferred
modes for its practice. However, those of skill in the art
should, in light of the present disclosure, appreciate that
many changes can be made in the specific embodiments
which are disclosed and still obtain a like or similar result
without departing from the concept, spirit and scope of the
invention. More specifically, it will be apparent that certain
agents which are both chemically and physiologically
related may be substituted for the agents described herein
while the same or similar results would be achieved. All
such similar substitutes and modifications apparent to those
skilled in the art are deemed to be within the spirit, scope and
concept of the invention as defined by the appended claims.

Example 1
Isolation of Genomic DNA

Tissue from various plants are harvested for DNA extrac-
tion. For DNA extraction, leaf tissue is cooled in liquid
nitrogen, ground to a fine powder and transferred to an
organic solvent-resistant test tube or beaker. Warm CTAB
extraction solution (2% (w/v) CTAB, 100 mM Tris-Cl, pH
9.5, 20 mM EDTA, pH 8.0, 1.4 M NaCl, 1% polyethylene
gycol) is added in a ratio of 20 ml per gram of tissue and
mixed thoroughly. For each 20 ml extraction buffer, 50
microliters of f-mercaptoethanol and 30 microliters of 30
mg/ml RNAse A are added and the mixture is incubated for
10-60 min. at 65° C. with occasional mixing. The homo-
genate is extracted with an equal volume of chloroform, and
is then centrifuged 5 min at 7500xg (8000 rpm in JA20;
10,000 rpm in a microcentrifuge, for smaller samples), 4° C.
The top (aqueous) phase is recovered and nucleic acids are
precipitated by adding 1 volume isopropanol. After mixing,
the precipitate is pelleted at 15 min at 7500xg, 4° C. The
pellet is washed with 70% ethanol, dried and resuspended in
a minimal volume of TE (10 mM Tris-Cl, pH 8.0, 0.1 mM
EDTA, pH 8.0).

Example 2
Brassica oleracea Centromere Repeat Sequences

We purified repetitive sequences from Brassica oleracea
(Brassica oleracea fast plants, obtained from the Wisconsin



US 7,119,250 B2

45
Crucifer Cooperative). We set forth herein two centromere
repeats, termed ChrBol and ChrBo2. We determined the
consensus of each repeat as described in Example 6.

The consensus sequence of ChrBol is shown in FIG. 1A
(SEQ ID NO:1). This consensus was assembled from DNA
sequences collected by the inventors. Twenty-four of these
sequences completely spanned the repeat, and nine others
partially covered the repeat. The length of this repeat is
180+0.86 base pairs, and A and T comprise of 60% of the
consensus.

The consensus sequence of ChrBo2 is shown in FIG. 1B
(SEQ ID NO:2). This consensus was assembled from DNA
sequences collected by the inventors. Five of these
sequences completely spanned the repeat, and two others
partially covered the repeat. The length of this repeat is
180+0.45 base pairs, and A and T comprise 63% of the
consensus.

The two repeats (ChrBol and ChrBo2) were aligned to
each other using the ClustalX program (ClustalX is a free
multiple sequence alignment program for Windows. Thomp-
son, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F. and
Higgins, D. G. (1997) The ClustalX windows interface:
flexible strategies for multiple sequence alignment aided by
quality analysis tools. Nucleic Acids Research,
24:4876-4882.). The two consensus sequences differ sig-
nificantly from each other at several bases. Those sites with
significant differences (chi-squared, P<0.05) are highlighted
as shown in FIG. 1C.

The GenBank nt database (fitp:/ftp.ncbi.nlm.nih.gov/
blast/db/, March 29 version, downloaded on Apr. 7, 2002)
and the plant satellite DNA database were compared to the
inventors’ consensus sequences using the blastn program
and an Expect value threshold score of -3. Consensus
sequences were assembled using all inventors’ and GenBank
sequences that matched with an Expect (E) value of less than
-45.

The revised consensus sequence of ChrBol is shown in
FIG. 1D (SEQ ID NO:3). This consensus was assembled
from thirty-three DNA sequences collected by the inventors
and eighteen GenBank sequences (Table 10). Thirty of these
sequences completely spanned the repeat, and twenty-one
others partially covered the repeat. The length of this repeat
is 180+0.81 base pairs, and A and T comprise of 59% of the
consensus.
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TABLE 1

GenBank sequences (accession numbers) that
match inventors” ChrBol consensus

M30962 M30963 M31436 M31435
M31438 M31434 M31439 M31437
X68786 X12736 X07519 X16589
X15291 X68783 X68784 X61583
AJ228348 722947

The revised consensus sequence of ChrBo2 is shown in
FIG. 1E (SEQ ID NO:4). This consensus was assembled
from seven DNA sequences collected by the inventors and
five GenBank sequences (Table 2). Seven of these sequences
completely spanned the repeat, and five others partially
covered the repeat. The length of this repeat is 180+0.44
base pairs, and A and T comprise of 63% of the consensus.

TABLE 2

GenBank sequences (accession numbers) that
match inventors” ChrBo2 consensus

AJ228347
X61583

M30962
X68785

X12736

The two revised consensus sequences (ChrBol and
ChrBo2) were aligned to each other using the ClustalX
program. The two consensus sequences differ significantly
(chi-squared, P<0.05) from each other at several bases
(highlighted as shown in FIG. 1F).

A total of 20 GenBank entries match the Brassica oleracea
centromere sequences defined by the inventors. These are
annotated as follows:

Xle7-2EB gene

Xle4-7B gene

Xle6-14H gene

Satellite tandem repeat monomer

HindIII satellite repeat

Satellite DNA inverted direct repeat

Tandem repeated DNA

Highly repetitive DNA
They are not annotated as centromere repeats in GenBank.
A completed list of these sequences are shown in Table 3.

TABLE 3

GenBank entries match the Brassica oleracea centromere
sequences defined by the inventors

GenBank No. of base
Accession No. Annotation Repeat Position pairs % Identity
X68786 B. juncea Xle7- Complete 472-651 180 97
2EB gene

X68786 B. juncea Xle7- Complete 763-942 180 94
2EB gene

X68786 B. juncea X1e7- Partial 648-761 115 96
2EB gene

X12736 B. campestries Complete 181-2 180 97
DNA for satellite
tandem repeat
monomer
(consensus
sequence)

X07519 Wild cabbage Complete 179-1 179 97
satellite DNA

X61583 B. napus Canrep Compete 2-173 176 98

highly repetitive
DNA
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TABLE 3-continued

48

GenBank entries match the Brassica oleracea centromere
sequences defined by the inventors

GenBank

Accession No. Annotation Repeat Position pairs

No. of base

% Identity

X68783 B. juncea repetitive Partial 2-173 172
DNA sequence canrep
subfamily A

B. juncea Xle4-7B
gene

B. juncea Xle4-7B
gene

B. carinata DNA,
HindIII satellite
repeat (clone
pBcear3)

B. oleracea satellite
DNA inverted direct
repeat

B. nigra tandem
repeat DNA (clone
BN1G9, BN1G 23,
BG1G 14)

B. oleracea satellite
DNA inverted direct
repeat

B. oleracea satellite
DNA inverted direct
repeat

B. juncea tandemly
repeated DNA

B. oleracea satellite
DNA inverted direct
repeat

B. oleracea satellite
DNA inverted direct
repeat

B. juncea satellite
DNA

B. oleracea satellite
DNA inverted direct
repeat

B. campestris
satellite DNA

B. campestris
satellite DNA

B. campestris
tandemly repeated
DNA

B. juncea Xle6-
14H gene

B. juncea Xle6-
14H gene

B. carinata DNA,
HindIII satellite
repeat (clone pBcar5)

X68784 Complete 983-1162 180

X68784 Partial 815-986 172

AJ228348 Partial 2-173 172

M31438 Partial 176-1 176

X16589 Partial 177-1 177

M31434 Partial 176-8 169

M31437 Partial 175-1 175

M30963 Complete 181-2 180

M31435 Partial 174-8 169

M31436 Partial 175-1 177

X15291 Partial 1-161 161

M31439 Partial 176-1 177

722947 Partial 181-347 170

722947 Partial 2-179 178

M30962 Complete 181-2 180

X68785 Complete 580-758 180

X68785 Partial 404-568 165

AJ228347 Partial 177-2 176

97

95

94

96

94

94

95

94

93

94

94

95

90

90

89

87

92

90

90

Example 3

Glycine max Centromere Repeat Sequences

We purified repetitive sequences from soybean (Glycine
max, variety Williams 82), and set forth herein two cen-
tromere repeats, termed ChrGml and ChrGm?2. We deter-
mined the consensus of each repeat as shown in Example 6.

The consensus sequence for ChrGm1 is shown in FIG. 2A
(SEQ ID NO:5). This consensus was assembled from DNA
sequences collected by the inventors. Seven of these
sequences completely spanned the repeat, and twenty-five
others partially covered the repeat. It is 92+0.79 base pairs
in length, and A and T comprise of 63% of the consensus.
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The consensus sequence for ChrGm?2 is shown in FIG. 2B
(SEQ ID NO:6). This consensus was assembled from DNA
sequences collected by the inventors. Ten of these sequences
completely spanned the repeat, and eleven others partially
covered the repeat. It is 91+0.48 base pairs in length, and A
and T comprise of 62% of the consensus.

The two repeats (ChrGm1 and ChrGm2) were aligned to
each other using the ClustalX program Those sites which
differ significantly from each other (chi-squared, P<0.05) are
highlighted in FIG. 2C.

The GenBank nt database and the plant satellite DNA
database were compared to the inventors’ consensus
sequences using the blastn program and an Expect value
threshold of -3. Consensus sequences were built using all
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inventors’ and GenBank sequences that matched with an
Expect (E) value of less than -25.

The revised consensus sequence for ChrGm1 is shown in
FIG. 2D (SEQ ID NO:7). This consensus was assembled
from thirty-two DNA sequences collected by the inventors
and one matching sequence from GenBank (accession num-
ber 726334). Eight of these sequences completely spanned
the repeat, and twenty-five others partially covered the
repeat. It is 92+0.74 base pairs in length, and A and T

50

The consensus sequence of Chrlel is shown in FIG. 3A
(SEQ ID NO:9). This consensus was assembled from forty-
two DNA sequences collected by the inventors. Eighteen of
these sequences completely spanned the repeat, and twenty-
four others partially covered the repeat. The repeat is
181+0.61 base pairs in length, and A and T comprise of 50%
of the consensus.

The GenBank nt database (fitp://ftp.ncbi.nlm.nih.gov/

10
comprise of 56% of the consensus. blast/db/, March 29 version, downloaded on Apr. 7, 2002)
The revised consensus sequence for ChrGm?2 is shown in and the plant satellite DNA database were compared to the
FIG. 2E (SEQ ID NO:8). This consensus was assembled inventors’ consensus sequences using the blastn program
from twenty-one DNA sequences collected by the inventors ~ and an Expect value threshold value of -3. Consensus
and three matching sequences from GenBank (accession 15 sequences were built using all inventors’ and GenBank
numbers AF297983, AF297984, AF297985). Ten of these sequences matched with an Expect (E) value of less than
sequences completely spanned the repeat, and fourteen -40.
others partially covered the repeat. It is 91+£0.53 base pairs
in length, and A and T comprise of 61% of the consensus. ,,  We determined the consensus of this repeat. The repeat is
The two repeats (ChrGm1 and ChrGm?2) were aligned to 181:x0.61 base pairs in length, and A and T comprise of 50%
each other using the ClustalX program Those sites with of the consensus.
significant differences (chi-squared, P<0.05) are highlighted
in FIG. 2F. ) ) The revised consensus sequence of Chrlel is shown in
A total of 4 GenBank entries mat?h the Glycine max 2> piG, 38 (SEQ ID NO:10). This consensus was assembled
centromere sequences defined by the inventors. These are from forty-two sequences collected by the inventors and two
annotatgd as follows: GenBank sequence. Eighteen of these sequences completely
Satelhte; DNA. ) ) ) spanned the repeat, and twenty-six others partially covered
Tospovirus resistance protein C (Sw5-c), tospovirus resis- 5, (he repeat. The GenBank sequences are accession numbers
tance protein D (Sw5-d), and tospovirus resistance protein E X87233 and AY007367.
(Sw5-e) genes
They are not annotated as centromere repeats in GenBank. Neither of the 2 GenBank entries that match the Lyco-
A complete list of these sequences is shown in Table 4: persicon esculentum centromere sequences defined by the
TABLE 4
GenBank entries match the Glycine max centromere
sequences defined by the inventors
No. of
GenBank base
Accession No.  Annotation Repeat Position pairs % Identity
726334 G. max satellite DNA Complete 92-1 92 95
AF297985 G. max clone TRS3 tandem Partial 259-173 87 93
repetitive repeat region
AF297985 G. max clone TRS3 tandem Partial 78-3 76 94
repetitive repeat region
AF297985 G. max clone TRS3 tandem Partial 168-83 86 90
repetitive repeat region
AF297984 G. max clone TRS2 tandem Partial 170-84 87 91
repetitive repeat region
AF297984 G. max clone TRS2 tandem Partial 260-175 86 88
repetitive repeat region
AF297984 G. max clone TRS2 tandem Partial 79-3 77 89
repetitive repeat region
AF297983 G. max clone TRS1 tandem Partial 77-3 75 94
repetitive repeat region
Example 4 inventors are complete repeats; they match only a portion of
60 the sequence identified by the company. These are annotated
Lycopersicon esculentum Centromere Repeat as follows:
Sequences .
Satellite DNA
We purified repetitive sequences from tomato (Lycoper- Tandem repetitive repeat region
sicon esculentum, variety Microtom) and set forth herein 65

one centromere repeat. We determined the consensus of this
repeat as shown in Example 6.

They are not annotated as centromere repeats in GenBank.
A complete list of these sequences is shown in Table 5.
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TABLE 5

52

GenBank entries match the Lycopersicon esculentum centromere

sequences defined by the inventors

No. of

GenBank

Accession No.  Annotation Repeat Position

base
pairs

% Identity

X87233 L. esculentum Partial 163-1

satellite DNA

AY007367 L. esculentum tospovirus Partial 12003-12156
resistance protein

C (Sw5-¢), tospovirus

resistance protein

D (Sw5-d), and tospovirus

resistance protein

E (Sw5-e) genes

AY007367 L. esculentum tospovirus Partial 12184-12344
resistance protein

C (Sw5-¢), tospovirus

resistance protein

D (Sw5-d), and tospovirus

resistance protein

E (Sw5-e) genes

AY007367 L. esculentum tospovirus Partial 12546-12700
resistance protein

C (Sw5-¢), tospovirus

resistance protein

D (Sw5-d), and tospovirus

resistance protein

E (Sw5-e) genes

AY007367 L. esculentum tospovirus Partial 12365-12526
resistance protein

C (Sw5-¢), tospovirus

resistance protein

D (Sw5-d), and tospovirus

resistance protein

E (Sw5-e) genes

161

154

161

155

157

93

93

90

90

89

Example 5

Zea mays Centromere Repeat Sequences

We purified repetitive sequences from corn (Zea mays,
variety B73), and set forth herein one centromere repeat,
termed ChrZm1. We determined the consensus of the repeat
as shown in Example 5. The repeat is 180+1.15 base pairs
in length, and A and T comprise of 56% of the consensus.

The consensus sequence of ChrZm1 is shown in FIG. 4A
(SEQ ID NO:11). This consensus was assembled from
thirty-eight DNA sequences collected by the inventors.
Three of these sequences completely spanned the repeat, and
thirty-five others partially covered the repeat.

The GenBank nt database and the plant satellite DNA
database were compared to the inventors’ consensus
sequences using the blastn program and an Expect value
threshold score of -3. Consensus sequences were built using
all inventors’ and GenBank sequences matched with an
Expect (E) value of -50.

The revised consensus sequence of ChrZml is shown in
FIG. 4B (SEQ ID NO:12). This consensus was assembled
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from thirty-eight DNA sequences collected by the inventors
and twenty-six matching GenBank sequences (Table 6).
Twenty of these sequences completely spanned the repeat,
and forty-four others partially covered the repeat. The length
of the repeat is 180+0.51 base pairs, and A and T comprise
the consensus.

TABLE 6
GenBank sequences that match the inventors” ChrZm1 consensus
M32521 M32522 M32523  M32524  M32525  M32526
M32527 M32528  M32529  M32530  M32531  M32532
M32533 M32534  M325375 M32536  M32537  MB32538
M35408 AF030934 AF030935 AF030936 AF030937 AF030938
AF030939  AF030940

A total of 26 GenBank entries match the Zea mays
centromere sequences defined by the inventors. These are
annotated as follows:

180-bp knob-specific repeat region
heterochromatin repetitive DNA

They are not annotated as centromere repeats in GenBank.
A complete list of these sequences is shown in Table 7.
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TABLE 7

GenBank entries match the Lycopersicon esculentum centromere
sequences defined by the inventors

No. of
GenBank base
Accession No.  Annotation Repeat Position pairs % Identity
M32522 Maize 180-bp Complete 1-180 180 96

knob-specific
repeat region

M32521 Maize 180-bp Complete 1-180 180 96
knob-specific
repeat region

M32533 Z. mays subsp. Complete 1-180 180 96
mexicana 180-bp
knob-specific
repeat region

M32525 Maize 180-bp Complete 1-180 180 96
knob-specific
repeat region

M32524 Maize 180-bp Complete 1-180 180 96
knob-specific
repeat region

M32523 Maize 180-bp Complete 1-180 180 96
knob-specific
repeat region

M35408 Com Complete 1-180 180 96
heterochromatin
repetitive DNA

M32526 Maize 180-bp Complete 1-180 180 95

knob-specific
repeat region

AF030939 Z. mays 180-bp Complete 1-180 180 95
knob-associated
tandem repeat
15-T3-2

M32528 Maize 180-bp Complete 1-180 180 95
knob-specific
repeat region

M32534 Z. mays subsp. Complete 1-180 180 94
mexicana 180-bp
knob-specific
repeat region

M32527 Maize 180-bp Partial 8-179 172 95
knob-specific
repeat region

M32538 T. dactyloides Complete 1-179 179 94
(Tvipsacum
dactyloides , gama
grass) 180-bp
knob-specific
repeat region

M32529 Maize 180-bp Complete 1-180 180 93
knob-specific
repeat region

AF030938 Z. mays 180-bp Partial 4-180 177 93
knob-associated
tandem repeat
15-T3-1

M32532 Maize 180-bp Complete 1-180 180 93
knob-specific
repeat region

AF030937 Z. mays 180-bp Complete 1-180 180 92
knob-associated
tandem repeat
1-T7-2

AF030940 Z. mays 180-bp Complete 1-180 180 92
knob-associated
tandem repeat
15-T7-1

AF030936 Z. mays 180-bp Partial 10-180 172 93
knob-associated
tandem repeat
1-T7-1

M32537 T. dactyloides Complete 1-180 180 92
180-bp knob-specific
repeat region
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TABLE 7-continued

56

GenBank entries match the Lycopersicon esculentum centromere

sequences defined by the inventors

No. of
GenBank base
Accession No.  Annotation Repeat Position pairs % Identity
M32530 Maize 180-bp Complete 1-180 180 92
knob-specific
repeat region
M32531 Maize 180-bp Complete 1-179, 180 91
knob-specific introduced
repeat region one gap
AF030935 Z. mays 180-bp Partial 1-175 175 90
knob-associated
tandem repeat
1-T3-2
AF030934 Z. mays 180-bp Partial 47-201 155 92
knob-associated
tandem repeat
1-T3-1
M32536 T. dactyloides Complete 1-180 180 94
180-bp knob-specific
repeat region
M32535 T. dactyloides Complete 1-177, 177 91
180-bp knob-specific 2% gaps

repeat region

Six GenBank sequences of Zea mays centrometric repeat
CentC were collected (Table 13) and assigned the identifier
ChrZm2. The consensus of the repeat was determined as
shown in Example 6. The repeat is 158+1.6 base pairs in
length. A and T comprises of 53% of the bases. All 6
sequences are of unit length.

The consensus sequence of ChrZm?2 (SEQ ID NO:13) is

shown in FIG. 4C.
TABLE 8
GenBank sequences of Zea mays centrometric repeat ChrZm?2
ATF078918 ATF078919 ATF078920
ATF0789121 ATF078922 ATF078923
Example 6

Determining Consensus Sequences

Sequences were first aligned and edited in Vector NTI
suite7 (InforMax, 7600 Wisconsin Ave., Suite 1100,
Bethesda, Md. 20814) and exported as a fasta file. A perl
program, consensus.pl, was written and used to determine
the consensus for each position within the repeats based on
the following rules:

The most common base is designated as the consensus if
it occurs three times more frequently than the second most
common base.

If the occurrence of the most common base is not three
times more frequent than the second most common base, but
the combined frequency of the two most common bases is
three times that of the third most common base, and the
frequency of the second most common base is greater than
the frequency of the third most common base, then the
second and first bases are together considered as a consensus
polymorphism, and designated using the IUPAC codes
M=AorC,R=AorG,W=AorT,S=Cor G, Y=Cor T, k=G
orT,V=AorCorG,H=AorCorT, D=Aor Gor T, B=C
or Gor T, N=G or T or C or A).
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If the combined frequency of the two most common bases
is not three times greater than that of the third most common
base, but the combined frequency of the three most common
bases is three times that of the fourth most common base,
and the third most common base is more common than the
fourth most common base, and the frequency of occurrence
of the fourth base is less than or equal to 22%, the consensus
is assigned according to the [IUPAC ambiguity codes for the
three most common bases. If the four bases occur approxi-
mately equally (23-27%), the consensus is assigned as N.

Example 7

Constructing BAC Vectors for Testing Centromere
Function

A BAC clone may be retrofitted with one or more plant
telomeres and selectable markers together with the DNA
elements necessary for Agrobacterium transformation (FIG.
9). This method will provide a means to deliver any BAC
clone into plant cells and to test it for centromere function.

The method works in the following way. The conversion
vector contains a retrofitting cassette. The retrofitting cas-
sette is flanked by Tn10, Tn5, Tn7, Mu or other transposable
elements and contains an origin of replication and a select-
able marker for Agrobacterium, a plant telomere array
followed by T-DNA right and left borders followed by a
second plant telomere array and a plant selectable marker
(FIG. 9). The conversion vector is transformed into an .
coli strain carrying the target BAC. The transposable ele-
ments flanking the retrofitting cassette then mediate trans-
position of the cassette randomly into the BAC clone. The
retrofitted BAC clone can now be transformed into an
appropriate strain of Agrobacterium and then into plant cells
where it can be tested for high fidelity meiotic and mitotic
transmission which would indicate that the clone contained
a complete functional plant centromere.
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Example 8

Sequence Analysis of Arabidopsis Centromeres

A. Abundance of Genes in the Centromeric Regions

Expressed genes are located within 1 kb of essential
centromere sequences in S. cerevisiae, and multiple copies
of tRNA genes reside within an 80 kb fragment necessary for
centromere function in S. pombe (Kuhn et al., 1991). In
contrast, genes are thought to be relatively rare in the
centromeres of higher eukaryotes, though there are notable
exceptions. The Drosophila light, concertina, responder, and
rolled loci all map to the centromeric region of chromosome
2, and translocations that remove light from its native
heterochromatic context inhibit gene expression. In contrast,
many Drosophila and human genes that normally reside in
euchromatin become inactive when they are inserted near a
centromere. Thus, genes that reside near centromeres likely
have special control elements that allow expression (Karpen,
1994; Lohe and Hilliker, 1995). The sequences of Arabi-
dopsis CEN2 and CEN4, provided herein, provide a pow-
erful resource for understanding how gene density and
expression correlate with centromere position and associ-
ated chromatin.

Annotation of chromosome II and IV identified many
genes within and adjacent to CEN2 and CEN4 (FIG. 8,
FIGS. 11A—-11T). The density of predicted genes on Arabi-
dopsis chromosome arms averages 25 per 100 kb, and in the
repeat-rich regions flanking CEN2 and CEN4 this decreases
to 9 and 7 genes per 100 kb, respectively (Bevan et al.,
1999). Many predicted genes also reside within the recom-
bination-deficient, genetically-defined centromeres. Within
CEN2, there were 5 predicted genes per 100 kb; while CEN4
was strikingly different, with 12 genes per 100 kb.

There was strong evidence that several of the predicted
centromeric genes are transcribed. The phosphoenolpyru-
vate gene (CUEL) defines one CEN5S border; mutations in
this gene cause defects in light-regulated gene expression
(Lietal., 1995). Within the sequenced portions of CEN2 and
CEN4, 17% (27/160) of the predicted genes shared >95%
identity with cloned cDNAs (ESTs), with three-fold more
matches in CEN4 than in CEN2 (http://www.tigr.org/tdb/at/
agad/). Twenty-four of these genes have multiple exons, and
four correspond to single-copy genes with known functions.
A list of the predicted genes identified is given in Table 9,
below. A list of additional genes encoded within the bound-
aries of CEN4 are listed in Table 10. The identification of
these genes is significant in that the genes may themselves
contain unique regulatory elements or may reside in
genomic locations flanking unique control or regulatory
elements involved in centromere function or gene expres-
sion. In particular, the current inventors contemplate use of
these genes, or DNA sequences 0 to 5 kb upstream or
downstream of these sequences, for insertion into a gene of
choice in a minichromosome. It is expected that such
elements could potentially yield beneficial regulatory con-
trols of the expression of these genes, even when in the
unique environment of a centromere.

To investigate whether the remaining 23 genes were
uniquely encoded at the centromere, a search was made in
the database of annotated genomic Arabidopsis sequences.
With the exception of two genes, no homologs with >95%
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identity were found elsewhere in the 80% of the genome that
has been sequenced. The number of independent cDNA
clones that correspond to a single-copy gene provides an
estimate of the level of gene expression. On chromosome 11,
predicted genes with high quality matches to the cDNA
database (>95% identity) match an average of four indepen-
dent cDNA clones (range 1-78). Within CEN2 and CEN4,
11/27 genes exceed this average (Table 9). Finally, genes
encoded at CEN2 and CEN4 are not members of a single
gene family, nor do they correspond to genes predicted to
play a role in centromere functions, but instead have diverse
roles.

Many genes in the Arabidopsis centromeric regions are
nonfunctional due to early stop codons or disrupted open
reading frames, but few pseudogenes were found on the
chromosome arms. Though a large fraction of these pseudo-
genes have homology to mobile elements, many correspond
to genes that are typically not mobile (FIGS. 111-J and
FIGS. 11S-T). Within the genetically-defined centromeres
there were 1.0 (CEN2) and 0.7 (CEN4) of these nonmobile
pseudogenes per 100 kb; the repeat-rich regions bordering
the centromeres have 1.5 and 0.9 per 100 kb respectively.
The distributions of pseudogenes and transposable elements
are overlapping, indicting that DNA insertions in these
regions contributed to gene disruptions.

TABLE 9

Predicted genes within CEN2 and CEN4
that correspond to the cDNA database.

GenBank protein # of EST
Putative function accession matches™
CEN2
Unknown AAC69124 1
SH3 domain protein AAD15528 5
Unknown AADI15529 1
unknownt AAD37022 1
RNA helicase} AAC26676 2
408 ribosomal protein S16 AAD22696 9
CEN4
Unknown AAD36948 1
Unknown AAD36947 4
leucyl tRNA synthetase AAD36946 4
aspartic protease AAD29758 6
Peroxisomal membrane AAD29759 5
protein (PPM2)§
5’-adenylylsulfate AAD29775 14
reductase§
symbiosis-related protein AAD29776 3
ATP synthase gamma AADARISS 3
chain 1 (APC1)§
protein kinase and EF hand AADO03453 3
ABC transporter AADO03441 1
Transcriptional regulator AADO03444 14
Unknown AADO03446 12
human PCF11p homolog AADO03447 6
NSF protein AAD17345 2
1,3-beta-glucan synthase AADA8IT1 2
pyridine nucleotide-disulphide AADARITS 4
oxidoreductase
Polyubiquitin (UBQ11)§ AADA48980 72
wound induced protein AADA8IR1 6
short chain AADA48959 7
dehydrogenase/reductase
SL15F AADA48939 2
WDA40-repeat protein AADA8I4R 2

*Independent cDNAs with >95% identity,

frelated gene present in non-centromeric DNA,

Ipotentially associated with a mobile DNA element,

§characterized gene (B. Tugal, 1999; J. F. Gutierrez-Marcos, 1996; N. Ino-
hara, 1991; J. Callis, 1995).
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TABLE 10

List of additional genes encoded within the boundaries of CEN4.

GenBank Nucleotide
Putative Function accession Position
3'(2",5'- AC012392 71298-73681
Bisphosphate Nucleotidase
Transcriptional regulator AC012392 80611-81844
Equilibrative nucleoside AC012392 88570-90739
transporter 1
Equilibrative nucleoside AC012392 94940-96878
transporter 1
Equilibrative nucleoside AC012392 98929-101019
transporter 1
Equilibrative nucleoside AC012392 113069-115262
transporter 1
unknown AC012392  122486-124729
4-coumarate-CoA ligase ACO012392  126505-128601
ethylene responsive protein ACO012392  130044-131421
Oxygen-evolving enhancer ACO012392  134147-135224
protein precursor
Kinesin AC012392  137630-141536
receptor-like protein kinase ACO012392  141847-144363
LpxD-like protein AC012392  144921-146953
hypersensitivity induced protein ACO012392  147158-147838
ubiquitin AC012392  149057-149677
unknown AC012392  150254-151072
ubiquitin-like protein ACO012392  153514-154470
ubiquitin-like protein ACO012392  155734-156513
ubiquitin-like protein ACO012392  156993-157382
unknown AC012392  159635-165559
unknown AC012392  166279-166920
unknown AC012392  167724-170212
ubiquitin-like protein ACO012392  176819-178066
polyubiquitin (UBQ10)§ AC012392  180613-182007
phosphatidylinositol-3,4,5- AC012477 89384-91291
triphosphate binding
protein
Mitochondrial ATPase AC012477 94302-94677
RING-H2 finger protein AC012477 95522-96142
unknown AC012477  104747-105196
Mitochondrial ATPase AC012477  105758-106595
ferredoxin-NADP+reductase AC012477  107451-109095
unknown AC012477  109868-110620
U3 snoRNP-associated protein AC012477 111841-114133
UV-damaged DNA binding factor AC012477 114900-121275
Glucan endo-1,3-Beta-Glucosidase AC012477 122194-122895
precursor
D123-like protein AC012477  125886-126887
Adrenodoxin Precursor AC012477  127660-129246
N7 like-protein AC012477  129718-131012
N7 like-protein AC012477  131868-133963
N7 like-protein AC012477  134215-136569
N7 like-protein AC012477  139656-140864

§characterized gene (J. Callis, 1995).

B. Conservation of Centromeric DNA

To investigate the conservation of CEN2 and CEN4
sequences, PCR primer pairs were designed that correspond
to unique regions in the Columbia sequence and used to
survey the centromeric regions of Landsberg and Columbia
at ~20 kb intervals (FIGS. 13A, B). The primers used for the
analysis are listed in FIGS. 14A, B. Amplification products
of the appropriate length were obtained in both ecotypes for
most primer pairs (85%), indicating that the amplified
regions were highly similar. In the remaining cases, primer
pairs amplified Columbia, but not Landsberg DNA, even at
very low stringencies. In these regions, additional primers
were designed to determine the extent of nonhomology. In
addition to a large insertion of mitochondrial DNA in CEN2,
two other non-conserved regions were identified (FIGS.
13A, B). Because this DNA is absent from Landsberg
centromeres, it is unlikely to be required for centromere
function; consequently, the relevant portion of the centro-

20

25

30

35

40

45

50

55

60

65

60

meric sequence is reduced to 577 kb (CEN2) and 1250 kb
(CEN4). The high degree of sequence conservation between
Landsberg and Columbia centromeres indicated that the
inhibition of recombination frequencies was not due to large
regions of nonhomology, but instead was a property of the
centromeres themselves.

C. Sequence Similarity between CEN2 and CEN4

In order to discern centromere function, a search was
conducted for novel sequence motifs shared between CEN2
and CEN4, excluding from the comparison retroelements,
transposons, characterized centromeric repeats, and coding
sequences resembling mobile genes. After masking simple
repetitive sequences, including homopolymer tracts and
microsatellites, contigs of unique sequence measuring 417
kb and 851 kb for CEN2 and CEN4, respectively, were
compared with BLAST (http://blast.wustl.edu).

The comparison showed that the complex DNA within the
centromere regions was not homologous over the entire
sequence length. However, 16 DNA segments in CEN2
matched 11 regions in CEN4 with >60% identity (FIG. 15).
The sequences were grouped into families of related
sequences, and were designated AtCCS1-7 (Arabidopsis
thaliana centromere conserved sequences 1-7). These
sequences were not previously known to be repeated in the
Arabidopsis genome. The sequences comprised a total of 17
kb (4%) of CEN2 DNA, had an average length of 1017 bp,
and had an A+T content of 65%. Based on similarity, the
matching sequences were sorted into groups, including two
families containing 8 sequences each, 3 sequences from a
small family encoding a putative open reading frame, and 4
sequences found once within the centromeres, one of which
corresponds to predicted CEN2 and CEN4 proteins with
similarity throughout their exons and introns (FIG. 15).

Searches of the Arabidopsis genomic sequence database
demonstrated that AtCCS1-AtCCSS5S were moderately
repeated sequences that appear in centromeric and pericen-
tromeric regions. The remaining sequences were present
only in the genetically-defined centromeres. Similar com-
parisons of all 16 S. cerevisiae centromeres defined a con-
sensus consisting of a conserved 8 bp CDEI motif, an
AT-rich 85 bp CDEII element, and a 26 bp CDEII region
with 7 highly conserved nucleotides (Fleig et al., 1995). In
contrast, surveys of the three S. pombe centromeres revealed
conservation of overall centromere structure, but no univer-
sally conserved motifs (Clark, 1998).

Example 9
Construction of Plant Minichromosomes

Minichromosomes are constructed by combining the pre-
viously isolated essential chromosomal elements. Exem-
plary minichromosome vectors include those designed to be
“shuttle vectors™; i.e., they can be maintained in a conve-
nient host (such as E. coli, Agrobacterium or yeast) as well
as plant cells.

A. General Techniques for Minichromosome Construction

A minichromosome can be maintained in E. coli or other
bacterial cells as a circular molecule by placing a removable
stuffer fragment between the telomeric sequence blocks. The
stuffer fragment is a dispensable DNA sequence, bordered
by unique restriction sites, which can be removed by restric-
tion digestion of the circular DNAs to create linear mol-
ecules with telomeric ends. The linear minichromosome can
then be isolated by, for example, gel electrophoresis. In
addition to the stuffer fragment and the plant telomeres, the
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minichromosome contains a replication origin and select-
able marker that can function in plants to allow the circular
molecules to be maintained in bacterial cells. The minichro-
mosomes also include a plant selectable marker, a plant
centromere, and a plant ARS to allow replication and
maintenance of the DNA molecules in plant cells. Finally,
the minichromosome includes several unique restriction
sites where additional DNA sequence inserts can be cloned.
The most expeditious method of physically constructing
such a minichromosome, i.e., ligating the various essential
elements together for example, will be apparent to those of
ordinary skill in this art.

A number of minichromosome vectors have been
designed by the current inventors and are disclosed herein
for the purpose of illustration (FIGS. 7A—7H). These vectors
are not limiting however, as it will be apparent to those of
skill in the art that many changes and alterations may be
made and still obtain a functional vector.

B. Modified Technique for Minichromosome Construction
A two step method was developed for construction of
minichromosomes, which allows adding essential elements
to BAC clones containing centromeric DNA. These proce-
dures can take place in vivo, eliminating problems of
chromosome breakage that often happen in the test tube. The
details and advantages of the techniques are as follows:

1.) One plasmid can be created that contains markers,
origins and border sequences for Agrobacterium trans-
fer, markers for selection and screening in plants, plant
telomeres, and a loxP site or other site useful for
site-specific recombination in vivo or in vitro. The
second plasmid can be an existing BAC clone, isolated
from the available genomic libraries (FIG. 10A).

2.) The two plasmids are mixed, either within a single E.
coli cell, or in a test tube, and the site-specific recom-
binase cre is introduced. This will cause the two
plasmids to fuse at the loxP sites (FIG. 10B).

3.) If deemed necessary, useful restriction sites (Asel/Pacl
or Not I) are included to remove excess material. (for
example other selectable markers or replication ori-
gins)

4.) Variations include vectors with or without a Kan® gene
(FIGS. 10B, 10C), with or without a LAT52 GUS gene,
with a LAT52 GFP gene, and with a GUS gene under
the control of other plant promoters. (FIGS. 10C, 10D
and 10E).

C. Method for Preparation of Stable Non-Integrated Min-
ichromosomes

A technique has been developed to ensure that minichro-
mosomes do not integrate into the host genome (FIG. 10F).
In particular, minichromosomes must be maintained as
distinct elements separate from the host chromosomes. In
one method for ensuring that the introduced minichromo-
some does not integrate, the inventors envision a variety that
would encode a lethal plant gene (such as diptheria toxin or
any other gene product that, when expressed, causes lethal-
ity in plants). This gene could be located between the right
Agrobacterium border and the telomere. Minichromosomes
that enter a plant nucleus and integrate into a host chromo-
some would result in lethality. However, if the minichro-
mosome remains separate, and further, if the ends of this
construct are degraded up to the telomeres, then the lethal
gene would be removed and the cells would survive.

It should be understood that various changes and modi-
fications to the presently preferred embodiments described
herein will be apparent to those skilled in the art. Such
changes and modifications can be made without departing
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from the spirit and scope of the present invention and
without diminishing its intended advantages. It is therefore
intended that such changes and modifications be covered by
the appended claims.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 13
<210> SEQ ID NO 1

<211> LENGTH: 180

<212> TYPE: DNA

<213> ORGANISM: Brassica oleracea

<400> SEQUENCE: 1

agcttgattt ggatacataa agtggtggag aatcaccagg aagttgaata aatctcatag 60
gagttggcat gaagaagtta tcccactttc aaatcaggtg attccagttt cccagtttgg 120
gaatagcaca gcttcttcgt cgttccaatc aaaccaggat gaatcwcttt gtraraagct 180

<210> SEQ ID NO 2

<211> LENGTH: 180

<212> TYPE: DNA

<213> ORGANISM: Brassica oleracea

<400> SEQUENCE: 2

agcttgattt tgatacataa agtagtggag aatcaytwgg aagtggaata aatctcatag 60

gagttaggat gaagaagcta tcmcactttc aaatcaggtg atcccarttt tcctgtttgg 120

gaatatgaca acttmtttgt cattctaatc aaaccaggaw gaatcgcbat gtaaraagct 180

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 3

LENGTH: 180

TYPE: DNA

ORGANISM: Brassica oleracea

SEQUENCE: 3

agcttgattt ggatacataa agtggtggag aatcaccagg aagttgaata aatctcatag 60

gagttggsat gaagaagtta tcccactttc aaatcaggtg attccagttt cccagtttgg 120

gaatagcaca gcttcttcgt cgttccaatc aaaccaggat gaatcacttt gtragaagct 180

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 4

LENGTH: 180

TYPE: DNA

ORGANISM: Brassica oleracea

SEQUENCE: 4

agcttgattt tgatacataa agtartggag aatcayyagg aagtkgaata aatctcatag 60

gagttaggat gaagaagcta tcccactttc aaatcaggtg atcccarttt tcctgtttgg 120

gaatakgaca rcttctttgt cattctaatc aaaccaggaw gaatcgckat gtaaraagct 180

<210>
<211>
<212>
<213>

<400>

SEQ ID NO 5

LENGTH: 92

TYPE: DNA

ORGANISM: Glycine max

SEQUENCE: 5

aaattcaaat ggtcataact tttmacwcgg akgtccgatt caggcgcata atatatcgag 60

acgctcgaaa ttgaacaayg gaagctctcg ag

92
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<210> SEQ ID NO 6

<211> LENGTH: 91

<212> TYPE: DNA

<213> ORGANISM: Glycine max

<400> SEQUENCE: 6

aaattcaaac gacaataact ttttactcgg atgtcygatt gagtcccgta atatatcgag
acgctcgaaa ttgaatrytg aagctctgag c¢

<210> SEQ ID NO 7

<211> LENGTH: 92

<212> TYPE: DNA

<213> ORGANISM: Glycine max

<400> SEQUENCE: 7

aaattcaaat ggtcataact tttmacwcgg akgtccgatt caggcgcata atatatcgag
acgctcgaaa ttgaacaayg gaagctctcg ag

<210> SEQ ID NO 8

<211> LENGTH: 91

<212> TYPE: DNA

<213> ORGANISM: Glycine max

<400> SEQUENCE: 8

aaattcaaac gacaataact ttttactcgg atgtcygatt gagtcccgta atatatcgag
acgctcgaaa ttgaatrytg aagctctgag c¢

<210> SEQ ID NO 9

<211> LENGTH: 181

<212> TYPE: DNA

<213> ORGANISM: Lycopersicon esculentum

<400> SEQUENCE: 9

ccatcacggg ttttctggge crtttggaag gtcaaacgag ccccggagcg agcatacgcece

tcattttgac gattttcgtg tgctattgca caccattttt tgggtgatcg ggattccgac

gtcaaaaatg ccaaatttgt tcgtggacgt ccgtcaagac gttgtctatg catacggttg

E)

<210> SEQ ID NO 10

<211> LENGTH: 181

<212> TYPE: DNA

<213> ORGANISM: Lycopersicon esculentum

<400> SEQUENCE: 10

ccatcacggg ttttctggge crtttggaag gtcaaacgag ccccgragcg agcatacgcece

tcattttgac gattttcgtg tgctattgca caccattttt tgggtgatcg ggattccgac

gtcaaaaatg ccaaatttgt tcgtggacgt ccgtcaagac gttgtctatg catacggttg

E)

<210> SEQ ID NO 11

<211> LENGTH: 180

<212> TYPE: DNA

<213> ORGANISM: Zea mays

60

91

60

92

60

91

60

120

180

181

60

120

180

181



US 7,119,250 B2

-continued
<400> SEQUENCE: 11
ggccacacaa cccccatttt tgtcgaaaat agccatgaac gaccattttc aataatacyr 60
aaggctaaca cctacggatt tttraccaag aaatggtctc caccagaaat ccaagaatgt 120
gatctatggc aaggaaacat atgtggggtg aggtgtayga gcctctggtc gaygatcaat 180
<210> SEQ ID NO 12
<211> LENGTH: 180
<212> TYPE: DNA
<213> ORGANISM: Zea mays
<400> SEQUENCE: 12
ggccacacaa cccccatttt tgtcgaaaat agccatgaay gaccattttc aataataccg 60
aaggctaaca cctacggatt tttgaccaag aaatggtctc caccagaaat ccaagaatgt 120
gatctatggc aaggaaacat atgtggggtg aggtgtayga gcctctggtc gatgatcaat 180
<210> SEQ ID NO 13
<211> LENGTH: 158
<212> TYPE: DNA
<213> ORGANISM: Zea mays
<400> SEQUENCE: 13
ggttccggtg gcaaaaactc gtagctttgt atgcaccemg acacccgttt tcggaatggg 60
tgacgtgyga caacagaaat tgcgmgaaac caccccaaac atgagttttg kacctaaagt 120
agtggattgg gcatgttcgt tgygaaaaac gaagaaat 158

The invention is claimed as follows:

1. A method of preparing a transgenic plant cell compris-
ing contacting a starting plant cell with a recombinant
nucleic acid construct comprising a plant centromere,

wherein the plant centromere (i) comprises n copies of a
repeated nucleotide sequence from genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
least 5 and wherein the repeated nucleotide sequence is
about 75 base pairs to about 210 base pairs,

and whereby the starting plant cell is transformed with the
recombinant nucleic acid construct.

2. A method of preparing a transgenic plant tissue com-
prising contacting a starting plant tissue with a recombinant
nucleic acid construct comprising a plant centromere,

wherein the plant centromere (i) comprises n copies of a
repeated nucleotide sequence from genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
least 5 and wherein the repeated nucleotide sequence is
about 75 base pairs to about 210 base pairs,

and whereby the starting plant tissue is transformed with
the recombinant nucleic acid construct.

3. A method for shortening the time required to develop

a new crop, the method comprising the steps of providing a
plant minichromosome comprising a plant centromere,
transforming a starting plant cell with the minichromosome,
and generating a transgenic plant from the starting plant cell,

wherein the plant centromere (i) comprises n copies of a
repeated nucleotide sequence from genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
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least 5 and wherein the repeated nucleotide sequence is
about 75 base pairs to about 210 base pairs,

and the minichromosome comprises at least a structural

gene.

4. The method of claim 3, wherein the new crop is a
vegetable crop.

5. The method of claim 3, wherein the new crop is a field
crop.

6. The method of claim 3, wherein the new crop is a fruit
and vine crop.

7. The method of claim 3, wherein the new crop has at
least one improved agricultural trait as compared to existing
crops of the same species.

8. A method of providing a vegetable crop comprising the
steps of providing a plant minichromosome comprising a
plant centromere, providing a vegetable crop cell, transform-
ing the vegetable crop cell with the plant minichromosome,
and generating a vegetable crop from the transformed veg-
etable crop cell,

wherein the plant centromere (i) comprises n copies of a

repeated nucleotide sequence from genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
least 5 and wherein the repeated nucleotide sequence is
about 75 base pairs to about 210 base pairs,

and the minichromosome comprises at least a structural

gene.

9. A method of providing a fruit and vine crop comprising
the steps of providing a plant minichromosome comprising
a plant centromere, providing a fruit and vine crop cell,
transforming the fruit and vine crop cell with the plant
minichromosome, and generating a fruit and vine crop from
the transformed fruit and vine crop cell,
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wherein the plant centromere (i) comprises n copies of a
repeated nucleotide sequence from genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
least 5 and wherein the repeated nucleotide sequence is
about 75 base pairs to about 210 base pairs,

and the minichromosome comprises at least a structural
gene.

10. A method of providing a field crop comprising the
steps of providing a plant minichromosome comprising a
plant centromere, providing a field crop cell, transforming
the field crop cell with the plant minichromosome, and
generating a field crop from the transformed field crop cell,

wherein the plant centromere (i) comprises n copies of a
repeated nucleotide sequence from genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
least 5 and wherein the repeated nucleotide sequence is
about 75 base pairs to about 210 base pairs,

and the minichromosome comprises at least a structural
gene.

11. A method of providing a vegetable crop seed com-
prising the steps of providing a plant minichromosome
comprising a plant centromere, providing a vegetable crop
cell, transforming the vegetable crop cell with the plant
minichromosome, generating a vegetable crop from the
transformed vegetable crop cell, fertilizing the vegetable
crop, and collecting a seed containing a minichromosome
from the fertilized vegetable crop,

wherein the plant centromere (i) comprises n copies of a
repeated nucleotide sequence from genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
least 5 and wherein the repeated nucleotide sequence is
about 75 base pairs to about 210 base pairs,

and the minichromosome comprises at least a structural
gene.

12. A method of providing a fruit and vine crop seed
comprising the steps of providing a plant minichromosome
comprising a plant centromere, providing a fruit and vine
crop cell, transforming the fruit and vine crop cell with the
plant minichromosome, generating a fruit and vine crop
from the transformed fruit and vine crop cell, fertilizing the
fruit and vine crop, and collecting a seed containing a
minichromosome from the fertilized fruit and vine crop,

wherein the plant centromere (i) comprises n copies of a
repeated nucleotide sequence from genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
least 5 and wherein the repeated nucleotide sequence is
about 75 base pairs to about 210 base pairs,

and the minichromosome comprises at least a structural
gene.

13. A method of providing a field crop seed comprising
the steps of providing a plant minichromosome comprising
a plant centromere, providing a field crop cell, transforming
the field crop cell with the plant minichromosome, gener-
ating a field crop from the transformed field crop cell,
fertilizing the field crop, and collecting a seed containing a
minichromosome from the fertilized field crop,

wherein the plant centromere (i) comprises n copies of a
repeated nucleotide sequence from genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
least 5 and wherein the repeated nucleotide sequence is
about 75 base oairs to about 210 base pairs,
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and the minichromosome comprises at least a structural

gene.

14. A method of providing a crop seed comprising the
steps of providing a plant minichromosome comprising a
plant centromere, providing a crop cell, transforming the
crop cell with the plant minichromosome, generating a crop
from the transformed crop cell, fertilizing the crop, and
collecting a seed containing a minichromosome from the
fertilized crop,

wherein the plant centromere (i) comprises n copies of a

repeated nucleotide sequence from a genomic DNA of
the plant, and (ii) confers an ability to segregate to
daughter cells through cell division, wherein n is at
least 5 and wherein the repeated nucleotide sequence is
about 75 base pairs to about 210 base pairs,

and the minichromosome comprises at least a structural

gene.

15. The method of claim 1, wherein the plant centromere
is derived from a crop plant.

16. The method of claim 1, wherein the plant centromere
is derived from a commercial crop plant.

17. The method of claim 1, wherein the plant centromere
is derived from a vegetable crop plant.

18. The method of claim 1, wherein the plant centromere
is derived from a fruit and vine crop plant.

19. The method of claim 1, wherein the plant centromere
is derived from a field crop plant.

20. The method of claim 17, wherein the transgenic plant
cell is a vegetable crop plant cell.

21. The method of claim 18, wherein the transgenic plant
cell is a fruit and vine crop plant cell.

22. The method of claim 19, wherein the transgenic plant
cell is a field crop plant cell.

23. The method of claim 16, wherein n is at least 15.

24. The method of claim 16, wherein n is at least 50.

25. The method of claim 16, wherein n is at least 10.

26. The method of any one of claims 23, 24 or 25, wherein
the transgenic plant cell is a vegetable crop plant cell, a fruit
and vine crop plant cell, or a field crop plant cell.

27. A method of providing a crop plant comprising the
steps of:

providing a transgenic plant cell produced by the method

of any one of claims 15-24 or 25, and

regenerating a crop plant from the plant cell.

28. A method of providing a crop tissue comprising the
steps of:

providing a transgenic plant cell produced by the method

of any one of claims claims 15-24 or 25, and
regenerating crop tissue from the plant cell.

29. A method of producing progeny of a crop plant of
claim 27 comprising the steps of:

crossing a first crop plant produced by the method of

claim 27 with a second crop plant, and

obtaining progeny from the crossing.

30. The method of claim 29, wherein the second crop
plant does not contain a recombinant nucleic acid construct
comprising a plant centromere.

31. The method of claim 30 further comprising the steps
of:

collecting a seed from the first crop plant, and

growing progeny from the seed.

32. A method of producing a crop tissue comprising the
steps of:

growing progeny produced by the method of claim 29,

and

removing tissue from the progeny.
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33. A method of producing a seed comprising the steps of: providing a seed produced by the method of claim 34,
growing a crop plant produced by the method of claim 27, wherein said crop plant is a fruit and vine crop plant

and
collecting a seed from the fertilized plant.
34. A method of producing a seed comprising the steps of:

and said seed is a fruit and vine crop seed; and

growing a fruit and vine crop from the seed.

growing progeny produced by the method of claim 29, 37. A method of providing a field crop comprising the
and steps of:
collecting a seed from the progeny. . providing a seed produced by the method of claim 34,
35. A method of providing a vegetable crop comprising wherein said crop plant is a field crop plant and said
the steps of: 10 seed is a field crop seed; and

providing a seed produced by the method of claim 34,

wherein said crop plant is a vegetable crop plant and . .
said seed is a vegetable crop seed; and 38. The method of any one of claims 3-7, wherein the

growing a vegetable crop from the seed. plant centromere is derived from a commercial crop plant.

36. A method of providing a fruit and vine crop compris- 15
ing the steps of: I T S

growing a field crop from the seed.
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