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Fig. 5A

a). Nucleotide sequence alig

Redbeetl BvADHo
Yeliocubeat BvALHo
Whitsbesr BvdlBa
Sugarbeer BvADH«
Seabest BVADEa
Redheet2 BvADHo

Redbeer2l BvADH
Yaliowbeet BvAlH«
Whiteheet BvADHN
Sugarbeat BvADRx
Seabest BvADN«
Redbeet2 BvhDHo

Redbeerl BvADHo
Yellowbeet BvADia
Whiteboet BVADHR
Sugarbest BvADHx
Seabeet BVADH
Recbeet? BvADH«

Redbeetl BurhDHo
Yeliowbeer BuADdHo
Whitebeet BvADRY
Sugarbest ByADHR
Seabeer BvAlta
Redbest2 BvADBa

Redbeetl BvADHA
Yallowbeer, BvADH«
Winitabeet BVADHx
Sugarbeet BvADHw
Seabeetr BvADHa
Redbeet? BvADHX

Redbeetl BvADHx
Yellowbeer BvADEx
Whivebest BVADH«
Sugarbeat BvaDHu
Seabeet BVADHx
Redbeet? BvADHx

Redbeetl BvADRa
Yellowbess BvADNoa
Whitehaer BvADHa
Sugarbeet BvADEe
Seabeet BvADHa
Redbeet2 BvADHa

Redbeerl BvADEx
Yeliowbeat BvADF«
Whitebaer BvADH:
Sugarbeet BvADH
Seaheer BvADZx
Redbeets BvADHo

Redbeetrl BvADHN
Yeliowbeet BvADEa
Winitebeet BvADHa

nment of BYADHa

ATGAYTTCACTCTCTICTT TTCATCL T TCCTCCAICACCHCCACCGOCAC
TTTCATCCTICCTCOATCACCGITACCECCAT)
ATGRTTTCACTCICTICT TTICATONT TCCTCCATCACEGCCACCEOTAC
ATGATTTCACTCICTTCITTICATCCT TCCTCCALCACCHCCACCOCTAL]
ATGATITCACTCTCTITCTT T TCATCCY TEC TCCACCACCOOUACTECTAT
ATGATTTCACTCICTTCT T TICATCCT TCCTCCALTACTGECACCGCCAC!

CGLCHCOGCLGITAL
ICGCCELIGCCHUCAT
CGCEGLLGCCELCAIC

374

374

TOCCEETTITICCICICCTICUGTCECATITCTOGITT
T CCECTTITTCCTCTCCTCCETCOLATTTCTCGLTT)
CCGLITITTCCTCYCCITTCTCECATE TCTCECTT
CACCACARCAAT CECTTTTICCTLTCCTCCRATCECATCTCTORCTT
CACCACAACAATGTCCCECTTITTCCT CTCCTCCRTCGLRTCYLTCOOT T
CAACABTGETCCCGLTTTTICCTCICCTCLGTCECATC TCICECTT

CACCACRACARTY

CCTTIACGLUACCETCGECAALACCTT G FAGT TCRGTOCHEG TGHAGG LS
CCTTTACGCCACCCTCGCCARCAIT TG AGTICGGTEC GG IGEACGTGE
CCTTTACGLCACCCTCOUCARCACCTT G AGT TCOGTEUGETGRAGRIG
CCTTTRCGCCRCCCTCGCTAACACCTTGIAGT TCGETGCGRTGEAGG TGS
CCTTTACGCCALTCTIGCCANCACTTTGLAGT ICCGIET G IGER CRTHE
CCTTTACGCCACLCTCGCCAACACC TIGTAGT TCOETOCGRTGEAGGIGE

TTCCGECTULGARICGETATTIAACCETGATAGTGUTGCTACTCGIGITT
T TCCGCCTCCORATCGUTAT TTARCCRTCATAGTCC TCCTACTCG TG T
TTCGGLCTUUGARTCCOGTATTTAACCETGATAGTGRITCCTACTLGTGTTT
TTCGGCCTCOGRATUGG T AT TTANCCC TOATAGTEC TUCTACTCGTET T T
TTCGGCCTICCGR GTATTTARCCCTGATAGTGC TG TACTCGIGT ]
TTCGGUCTLCGRARTCGGTAT TR RACCETGAIAGTGL TGCTRCTCRTGITT

CTAATGATCATCT TGACGTTAGTY AAARGAGRTG T TARGC TTARGATTGCT]
CTAATGATCATCYIGACGT TAGT AARRGAGATGTIAAGCITARGRTIGCT]
CTAATGATCATL TIAGTAAARGRGATGT TARGCTTARGATTGCT
CTAATGATCATCT TG TAGTAARRGAGRTGTIAAGCTTARGATIGET
CTANIGRTCATCTIGACCT TACT AAASGAGAT G T IARGCTTAAGATIGCY
CTAATCATCATCT TCACGTTAGTARAMGAGATGTTARGC TTARGATIGL

ATTATTOGGTITGGTAACTTIGGCCAGTI ITIGGCTARGACRATGGLT AN
ATTATTGGGT TEGCTARCTTICGCCAGT I TTTGECT RAGACRATLGEUTAN
AT TATTOGETTIGGIAACT I TGECUAG T ITIGGET RAGACBATGGLTAL
ATTATTGEGTTIGG TAACT T IGGCCAGT I T TTGECTARGRACAATGGCTAR
TTATIGGGY TTGGTAACT TTGGCCAGTTT TTGGCT RAGACAATGGCT.
ATTATTGGGT TTGO TAACT TIGGCCAGTI T TTGLUT ARGACAATGLETA

GCRAGGTCATAGAGTLTTGHUTTAC TCACHCTLUGEGACTACT D
CCARGGTCATAGAGTCT TOECT TACTCACGCTCRBACT ACTICCLLGLT!

BGCANGG TCATAGAG TU Y TRHBCT TACTCAUGCTTHGACTAC

GCAAGGTCATAGRGTCI TCERITTACTC
GCAARGETCATAGAC TG T TGCCT TACTCACGTTCEEACT ACTCCUGEGI T
GLAAGGTCATAGAGTGTIGGCTTACTCACGCT COGACTACTCCLGEGITH

CIAAGGAGAICGCLGTCRAGTAITTTATTCACGLCIATGACCTCTGCON
CTAAGGRGA TCGGCOTCGAGTATTTTACTGACGTC ZATGACCTCIGCGAG
CTAAGGRGATCEOCGICGAGTAT TTIACTGACCCL IATGACCTCTGLGA!
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Fig. 5A cont.

Sugarbeec BvADHa
Seabeer BvAlio
RedbeetZ BvADH%

Radbeetl BvADHo
Yeliowbzet BvADHu
¥initebest BvADHa
Sugarbest BvADR«
Seabest BVADHER
Redbeet? BvADH«

Redbestl BvAbHa
Yellowbeet BvADHa
Whitebeer BVADHa
Segarbeetr BvADHa
Seabeet BvRDEa
Recbest2 BvADH&

Redbeetl BvADH«
Yeliowbeet BVADHa
Unhicebeet BVADH®
Sugarbeet BvADHy
Seabeer BvADEw
Redbeet2 BvAlHa

Redoeetl BvADHa
Yellowbeet BvADHa
Whitebeer BvADH&
Sugarbeet BvADH:
Seabeet SwADHG
RedbeetrZ BvADNa

Redbesti BvADRa
Yellowbeet BVADHe
Whitebeet BvADHO
Sugarpest BvADHa
Seabeet BvADH«
Redbeets BvADHa

Redbestr! BvADHa
Yellowbeer BvADHx:
Wnicebeer BvADRx
Sugarbeet BvADH«
Seabeer BvADHa
Redbeetz BvADHx

Redbeet) BvADHX
Yellowbeet BvADHx
Whitebeet BVADH&
Sugarbeet BVADHo
Seabmet BVRDH
Redert2_ BvADHa

Redbeetl BuvADHx
Yeliowbeet ByADH«
Whitebest BvADHx
Sugarbeev BvADRa
Seabeet BVADHEw
Redbeet2 BvADRE«

EYLBCTAAGSAGATCOGLGTCGAGTATTITACT! GACG«CGATGACCTCTGCG.‘;C
LI CT AAGHAGATCGECETICGAGTRT TTTACTCACGICHATGACCTCTGLGAG
EXEWC TADGEAGATCGHUGTCERGTAT TTTACTGACGLUGATGRICTCTGCGAS

L BCAGCACCCTIGAGSITATICIGT IGT GLATRICCATECTCICAACEGAGAY

424 23 CIGAGCTTRTTCTIGTTICLIG CCATCOTCTCAACCCACAA,
32¢
424
451 SR T TR TG CCATCUICTCAAUGGAGAA

WG AGCACCCTGAGGTTATICIGT TG GCAZRTICCATEC TCICAACGGAGAR

474
474
474
474
501
474

GGTCCTCCEATCAL TOCCCCTCCALC KA TCCETCETTCRACCCICTTT!
GETCCTLCEATCACTICCCCTUCACCHEC TCLGTCEITCAALCCTICTIN
SGTCCTCCGRTCACTCCCCLTCCACCGGCTCCGTCOITCANCCCICTT TN
GETCCTLEGATCACTCLCCCTCCACCHEEC TCURTCE ITCAACTCTCTI T
GCTCCTCCORTCACTCCCCETCCRCUGOCTCCGTICG ITCARCCCTCTTES
GETCCTCCGATCACTCUCCCTCCACCHGUTCCGTCE T TCAACCCICTT TG

COGATCTTCICTCEETCARGGAATTILCICEATCCCICTTCCTTCARACTA
L GGATGTTCTCICGGTCAAGGARTTTCCICGATEGCTOTTCCTTCAALT.
CCGHIGTTCICTCOETCAAGERATTICCTCGATCOITCTINCTTCRACTA
CEGATCTICTCICGCTCAAGGARTTTCCICGRATILGCTCTICCTTCAACT.
CEGRIGTTCTCTCOETCARGGAATT TCCTCRATCGCTCTICCTTCRACTS
[CGGRTCTTCICTCGEDIAAGGAATTICCTCGATCGCTC T ICCT TCARCTA

824
524
528,
524
551
$24

$74
574
574
57¢
601
573

CTTCCTRRAGGACT T TGATATCOTATGUACCCACCOTATGTITHECCCAG,
CTTCCT AAGOACTI TGATATCCTATGCACCCACCCTATGITTGECLLAGS
CYTCCTARGGRCTTTCATATCCTATGCACCORCCCT ATGTITGGCCCAGA
CTTCCTAAGGACT TTGATATCCTATGCACCCACCCTNTIGT TIGGUCCAGA
CTTCCTARGEACTT TR TATCLTATGCACCCACCTATGTTIGGCCCAGA)
CTTCCTARGGACT T TGATATCCTATGCACCCACCCTATGTTIGGECCAGA

62% 3
624
624
624
651
624

CCGGCARAGACGGGIGEGEGTGGAC TACCTT TG T GY TCGATARAGTS
CANAGACGGE TEGGCTGGACT ACCTTTTGIGT TCEATARRGT TA)
T TCEGGCARAGALGEG T GEGGTOGAC TACCTTITG TG T TCGATABRGTTA
‘C'ICGGGCA;L&GACGGGTGG@IGGACZAC%‘ITTGIGgESAT:’&A TT,

GCARAGALGGGTGGOGTGGRCTACCETTIRTG! CATAMAGTT
CAARGACGGETUGLETUGALTACCTT TTGTGEY TCCAT AARGT TA

674
€74
674
674
703
874

GAGTCEGATCAGATCAGAGTCEGACRTCTCOIT GCTRAFGCATICCTAGAC
GAGTCCGATTAGATCAGAGTCHGACATCICGTIGCTGASGCATTCITAGAC
GAGTCCGATCAGATCAGAGTCOGACA TCILGTCUT GASGUR T ICCTAGAL
GRGTICCOATCAGATCAGAGTCIGACIFICTCGTGUTGABGCATTCCTAGAC
AGTCEGATCAGATCAGAGTE SGATE TCICOTUITRAGGCATTCCTAGAC
GAGTUGEATCAGATCAGAGTCIGACATUICEGTGUTGABGCATTCCTAGAC)

GIGT TTAGGAATGCCGHGIGTAGGATCETCGAARYGAGTYGIGTIGATCA
GTGTITAGGAAT SGGIGTAGGATCGIGRAARTGLG I TG THTIGATCA]
GTGTTTAGGAN GGGTGTAGGATEGTGGAARTGAGT TGTGTTGATC,
CTGTITAGGART(CCCGETCTAGGATGGIGEAARTGAGTICTEGITGATC
GIGTTTAGGAATGCCGGG T GTAGGATCGT GGAARTGLGT TGTGTTGATL,
GIGT TTAGGAATGCCGGCIGTAGGATGGIGEABATGRGTIGTGTIGATC,

124
734
724
23
781
134

74
T4
T4
774
201
274

TGACAAGCATGCAGUCGLGTCTCAATTIBT TACACATATGATGGGACGAT)
T GACAAGCATGCAGCLGEGTCTCAATTTAT TACACA TATGATCGGATGAG)
TGACAAGCATGCAGCCGBGTCTCAAT TIAT TACACATATGATGGOACGAG
TCACRAGCATGCAGCCOEGECTCANT TTAT TACACATATGATOGC ACGAG)
TGACAAGCATCCAGLCGEGTCTCAATTTAT TACACATATGRTGGOACGAS)
TOACAAGCATCCAGCCOGERAICTCAATTTATTACACATATGATCLGACGAL
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Fig. 5A cont.

Redheetl BvADHa
YellowkeeT BvADHa
Whitebeet BvADHG
Sugarbest BvADH:
Saabeet BvADEx
Redbeer? BvADHw

Redbeetl BvADHo
Yellowbeetr BvADES
Whitebest BvADH«
Sugarbeet BvADH
Spabeet BuvADix
RedbeetZ BvADHa

Redpeerl BvADHx
Yellowbzer BvADHa
fihivebest BvilHa
Sugarbeet BvADHo
Seabeet BvADHa
Redbeet? BvaDHx

Redbeetl BvADHx
Yellowbeet BvADH«x
Whitebest BvADH
Sugarbeet BvADH:
Seabeet BvADLN
Redbest2 BvADHa

Redbeetl BvADHx
Yeliowbeet BvADHX
Whitebzst BvADHx
Sugarbeet BvADHw
Seabeet BvADSw
Rechest? BvADHx

Redbeetl BvADHX
Yelilowbeet BVADHx
Whitebeet BvADHo
Sugarbeet BvADBRo
Seabeet BvADEx
Redbeet BvADHx

Redbeetl BvhDHo
Yellowbeet BvADHw
Whicebeer BvADHa
Sugarbeet BvADHa
Seabeet BvADH«
Redbeets BvADHx

Redbeetl BvADHe
Yeliowbeat BvADHo
Whitekect BvADHY
Sugarbeet BvADH«
Seabeet BvADHY
Redbeet? BvADHo

23
824
824
824
85S¢
B24

874
874
874
874
901
874

924
824
s24
924
853
¥Z24

474
974
974
874
1001
974

1024
1024
1024
1024
19051
1924

1674
1074
1074
1074
1101
1074

1124
1124

1124

1324
1152
1124

13174
1174
1174
1174

1201,

1174

TITIGGAGRAATIGEL ST TGGAARATACACCAATTARTACAAARGGETACH
TTTTGCAGRARTTG CTGGARRATACACCANTTARTACAALLGGETAL
TTTIGGRRGARATTGH TGGARMAT, CCAATIARATACAARAGGGTAL
T T TGGAGAASTIGEE L T TGEAAARTACRTCAATTARTACADRBAGGET AL
TITTGGAGARBTIGGC U TTGEGARAR T ACACCAATTART ACRARAGGGET AL
TTTTGLAGARATTEGICTTGGARAATACACCAATTART ACARARGGGTAC

GRAAGTTIGT TAARITIGGTGCATAATECTGIAAGGCGATAGTITIGRGT T
GrRAACTIIGTTAAATTTAEIGEATAATACTGCAAGGGRTAGT I TIGAGTT
GRAAGT TIRAAATTIGOTGCATARTACTGCARGGGATAGTITIGAGTY
GARAAG TIRARTTTGGTGGATAATACTGCRAGGGATAGTTTTGACTT
GAAMGTTICTTAARTT VGG TGEATAATACTGCAAGGGAT AGT T TTGAGT Y]
GAARGTTTGTTAAATTTGOTGOATARTACTGCAAGGGAIAGTITIGAGTT

GITITACGGG I TOT I T UG TACAAT ARBRRTGUAATGGAGC AR TTGORT A
T AARAATCCIATGHAGLAATTGGATA
TTACGGGT ACAATABARATGURATGGAGCAATIGEAT
: iﬁGGGTTGTTTTTGTACRRTAAA}‘G«TGCAETGGA

TAGGGTIGTTT TIGTACARTAAAAATCCAATEGRGLARTT
GITITACGGGTICT T T TCTACARATARRAATGCARTGOAGLAATIGGATA

GANYGEATTGOGC T TTCOAGATGGT AARAAAGCAACTTICGEHATATT TG
GAATGOATTGGGCTTTICGAGATGOTALAAARGCARCTTIICGGGATATTI TG
GAAT GGATTCOOC T TTUGAGATGRGT AAAB ARG ARCTTICGGHATATITS
GRATGGATIGEGC T TTCCAGATGGT ARARARMGCAACT TICGEGAT ATT TG
GAATGGATTGGGUT TTCCAGATGGT ARAAANGCAACTTICGGGATATTTH]
GAATGGATIGOCC T TICEAGATOGT ALARAAGCAACT I TCCGGATATITG

CATGATCTIGT TAGAAAICARTIGRTGT IGRAGGG TARTARTGATCEAGC
CATGATCIIGTTASANIAECARTIGR TG TIGRAGGLTARTRR TGATCARGC,
CATGATCTTG T TRGARRPCAAT TGATC TTGGRGGG T RATAMTGATTAAGT
CATCATCITOTTAGARAACAATTGATGTTGGAGGCTARTARTGATCANGLT
CATCATCTTGT TAGAMAACAATTGATGTICGAGGG TRAATAATGATCANGT
CATCATCTTIGT TAGARAAACAAT TOATCYTGCAGGG AR TAR T GATCAAGH

TCACGTITACT T TIGACARARCCATTCAIGCTICCTICTICCTA

TGAGGT LA

THAGGTTA

TGAGGTITAC iy

TGAGGTTACTITTGACAAN COATTRATGCTTCCTTCTCCTACT AT TARTC
TEAGGTTACTTTTGACARACCRT TGATGC T ICCTICTCCTACTATTAA T

CTCCACAART AGTTCCCTITGCTGATATGECTGAGAAGRAGCRTGATITA
CTCCACARATAGT TCCCTITGCTGATATGCCTGRGAAGRAGEATGATTTA
CTCCACRARTAGTTCCCTTGUTGATATGGCTIGAGARGAAGCATGATITA]
C’ICCACAAA?RGT'IC?T: TGCTGATATGGUTGAGARGARGCARTGATTIA
CTICCACAMATAGTTCOU T CTGCTGATATGGUT GAGAAGAAGCRTGATT TA
CICCACRARTAGT TCCCT CTOCTGRA TATLGUT GAGAAGLAGCATGATTT ]

GTGETGGTTARTGETACTAGATAL
GTCGTGGITARTGETACTAGAT A
GIGETEGETTAATGGTACTAGAT A
CTGGTOGGITAATGSTACTAGATA
GIGEGTEGETTAATGGTACTAGATAG
GIGGTGGETTAATOGTACTAGATA
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Fig. 5B

b} Nucleotide sequence alignment of By ADHg

Sugarbeer BvADHB
Yeliowbeet BvADHS
Recibestl BvADHS

@hiteheer BYADAR
Seabeet BVADHE
Fedbeet2 BVADHE

fugarbeet BVADHBS
Yaliowbeer BUVADHS
Bedbeecl BvADHS
Fhitebeet BYADHS
Seabeet BvADES
Redbear? BwADHE

Sugarbeet BvADHS
Yellowbeeat BvADER
Redbeaty BvADRR
Hhivebeer BvADER
Seabest BvADER
Redbest2 BvADHP

Sugarbeet BVADNP
Yelioubeer BvALHS
Redbeecl BvADHS
{nitebsetr BVADHAS
Seapeet. BvADES
Redbeer? BvADRS

Sugarbeer BVALHS
Yeilowbeat BVADHD
Redbeetl BwADHR
“hivebeet BvADND
Saabeet SVADER
Racbest2 BvADHP

Sugarbest BUADES
Yeliowbeet BvADHS
Racoestl_BvADHS ©
imitebeet BVADHS
Seabeet BVADHE
Redbest2 BVADHB

Sugarbeet BvADHB
Yeliiowbeet BvADHR
Redbeetrl BVRDHE
Whivebeet BvADHY
Seabeet SVADES
Redbeet2 BvADHB

Sugarhest BVADHS
Yeliowbest BYADHS
Recbestl BvADHS
ghitenest BvADNB
Seapeet. BvALHP
RedheecZ__BvA}'mp

Sugarbeet BADHE
Yeilowbeet BVADHR
Redbeerl BvADHE
Whitebeet BVADHER
Seabert BYADHR
Redbeet? BvADHR

ATGCTTTCTCICTCCTCCACAACCACCECARAACT CTCGLCGTCGCLATC
‘{Lv\ IT CIC 1FTf C‘ﬂ LALAhLLAx." GCAARACI CTCGCUCTCROCATE
CEARACICTCGUCGICELCATL
COOTE e
C uCuG" CGCCn“ <

TICTCICTCCACCATIACT.
TTCTCICTIN e CNZCT
G(_Gb}.i«u_""} CITCTCT

TIee CGOLEORGAT At*nu\

CGCLGGAGATATTITC

nﬁhm(gﬂz SAGPYATTTTS
TR TTETCTC COGAGTATTITCATHGCGTCARPACCL TS

CERTTCTTCGATTACGAATCARAACT
AL ATTC?TC&TTACWT&\PMC’! ‘

151 uf‘ HJ«T'CC&J\GLATFL»" COCOGCACPATICTTCOATIACGRA TN AN
151 RWTYgiaew:t '"AX\.GQLGLLGCAU’.AT'L"'ICG-\T"'P\.GPA""CMJ«CT
P2 CAATTC T'ILGAT"'AA‘C ATCARALCT]

GLTTACGAATCARAACT]

CATCTIATICGARGT
AT TAACACAAUCICTIVGT TICATUTTATTCGARGC
CCATTARCACAACCTET TOETCT ,L/‘\J.L"'TCATCTTATTL\‘AA- ey
~CATCTTCATCTTN
:ﬂu;m:c _,m‘*rm-':
«fic,m:T

251
258
251

1 CARALTCOCAATCGTAGGG T COGASRT TACGEACRATTTCTLGL!
TCARAATCECAASCHTAGRETICOHANAT TACGEACAATITCTCGCRAAL
TCARAATCGCAATCOTRGGETICCGANAT Tnd}(lhf"}‘m'l‘:_ff'uﬁh&k
TCARAATUGCARTCGT A GGGT”\.(:(:I*AATTA" GGRZANT TN
TCARARTCGTARICGT. ﬁGf?nT"C(‘ GGAARTTACGGACAA]
TCARARTCGUARTCCTAGCHTYCGGAART TACGGACARTTICT]

252
251

STTHTTCTCOLTCIGATTAN
TTATTCTCGCTCIGATTA

301

TAGTTTCTC RAGHTCATACTGTIC
TRGTITCTCRAGGTCATAUTUTIL

ELIG R A COCTARTT TCTLAAGGTCATACTET TCICHITTATICTCOCTCTGAT TAY
302 CTAGTTICTCAMGS TCATAUTGTTCICECTTATTICTCUCTUTGAT T2,

301
EL2

CTAGTTTCTCAAGGTCATACTETICIC TATICTCOCTCYGATTA
CCTAGTT TCTCAAGGICATACTIGTICICGUTTATTCICGUTCTGATTA

KIS TCT AR AATCRCTIGCGAATC TCEOL AT TT CITACTT ITCIGATECTGRTH
LM T CTARAATCHCTGIGAA TCTCGIC BT TICTTACTTITU TGATCCTGRTG
L2 CTCTAANATCOCTREGAR "'R,(‘t’\,"("{"'{L"TP\,‘I"‘TT"T(‘JTU"'GA’KC
ELT I TCTRAAATCGUTGUGAATCTY

351

354

491 E

401 Enteys 'Gi-ALu\.-x‘CJ GAGGTAATTATGITGIGTACTICG,

LI WA TCT TTHCGA GA:\"‘TL\. .Gr‘-\" GTAA HATL;'}"&'IG'!n&; LL«:."‘T""
502
401
403
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Fig. 5B cont.

Sugarbeet BVADHS
Yellowbeet BVADHL
Redbeetl BvADHS
“hitebeer BVADES
Seabeet BvADER
Redbeeti BvADHA

Sugarbeet BvADHE
Yellowbear BuADHD
Redbestl BvADHS
Whitebeet BvADHS
Szabeat BvADKS
Redbest2 BWADHB

Sugarbeet BYADHS
Yelicowbeet ByADHE
Redbestl BVADHD
Whitebeec BvADHS
Seabeer BVADES
RedbeetZ BvADHS

Sugarbeet BvADHA
Yellowbest BvADHE
Recdbeetl BVADHR
Whitebeer BvADHR
Ssabeet BVAUHS
Redbeer? BvADHR

Sugarbeet BvADHB
Yeliowbeet BVADHS
Redbesvl BvADHP
Whiteheet BVADHP
Sgehiaet BvADHB
Redbeev2 BvADHB

Bugarbeet BvADHS
Yellowbeet BVADHE
Redbestl BvADHD
Wnitebset BvADHE
Seabeet BvALHKR
Recdbieet2 BvADHD

Sugarbeer BvADNE
Yeliowbeet BvADHE
Redbeetl BvADRE
Whivebeer BVADHS
Seabeetr BVADER
Redbwet BeADHE

Sugarbaet BVADHB
Yeliowbeet BvADHS
Hedbestvi BVADHS
Wnitebeat BvADHB
Seabest BVADEB
Redbeet? BvADHA

Sugarbeet BvADHR
Yellowbast BVADHR
Redieatl BvADHS
Whitebeetr BVADHS

452
951
451
451
451
451

TCARCTGRAAGTTATGCITGAATTCGT TACCATIGCAGCGACT TAAMIGATL
TCAACTGARG T TATGI TRARTTCGT TACCATIGCAGCGRACTTAMACGRT
TCAACTGARG I TATGT TGAATTCGT TACCATTGCAGCGACT TARACGATC
TCAACTGARSTTRTGI TGAR TTCET TACL AT TGCAGTGACT T AR CGATL]
TCAACTGAN ST TAYGT TGRATICET TACCATTGLAGCGRCT TARACGRTL
TCANCTGAASTTATGT TGARTICGTTACCATTGUAGCGACT TARACGATC

501
501
501
501
501
501

GACGCTT TT THTIGATGCTIT TATCGGTGAAAGAATT TCCGCGTRATTIST)
GACGCITTT TG TIGATGTT T TATCOCI GARAGRATT TOCGLGTART TE 5T
SACGCTTIITETIGATGTT TTATCGGTGARAGART TICCGCGTARTTTST
GACGCTTTI THTTGATGTT T TATCGCIGARRGAATT TCCGCGTARTTI 5T
GACGC T T T TG TIGATGI T ITATCOG T GRAAGAATTTCCGLGT AR T TT 3T]
GACGCTTTT TG TIGATG T T TATCGE TCARAGRET TTCCOCETAATTY G

(72}

EL3 @ T TCTICARAC TTTACCGICTGATTIZGA ATTATGTACTUAT

LI T T CT T RAR T TTACCG T TGRT T TGATATATIATGTACTCATCCTATG
LR TICT TCAARC T TTACCGTCTGATT T TOATATATTATGTACTCATCCTATG
551

5352
551
801
603
BT T TCCGCCTGAATUTGOGARARATGG Y TCGEGAAG

§01
603
&01

TIIGGEECTGRATCIGGGARRARTCCI TGGEEAAGTTY
TTTGEGECCT GRATOTGGEAARAA TG T TGGEGAAGT TTGCC T T TIGT T TA)
TITGGGCCTGRATC IGCORAAABATCC T TCGECARGT TYGCCEITTGTTT

651
&%52

TGATALGGT TAGGATIGEGRARRAGA TCAGEGTAGAATTAAGRGATC IGAGH
TGATAAGHT TF GEATTGOGARGATOAGGGTAGAAT TAAGAGA TG TGAGA

LTER T GATAAGGT T AGLATTGEGAMAGATCAGEG TAGAATTAAGRGATGIGAGR
R B TGATAAGGT T EGGAT T GGGARAGATGAGGE TAGAAT TAAGAGATGLGAGHA]

TGATAAGGT TAGGATT GCGARAGATGAGSGTAGAATTAAGRGATGTGAGH,
(258 7 G T AABGT TAGGATTGGGARAGATGAGEGTAGAAT TRAGAGATCIGAGA
LT T T T TGO LOT T I TAGG AGAGRALG T TG I AGGG T TGAGGARATGALT
L WG T T T TTTGGATGT I TTTAGGAGRGAAGG TTCTAGGG T TGAGGARRIGECY
ARG T3 T TUTGGHTGTTIT TAGRAGAGRAGGT TGT AGGH T TGAGGAAATGACT
R T T T T T TGGATGTT TTTAGCAGAGAAGGTICTAGGCTTGAGGAARTGACT
RO BGTT TTTICGATGTT TTTAGGAGRGAAGGT TGI AGGRT TEAGCARATGRLT
L T T TTTGGATGT TTI TAGGAGAGRAGGT TEL AGGG T TGAGCARATGRLT

751
51

TEIGCTGAGCATGATAAGT T TGCAGCAGGGT I TCAL T T TAT ARCACAT T
TGTGCTGAGCATGATAAGT TTGCAGLAGLGT S TUAGT I TATRACACATTY

K2 T CTCCTRAGUATGATAAGT TTECALCRAGEE GLTTTATARCACATTT,
A2 B TG GCTIGAGCATGATAAGT I TGCAGCAGGCTI I TCALGTTTATARCACATTT

751
781

IGTGCTGAGCATGATAAGT TTGCAGCAGEGT T TCAGTT TATHACACAT TY|
TGIGCTGAGCATGATAAGT T TGCAGCAGER DI TCAGT TTATARCACAT I Y

EG B T TAGGGAGEGTI T TGREGARGCTTGATTIGGAGGATACGLCGATIAATA

L1 W 1T AGCGAGGHGT T T IGGAGRAGCTICATT TUSACGATACGLCGATTAAT A
LW T THGGGAGGETI T TGHLAGAAC GATTIGGAGGATACGCOGATTAATA

B804
801
801

U TAGGGAGRG Y T TGGACRAGC TIGAT T GUAGEATACGCCGRAT TART A
T AGGGAGGETT T IGCAGRAGCTICATT TEEAGGRTACGICGAT TAATA
T TAGGGHMGGE T TCGAGAAGETTGAT T IGGAGGATRCGCCGAT TAAT

LS B CGARAGGETAT ZAGRGTTIG

L3S MCGANAGGGTAT A

[ A CGAAAGGET AT SAGAGT TIGTTGARTITGGTGHATAAT ACGTCRARGGAT
L3 B GAARGGETATGAGAG T TTCTTGART TIGGTGEATAATACG TCGRAGGAT

uonedqng uonedrddy judjeq

0€ JO €1 199YS 8107 ‘0T "dos

IV 0885970/810T SN



Fig. 5B cont.

Seabeet BvADHS
Redbeet2 BvADHE

SugarbeethvADHa
¥ellowbeer BvADHP
Redbeetl BvADHP
Wnivebeer SvADHR
Seabeet BvADHS
Redbeet2 BvADHR

Sugarbeet BvADHR
Yeliowbeet BvRDHB
Redbeetl BvADHR
Wrnitebest BVADHG
Seabeet BVADHS
Redbeet BvADHS

Sugarheet BvADHB
Yellowbeet BVADHB
Redbeetl BvADHB
Whitebeet BvADHR
Seabzet BvADRHR
Redbeet2 BvADHB

Sugarbset BvADHE
Yellowbeet BvADHE
Redbeetl BvADHS
Wnitebeet BvADHS
Seabeet BvADH{S
Redbeev2 BvADHB

Sugarbeet BvADHR
Yellowbeet BvADHB
Redbestl BvAaDHB
Whitebeer BVADHR
Seabeet BvADHB
Redbeet2 BvADHD

Sugarbeet BvADHS
Yellowbeer BvADHB
Redbestl BvADHS
Whitebeet BVADHR
Seabeet BVADHR
Redbeetr2 BvADHS

L MCGAAAGGCTATGAGAGTITGTTGAATITGGTGGATAATACGTCGRAGGAT,
LS CGRALGCGTATGAGRGTTIGTIGRATTIGEGTIGGATARTACGTCGARGEAT

GIIGTITTATGGOTIGTTITIGTATAATCAGARIGCTATGEA

401 AGTTIGITITATGGGITGTITTIGTATARTCAGRATGC T ATGGH
I G T T TCCAGTIGT I TTATGGGTTGT TITIGTAT AR TCAGAATGCTRTIGGA

901
S0
901

AGTITCOAGTTGITITATGGGITGTITITGTATAATCAGBATGCTRTGE
AGTTTCGAGTIGYITIATGGCTIGTTITIGCTRTARTCAGALTGCTATGG:
ACTITCOAGTTGITTIATGEGTTCTTITYGTATAATCAGBATGCTRATGGA

FRAMGCAGTT AGRGAGGT TAGRTTGEGCGTTTGAGT LGGTTAAGARGCRATTGY
S W GCAGTTAGAGAGET TAGATIGGGCCTITGAGT TGGT TARGRAGCAATIGY
NGOG TTAGRAGAGG TTAGATTGGGCGTTTGAGT TGG T TARGARGCAATTGY
LR G CAGTT AGAGAGGT TAGATIGCECCT T TEAGT TG Y TAAGRAGCARTTGT
LW GO G T T AGAGAGET TAGA T TGGG B T T TGAGT TGETTARGARGCAATTGT
LRI GCAGTTRAGAGAGETTAGATIGGGCGTTIGAGITGGT TRAGRAGCARTIGY

1061
1001
1061
igor
1001
1081

TTGGRCACTTIGCATGGGTTGCTARGGARACAGTIGIITGGGTITICTGAG
TTGGRCACTIGCATGGGTTGUTAAGGAAACAGTIGITIGGGTITICIGAG

TTGGACACTIGOATGGGTTGCTRAAGGARACRGTIGTTIGGGTITICIGAG
TTGGACACTIGCATGEGTTIGCT RAAGGARACAGTIGTTTGGSTITICTGAG
TIGCACACTIGCATGGGTTIGUT BAGGARARCAGTIGTTIGGETITTCIGAG

1051
1052
1051
1051
1051
1051

ATAGRTGAACGTRT IGGERAGGCGAAGCAGRTCASATTTCICICIGATGL
ATHGATGAACGTATIGGOARGGCGAAGGAGATCAAATTICTCTCIGATSC
ATAGATGARCGTRT TGGGAAGGCGARGGAGRICARATTICTCICTIGATEC
ATAGRTGAACGTATTGOGAAGGCGAAGGAGATCARATTTCICTICTGRTGC
ATAGATGAACGTATIGGGAAGGCGRAGGAGATCARATTICTCICIGATEC
ATLGRTGARCOTATTGCGGAAGGCGAAGCAGATCAARTTTCTCICIGRIG

1102
1101
1301
3101
1108
1101

TEUAGARCAGARTGGECICTEICTTGTCTGUTAGGGAGAATGCAAATICGE
TGCAGRACAGARTGGLTCTGCCTTGTCTGCTAGGGAGAATGCARATICGE
TECAGRACAGRATEECTCTIGCCTTGTCTGCT AGGGAGRATGCARATICGH
TGCAGRACAGARTGGCTCTGCCTIGTCTGCTAGGGAGARTGCARRTITCGS
TGCAGARCAGARIGGCTCTGCCTTGICTGCTAGGGAGRATGCRAATTICGE
TGCAGIRACAGARTGOCTCTGCCTIGCTCTGC TAGGGAGAATGCRAATTCGG

1151 e
1151
1151
1151 &
13151 pleslwnrygier:
1151 peristrhynyes

TGGACACTTGCATGGGTTGCTARGGRARCAGTIGIITGGGIITICTGLA)
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Fig. 5C

€} Amino 3cid sequence aligs

Recbeetl, BVADHg
Whitebeat BVADRx
Yeliowbeet BvADHo
Sugarbeer Bvadsoa
Seabest_BvADR:
Hedbeat? SvADHX

Redbeeti SvADHm
Whitebsec BoADHy
Yellowheer  BYADHx
Sugarbeet BVADHy
Seabees BUADH
Reabestl BVADHa

Redbeetl BvRDHa
Whitebest BYADHa
Yelioawpest BuADHa
Sugarbeet BvADHa
Seebeer BYADEa
Redbeetv2 BvADHx

Recdhaetl BVADHe
Rhitebeet BVARHa
Yellowbsst BVADH
Sugarbeer BvADHa
Seabest BvARHx
Redbeet? BYADBx

Redbeeti BvADHx
¥hitebset BvADAq
Irllowbeet BvADHo
Sugarbeet BYADRq
Seaneer BVADFG
Redbeet? BvADHx

P
Redpeetl BYADHy
Whitebeat BVADHx
Yellowbest BeAdHa
Sugarbeer BvADiw
Seabret BVADSo
Redbeet2 BvADRX

Recbeeti BvADNx
Waitebeet BYADHA
Yadiownest ByADH&
Sugarbeet BvADH:
Seapest BvADHa
Redbeet? BvADH«

Redbeerl BvADHa
Whiteheet BYADH«
Yallowbeet BvADHo
Sugarbeet BvADHx
Seabeet BvADHy
Radbeac BvADHx

Redbertl BvADH«
tisivebeer BvADia
Yellowbest BvADHg
Sugarbeet BvADRe
Sespest BYADHx
Redbeer?2 BvaBHo

1 LSSETRPSSTTATATAAAR
SERPSSTTATATARAA
ML SSERPSSTTATATARAN

THPUOUCPALSSPPSRLSE
THPEOQUPAFSSPPSNLSL
THRPOOCPAFSSPPSHLSYY
IRPPOUUPAY S5PPSHLS Y
THPPOOCPAFSSPPSHLSY
—————— THEPGOUPAYSSPPSHLS

SVEN S:SAATR‘.'SNDHLDVSKRD& RIA
SARTRVSNRHLDVSKROVELRTA

PLRHPROELVVRUGGGGEAS!
PLANPROHLVIVRIGGGGSA!
PLRBPROELVVRIGGEG SASE!
BLRHDPROULVWRIGGECHAZE! NOHLOVSKRIVEIK D
PLREPRORLVVRIGGRGAASESVINRDSAATRVSNDBHLDVSKROVKLK I
PLRHPRONLVVRCGLGSSASESVINRUSAATRVSNDRLOVEKROVKLHT

L IGEGHTGOF LAKTMARQGHRY LAY SRIDY SRAAKE IGVEY T T DADDLCE]

TGFONFGOF LAKTMAKQGERTLAY SRIDY SRAZKE IGVE' LABTLCE,
LIGTORYGRE LAKTMAKQGHRT LAY SRIDY SRAMKE [GVEY ETHABDLCE]
5 IGFORPOQE LAK TMAKOGHRY LAY SRSDY SRARKE IGVEY FTHABILCE,
I IGFONTOOF LAK THARQGHRL LAY SRSDY SRARKE IGVEYFTDADDLCE]
I IGRONFEQF LK TMAKOGHRY LAY SRSDY SRARK S LGVEY FTDANDLUE]

ERPEVY LICTS T STENVIRSL P LHRURR S TLE ADYLSVHEF PRSLELOY)

PR 1IPE VT LLCT SILSTEM/LRSLALARLRRS TLE AN LG YKEEFRSLELOL)
RE LR PRV LTS I LS TEXVLRSL PUHRURRS T LEADY LEVKEF PRSLELGS,

SR NPEVELICT S I LS TEKVLRSLPLHRLRRE TLE A LAVKEFPRSLELOL)
EHPEVILLCTSILSTEKVLRSLPLARLRRSTLEADVLSVKETPRELELQL
ERPEVILLETSILSTEKVLRSLPLHRLRASTLADVLSVKEE PRELFLOL

LPKREDTLCTHINFGROSGRDGWGELPEVEDRVRVC
LPKDEDI WCTHPUEGP DEGRDGHGGLPEVF DRVRYG
LPKOEDI L THIMEGRDSORICHOGLPETRVRY
RLCKDFDILCTHPMEGPBSGRDGYGHLEFVFRRVRY
LERBEDLLCTRIMEGPDSGKDOWGG LY FIKVRVE:

P\ FREAGCRMVEMSCVDBHDKHARG

SOSITHMMGRVLEXLALENTPINTKGY]

ARG SOF ITRMMGRVLEKLALENTPINTKGY]
KHARG SO ITHMMGRVLEXLALENT PINTKGY]
VEMSCVDBOKRASGSQE I THEMGRVLERKLALEHT PINTRSY]
VERNAGCRMVERSCVDRDKHAAGSQE T T HMMERVLERLALEN T PINTRGY,

L SLLNLVONTARDS FE LT CGLFLYRERAMEQLURNMUMATFMVR KL 1
ESLLNLVONTARDSFELEYGLELYHENAME QLU RMIG AT EMVEROLSG Y 1,
S LLHL VDN TARLSFE LEY GLEL Y NENAME DN L RMIG AR EMVRROLSG YL
ESLLALVONTARDSFELEY LY HENAMEQL DRMDEAF EMVHROLSGY L,
FSLINLVENTARDSE .
ESLLALVINTAUDSE

TMLPSPTINPPOIVPSROMAERRH DL
INPPQIYPSADMAEKRHDL
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Fig. 5D

d} Amino acld sequence ali

Sugarbeet BvADHBR
Yeliowbeats BvADHD
Redpeetl BvADHB
Whiteheat BvADHE
Seahest BvADRE
Recbest2 BvADHP

Sugarheet. BVADHP
Yellowbest BvADHR
Redbeetrl BeADHS

Whivebest BvaADAR
Seabeer BVADES
Redbeet2 BvADHS

Sugarbeet BvADHS
Yeliowbest BVADHE
Redbeetl BVADHP
¥hitebeer BvADHS
Seabeet BvADHR
Redbeer2 BvADHS

Sugarbeer BvADHB
Yellowbeet BVADHS
Redbeetny BvADHS
Whitebeer BVADEB
S=abeet BVADER
Redbeet2 BvADHD

Sugarbest BVADHS
Yeliowbeer BvADHB
Redbeetl BVADHS
Ynivebeet BvADHZ
Seabeet BvADES
Redbeet2 BvADHS

Sugarbeet BVADHR
Yellowbeer BVADHS
Redbeetl BvADHP
Wnivebeet BvADHR
Seabest BvVADER
Redbeer2 BvADHR

Sugarbeet BvADER
Yeliowbeet BvADHR
Redbeetl BVADHA
Whitebaet BvADHS
Sesbest’ BVADY
Redbest2 BvADHR

Sugatbeet BvADHG-
Yellowbeet BvADHD
Recdbeeri BvADRR
Whitebeer BvADHB
Seabeet BvADHS
Recdbeet2 BvADHP

20

anment of BVADHB .
MLSLSSTTIAAPSPSPSPANFPAKLSSLST ITTTLSESPRRRYFRGVRTL
MISLSSTTTAXPSPSPSPANFPAKLESLST IT ITLSFSPRRRY FHGVKTL
SSTTIAYPSPSPSPANFPAKLSSLSTITITLSESPRRRY FHGVKTL
41585 TTIAK PGPS PS PANE PAKLSSL ST ITTTLSFSPRRRY FHGVK T
MLSISSTTIAXPSPSPSPANE PAKLESLST 1T T IRSE SPRRRY FHGVRTL
MLSLSSTTTARPSPSPSPANFPAK . SSLSTITTTLSFSPRARY FHGVKTLY
: "

TIRSIDAN
TIRSIDAN

YESKLAAINTTS55855 SYSKLKIAIVGEGNYGQFLAK
CYESKLAAINTTSS5585 5 53X LKIAIVGEFGNYGQELAK]

TIRSIDAAQETOYESKLAAINT T 5555888 TSHLK LAIVGEGNY GOFLAK
B~ TRSIDAAQF DY ESKLAA TNTTSSFESSSTSKLKI A IVEFGNYGQFLA

B IRSIDBAQFTDYESKY "IlmsiﬂSSSL’SKLKZAI\'GFGN(GOEL@H

TLVSOGHTVLAYSRSDYSKIAMNLGVEYFSDPROLCEEH

10 PEVIMLCTSIL
PR LY SOGHTVLE YSREDY SKI AANLGYSYF SDPDDLCE] EVIMLCTSIL

LYSOGRTVLEYSREDYSKI AANLEVSYFSDPDILL EVIMLCTSIL
CLVSQGHTVLEZYSRSDYSKI RARNLGVSYFSRPDRLCEEEPEVIMLCTSIL
LYV SOGHTVIAYSRSDY SKIABNLGVSY FSOPDOLCEEEPEVIMLCTIS I
LV SQGHTVLEYSREDYSKI AANLEGVS Y SDPLULCEEN PEVIMLCTS I L

102
10t
101

A TEVHLNSLPLORULRRS TLEVOVLEVKEF PRELFLOTLPSDFDILCTHPY
STEVMLNSLPIORLIRS Y LEVDVLSVREF PENLELOTLESDEDILCTHE)
STEVMLRSLPLORLERS TLEVEVLSVRKES PERLEFLOTLPSLE DI LCTHEOM
STEVMLRSLPLORLEASTLEVDVLSVKES PENLFLQILFSUFDILCTHEM
STEVMLESLPIORLERS TLEVDVLSVKEN PENLFIQTLESOEDILCTHEY,
STEVMLNSLELORLERSTLEVDVLSVKEFPENL FLOQTLESDEDILCTHPM

151
152
151
‘151
151
151

£GPESGRNGRE SLPFVY LKV RIGKEEGRI KECE SELDVE RREGCRVEEMT
EGPE SGENGHESLPEVY DKVRIGKEEGRYKFCE SELOYFRREGCRVEENMT)
FOPE SCENGHESLPEVY DRVRIGROEGRIKECESELDYVZRREGCRVEEMT]
FOPE SGRNGRESLPEVY DKVRIGKDEGRYKFCESFLOVFRREGCRVEEMT,
EGPE SGRNGWCESLPEVY DKVRIGKDEGRTRFCESFLOVERREGCRVEEMT]
EGEE SCRNGWESLPEVY DEVRIGKUEGRI KFCESFLOYFREEGCRVEEMT

201

201,
202

201

CALRDKEAMGEOF I THE LGRVLEXLOLEDTE INYEGYESLINLYDNTSKD
CAEHOK FAAGSOF I THFLGRVLEXLDLEDT E INTRGYE SLLNLVDNTSKD
B AEHDKTAAGSOY I THELGRVLEKLDLEDTE INTKGYE SLINLVDNT3KE
CAEHDKEARGEOF I THELGRVLEXKLDLEDRTE INTKGYESLINLVDNTSKE
CAERDKFARGSOF ITHE LGRVLEKLDLEDBTE INTKGYE SLLNLVDNTSKE
CAEHDKEAAG SOF I THF LGRVLEKLOLEOT E INTRGYE SLLMLVDNISKE

PR LEYGLE LY NONAMEQLERLOMAFELVRROLEGH LEGLLRKQLEGE SE
SFELFYGLE LY NONAMEQLERLDWAF ELVRKOLEGHLAGLLRRQLEGE SE|
CELLEYGLEL Y IORAMEQLERLINMACE LVKKDLIGHLRGLLRRQLEGE SE]
SFELFYGLELYNCNAMEQLERLDAAFE LVKEOLFGHLEGLLRKQLFGF SE
S FELEYGLE LY IONAMEQLERLDAAFE LNKE LI GHIHGLLRRQLEGE SE
SFELFYGLE L ONQNAMEQLERLOAASELVKROLFGH LHGLLREQLEGE SE|

301,
302
30
301

IDERIGKAKE I XFLSDASEQUESALSARENANSETN
IDERIGKAREIXTLSDAAEQNG SALSARENANSETN;
IDERIGRAKEYXFLEDAREQRCSALSARENANSETNG
IDERIGRAKET FLSDAREQNCSALSARENANSIING
IDERIGRAKET <FLSDAREQIGEALIARINANSETN]
TOERIGKAKE I KFLSDAREQVGSALSRRENANSETN

352
35
351
351
3st
351

TIRSY D.B.IA.TTDYESKLAA INTTS555555Y SRIKIATVGFGNYGQFLAK)
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Fig. 14A

Fig. 14B

a) ADHa CDS b) ADHq Peplide

Mirabilis jalapa ADH-a
Rivina humilis ADH2-a

Basella alba ADH-«

Portulaca oleracea ADH-¢

Beta vulgaris ADH-a

Spinacia oleracea ADH-a

Telephium imperati ADH-a

Caorrigiola litoralis ADH-o

Paronychia polygonifolia ADH-o

Spergularia media@join2061778_2046855 ADH-a

Spergularia marina ADH-a

Polycarpaea repens@2010602

* Herniaria latifolia ADH-a

* polycarpaea repens @2068500 ADH-a

s
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Spergularia marina ADH-a

Polycarpaea repens@2010602
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AROGENATE DEHYDROGENASE
POLYNUCLEOTIDES, POLYPEPTIDES AND
METHODS OF USING THE SAME

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] The present application claims the benefit of pri-
ority to U.S. Provisional Patent Application No. 62/459,798,
filed on Feb. 16, 2017, the content of which is incorporated
herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with United States gov-
ernment support under grant number 2015-67013-22955
awarded by the US Department of Agriculture, National
Institute of Food and Agriculture. The government has
certain rights in this invention.

SEQUENCE LISTING

[0003] This application is being filed electronically via
EFS-Web and includes an electronically submitted Sequence
Listing in .txt format. The .txt file contains a sequence listing
entitled “2018-02-16_5671-00079_ST25.txt” created on
Feb. 16, 2018 and is 126,668 bytes in size. The Sequence
Listing contained in this .txt file is part of the specification
and is hereby incorporated by reference herein in its entirety.

INTRODUCTION

[0004] Plants synthesize numerous specialized metabo-
lites (also known as secondary metabolites), which play
crucial roles in plant adaptation. In contrast to well-docu-
mented diversification of plant enzymes directly involved in
specialized metabolism, relatively little is known about the
evolution of primary metabolic enzymes that provide pre-
cursors to the production of various specialized metabolites.
[0005] L-Tyrosine (Tyr) is an aromatic amino acid
required for protein biosynthesis in all organisms; however,
it is synthesized de novo only in bacteria, fungi and plants,
but not in animals. Consequently, animals have to consume
Tyr, or L-phenylalanine (Phe) that can be hydroxylated to
Tyr. Besides protein biosynthesis, plants also use Tyr to
produce a diverse array of specialized metabolites that are
important for defense (e.g. dhurrin), antioxidants (e.g.
tocopherols), and pollinator attraction (e.g., betalains). Nota-
bly, humans have a long history of utilizing Tyr-derived
specialized metabolites, such as the psychedelic alkaloid
mescaline derived from the cactus Lophophora williamsii
and the analgesic morphine derived from Papaver som-
riferum (oppium poppy).

[0006] Tyr is synthesized from prephenate, which is con-
verted from the final product of the shikimate pathway,
chorismate. In most bacteria and fungi, prephenate is oxi-
datively decarboxylated by prephenate dehydrogenase
(TyrA,/PDH, hereafter referred only as PDH; EC 1.3.1.12)
to produce 4-hydroxyphenylpyruvate (HPP), which is sub-
sequently transaminated to Tyr (See, e.g., FIG. 1). On the
other hand, most plants first transaminate prephenate into
arogenate and subsequently decarboxylate into Tyr by aro-
genate dehydrogenase (TyrA ,/ADH, hereafter referred only
as ADH; EC 1.3.1.78), both steps occurring in the plastids.
The Tyr pathway is usually highly regulated at PDH and
ADH. These homologous enzymes are strongly feedback
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inhibited by Tyr and control carbon flow between the two
competing Tyr and Phe pathways. A recent report showed
that, in addition to plastidic ADH enzymes, some plants
possess a PDH enzyme(s) that is not inhibited by Tyr and is
localized to the cytosol. Clearly, there is evolutionary varia-
tion in the Tyr pathway(s) in different plant lineages that
warrants investigation. In addition, the contribution of Tyr
biosynthesis and its regulation to the generation of Tyr-
derived plant natural products is currently unknown.
[0007] Betalains are a class of pigments that, within the
flowering plants, occur exclusively in the order Caryophyl-
lales where they replace the otherwise ubiquitous anthocya-
nins. Within Caryophyllales, the majority of families are
betalain pigmented. In two families, Molluginaceae and
Caryophyllaceae, however, evolutionary reversions from
betalain to anthocyanin pigmentation have occurred, high-
lighting the fact that these two classes of water-soluble
pigments have never been found in the same organism.
Betalains and anthocyanins are synthesized from Tyr and
Phe, respectively, but have similar chemical properties and
physiological functions in pollinator attraction and stress
tolerance. Betalains are also used as a natural food dye
(E162) and have anticancer and antidiabetic properties.
Furthermore, intermediates in the betalain pathway are
important pharmaceuticals [e.g. L-dihydroxyphenylalanine
(L-DOPA) for the treatment of Parkinson’s disease) or are
substrates for other pharmaceutical agents (e.g. the produc-
tion of dopamine and isoquinoline alkaloids such as mor-
phine). Consequently, understanding the coordinated regu-
lation of Tyr and betalain biosynthesis has the potential to
enhance the production of Tyr, and the yield of Tyr-derived
plant natural products important for human health and
nutrition.

SUMMARY

[0008] In one aspect, ADH polynucleotides encoding
ADH polypeptides are provided. The polynucleotides may
encode a polypeptide having at least 50%, 55%, 60%, 65%,
70%, 75%, 80%, 85%, 90%, 95%, or 99% sequence identity
to any one of the polypeptides of SEQ ID NOS: 1-20, 43, 45,
or 47. SEQ ID NOS: 1-20, 43, 45, or 47 are polypeptide
sequences of ADHa and ADHp polypeptides identified in
W357B red beet variety, Big Buck sugar beet variety, Touch
Stone yellow beet variety, Blankoma white beet variety, Sea
beet PI562585 variety, and other Caryophyllales species.
[0009] In another aspect, constructs are provided. The
constructs may include a heterologous promoter operably
linked to any one of the polynucleotides described herein.
[0010] In a further aspect, vectors including any of the
constructs or polynucleotides described herein are provided.
[0011] In another aspect, cells including any of the poly-
nucleotides, constructs, or vectors described herein are pro-
vided.

[0012] In a further aspect, plants including any of the
polynucleotides, constructs, vectors, or cells described
herein are also provided.

[0013] In a still further aspect, methods for increasing
production of at least one product of the tyrosine or HPP
pathways in a cell are provided. The methods may include
introducing any of the polynucleotides, constructs, or vec-
tors described herein into the cell. Optionally, the methods
may further include purifying the product of the tyrosine or
HPP pathways from the cells.
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BRIEF DESCRIPTION OF DRAWINGS

[0014] This patent or application contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawings will be provided
by the Office upon request and the payment of the necessary
fee.

[0015] FIGS. 1A-1D shows Beta vulgaris have two ADH
enzymes localized in the plastids. FIG. 1A shows tyrosine
and betalain biosynthetic pathways in plants. L-Tyrosine
(Tyr) can be synthesized from prephenate via arogenate
dehydrogenase (ADH/TyrA ) or prephenate dehydrogenase
(PDH/TyrA,). Tyr is exported from the plastid to cytosol and
then converted to L-dihydroxyphenylalanine (L-DOPA) by
CYP76ADlq, CYP76ADS, and CYP76AD6
(CYP76AD10/5/6). L-DOPA is then eventually converted to
betalains, red betacyanins and yellow betaxanthins. Biosyn-
thesis of Tyr competes for arogenate or prephenate substrate
with that of L-phenylalanine (Phe), the precursor of antho-
cyanins. Blue lines denote feedback regulation by Tyr.
DODA, L-DOPA dioxygenase. FIG. 1B is a graph showing
arogenate substrate was incubated with the purified recom-
binant enzymes of BvADHa or BVADHp together with
NADP™* cofactor and the production of Tyr was analyzed.
The High Pressure Liquid Chromatography (HPLC) traces
were offset for presentation. Arabidopsis thaliana ADH2
(AtADH2) was used as a control for the ADH assay. In FIG.
1C green fluorescence protein (GFP) was fused at the
C-terminal of BvADHa and BvADHP and transiently
expressed in Arabidopsis protoplasts. Free GFP and GFP-
fused Arabidopsis ADH2 (AtADH2) were used as controls
for cytosolic and plastidic localization, respectively. Repre-
sentative images show GFP fluorescence and chlorophyll
autofluorescence in green and magenta, respectively. Scale
bars, 10 um. FIG. 1D is a set of graphs showing expression
levels of BvADHa and BvADHf were compared with those
of betalain pathway genes in the cotyledon and hypocotyl of
7 day-old sugar beet and red beet (W357B). Asterisks
indicate significant differences between the two genotypes
(p<0.05, Student’s t-test). Bars represent percent expression
relative to the sample with the highest expression. Data are
means of three biological replicatess.e.m. N.D., not detect-
able.

[0016] FIGS. 2A-2B show physical location, homology,
and phylogeny of BvADHa and BVADHp. FIG. 2A shows
the location and physical distance of BvADHo and
BvADHf on chromosome 8 of the B. vulgaris genome. A
nearby gene is indicated in gray. FIG. 2B shows amino acid
identity of ADH and PDH proteins from different plants and
bacteria. AaPDH, Aquifexaeolicus; AtADH1 and AtADH2,
Arabidopsis thaliana; GmPDHI1, Glycine max; EcPDH,
Escherichia coli; and SyADH, Synechocystis sp. PCC6803.

[0017] FIGS. 3A-3C shows ADH but not PDH activity
detected from B. vulgaris tissues (FIGS. 3A, 3B) or recom-
binant enzyme (FIG. 3C). Arogenate (FIG. 3A) or prephen-
ate (FIGS. 3B, 3C) substrates were incubated with NADP*
cofactor and desalted protein crude extract (FIGS. 3A, 3B)
of beet leaf (L), root/stem (R/S) tissues or recombinant
enzyme of BvVADHa or BvVADH( together with NADP*
cofactor (FIG. 3C). The production of Tyr (FIG. 3A) or HPP
(which was converted to 4-hydroxyphyenyllactic acid,
HPLA) FIGS. 3B, 3C were analyzed by HPL.C. The HPL.C
traces were offset for presentation. Arabidopsis thaliana
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ADH2 (AtADH2) [17,18] and Medicago truncatula PDH
(MtPDH) [22] were used as a control for the ADH and PDH
assay, respectively.

[0018] FIG. 4 shows BvADHs prefer NADP* over NAD*
as cofactor. ADH activity was analyzed using NADP* or
NADP™* cofactor, which is expressed as the mean of three
independent experimentss.e.m. in nmols-1 mg-1 of protein.
[0019] FIGS. 5A-5D show no amino acid changes were
found in the mature protein coding region of BvADHa
among different B. vulgaris varieties. The BvADHa and
BvADHS genes were sequenced from five different varieties
of domesticated (red 1 [W357B], red 2 [Bohardy], sugar,
yellow, and white) and a wild beet (sea beet ascension
number PI562585). In nucleotide sequence comparisons of
BvADHa (FIG. 5A, SEQ ID NOs: 21-25, 44) and BvADHf
(FIG. 5B SEQ ID NOs: 34-38, 48), several single nucleotide
polymorphisms (SNPs) were found among varieties. Amino
acid sequence alignments of BvADHa (FIG. 5C, SEQ ID
NOs: 1-5, 43) and BvADH (FIG. 5D, SEQ ID NOs: 14-18,
47), however, showed that these SNPs were mostly synony-
mous (no changes in amino acid), with two exceptions found
in the N-terminal predicted chloroplast transit peptide,
which was eliminated for recombinant enzyme expression.
The predicted chloroplast transit peptide cleavage sites are
denoted by green triangles.

[0020] FIG. 6 shows beet and spirach ADHco but not
ADMp have reduced sensitivity to Tyr. ADH activity was
measured at different Tyr concentrations using NADP™*
cofactor and purified recombinant ADH enzymes of beet
(BvADHa, BVADHRP), spinach (SoADHa, SoADHp), and
Arabidopsis (AtADH2). Data are expressed as the percent-
age of respective control activity without Tyr (0 uM) and
means of three independent experiments+s.e.m. N.D., not
detectable; N.T., not tested.

[0021] FIG. 7 shows recombinant His-tagged BvADHa
also exhibits reduced sensitivity to Tyr relative to AtADH2.
BvADHa and AtADH2 recombinant enzymes were also
generated as 6xHis-tag proteins to determine if GST-tag
affects Tyr sensitivity of BvADHa. The His-BvADHa
recombinant enzyme still exhibited relaxed sensitive to Tyr
inhibition. Data are expressed as the percentage of respec-
tive control activity without Tyr (0 pM) and the means of
three independent experimentsts.e.m. N.D., not detectable;
N.T., not tested.

[0022] FIG. 8 shows BvADHs are not inhibited by phe-
nylalanine, tryptophan, and betanin. ADH activity of
BvADHa, BvADHpP and AtADH2 was measured in the
presence and absence of 1 mM final concentration of L-phe-
nylalanine (L-Phe), L-tryptophan (L-Trp), and betanins as
an effector. Data are expressed as the percentage of respec-
tive control activity without effector and the mean of three
independent experiments+s.m.e. No significant reduction
was observed by any effector treatment relative to respective
no effector control (P<0.05, student t test).

[0023] FIGS. 9A-9B show transgene expression and tyro-
sine levels of individual leaf samples of infiltrated Nicotiana
benthamiana. Agrobacterium tumefaciens carrying the con-
struct of 35S::GFP, 35S::BvADHa, or 35S::BvADHp was
infiltrated to Nicotiana benthamiana leaves (sample names
ending with G, a, and b, respectively). la-1 and la-2 are
technical replicates of the same leaf infiltrated with 35S::
BvADHa, so do 1b-1 and 1b-2 for 35S::BvADHS. FIG. 9A
shows expression of respective transgenes shown by
RTPCR. (+) denotes a positive control using the original
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plasmid as a template, while (-) indicates a negative control
c¢DNA from a leaf area without infiltration. (-RT) is an
additional negative control without reverse transcriptase to
detect genomic DNA contamination. FIG. 9B shows tyro-
sine contents of individual samples. Two technical replicates
showed very similar results. Means+s.e.m. of Tyr and other
amino acids analysis are shown in FIGS. 10A-10B and Table
2.

[0024] FIGS. 10A-10B shows heterologous expression of
BvADHa but not BvVADHp increases tyrosine levels in
Nicotiana benthamiana. Agrobacterium tumefaciens carry-
ing the construct of 35S::GFP, 35S::BvADHa, or 358S:
BvADHf was infiltrated to N. benthamiana leaves, which
were analyzed for amino acid contents using GC-MS. The
levels of tyrosine (FIG. 10A) and phenylalanine (FIG. 10B)
are shown. Asterisks indicate significant differences from
the 35S::GFP control (p<0.05, Student’s t-test). Data are
means=S.E.M. (n=5).

[0025] FIGS. 11A-11C show phylogenetic distribution of
ADHa in Caryophyllales. The blue and pink branches
represent anthocyanin and betalain-producing families,
respectively, while families with unclear/unidentified pig-
mentation are shown in gray. FIG. 11A shows maximum-
likelihood phylogeny of ADH genes in Caryophyllales.
Scale bar indicates inferred number of amino acid substitu-
tion per site. ADH enzymes characterized in this study are
indicated at the end of each branch. FIG. 11B shows
presence and absence of BvADHa and BvADHS orthologs
detected from genome or transcriptome data was mapped to
the family-level phylogenetic tree of the Caryophyllales
order. Filled circles denote that corresponding orthologs
were detected in all species within the family, whereas
partially filled circles indicate that the filled portion of the
species within each family had corresponding orthologs.
Open circles denote no corresponding orthologs were
detected. Red lines indicate estimating timings of duplica-
tion events of ADH and betalain pathway genes
(CYP76AD1 and DODA). Dash lines (-) represent families
with no available transcriptomic or genomic data. FIG. 11C
shows Tyr contents analyzed in various Caryophyllales
species. Arabidopsis thaliana was used as outgroup. Orange
bars indicate species having ADHa orthologs. Young leaf
tissues were used for all samples except a Cactaceae species,
in which flowers were used to avoid succulent tissues.
Asterisks denote significant difference from Arabidopsis
(p<0.05) based on fixed effect model (see method). Also, a
statistical analysis based on the mixed effect model showed
significant differences between two groups, plants with and
without ADHa (p<0.0001). Bars represent meanszs.c.m.
(n=four biological replicates).

[0026] FIG. 12 shows ADHa from various species of core
Caryophyllales also exhibit relaxed sensitivity. ADH activity
was measured under different Tyr concentrations using puri-
fied recombinant ADH enzymes of Nepenthes ventricosax
alata (NaADH), Rivina humilis (RhADHa), Mirabilis
jalapa (MjJADHo), and Portulaca oleracea (PoADHa)
ADH. Data are expressed as the percentage of respective
control activity without Tyr (0 uM) and the mean of three
independent experimentsxs.e.m. N.D., not detectable; N.T.,
not tested.

[0027] FIG. 13 shows Tyr sensitivity of ADH activity from
plant tissues. The plastid extracts of spinach (Spinaciaolera-
cea), and the crude extracts of Dianthus barbatus and
Arabidopsis thaliana were incubated with 1 m Marogenate
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substrate and 1 mM NADP+ cofactor for indicated times.
Plastids were isolated for spirach ADH assays to eliminate
strong polyphenoloxidase activity present in the crude
extracts. Data are meansts.e.m. (n=4). Activity increased
linearly during the first two hours, which were used to
calculate ADH activity presented in Table 4.

[0028] FIGS. 14A-14B shows ADHa sequences used for
texting relax selection. FIGS. 14A and 14B show ADHa
orthologs of Caryophyllaceae (blue, designated as test
branches in RELAX analysis, Table 5), as compared to those
betalain-producing Caryophyllales species (pink, designated
as reference branches in RELAX analysis, Table 5). Blue
branches showed no obvious acceleration of substitution in
their coding sequences (CDS, FIG. 14A), whereas there was
apparent acceleration in their peptide sequences (FIG. 14B).
Tips marked with ‘@’ are from assembled transcriptomes.
The rest of the sequences are from PCR and Sanger sequenc-
ing from DNA (H. latifolia, S. marina, and P. polygonifolia)
or RNA.

[0029] FIG. 15 shows the Histidine 217 residue respon-
sible for Tyr sensitivity of Aquifex aeolicus PDH (AaPDH)
is still present in BvADHo. Previous studies showed that the
H217 residue of AaPDH (denoted by red triangles) is absent
in Tyr-insensitive ADH of Synechocystis sp. PCC6803 (Sy-
ADH) and confers Tyr sensitivity of AaPDH (Sun et al.,
2009, Legrand, P. et al. 2008). The amino acid alignment of
AaPDH, SyADH together with BvADHa, BvADHp, and
Arabidopsis ADH (AtADH2) (SEQ ID NOs: 1, 14, and
92-94) showed that corresponding His residues are present
in all plant ADHs. This result suggests that yet to be
identified novel residues and mechanism are involved in the
relaxed Tyr sensitivity of BvADHa.

[0030] FIG. 16 shows expression of BvADHa in Arabi-
dopsis leads to hyper-accumulation of tyrosine. Overexpres-
sion of tyrosine-insensitive BvADHa, but not BvVADHS or
AtADH2, in Arabidopsis drastically enhanced accumulation
of tyrosine and homogentisate, the downstream product of
tyrosine and precursor of tocopherols and plastoquinone.
Four-week old Arabidopsis leaf tissue was submitted to
chemical analysis by GC-MS. Two representative homozy-
gous lines for each construct were selected. Control plants
(Ctrl) are lines transformed with the empty vector. The
content of tyrosine (Tyr), homogentisate, phenylalanine
(Phe), and alanine (Ala) are shown as nmol/g of fresh
weight. Samples were normalized by the internal recovery
standard, norvaline. Values are mean of 3 biological
replicates+SD (standard deviation). The above experiments
were repeated at least 3 times with similar results.

[0031] FIG. 17 shows in planta expression of de-regulated
BvADHa leads to enhanced accumulation of Tyr in Arabi-
dopsis.

[0032] FIG. 18 shows heterologous expression of de-
regulated BvADHa leads to hyper-accumulation of Tyr in
Glycine max (soybean).

DETAILED DESCRIPTION

[0033] The present inventors investigated the Tyr biosyn-
thetic pathway and its regulation in table beet (Beta vulgaris
L.), which produces high levels of betalains. Using com-
parative genomics, biochemical, and cellular analyses, they
found that B. vulgaris possesses two paralogous genes
encoding two ADH enzymes, which they named ADHa. and
ADHp. Interestingly, ADHa but not ADHf exhibited
relaxed sensitivity to Tyr inhibition. Although the present
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inventors recently reported that legume PDH enzymes are
also Tyr insensitive, BvADHa and legume PDHs have two
major differences. First, legume PDHs are localized in the
cytosol, whereas BvADHa (and BvADHp) was targeted to
the plastids. Second, legume PDHs completely lost Tyr
sensitivity but BvADHa was still inhibited by Tyr at higher
concentrations.

[0034] Other insensitive ADH/PDH enzymes have been
previously found in microorganisms and the structural
analyses of Tyr sensitive and insensitive enzymes identified
histidine 217 as a possible residue responsible for its Tyr
sensitivity. However, the corresponding histidine residue
was still present in BvADHa, suggesting that different
mechanisms, and as yet unidentified residues, are involved
in the relaxed Tyr sensitivity of BvADHa. The identified
BvADHa and other Caryophyllales ADHa enzymes may be
introduced into various types of cells to deregulate Tyr
biosynthesis and redirect carbon flow from Phe to Tyr, to
improve the production of Tyr-derived products (e.g., vita-
min E, isoquinoline alkaloids including morphine).

[0035] ADH polynucleotides encoding ADH polypeptides
are provided. The polynucleotides may encode a polypep-
tide having at least 50%, 55%, 60%, 65%, 70%, 75%, 80%,
85%, 90%, 95%, or 99% sequence identity to any one of the
polypeptides of SEQ ID NOS: 1-20, 43, 45, or 47. SEQ ID
NOS: 1-20, 43, 45, or 47 are polypeptide sequences of
ADHo and ADHf polypeptides identified in W357B red
beet variety, Big Buck sugar beet variety, Touch Stone
yellow beet variety, Blankoma white beet variety, Sea beet
PI562585 variety, and other Caryophyllales species.

[0036] As used herein, the terms “polynucleotide,” “poly-
nucleotide sequence,” “nucleic acid” and “nucleic acid
sequence” refer to a nucleotide, oligonucleotide, polynucle-
otide (which terms may be used interchangeably), or any
fragment thereof. These phrases also refer to DNA or RNA
of natural or synthetic origin (which may be single-stranded
or double-stranded and may represent the sense or the
antisense strand). The polynucleotides may be cDNA or
genomic DNA.

[0037] In some embodiments, the polynucleotides of the
present invention may include any one of the polynucleotide
sequences of SEQ ID NOS: 21-40, 44, 46, or 48 or a
polynucleotide having at least 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 95%, or 99% sequence identity to
any one of the polynucleotide sequences of SEQ ID NOs:
21-40, 44, 46, or 48. SEQ ID NOS: 21-40, 44, 46, or 48 are
polynucleotide sequences of ADHa and ADHf polynucle-
otides that encode the ADHa and ADHP polypeptides of
SEQ ID NOS: 1-20, 43, 45, or 47 and identified in W357B
red beet variety, Big Buck sugar beet variety, Touch Stone
yellow beet variety, Blankoma white beet variety, Sea beet
PI562585 variety, and other plant species. The polynucle-
otide sequences of SEQ ID NO: 21-40, 44, 46, or 48 are
cDNA sequences.

[0038] Polynucleotides homologous to the polynucle-
otides described herein are also provided. Those of skill in
the art understand the degeneracy of the genetic code and
that a variety of polynucleotides can encode the same
polypeptide. In some embodiments, the polynucleotides
(i.e., polynucleotides encoding the ADH polypeptides) may
be codon-optimized for expression in a particular cell
including, without limitation, a plant cell, bacterial cell, or
fungal cell. While particular polynucleotide sequences
which are found in plants are disclosed herein any poly-
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nucleotide sequences may be used which encode a desired
form of the polypeptides described herein. Thus, non-natu-
rally occurring sequences may be used. These may be
desirable, for example, to enhance expression in heterolo-
gous expression systems of polypeptides or proteins. Com-
puter programs for generating degenerate coding sequences
are available and can be used for this purpose. Pencil, paper,
the genetic code, and a human hand can also be used to
generate degenerate coding sequences.

[0039] Regarding ADH polypeptides, the phrases “%
sequence identity,” “percent identity,” or “% identity” refer
to the percentage of residue matches between at least two
amino acid sequences aligned using a standardized algo-
rithm. Methods of amino acid sequence alignment are well-
known. Some alignment methods take into account conser-
vative amino acid substitutions. Such conservative
substitutions, explained in more detail below, generally
preserve the charge and hydrophobicity at the site of sub-
stitution, thus preserving the structure (and therefore func-
tion) of the polypeptide. Percent identity for amino acid
sequences may be determined as understood in the art. (See,
e.g., U.S. Pat. No. 7,396,664, which is incorporated herein
by reference in its entirety). A suite of commonly used and
freely available sequence comparison algorithms is provided
by the National Center for Biotechnology Information
(NCBI) Basic Local Alignment Search Tool (BLAST),
which is available from several sources, including the NCBI,
Bethesda, Md., at its website. The BLAST software suite
includes various sequence analysis programs including
“blastp,” that is used to align a known amino acid sequence
with other amino acids sequences from a variety of data-
bases.

[0040] Polypeptide sequence identity may be measured
over the length of an entire defined polypeptide sequence,
for example, as defined by a particular SEQ ID number, or
may be measured over a shorter length, for example, over
the length of a fragment taken from a larger, defined
polypeptide sequence, for instance, a fragment of at least 15,
at least 20, at least 30, at least 40, at least 50, at least 70 or
at least 150 contiguous residues. Such lengths are exemplary
only, and it is understood that any fragment length supported
by the sequences shown herein, in the tables, figures or
Sequence Listing, may be used to describe a length over
which percentage identity may be measured.

[0041] Suitably, the polypeptides encoded by the poly-
nucleotides provided herein are not sensitive to tyrosine
inhibition. The polypeptide is considered to not be sensitive,
i.e. to lack sensitivity to tyrosine feedback inhibition, if at
least 50% of the activity in the absence of tyrosine is
maintained in the presence of 1-100 uM (or any range
therein) tyrosine. The polypeptide is considered to lack
tyrosine feedback sensitivity if at least 40% of the activity in
the absence of tyrosine is maintained in the presence of 1
mM tyrosine.

[0042] The ADH polypeptides disclosed herein may
include “variant” polypeptides, “mutants,” and “derivatives
thereof.” As used herein the term “wild-type” is a term of the
art understood by skilled persons and means the typical form
of a polypeptide as it occurs in nature as distinguished from
variant or mutant forms. As used herein, a “variant,
“mutant,” or “derivative” refers to a polypeptide molecule
having an amino acid sequence that differs from a reference
protein or polypeptide molecule. A variant or mutant may
have one or more insertions, deletions, or substitutions of an
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amino acid residue relative to a reference molecule. For
example, a ADH polypeptide mutant or variant may have
one or more insertions, deletions, or substitution of at least
one amino acid residue relative to the ADH “wild-type”
polypeptides disclosed herein. The polypeptide sequences of
the “wild-type” ADH polypeptides from beets and other
plant species are presented in SEQ ID NOS: 1-20, 43, 45, or
47. These sequences may be used as reference sequences.

[0043] The ADH polypeptides provided herein may be
full-length polypeptides or may be fragments of the full-
length polypeptide. As used herein, a “fragment™ is a portion
of'an amino acid sequence which is identical in sequence to
but shorter in length than a reference sequence. A fragment
may comprise up to the entire length of the reference
sequence, minus at least one amino acid residue. For
example, a fragment may comprise from 5 to 1000 contigu-
ous amino acid residues of a reference polypeptide, respec-
tively. In some embodiments, a fragment may comprise at
least 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 150,
250, or 500 contiguous amino acid residues of a reference
polypeptide. Fragments may be preferentially selected from
certain regions of a molecule. The term “at least a fragment”
encompasses the full length polypeptide. A fragment of an
ADH polypeptide may comprise or consist essentially of a
contiguous portion of an amino acid sequence of the full-
length ADH polypeptide (See SEQ ID NOS: 1-20, 43, 45, or
47). A fragment may include an N-terminal truncation, a
C-terminal truncation, or both truncations relative to the
full-length ADH polypeptide.

[0044] A “deletion” in an ADH polypeptide refers to a
change in the amino acid sequence resulting in the absence
of one or more amino acid residues. A deletion may remove
atleast 1, 2,3, 4,5, 10, 20, 50, 100, 200, or more amino acids
residues. A deletion may include an internal deletion and/or
a terminal deletion (e.g., an N-terminal truncation, a C-ter-
minal truncation or both of a reference polypeptide).

[0045] “Insertions” and “additions” in an ADH polypep-
tide refer to changes in an amino acid sequence resulting in
the addition of one or more amino acid residues. An inser-
tion or addition may refer to 1, 2, 3, 4, 5, 10, 20, 30, 40, 50,
60, 70, 80, 90, 100, 150, 200, or more amino acid residues.
A variant of an ADH polypeptide may have N-terminal
insertions, C-terminal insertions, internal insertions, or any
combination of N-terminal insertions, C-terminal insertions,
and internal insertions.

[0046] The amino acid sequences of the ADH polypeptide
variants, mutants, derivatives, or fragments as contemplated
herein may include conservative amino acid substitutions
relative to a reference amino acid sequence. For example, a
variant, mutant, derivative, or fragment polypeptide may
include conservative amino acid substitutions relative to a
reference molecule. “Conservative amino acid substitu-
tions” are those substitutions that are a substitution of an
amino acid for a different amino acid where the substitution
is predicted to interfere least with the properties of the
reference polypeptide. In other words, conservative amino
acid substitutions substantially conserve the structure and
the function of the reference polypeptide. Conservative
amino acid substitutions generally maintain (a) the structure
of the polypeptide backbone in the area of the substitution,
for example, as a beta sheet or alpha helical conformation,
(b) the charge or hydrophobicity of the molecule at the site
of the substitution, and/or (c¢) the bulk of the side chain.
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[0047] The disclosed variant and fragment ADH polypep-
tides described herein may have one or more functional or
biological activities exhibited by a reference polypeptide
(e.g., one or more functional or biological activities exhib-
ited by wild-type ADH polypeptides (i.e, SEQ ID NOS:
1-20, 43, 45, or 47). Suitably, the disclosed variant or
fragment ADH polypeptides retain at least 20%, 40%, 60%,
80%, or 100% of the arogenate dehydrogenase activity of
the reference polypeptide (i.e., SEQ ID NOS: 1-20, 43, 45,
or 47). As used herein, a “functional fragment” of an ADH
polypeptide is a fragment of, for example, one of the
polypeptides of SEQ ID NOS: 1-20 that retains at least 20%,
40%, 60%, 80%, or 100% of the arogenate dehydrogenase
activity of the full-length ADH polypeptide. Exemplary
functional fragments of the ADH polypeptides disclosed
herein may include, for example, fragment ADH polypep-
tides of the polypeptides of SEQ ID NOS: 1-20 that lack the
N-terminal plastid transit peptide within these sequences.
The N-terminal plastid transit peptide (identified by SEQ ID
NO: 41 for BvADHa and SEQ ID NO: 42 for BvADHp)
functions to localize the ADH polypeptides of SEQ ID NOS:
1-20, 43, 45, or 47 to the plastid in plant cells. This function
is not necessarily required for the ADH polypeptides aro-
genate dehydrogenase activity and thus may be removed
from SEQ ID NOS: 1-20, 43, 45, or 47.

[0048] FIGS. 5 and 15 show sequence alignments includ-
ing some of the ADH polypeptides disclosed as SEQ ID
NOs: 1-20. Based on these alignments it becomes immedi-
ately apparent to a person of ordinary skill in the art that
various amino acid residues may be altered (i.e. substituted,
deleted, etc.) without substantially affecting the arogenate
dehydrogenase activity of the polypeptide. For example, a
person of ordinary skill in the art would appreciate that
substitutions in a reference ADH polypeptide could be based
on alternative amino acid residues that occur at the corre-
sponding position in other ADH polypeptides from other
species. SEQ ID NOS: 1-20, 43, 45, or 47 may also include
ADH polypeptides that are not shown in FIGS. 5 and 15. A
person of ordinary skill in the art, however, could easily
align these polypeptide sequences with the polypeptide
sequences shown in FIGS. 5 and 15 to determine what
additional variants could be made to the ADH polypeptides.

[0049] In another aspect of the present invention, con-
structs are provided. As used herein, the term “construct”
refers to recombinant polynucleotides including, without
limitation, DNA and RNA, which may be single-stranded or
double-stranded and may represent the sense or the antisense
strand. Recombinant polynucleotides are polynucleotides
formed by laboratory methods that include polynucleotide
sequences derived from at least two different natural sources
or they may be synthetic. Constructs thus may include new
modifications to endogenous genes introduced by, for
example, genome editing technologies. Constructs may also
include recombinant polynucleotides created using, for
example, recombinant DNA methodologies.

[0050] The constructs provided herein may be prepared by
methods available to those of skill in the art. Notably each
of the constructs claimed are recombinant molecules and as
such do not occur in nature. Generally, the nomenclature
used herein and the laboratory procedures utilized in the
present invention include molecular, biochemical, and
recombinant DNA techniques that are well known and
commonly employed in the art. Standard techniques avail-
able to those skilled in the art may be used for cloning, DNA
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and RNA isolation, amplification and purification. Such
techniques are thoroughly explained in the literature.
[0051] The constructs provided herein may include a
heterologous promoter operably linked to any one of the
polynucleotides described herein. As used herein, the terms
“heterologous promoter,” “promoter,” “promoter region,” or
“promoter sequence” refer generally to transcriptional regu-
latory regions of a gene, which may be found at the 5' or 3'
side of the ADH polynucleotides described herein, or within
the coding region of the ADH polynucleotides, or within
introns in the ADH polynucleotides. Typically, a promoter is
a DNA regulatory region capable of binding RNA poly-
merase in a cell and initiating transcription of a downstream
(3" direction) coding sequence. The typical 5' promoter
sequence is bounded at its 3' terminus by the transcription
initiation site and extends upstream (5' direction) to include
the minimum number of bases or elements necessary to
initiate transcription at levels detectable above background.
Within the promoter sequence is a transcription initiation
site (conveniently defined by mapping with nuclease S1), as
well as protein binding domains (consensus sequences)
responsible for the binding of RNA polymerase.

[0052] In some embodiments, the disclosed ADH poly-
nucleotides are operably connected to the heterologous
promoter. As used herein, a polynucleotide is “operably
connected” or “operably linked” when it is placed into a
functional relationship with a second polynucleotide
sequence. For instance, a promoter is operably linked to an
ADH polynucleotide if the promoter is connected to the
ADH polynucleotide such that it may affect transcription of
the ADH polynucleotides. In various embodiments, the
ADH polynucleotides may be operably linked to at least 1,
at least 2, at least 3, at least 4, at least 5, or at least 10
promoters.

[0053] Heterologous promoters useful in the practice of
the present invention include, but are not limited to, consti-
tutive, inducible, temporally-regulated, developmentally
regulated, chemically regulated, tissue-preferred and tissue-
specific promoters. The heterologous promoter may be a
plant, animal, bacterial, fungal, or synthetic promoter. Suit-
able promoters for expression in plants include, without
limitation, the 35S promoter of the cauliflower mosaic virus,
ubiquitine, tCUP cryptic constitutive promoter, the Rsyn7
promoter, pathogen-inducible promoters, the maize In2-2
promoter, the tobacco PR-la promoter, glucocorticoid-in-
ducible promoters, estrogen-inducible promoters, tetracy-
cline-inducible promoters, tetracycline-repressible promot-
ers, and promoters for monocots like actin. Other promoters
include the T3, T7 and SP6 promoter sequences, which are
often used for in vitro transcription of RNA. In mammalian
cells, typical promoters include, without limitation, promot-
ers for Rous sarcoma virus (RSV), human immunodefi-
ciency virus (HIV-1), cytomegalovirus (CMV), SV40 virus,
and the like as well as the translational elongation factor
EF-1a promoter or ubiquitin promoter. Those of skill in the
art are familiar with a wide variety of additional promoters
for use in various cell types. In some embodiments, the
heterologous promoter includes a plant promoter, either
endogenous to the plant host or heterologous.

[0054] Vectors including any of the constructs or poly-
nucleotides described herein are provided. The term “vec-
tor” is intended to refer to a polynucleotide capable of
transporting another polynucleotide to which it has been
linked. In some embodiments, the vector may be a “plas-
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mid,” which refers to a circular double-stranded DNA loop
into which additional DNA segments may be ligated. Cer-
tain vectors are capable of autonomous replication in a host
cell into which they are introduced (e.g., bacterial vectors
having a bacterial origin of replication and episomal mam-
malian vectors). Other vectors can be integrated into the
genome of a host cell upon introduction into the host cell,
and thereby are replicated along with the host genome, such
as some viral vectors or transposons. Plant mini-chromo-
somes are also included as vectors. Vectors may carry
genetic elements, such as those that confer resistance to
certain drugs or chemicals.

[0055] Cells including any of the polynucleotides, con-
structs, or vectors described herein are provided. Suitable
“cells” that may be used in accordance with the present
invention include eukaryotic or prokaryotic cells. Suitable
eukaryotic cells include, without limitation, plant cells,
fungal cells, and animal cells. Suitable prokaryotic cells
include, without limitation, gram-negative and gram-posi-
tive bacterial species. In some embodiments, the cell is a
plant cell such as, without limitation, a soybean plant cell, a
mung bean plant cell, an opium poppy plant cell, a quirnoa
plant cell, an alfalfa plant cell, a rice plant cell, a wheat plant
cell, a corn plant cell, a sorghum plant cell, a barley plant
cell, a millet plant cell, an oat plant cell, a rye plant cell, a
rapeseed plant cell, a beet plant cell, and a miscanthus plant
cell. In some embodiments, the cell is a bacterial or fungal
cell.

[0056] Plants including any of the polynucleotides, con-
structs, vectors, or cells described herein are also provided.
Suitable plants may include, without limitation, a beet plant,
a soybean plant, a mung bean plant, an opium poppy plant,
a quinoa plant, an alfalfa plant, a rice plant, a wheat plant,
a corn plant, a sorghum plant, a barley plant, a millet plant,
an oat plant, a rye plant, and a rapeseed plant as well as
perennial grasses such as a miscanthus plant. For example,
ADH polynucleotides encoding any one of the ADH poly-
peptides of SEQ ID NOS: 1-20, 43, 45, or 47 may be used
to generate transgenic plants.

[0057] Portions or parts of these plants are also useful and
provided. Portions and parts of plants includes, without
limitation, plant cells, plant tissue, plant progeny, plant
asexual propagates, plant seeds. The plant may be grown
from a seed comprising transgenic cells or may be grown by
any other means available to those of skill in the art.
Chimeric plants comprising transgenic cells are also pro-
vided and encompassed.

[0058] As used herein, a “plant” includes any portion of
the plant including, without limitation, a whole plant, a
portion of a plant such as a part of a root, leaf, stem, seed,
pod, flower, cell, tissue plant germplasm, asexual propagate,
or any progeny thereof. Germplasm refers to genetic mate-
rial from an individual or group of individuals or a clone
derived from a line, cultivar, variety or culture. Plant refers
to whole plants or portions thereof including, without limi-
tation, plant cells, plant protoplasts, plant tissue culture cells
or calli. For example, a beet plant refers to whole beet plant
or portions thereof including, without limitation, beet plant
cells, beet plant protoplasts, beet plant tissue culture cells or
calli. A plant cell refers to cells harvested or derived from
any portion of the plant or plant tissue culture cells or calli.
[0059] Methods for increasing production of at least one
product of the tyrosine or HPP pathways in a cell are
provided. The methods may include introducing any of the
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polynucleotides, constructs, or vectors described herein into
the cell. Suitable products of the tyrosine or HPP pathways
include, without limitation, vitamin E, plastoquinone, a
cyanogenic glycoside, a benzylisoquinoline alkaloid, ros-
marinic acid, betalains, suberin, mescaline, morphine,
salidroside, a phenylpropanoid compound, dhurrin, a toco-
chromanol, ubiquinone, lignin, a catecholamine such as
epinephrine (adrenaline) or dopamine (i.e., L.-dihydroxyphe-
nylalanine (L-DOPA)), melanin, an isoquinoline alkaloid,
hydroxycinnamic acid amide (HCAA), an amaryllidaceae
alkaloid, hordenine, hydroxycinnamate, hydroxylstyrene, or
tyrosine. Phenylpropanoid compounds (i.e., lignin, tannins,
flavonoids, stilbene) may be produced from tyrosine, for
example, by combining the polypeptides disclosed herein
with a tyrosine-ammonia lyase (TAL) or by using cells that
naturally have a TAL such as grass cells.

[0060] As used herein, “introducing™ describes a process
by which exogenous polynucleotides (e.g., DNA or RNA)
are introduced into a recipient cell. Methods of introducing
polynucleotides into a cell are known in the art and may
include, without limitation, microinjection, transformation,
and transfection methods. Transformation or transfection
may occur under natural or artificial conditions according to
various methods well known in the art, and may rely on any
known method for the insertion of foreign nucleic acid
sequences into a host cell. The method for transformation or
transfection is selected based on the type of host cell being
transformed and may include, but is not limited to, the floral
dip method, Agrobacterium-mediated transformation, bac-
teriophage or viral infection, electroporation, heat shock,
lipofection, and particle bombardment. Microinjection of
polynucleotides may also be used to introduce polynucle-
otides into cells.

[0061] In some embodiments, the present methods may
further include puritying the product of the tyrosine or HPP
pathways from the cells. As used herein, the term “purify-
ing” is used to refer to the process of ensuring that the
product of the tyrosine or HPP pathways is substantially or
essentially free from cellular components and other impu-
rities. Purification of products of the tyrosine or HPP path-
ways is typically performed using analytical chemistry tech-
niques such as high performance liquid chromatography
(HPLC) and other chromatographic techniques. Methods of
puritying such products are well known to those skilled in
the art. A “purified” product of the tyrosine or HPP pathways
means that the product is at least 85% pure, more preferably
at least 95% pure, and most preferably at least 99% pure.

[0062] The present disclosure is not limited to the specific
details of construction, arrangement of components, or
method steps set forth herein. The compositions and meth-
ods disclosed herein are capable of being made, practiced,
used, carried out and/or formed in various ways that will be
apparent to one of skill in the art in light of the disclosure
that follows. The phraseology and terminology used herein
is for the purpose of description only and should not be
regarded as limiting to the scope of the claims. Ordinal
indicators, such as first, second, and third, as used in the
description and the claims to refer to various structures or
method steps, are not meant to be construed to indicate any
specific structures or steps, or any particular order or con-
figuration to such structures or steps. All methods described
herein can be performed in any suitable order unless other-
wise indicated herein or otherwise clearly contradicted by
context. The use of any and all examples, or exemplary
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language (e.g., “such as”) provided herein, is intended
merely to facilitate the disclosure and does not imply any
limitation on the scope of the disclosure unless otherwise
claimed. No language in the specification, and no structures
shown in the drawings, should be construed as indicating
that any non-claimed element is essential to the practice of
the disclosed subject matter. The use herein of the terms
“including,” “comprising,” or “having,” and variations
thereof, is meant to encompass the elements listed thereafter
and equivalents thereof, as well as additional elements.
Embodiments recited as “including,” “comprising,” or “hav-
ing” certain elements are also contemplated as “consisting
essentially of” and “consisting of” those certain elements.
[0063] Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually
recited herein. For example, if a concentration range is
stated as 1% to 50%, it is intended that values such as 2%
to 40%, 10% to 30%, or 1% to 3%, etc., are expressly
enumerated in this specification. These are only examples of
what is specifically intended, and all possible combinations
of numerical values between and including the lowest value
and the highest value enumerated are to be considered to be
expressly stated in this disclosure. Use of the word “about”
to describe a particular recited amount or range of amounts
is meant to indicate that values very near to the recited
amount are included in that amount, such as values that
could or naturally would be accounted for due to manufac-
turing tolerances, instrument and human error in forming
measurements, and the like. All percentages referring to
amounts are by weight unless indicated otherwise.

[0064] No admission is made that any reference, including
any non-patent or patent document cited in this specifica-
tion, constitutes prior art. In particular, it will be understood
that, unless otherwise stated, reference to any document
herein does not constitute an admission that any of these
documents forms part of the common general knowledge in
the art in the United States or in any other country. Any
discussion of the references states what their authors assert,
and the applicant reserves the right to challenge the accuracy
and pertinence of any of the documents cited herein. All
references cited herein are fully incorporated by reference in
their entirety, unless explicitly indicated otherwise. The
present disclosure shall control in the event there are any
disparities between any definitions and/or description found
in the cited references.

[0065] Unless otherwise specified or indicated by context,
the terms “a”, “an”, and “the” mean “one or more.” For
example, “a protein” or “an RNA” should be interpreted to
mean “one or more proteins” or “one or more RNAs,”
respectively.

[0066] The following examples are meant only to be
illustrative and are not meant as limitations on the scope of
the invention or of the appended claims.

EXAMPLES

Example 1—Relaxation of Tyrosine Pathway
Regulation Underlies the Evolution of Betalain
Pigmentation in Caryophyllales

[0067] This Example is based on data reported in Lopez-
Nieves et al., “Relaxation of Tyrosine Pathway Regulation
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Underlies the Evolution of Betalain Pigmentation in
Caryophyllales,” New Phytologist, 217(2):896-908 (2018),
the contents of which (including all supplemental data,
figures, and associated materials) is incorporated herein by
reference.

SUMMARY

[0068] Diverse natural products are synthesized in
plants by specialized metabolic enzymes, which are
often lineage-specific and derived from gene duplica-
tion followed by functional divergence. However, little
is known about the contribution of primary metabolism
to the evolution of specialized metabolic pathways.

[0069] Betalain pigments, uniquely found in the plant
order Caryophyllales, are synthesized from the aro-
matic amino acid L-tyrosine (Tyr) and replaced the
otherwise ubiquitous phenylalanine-derived anthocya-
nins. This study combined biochemical, molecular and
phylogenetic analyses and uncovered coordinated evo-
Iution of Tyr and betalain biosynthetic pathways in
Caryophyllales.

[0070] We found that Beta vulgaris, which produces
high levels of betalains, synthesizes Tyr via plastidic
arogenate dehydrogenases (TyrA,/ADH) encoded by
two ADH genes (BvVADHo and BvADHp). Unlike
BvADHf and other plant ADHs that are strongly
inhibited by Tyr, BvADHa exhibited relaxed sensitiv-
ity to Tyr. Also, Tyr-insensitive BVADHa orthologs
arose during the evolution of betalain pigmentation in
the core Caryophyllales and later experienced relaxed
selection and gene loss in lineages that reverted from
betalain to anthocyanin pigmentation, such as
Caryophyllaceae.

[0071] These results suggest that relaxation of Tyr path-
way regulation increased Tyr production and contrib-
uted to the evolution of betalain pigmentation, high-
lighting the significance of upstream primary metabolic
regulation for the diversification of specialized plant
metabolism.

INTRODUCTION

[0072] Plants synthesize numerous specialized metabo-
lites (also known as secondary metabolites), which play
crucial roles in plant adaptation. In contrast to well-docu-
mented diversification of plant enzymes directly involved in
specialized metabolism (Chen et al., 2011; Mizutani & Ohta,
2010; Moghe & Last, 2015; Pichersky & Lewinsohn, 2011;
Weng, 2014), relatively little is known about the evolution
of primary metabolic enzymes that provide precursors to the
production of various specialized metabolites.

[0073] L-Tyrosine (Tyr) is an essential aromatic amino
acid required for protein biosynthesis in all organisms;
however, it is synthesized de novo only in bacteria, fungi,
and plants, but not in animals. Consequently, animals have
to consume Tyr or L-phenylalanine (Phe) that can be
hydroxylated to Tyr (Pencharz et al., 2007). Besides protein
biosynthesis, plants also use Tyr to produce a diverse array
of specialized metabolites that are important for defense
(e.g. dhurrin, Gleadow & Moller, 2014), stress tolerance
(e.g. tocopherols, Mene-Saffrane et al., 2010), and pollinator
attraction (e.g., betalains, Tanaka et al., 2008). Notably,
humans have a long history of utilizing Tyr-derived special-
ized metabolites, such as the psychedelic alkaloid mescaline

Sep. 20, 2018

derived from the cactus Lophophora williamsii (Ibarra-
Laclette et al., 2015) and the analgesic morphine derived
from Papaver somniferum (opium poppy, Beaudoin & Fac-
chini, 2014; Millgate et al., 2004).

[0074] Tyr is synthesized from prephenate, which is con-
verted from the final product of the shikimate pathway,
chorismate (Maeda & Dudareva, 2012; Siehl, 1999; Tzin, V.
& @Galili, 2010). In most bacteria and fungi, prephenate is
oxidatively decarboxylated by prephenate dehydrogenase
(TyrA,/PDH, hereafter referred only as PDH; EC 1.3.1.12)
to 4-hydroxyphenylpyruvate (HPP), which is transaminated
to Tyr (Bentley, 1990, FIG. 1A). On the other hand, most
plants first transaminate prephenate into arogenate and sub-
sequently decarboxylate into Tyr by arogenate dehydroge-
nase (TyrA,/ADH, hereafter referred only as ADH; EC
1.3.1.78, Rippert & Matringe, 2002a,b), both steps occurring
in the plastids (Dal Cin et al., 2011; Rippert et al., 2009; FIG.
1A). The Tyr pathway is usually highly regulated at PDH
and ADH. These homologous enzymes are strongly feed-
back inhibited by Tyr and control carbon flow between the
two competing Tyr and Phe pathways (Gaines et al., 1982;
Bentley, 1990; Rippert & Matringe, 2002a,b; FIG. 1B). A
recent report showed that, in addition to plastidic ADH
enzymes, some plants possess a PDH enzyme(s) that is not
inhibited by Tyr and is localized to the cytosol (Rubin &
Jensen, 1979; Schenck et al., 2015; 2017; Siehl, 1999).
Clearly, there is evolutionary variation in the Tyr pathway(s)
in different plant lineages that warrants investigation.

[0075] Betalains are a class of Tyr-derived pigments that,
within the flowering plants, occur exclusively in the order
Caryophyllales where they replace the otherwise ubiquitous
anthocyanins (Mabry, 1964; Tanaka et al., 2008). Within
Caryophyllales, the majority of families are betalain pig-
mented. In two families, Molluginaceae and Caryophyl-
laceae, however, evolutionary reversions from betalain to
anthocyanin pigmentation have occurred (Brockington et
al., 2015), highlighting the fact that these two classes of
water-soluble pigments have never been found in the same
organism (Bate-Smith, 1962; Brockington et al., 2011;
Clement & Mabry, 1996; Mabry, 1964). Betalains and
anthocyanins are synthesized from Tyr and Phe, respec-
tively, but have similar physiological functions in pollinator
attraction and stress tolerance (Tanaka et al., 2008). Beta-
lains are also used as a natural food dye (E162) and have
anticancer and antidiabetic properties (Khan, 2015; Lee et
al., 2014; Neelwarne & Halagur, 2012). Furthermore, inter-
mediates in the betalain pathway are important pharmaceu-
ticals [e.g. L-dihydroxyphenylalanine (L-DOPA) for the
treatment of Parkinson’s disease] or are substrates for other
pharmaceutical agents (e.g. the production of dopamine and
isoquinoline alkaloids such as morphine). Consequently,
understanding the coordinated regulation of Tyr and betalain
biosynthesis has the potential to enhance the production of
Tyr, and the yield of Tyr-derived plant natural products
important for human health and nutrition.

[0076] Betalain biosynthesis starts with hydroxylation of
Tyr to L-DOPA by at least three closely related cytochrome
P450 enzymes (CYP76AD1, CYP76ADS, and CYP76AD6,
FIG. 1A) (Polturak et al., 2016; Sunnadeniya et al., 2016).
L-DOPA is further converted into betalamic acid or cyclo-
DOPA by L-DOPA dioxygenases (DODA, Christinet et al.,
2004; Gandia-Herrero & Garcia-Carmona, 2012) or
CYP76ADI1 (Hatlestad et al., 2012), respectively (FIG. 1A).
Betalamic acid then spontaneously reacts with cyclo-DOPA
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or amines to produce various forms of betacyanins or
betaxanthins, respectively, which are usually further glyco-
sylated. Recent studies found that the two key enzymes
within the betalain pathway, DODA, and CYP76ADI,
duplicated just prior to the emergence of betalain pigmen-
tation (Brockington et al., 2015). Subsequently, one of the
duplicated copies (DODAa and CYP76ADla) in both
genes became specialized for betalain biosynthesis and were
lost or downregulated in the anthocyanin-producing families
such as Molluginaceae and Caryophyllaceae (Brockington
et al., 2015). Despite recent and rapid progress in under-
standing the betalain pathway enzymes and their evolution,
little is known about the regulation of primary Tyr metabo-
lism in relation to the evolution of this novel Tyr-dependent
betalain pathway.

[0077] Here we first investigated the Tyr biosynthetic
pathway and its regulation in table beet (Beta vulgaris L.),
which produces high levels of betalains (Goldman, 1996).
Using comparative genomics, biochemical, and cellular
analyses, we found plastidic ADH enzymes from B. vulgaris
that exhibit relaxed sensitivity to Tyr inhibition in vitro and
in vivo. Phylogenetic analysis combined with recombinant
enzyme characterization further demonstrated that de-regu-
lated ADH enzymes emerged during the evolution of beta-
lain pigmentations in the core Caryophyllales, and were lost
or downregulated following disappearance of betalains. Fur-
thermore, transient expression of the de-regulated ADH in
Nicotiana benthamiana led to high accumulation of Tyr in
planta. The results revealed the important contribution of
primary Tyr pathway regulation to the unique evolution of a
plant specialized metabolic pathway, betalain biosynthesis.

Materials and Methods

[0078] Plant Source and Growth Conditions B. vulgaris
varieties, red beet (W357B), yellow beet (Touch Stone), and
white beet (Blankoma), were provided by Dr. Irwin Gold-
man from the University of Wisconsin-Madison, Depart-
ment of Horticulture (Goldman, 1996), whereas sugar beet
(Big Buck) and sea beet (PI 562585) were commercial sugar
beets obtained from the Heirloom Seeds (West Finley, Pa.,
USA) and the National Plant Germplasm System (NPGS),
respectively. Spinach (Spinacia oleraceae), Pigeonberry
(Rivina humilis), four o’clock (Mirabilis jalapa), and com-
mon purslane (Portulaca oleracea) were grown from seed
with a growing mix soil (Fafard®, Agawam, Mass., USA) in
a growth chamber under 12 hr light (100 uE), 22° C. and
60% humidity. After one month of growth, their leaves were
harvested for RNA extraction.
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Identification and Cloning of ADH Homologs from
Caryophyllales

[0079] BLASTP searches were performed using the pro-
tein sequences of ADH and PDH enzymes from A. thaliana
(AtADH1/At5g34930, NP_173023; AtADH2/Atlgl5710,
NP_198343), Glycine max (GmPDH, KM507071), Syn-
echocystis  sp. PCC6803 (SyADH, WP_010872597),
Escherichia coli (EcPDH, WP_052912694), Aquifex aeoli-
cus (AaPDH, WP_010881139) as queries against the sugar
beet genome (Beta vulgaris http://bvseq.molgen.mpg.de/)
(FIG. 2B). Potential ADH candidates were identified based
on a broad phylogenetic analysis that included various plant
ADH and PDH sequences.

[0080] Genomic DNA was extracted using Tris-sodium
chloride-EDTA/sodium dodecyl sulfate buffer and precipi-
tated with isopropanol and 200 mM ammonium acetate. For
RNA isolation, the method described by Wang et al (2011)
was used with some modifications. The tissues were ground
in a mortar with liquid nitrogen and powder polyvinylpyr-
rolidone (PVP). After addition of 700 pl. fresh pre-warmed
lysis buffer (2% CTAB, 2 M NaCl, 100 mM Tris-HCI pH 8,
25 mM EDTA and 5% f-mercaptoethanol), the samples
were shaken vigorously for 2 min and incubated in a water
bath at 65° C. for 5 min. The RNA was converted into
complementary DNA (cDNA) using the High-Capacity
c¢DNA Reverse Transcription Kit (Applied Biotechnology,
USA) and SuperScript IV Reverse Transcriptase with oligo
dT,, primer or random primers (Invitrogen, USA).

[0081] Cloning primers were designed with the Invitrogen
primer design (http://tools.lifetechnologies.com/content.cf-
m?pageid=9716) and the PCR In-Fusion® primers design-
ing program (http://bioinfo.clontech.com/infusion/convert-
PcrPrimerslnit.do, Clontech, Mount View, Calif.). All ADH
candidate genes, except for PoADHa (see below), were
PCR amplified from cDNA using gene-specific primers
(Table 1) and Phusion DNA polymerase (Thermo, Waltham,
Mass.) with the following conditions: initial denaturation at
95° C. for 5 min, 35 cycles of amplification at 95° C. for 30
s, 58° C. for 30 s, 72° C. for 30 s, with a final extension at
72° C. for 10 min. The PCR fragments were purified using
QIAquick gel extraction kit (Qiagen, Valencia, Calif.) and
were inserted into the pGEX-2T vector (GE Healthcare) at
EcoRI and BamHI sites using the In-Fusion cloning method
(Clontech). PoADHo. was gene synthesized (Biomatik,
Cambridge, Ontario, Canada) and directly cloned into the
same pGEX-2T vector. For generation of His-tagged pro-
teins, the cloned PCR fragments were inserted into the
pET28a vector (Novagen, Madison Wis., USA) at Ndel and
EcoRI site.

TABLE 1

Primers used as indicated in the description and methods

Purp
Species (gene) ose Primer name Primer sequence 5' to 3!
Beta vulgaris RT- PHMO290SLN GGTTCCGCGTGGATCCCTAACAATTC
(BvADHp) PCR BVADHPF GCAGCAT (SEQ ID NO: 49)
Beta vulgaris RT- PHMO291SLN AATTCGGAGACAAATTGAGAATTCAT
(BvADHp) PCR RBVADHPR CGTGACTG (SEQ ID NO: 50)
Beta vulgaris RT- PHMO372SLN CTGGTTCCGCGTGGATCCTGCGGTGG
(BvADHaO) PCR BvADHOF AGGTGGTTCG (SEQ ID NO: 51)
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TABLE 1

10

-continued

Primers used ag indicated in the description and methods

Purp
Species (gene) ose Primer name Primer sequence 5' to 3'
Beta vulgaris RT- PHMO373SLN GTTAATGGTACTAGATAGGAATTCAT
(BvADHa) PCR BvADHOR CGTGACTGA (SEQ ID NO: 52)
Arabidopsis thaliana Cloning pHM0384SLN CTGGTTCCGCGTGGATCCGCAATCGA
(AtADH2) At ADHOF CGCCGCCCAA (SEQ ID NO: 53)
Arabidopsis thaliana Cloning pHMO0385SLN TCATCATCATCATCTTAAGAATTCATC
(AtADH2) At ADHOR GTGACTGA (SEQ ID NO: 54)
Spinacea oleracea Cloning pHM0582SoA CTGGTTCCGCGTGGATCCGCCGCTAC
(SoADHf) DHPF CAATACCTCC (SEQ ID NO: 55)
Spinacea oleracea Cloning pHMO583SoA AATTCAGAGATCAATTGAGAATTCAT
(SoADHf) DHPR CGTGACTGA (SEQ ID NO: 56)
Spinacea oleracea Cloning pHM0584SoA CTGGTTCCGCGTGGATCCTGCGCCGC
(SoADHa) DHaF CTCTGACTCC (SEQ ID NO: 57
Spinacea oleracea Cloning pHMO585SoA TGGTAATAATTCTAGATAGGAATTCA
(SoADHa) DHaR TCGTGACTGA (SEQ ID NO: 58
Nepenthes alata Cloning pHMO603SLN CTGGTTCCGCGTGGATCCGCCGCGCT
(NaADHf) NaADHF GCCAAACGACT (SEQ ID NO: 59)
Nepenthes alata Cloning pHM0604SLN AAATGTTGAGAGAAATTGAGAATTCA
(NaADHf) NaADHR TCGTGACTGA (SEQ ID NO: 60)
Portulaca RT- PHMO609SLN CTGGTTCCGCGTGGATCCTGCTCATCA
oleracea (PoADHa) PCR PoADHOAF TCATCATCAT (SEQ ID NO: 61)
Portulaca RT- PHMO610SLN CGTCAACGATAGATCATAGGAATTCA
oleracea (PoADHa) PCR PoADHOAR TCGTGACTGA (SEQ ID NO: 62)
Mirabilis Cloning pHM0624SLN CTGGTTCCGCGTGGATCCATAGCGAT
jalapa (MjADHa) MjADHGAF AGTTGGGTTTG (SEQ ID NO: 63)
Mirabilis Cloning pHM0625SLN TATCAATGGTCGTCGATAGGAATTCA
jalapa (MjADHa) MjADHOAR TCGTGACTGA (SEQ ID NO: 64)
Rivina Cloning pHM0647SLN CTGGTTCCGCGTGGATCCTGCACGGC
hurndis (RhADHa) RhADHOF CTTCACTAAAAC (SEQ ID NO: 65)
Rivina Cloning pHM0648SLN TCAATGGATCAAAGCGGTAGGAATTC
humilis(RhADHa) RhADHOR ATCGTGACTGA (SEQ ID NO: 66)
Beta vulgaris RT- BvADHO_g F TCAAGCTGAGGTTACTTTTGACA (SEQ
(BvADHa) PCR ID NO: 67)
Beta vulgaris RT- BvADHO_g R AAGAAGCATGATTTAGTGGTGGT (SEQ
(BvADHa) PCR ID NO: 68)
Beta vulgaris RT- BvADHo_g F TGCAGCGACTTAAACGATCG (SEQ ID
(BvVADHp) PCR NO: 69)
Beta vulgaris RT- BvADHO_g R TTGGGGAAGTTTGCCGTTTG (SEQ ID
(BvVADHp) PCR NO: 70)
Beta vulgaris RT- PHMO793SLN AGTTCCCTCTGCTGATATG (SEQ ID
(BvADHa) PCR BvADHOF NO: 71)
Beta vulgaris RT- PHMO794SLN GTGGTTAATGGTACTAGATAG (SEQ
(BvADHa) PCR BvADHOR ID NO: 72)
Beta vulgaris gPCR PHMO791SLN GCGAAGGAGATCAAATTTCT (SEQ ID
(BVADHP) BvADHPF NO: 73)
Beta vulgaris gPCR PHMO792SLN TCAATTTGTCTCCGAATTTGC (SEQ ID
(BVADHP) BvADHPR NO: 74)
Beta vulgaris gPCR BvADHa_F ATGATTTCACTCTCTTCTTTTCATCC

(BvADHa)

(SEQ ID NO: 75)
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TABLE 1 -continued
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Primers used ag indicated in the description and methods

Purp
Species (gene) ose Primer name Primer sequence 5' to 3'
Beta vulgaris gPCR BvADHo_R GATTTAGTGGTGGTTAATGGTACTAG
(BvADHa) ATAG (SEQ ID NO: 76)
Beta vulgaris gPCR BVvADHP_F ATGCTTTCTCTCTCCTCCAC (SEQ ID
(BvVADHp) NO: 77)
Beta vulgaris gPCR BvADHP_R CAAATTCGGAGACAAATTGA (SEQ ID
(BvVADHp) NO: 78)
Beta vulgaris gPCR PHMO001HM TCTATCCTTGCATCTCTCAG (SEQ ID
(BvActin) BVACT NO: 79)
Beta vulgaris gPCR PHMO002HM TCTCCAAGGGCGAGTATGAT (SEQ ID
(BvActin) BVACT NO: 80)
Beta vulgaris gPCR PHMO003HM CATTGGTTCAGGAAGTGCAA (SEQ ID
(BvDODA) BvDODA NO: 81)
Beta vulgaris gPCR PHMO004HM CCTTTGATTCATGGCTTCGT (SEQ ID
(BvDODA) BvDODA NO: 82)
Beta vulgaris gPCR PHMO57613vM TATCAAACGAGGGCACTTC (SEQ ID
(BVMYB1) YB1F NO: 83)
Beta vulgaris gPCR PHMO577BvM GATGGTCTTTGATAGCAGC (SEQ ID
(BVMYB1) YB1R NO: 84)
Beta vulgaris gPCR PHMOO05HM CTTTTCAGTGGAATTAGCCCACC (SEQ
(BvCYP76AD1) BvCYP76AD1 ID NO: 85)
Beta vulgaris gPCR PHMO006HM TGGAACATTATGGAAGATATTGGG
(BvCYP76AD1) BvCYP76AD1 (SEQ ID NO: 86)
GFP gPCR tGFP_g_F GGCTGGAAGAGTGATCGGAG (SEQ ID

NO: 87)
GFP gPCR tGFP_g_R ACGCTACTGTTGAGCATCTTCA (SEQ
ID NO: 88)

Gene Racer oligoT RT- GeneRacer GCTGTCAACGATACGCTACGTAACGGCA

PCR OligoT TGACAGTG(T) 20 (SEQ ID NO: 89)
Eukaryotic gPCR EFla g F AGCTTTACCTCCCAAGTCATC (SEQ ID
translational NO: 90)
elongation factor 1la
Eukaryotic EFla_g_ R CCAAGATTGACAGGCGTTCT (SEQ ID
translational NO: 91)

elongation factor la gPCR

Recombinant Enzyme Expression and Purification

[0082] The His-tagged recombinant protein expression
was carried out as we described previously (Dornfeld et al.,
2014). For GST-tagged recombinant protein expression, the
cloned pGEX-2T vectors were introduced into Rosetta-2 E.
coli competent cells (Novagen, Madison Wis., USA) and
cultured overnight at 37° C., 200 rp.m. in 10 mLL LB
medium containing Ampicillin (100 pg/mL). The ten milli-
liters of the overnight culture were transferred to 1 L LB
medium with Ampicillin (100 pg/ml. and further incubated
at 37° C. and 200 r.p.m. until the OD,, reached 0.3. The
temperature was then changed to 18° C. and, after 1 hr,
isopropyl 13-D-1-thiogalactopyranoside (IPTG, 400 mM
final concentration) was added to induce recombinant pro-
tein expression. After overnight incubation at 18° C. under
constant shaking at 200 r.p.m., cultures were harvested by

centrifugation at 2,000 g for 10 min at 4° C., and the pellet
was washed with 0.9% NaCl solution. The samples were
harvested and resuspended in 25 mL of lysis buffer [phos-
phate-buffered saline (PBS) pH 7.4, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT) and
plant proteases inhibitor cocktail (Amresco, Solon, Ohio,
USA)]. The resuspended cells were sonicated for periods of
20 s for 5 min. The cell lysate was centrifuged at 10,000 g
for 30 min at 4° C., and the supernatant was applied to Fast
Protein Liquid Chromatography (FPLC, AKTApure25
FPLC system, GE Healthcare) equipped with GSTtrap™FF
(GE Healthcare, USA). Prior and after injection, the column
was washed with five times bed volume wash buffer A (PBS,
pH 7.6) followed by five times bed volume of wash buffer
B (10 mM glutathione, 1.54 g of reduced glutathione dis-
solved in 500 mL of 50 mM Tris-HCI, pH 8). The recom-
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binant enzymes containing GST-tag were eluted with ten-
bed volumes of the elution buffer B and collected into
Eppendorf tubes containing 500 Recombinant enzymes
eluted in the fraction five and six, which were combined and
desalted using a gel filtration column (Sephadex G50-80
resin, Sigma-Aldrich, St Louis, Mo., USA) in the reaction
buffer [200 mM HEPES (pH 7.6), 50 mM KCI, 10%
ethylene glycol]. Enzyme concentrations were measured
using Bradford assay (Bio-Rad, Des Plaines, I11., USA) and
the enzyme purity was estimated by running on SDS-PAGE
gel and analyzing with Image] (http://imagej.nih.gov/ij/).

ADH and PDH Activity Assays In Vitro

[0083] ADH and PDH activity from beet tissues (FIGS.
3A, 3B) were analyzed by using the leaves and stem/root
crude protein extract of red beet (W357B). The beets were
grown in a greenhouse for 12 weeks with a temperature of
22-25° C. and 16 hr of ambient and supplemented lights.
Protein extraction was performed by grinding 1 g of tissues
in liquid nitrogen and resuspending the powder in the
extraction buffer [200 mM HEPES (pH 7.6), 50 mM KCl,
10% ethylene glycol, 1 mM PMSF, 1 mM DTT and plant
proteases inhibitor cocktail (Ameresco)]. The extracts were
desalted using the gel filtration column (Sephadex G50-80
resin, Sigma-Aldrich St. Louis, Mo., USA) into the reaction
buffer. The ADH or PDH assays were performed by mixing
the desalted protein extract with 1 mM NADP* and 1 mM
L-arogenate or prephenate in a total volume of 10 ul or 25
ul, respectively. L-Arogenate was prepared by enzymatic
conversion from prephenate (Sigma-Aldrich, St. Louis, Mo.,
USA), as previously described (Schenck et al., 2015). The
reactions were started by adding the enzyme (crude extract
or recombinant enzyme) and incubated at 37° C. for 45 min.
The reaction was stopped with two times volume of metha-
nol. The same ADH and PDH assay protocols were used for
initial characterization of purified recombinant BvADH
enzymes

[0084] For detection of Tyr product from the ADH assays,
10 pLL of the reaction mixture was first derivatized with the
equal volume of the 40.26 mM OPA solution [5.4 mg OPA
(Sigma-Aldrich, St. Louis, Mo., USA) mixed in 100 pL
methanol, 5 pl. 2-mercaptoethanol and 900 pl. 0.4M boric
acid) for 3 min, injected to high pressure liquid chromatog-
raphy (HPLC, Agilent 1260) equipped with the Eclipse
XDH-C18 column (5 pm, 3.0x150 mm, Agilent, USA), and
separated by a 30 min linear gradient from 20-45% methanol
in 0.1% ammonium acetate at a flow rate of 0.8 ml/min. The
substrate and product of ADH assays (Tyr and arogenate,
respectively) were detected by a fluorescence detector (Agi-
lent, USA) with excitation at 360 nm and emission of 455
nm. For PDH assays, the reactions were stopped by addition
of NaBH,, which converts the reaction product HPP into
hydroxyphenyllactic acid (HPLA), followed by neutraliza-
tion with 100 ul of 6 N HCI as described by Schenck et al.
2015. The HPLC was equipped with ZORBAX SB-C18
column (Agilent, USA) using a 6 min isocratic elution at
25% methanol in 0.1% phosphoric acid, followed by a 20
min linear gradient of 25-60% methanol at a flow rate of 1.0
ml./min. The HPLA were monitored by absorption at 270
nm.

[0085] To test the electron donor and substrate preferences
of purified recombinant enzymes, the ADH and PDH reac-
tions were performed as described above, except for 12 min
with 400 pM L-arogenate and 1 mM cofactor (NAD* or
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NADP™"). The reaction was stopped by placing the tubes on
ice and immediately measured for the production of the
reduced cofactor, NAD(P)H, at 340 nm by spectrophotom-
eter (NanoDrop 2000, Thermo Scientific, USA). The quan-
tification was based on the standard curve of authentic
NADPH.

[0086] To examine Tyr sensitivity of the purified recom-
binant enzymes, ADH assay was performed as described
previously (Schenck et al., 2015) but in the presence or
absence of different concentrations of L-Tyr. Tyr was first
dissolved in 0.025 N NaOH at 100 mM (as the water
solubility of Tyr is very low, <2 mM), which was diluted to
4 mM to 10 uM final concentration in 0.0025 N NaOH. The
reactions contained 500 mM HEPES (pH 7.6) to maintain
the final pH at 7.6. The production of reduced cofactor
(NADPH) was monitored at 340 nm using a spectropho-
tometer every two minutes for 10 min. In addition, other
effectors (L-Phe, L-Trp, and betanin) were used to test
possible inhibition of the enzyme ADH activity at a final
concentration of 1 mM. All of the reactions were performed
under non-saturated condition, where activity increased lin-
early depending on reaction times and enzyme concentra-
tions.

Transient Expression of BvADHa and BVADHP in Nicoti-
ana benthamiana

[0087] ADHo and ADHf sequences used for N. bentha-
miana agroinfiltration were amplified from Bera vulgaris
var. vulgaris variety “Boltardy” (Chiltern Seeds, UK) swol-
len hypocotyl and leaf tissue cDNA libraries respectively,
which were prepared using BioScript Reverse Transcriptase
(Bioline Reagents, London, UK). Transcripts were amplified
by PCR using gene specific primers (Table S1) and Phusion
High-Fidelity DNA polymerase (Thermo Fisher Scientific,
Waltham, Mass., USA). Vectors for transient transformation
were constructed with Golden Gate cloning using the MoClo
Tool Kit (Weber et al., 2011; Addgene, Cambridge, Mass.,
USA), with the Bpil and Bsal restriction sites eliminated
after cloning. The turboGFP sequence used in this assay was
a variant codon-optimized for plants contained in the MoClo
Plant Parts Kit (Engler et al., 2014; Addgene, Cambridge,
Mass., USA). BvADHa, BvADHf, and turboGFP
sequences were ultimately cloned into the pICH86988
binary vector under control of the Cauliflower Mosaic Virus
35S promoter and the Agrobacterium tumefaciens octopine
synthase (OCS) terminator.

[0088] Transient gene expression assays in N. benthami-
ana were performed according to the previously described
agroinfiltration method with some modifications (Sparkes et
al., 2006). All constructs were transformed into the Agro-
bacterium tumefaciens GV3101 strain, and grown in LB
media supplemented with kanamycin (50 mg/L), gentamy-
cin (25 mg/L)) and rifampicin (50 mg/I.) until reaching an
ODg( of 1.5. Cultures were then brought to a final ODyg, of
0.5 in infiltration media (10 mM MgCl,, 0.1 mM acetosy-
ringone, 10 mM MES at pH 5.6) for three hours prior to
infiltration. Infiltration spots corresponding to 35S:
BvADHa, 35S::BvADHp, and 35S::turboGFP were per-
formed in the same leaves of 6-week old N. benthamiana
plants alternating the position of the spots between plants in
a clockwise manner to account for intra-leaf variation (Bar-
shandy et al., 2015). Infiltrated tissue was sampled three
days post-infiltration from five biological replicates for
tyrosine quantification and qRT-PCR analysis.
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[0089] For quantification of tyrosine and other amino
acids, ~40 mg fresh weight tissues were harvested,
lyophilized, sent from the University of Cambridge (UK) to
the University of Wisconsin-Madison (USA), and analyzed
exactly as described. Tyrosine and other amino acids were
extracted and measured as described previously (Wang et
al., 2017). Amino acid standards (Sigma-Aldrich, St. Louis,
Mo., USA) of 4 to 1000 uM were prepared the same way to
make standard curves.

13
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Phylogenetic Analysis

[0090] Amino acid sequences from genomes (full open
reading frame) and transcriptomes (full or partial open
reading frame) of Brockington et al. (2015) were used for
phylogenetic analysis following methods described in
Brockington et al. (2015) with minor modifications. In
addition, we carried out analysis of dN/dS ratio in ADHa to
test for relaxed selection in anthocyanic lineages (Table 2).

TABLE 2

Sequences of C

Taxon

ophyllales (ingroups) and non-C

ophyllales (outgroups) used in this Example.

Source Accession code Citation

Ingroups

Achatocarpaceae_ Phaulothamnus__spinescens
Aizoaceae_ Cypselea__humifusum
Aizoaceae_ Delosperma__echinatum
Aizoaceae_ Sesuvium__porfulacastrum
Aizoaceae_ Sesuvium__verrucosum
Aizoaceae_ Trianthemum__porfulacastrum
Aizoaceae_Zaleya penfandra
Amaranthaceae_ Aerva__javanica
Amaranthaceae_ Aerva_ lanata
Amaranthaceae_ Alternanthera_ brasiliana
Amaranthaceae  Alternanthera_ caracasana
Amaranthaceae_ Alternanthera_ sessilis
Amaranthaceae_ Alternanthera_ fenella
Amaranthaceae_ Amaranthus_ cruentus
Amaranthaceae Amaranthus_ retroflexus
Amaranthaceae_ Atriplex__hortensis
Amaranthaceae_ Atriplex_ prostrata
Amaranthaceae_ Atriplex__rosea
Amaranthaceae_ Bassia_ scoparia
AmaranthEceae_ Beta__maritima
Amaranthaceae_ Beta_ vulgaris
Amaranthaceae_ Blutaparon_ vermiculare
Amaranthaceae_ Chenopodium__amaranticolor
Amaranthaceae_ Chenopodium__quinoa
Amaranthaceae_ Froelichia_ floridana
Amaranthaceae_ Salicornia_ europaea
Basellaceae_ Basella_ alba
Cactaceae__Lophophora_ williamsii
Cactaceae_ Pereskia_ aculeata
Caryophyllaceae_ Cerastium__arvense
Caryophyllaceae_ Dianthus__caryophyllus
Caryophyllaceae_ Drymaria_ cordata
Caryophyllaceae_ Polycarpaea_ repens
Caryophyllaceae_ Saponaria_ officinalis
Caryophyllaceae_ Schiedea_ membranacea
Caryophyllaceae_ Silene_latifolia
Caryophyllaceae_ Silene_ latifoliaSRA

Caryophyllaceae_ Silene_ vulgaris
Caryophyllaceae_ Spergulana_ media
Droseraceae__Aldrovanda__vesiculosa
Droseraceae_ Dionaea_ muscipula
Frankeniaceae_ Frankenia_ laevis
Microteaceae__Microtea__debilis
Molluginaceae_ Mollugo_ cerviana
Molluginaceae_ Mollugo_ nudicaulis
Molluginaceae_ Mollugo_ verticillata
Nepenthaceae_ Nepenthes__alata
Nyctaginaceae__Abronia_ carletonii
Nyctaginaceae_ Acleisanthes_ lanceolata
Nyctaginaceae__Acleisanthes_ obtusa
Nyctaginaceae__Anulocaulis_ leiosolenus
Nyctaginaceae_ Boerhavia_ burbidgeana
Nyctaginaceae_ Boerhavia_ coccinea
Nyctaginaceae_ Bougainvillea_ spectabilis
Nyctaginaceae_ Bougainvillea__ stipitata
Nyctaginaceae_ Cyphomeris_ gypsophiloides
Nyctaginaceae_ Guapira_ obtusata
Nyctaginaceae_ Mirabilis_ jalapa

Smith Lab MIM1677

(Brockington et al., 2015)

1KP GINX (Matasci et al., 2014)
1KP BIKT (Matasci et al., 2014)
1KP HZTS (Matasci et al., 2014)
1KP EDIT (Matasci et al., 2014)
1KP OMYK (Matasci et al., 2014)
1KP BERS (Matasci et al., 2014)
1KP HDSY (Matasci et al., 2014)
1KP PDQH (Matasci et al., 2014)
1KP ZBPY (Matasci et al., 2014)
1KP OHKC (Matasci et al., 2014)
1KP BWRK (Matasci et al., 2014)
1KP EYRD (Matasci et al., 2014)
1KP XSSD (Matasci et al., 2014)
1KP WMLW (Matasci et al., 2014)
1KP ONLQ (Matasci et al., 2014)
1KP AAXT (Matasci et al., 2014)
1KP CBIR (Matasci et al., 2014)
1KP WGET (Matasci et al., 2014)
1KP FVXD (Matasci et al., 2014)
Genome  v1.1 (Dohm et al., 2014)
1KP CUTE (Matasci et al., 2014)
SRA SRX151423 (Zhang et al., 2012)
1KP SMMC (Matasci et al., 2014)
Smith Lab MIM1665 (Brockington et al., 2015)
SRA SRX302090 (Fan et al., 2013)
1KP CTYH (Matasci et al., 2014)
1KP CPKP (Matasci et al., 2014)
1KP JLOV (Matasci et al., 2014)

Smith Lab MIM1767
Genome  v1.0
Smith Lab LCMsn

(Brockington et al., 2015)
(Yagi et al., 2014)
(Brockington et al., 2015)

1KP RXEN (Matasci et al., 2014)
1KP SKNL (Matasci et al., 2014)
1KP OLES (Matasci et al., 2014)
1KP FZQN (Matasci et al., 2014)
SRA SRX118777- (Muyle et al., 2012)
SRX118782
SRA SRX096120 N/A!
1KP TIES (Matasci et al., 2014)
Smith Lab MIM1652 (Brockington et al., 2015)
SRA SRX312294 (Jensen et al., 2015)
1KP WPYJ (Matasci et al., 2014)
1KP YNEFT (Matasci et al., 2014)
1KP RNBN (Matasci et al., 2014)
1KP SCAO (Matasci et al., 2014)
1KP NXTS (Matasci et al., 2014)
1KP WQUF (Matasci et al., 2014)

Smith Lab MIM1751
Smith Lab MIM1741
Smith Lab MIM1697
Smith Lab SRX717838

(Brockington et al., 2015)
(Brockington et al., 2015)
(Brockington et al., 2015)
(Yang et al., 2015)

1KP VIPU (Matasci et al., 2014)
1KP ZBTA (Matasci et al., 2014)
1KP JAFT (Matasci et al., 2014)

Smith Lab SRX718672
Smith Lab MIM1714
Smith Lab SRX718384
1KP JGAB

(Yang et al., 2015)
(Brockington et al., 2015)
(Yang et al., 2015)
(Matasci et al., 2014)
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TABLE 2-continued
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Sequences of Caryophyllales (ingroups) and non-Caryophyllales (outgroups) used in this Example.

Taxon Source Accession code

Citation

Smith Lab MIM1771
Smith Lab SRX718389
Smith Lab SFB29

Nyctaginaceae Mirabilis _multifiora
Nyctaginaceae_ Pisonia_ aculeata
Nyctaginaceae_ Pisonia_ umbellifera

Physenaceae_ Physena_ madagascariensis 1KP RUUB
Phytolaccaceae_ Ercilla_ volubilis Smith Lab MIM1649
Phytolaccaceae_ Hilleria_ latifolia 1KP SFKQ
Phytolaccaceae_ Petiveria_ alliacea 1KP AZBL
Phytolaccaceae_ Phytolacca_americana 1KP BKQU
Phytolaccaceae_ Phytolacca bogotensis 1KP MRKX

Smith Lab SFB31
Smith Lab SRX718277
Smith Lab SRX718486

Phytolaccaceae_ Phytolacca_ diuica
Phytolaccaceae_ Rivina__humilis
Phytolaccaceae__Seguieria_ aculeata

(Brockington et al., 2015)
(Yang et al., 2015)
(Brockington et al., 2015)
(Matasci et al., 2014)
(Brockington et al., 2015)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Brockington et al., 2015)
(Yang et al., 2015)

(Yang et al., 2015)
(Matasci et al., 2014)
(Brockington et al., 2015)
N/A!

(Matasci et al., 2014)
(Hao et al., 2012)

N/A!

N/A!

N/A!

N/A!

(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
(Matasci et al., 2014)
N/A!

(Wang et al., 2014)

Plumbaginaceae_ Limonium__spectabile 1KP WOBD
Polygonaceae_ Antigonon__leptopus Smith Lab MIM1811
Polygonaceae_ Fagopyrum__esculentum SRA SRX112838
Polygonaceae_ Polygonum__convolvulus 1KP FYST
Polygonaceae_ Polygonum__cuspidatum SRA SRX079484
Polygonaceae_ Rheum_ nobile SRA SRX621187
Polygonaceae_ Rheum__rhabarbarum SRA SRX286365
Polygonaceae_ Rumes__acetosa SRA ERX190940
Polygonaceae_ Rumex_ palustris SRA ERX190941,
ERX190942
Portulacaceae__Portulaca__amilis 1KP LDEL
Portulacaceae_ Portulaca_ cryptopetala 1KP LLQV
Portulacaceae_ Portulaca_ grandiflora 1KP CPLT
Portulacaceae_ Portulaca__molokiniensis 1KP UQCB
Portulacaceae__Portulaca_oleracea 1KP EZGR
Portulacaceae_ Portulaca_pilosa 1KP IWLS
Portulacaceae__Portulaca__suffruticosa 1KP GCYL
Sarcobataceae__Sarcobatus__vermiculatus 1KP GIWN
Summondsiaceae__Simmondsia__chinensis 1KP CVDF
Talinaceae_ Talinum_ sp 1KP LKKX
Tamaricaceae_ Reaumuria_ trigyna SRA SRX099851,
SRX105466
Tamaricaceae_ Tamarix__hispida SRA All 8 runs in
PRINA170420
Outgroups
Arabidopsis__thaliana Genome  Accessed May 28,
2014
Oryza_ sativa Genome  Accessed Apr. 21,
2015
Solanum__lycopersicum Genome  Accessed May 28,
2014
Vitis__ vinifera Genome  Accessed Apr. 21,

2015

(Goodstein et al., 2012)
(Goodstein et al., 2012)
(Goodstein et al., 2012)

(Goodstein et al., 2012)

lN/A, not available.

Subcellular Localization of GFP-Fused ADH Enzymes

[0091] The subcellular localization experiments of GFP-
fused ADH enzymes were conducted as we described pre-
viously (Schenck et al., 2015).

Accession Numbers

[0092] The Genbank accession numbers for the sequences
mentioned in this article are: BVADH[ W357B red beet
variety (KY207366), BvADHf Boltardy red beet variety
(MF346292), BvADHfB Big Buck sugar beet variety
(KY207367), BvADHf Touch Stone yellow beet variety

(KY207368), BvADHf Blankoma white beet variety
(KY207369), BvADHP Sea beet P1562585 variety
(KY207370), BvADHa Big Buck sugar beet variety
(KY207371), BvADHo W357B red beet variety
(KY207372), BvADHo Boltardy red beet variety
(MF346291), BvADHo Blankoma white beet variety

(KY207373), BvADHa Touch Stone yellow beet variety

(KY207374), BvADHo Sea beet P1562585 variety
(KY207375), SoADHp (KY207376), SoADHa
(KY207378), NaADHp (KY207377),  MjADHa
(KU881770), RhADHo  (KY207379), PoADHao
(KY207380), SmADHa  (KY274179), PpADHa

(KY274180), and HIADHa (KY274181).

Results

[0093] B. vulgaris has two ADH enzymes.

[0094] To first investigate how B. vuigaris synthesizes Tyr,
protein crude extracts of red beet leaf and root/stem tissues
were analyzed for ADH and PDH activity, the production of
Tyr or HPP from arogenate or prephenate, respectively. Tyr
was produced from arogenate in the red beet extracts of both
leaves and roots/stems (FIG. 3A) similar to soybean leaf
extract, which was previously shown to have both ADH and
PDH activity (Schenck et al., 2015). On the other hand,
unlike the soybean leaf extract, HPP production was not
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detected in the leaf and root/stem extracts of red beet (FIG.
3B). These results showed that red beet has ADH but not
PDH activity.

[0095] To identify the gene(s) responsible for the ADH
activity in B. vulgaris, previously reported plant and micro-
bial ADH and PDH genes (Bonvin et al., 2006; Hudson et
al., 1984; Legrand et al., 2006; Rippert & Matringe, 2002a,
b; Schenck et al., 2015, FIG. 2B) were used to BLAST
against the genome of sugar beet, another cultivar of B.
vulgaris (Dohm et al., 2014) (assembly v.1.2 http://bvseq.
molgen.mpg.de). Two B. vulgaris sequences homologous to
these ADH and PDH genes were found on chromosome 8 of
the B. vulgaris genome 25.3 kbp apart (FIG. 2A). They were
more similar to plant ADHs and PDHs (59 to 61% similarity
at amino acid levels) than bacterial ones (24 to 40% simi-
larity, FIG. 2B). Within plants, the two ADH candidate genes
from B. vulgaris both belong to the canonical ADH clade
containing Arabidopsis ADHs (Rippert & Matringe, 2002a,
b), rather than the non-canonical clade containing legume
PDHs (Schenck et al., 2015; 2017), and appear to be derived
from a recent duplication within the order Caryophyllales.

[0096] For biochemical characterization, these two puta-
tive BVADHs were expressed in E. coli as recombinant
enzymes, which were further purified using affinity chro-
matography and subjected to ADH and PDH assays. Both of
the beet recombinant enzymes showed ADH activity (i.e. the
production of Tyr from arogenate, FIG. 1B) and strongly
preferred NADP* over NAD* (FIG. 4) similar to other plant
ADH enzymes and activities (Gaines et al., 1986; Rippert &
Matringe, 2002a,b). On the other hand, neither of the beet
enzymes exhibited detectable PDH activity (FIG. 3C),
which is consistent with the lack of PDH activity in beet
tissues (FIG. 3B) and also confirmed the absence of E. coli
PDH contamination (Hudson et al., 1984). Therefore, these
two genes were designated as B. vulgaris arogenate dehy-
drogenases (BvADHa and BVADHp).

Both BvADHs are Plastid Localized but Only BvADHa
Expression is Correlated with Betalain Pathway Genes.

[0097] Most plant enzymes involved in the aromatic
amino acid pathways are localized within the plastids (Dal
Cin et al.,, 2011; Maeda & Dudareva, 2012; Rippert et al.,
2009), and both BvADH proteins also have a predicted
N-terminal plastid transit peptide (FIGS. 5A-5D). To experi-
mentally determine the subcellular localization of BvADHs,
a green fluorescent protein (GFP) was fused to the C-ter-
minal of BvADHSs, expressed in Arabidopsis protoplasts,
and analyzed for their localization using confocal micros-
copy. The fluorescence signal of GFP fused with BvADHa
or BvVADHS overlapped with chlorophyll autofluorescence,
which was different from the free GFP control and similar to
GFP fused with plastidic Arabidopsis ADH (Rippert et al.,
2009) (AtADH2, FIG. 1C). These results suggest that both
BvADHs are targeted to the plastids and that Tyr is mainly
produced by the plastidic arogenate pathway in B. vulgaris.

[0098] To examine expression patterns of BvADHs, espe-
cially in comparison to the betalain pathway genes, expres-
sion levels of BvADHa and BvADHf were analyzed and
compared with those of DODAa, CYP76ADlc, and
BvMYBI in cotyledon and hypocotyl tissues of sugar and
red beets (FIG. 1D). Consistent with previous studies
(Hatlestad et al., 2012; 2015), DODAa and CYP76ADl1a.,
as well as BvMYBI transcription factor, were much more
highly expressed in red than sugar beet. Interestingly,
BvADHa expression showed similar trends and was sig-
nificantly higher in red than sugar beet in both cotyledon and
hypocotyl tissues. On the other hand, BvADHf expression
levels were very similar between genotypes in both tissue
types (FIG. 1D). These results showed that expression of
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BvADHa, but not BvADHS, is correlated with those of
betalain pathway genes in B. vulgaris.

BvADHa but not BvADHf Exhibits Relaxed Sensitivity to
Tyr

[0099] Both ADH and PDH enzymes are usually inhibited
by Tyr in most organisms (Bentley, 1990; Connelly & Conn,
1986; Gaines et al., 1982; Rippert & Matringe, 2002a,b;
Sun, 2009). To determine if the BvADHs are also feedback
regulated by Tyr, ADH activity of the recombinant BvADH
enzymes were analyzed in the presence and absence of Tyr
as an effector molecule. The ADH activity of glutathione
S-transferase (GST)-tagged BvADHp was inhibited by 80%
and 100% in the presence of 100 uM and 1 mM Tyr,
respectively (FIG. 6), similar to the Tyr-sensitive Arabidop-
sis AtADH2 (Rippert & Matringe, 2002a,b). In contrast,
ADH activity of BvADHa was reduced only by half at 1
mM Tyr (FIG. 6). Similar results were obtained for histidine
(His)-tagged ADH enzymes, where BvADHa showed much
less sensitivity to Tyr than AtADH2 (FIG. 7), though the
expression of His-tagged BvADHp was not successful.
Other aromatic amino acids (Phe and tryptophan) as well as
betanin, the major betacyanin accumulated in red beet, did
not significantly reduce the ADH activity of BvADHa,
BvADH, or AtADH2 at 1 mM (FIG. 8). These results
revealed that BvVADHa, but not BvADHf, has relaxed
sensitivity to Tyr inhibition.

Heterologous Expression of BVADHa but not BvADHp
Increase Tyr Accumulation in Plants.

[0100] To test if BvADHa having relaxed sensitivity to
Tyr can enhance the production of Tyr in planta, BvADHa
and BvADHS were transiently expressed in N. benthamiana
through Agrobacteria infiltration (FIG. 9A, Sparkes et al.,
2006) and their impacts on Tyr production were analyzed. A
control vector expressing GFP was also infiltrated as a
negative control (FIG. 9A). BvADHa expression resulted in
>10-fold increase in Tyr levels relative to the GFP control,
while the increase of Tyr due to BVADHf expression was
not significantly different (FIGS. 10A & 9B, Table 3).
Interestingly, phenylalanine (Phe) levels were decreased
significantly under BvADHa, but not BvVADHp expression
(FIG. 10B). Other amino acid levels were largely unaffected
by BvADHa or BvADHf expression (Table 3). These
results demonstrate that BvADHo expression leads to
elevated accumulation of Tyr in planta.

TABLE 3

Amino Acid levels of Nicotiana benthamiana leaves expressing
GFP, BvADHa, BvADHp. Agrobacteria carrying the 35S::GFP,
35S8::BvADHa, or 35S::BvADHp construct were infiltrated
to Nicotiana benthamiana leaves and the levels of amino acids were
analyzed after three days post-infiltration. Data are mean = s.e.m.
(nmol/gFW, n = 5 biological replications). Asterisks denote values
significantly different from the control 35S::GFP sample (Student t-test,
p < 0.01). Tryptophan, lysine, cysteine, and histidine levels were
below gquantification threshold.

Amino Acids 358::GFP 35S:BvADHa  35S:BvADHp
alanine 99.8 = 15.5 93.0 = 14.8 88.1 = 20.0
glycine 155=«1 175 £ 2.1 13.6 0.2
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TABLE 3-continued

Amino Acid levels of Nicotiana benthamiana leaves expressing
GFP, BvADHa, BvADHp. Agrobacteria carrying the 35S::GFP,
35S::BvADHa, or 35S::BvADHp construct were infiltrated
to Nicotiana benthamiana leaves and the levels of amino acids were
analyzed after three days post-infiltration. Data are mean = s.e.m.
(nmol/gFW, n = 5 biological replications). Asterisks denote values
significantly different from the control 35S::GFP sample (Student t-test,
p < 0.01). Tryptophan, lysine, cysteine, and histidine levels were
below quantification threshold.

Amino Acids 358::GFP 35S:BvADHa  35S:BvADHp
valine 239 9.7 23.8 83 22.1 =84
leucine 21.3 £10.4 21.8 £9.2 18.8 = 8.3
isoleucine 138 =7 133 5.7 133 6.7
proline 154.8 + 67.4 126.7 = 56.3 137.3 = 75.4
methionine 28 £ 04 3104 2.6 £0.2
serine 574 £ 8 58.6 £ 11.7 439 =39
threonine 69.4 =75 67.8 = 8.6 581 6.5
phenylalanine 10.8 = 0.7 59 +1.2% 9.7 £0.7
aspartic acid 173.5 £ 455 176.8 = 40.6 132.7 = 41.5
glutamic acid 941.6 = 45.8 968.1 £ 91.6 746.4 = 111.4
omithine” 549 = 1.6 56.2 2.4 484 2.9
asparagine 6.8 +1.2 6915 49 = 1.0
glutamine 345.2 = 116.1 348.7 = 1384 291.3 = 107.7
tyrosine 11.2 = 2.8 116.8 = 15.1* 172 £3.2

“Arginine was quantified as its non-enzymatic degradation product omithine.

BvADHa Orthologs Emerged During the Evolution of
Betalain Pigmentation in Caryophyllales.

[0101] Domestication has modified metabolic traits in
various crops (Hanson et al., 1996; Rapp et al., 2010; Rong
et al, 2014). Thus, we hypothesized that the BvADHa
enzyme with relaxed Tyr regulation was selected during
domestication and intensification of color in table beets, that
have been used at least since the Roman times (Biancardi et
al., 2012; Dohm et al., 2014). To test this hypothesis, the
nucleotide and protein sequences of BvADHo (and
BvADHf) were compared among different domesticated
beets, red beet (W357B), sugar beet (Big Buck), yellow beet
(Touch Stone), and white beet (Blankoma), as well as their
wild relative, sea beet (Biancardi et al., 2012) (Beta vulgaris
subsp. maritima). Several single nucleotide polymorphisms
(SNPs) were detected among different lines in both
BvADHa and BvADH (FIGS. 5A, 5B). However, only a
few of them affected the amino acid sequences and were
within and near the N-terminal signal peptide of BvADHa
and BvADHp, respectively (FIGS. 5C, 5D). Thus, the
mature enzyme regions of BvVADHa were unaltered during
domestication.

[0102] To further test if the ADHa enzymes with reduced
Tyr sensitivity are restricted to the species B. vulgaris, the
corresponding genes for BvADHa and BvADHp were
cloned from a closely related species within the same
Amaranthaceae family, spinach (Spinacia oleracea), whose
draft genome is available (http://bvseq.molgen.mpg.de).
Spinach ADHa. and ADHP orthologs (SoADHa and
SoADHp) had 77 and 83% identity at amino acid levels to
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the corresponding BvADHs in the mature enzymatic
regions. The recombinant enzymes of spinach ADHs
showed similar Tyr sensitivity to beet ADHs: SoADHa, but
not SOADHp, exhibited reduced Tyr sensitivity (FIG. 6).
These results suggest that the reduced Tyr sensitivity of
BvADHa at least at the enzyme level was not the result of
selection during domestication of beet cultivars, but was
already present in the common ancestor of the beet and
spinach ADHo. enzymes.

[0103] To determine the origin and molecular evolution of
BvADHa, we mined genome and transcriptomic data across
the Caryophyllales for ADH orthologs and performed a
phylogenetic analysis (FIG. 11A). The results indicate that a
gene duplication event on the branch leading to stem
Caryophyllales produced ADHa and ADH] lineages. While
ADHpP orthologs were expressed across the entire
Caryophyllales, expression of ADHa closely parallels beta-
lain production in Caryophyllales. ADHa expression is
undetectable from the anthocyanic clade that diverged prior
to the earliest inferred origin of betalain synthesis (hereafter
referred to as non-core Caryophyllales; Brockington et al.,
2009). Two families in the Caryophyllales, Molluginaceae
and Caryophyllaceae have reverted from betalain to antho-
cyanin pigmentation (Brockington et al., 2011, 2015). Pres-
ence of the ADHa orthologs in the transcriptomes of Mol-
luginaceae and Caryophyllaceae was much less common
than the presence of BVADHf (FIGS. 11A, 11B). Thus the
presence of ADHa, but not ADHf, closely mirrors the
distribution of betalain pigmentation across Caryophyllales,
similar to the pattern in two other genes of the betalain
pathway, CYP76AD1a and DODAa (Brockington et al.,
2015).

Betalain-Producing Species have Deregulated BvADHa
Enzyme and Elevated Tyr Levels.

[0104] To further test experimentally if ADHa orthologs
across Caryophyllales share the unique property of reduced
Tyr inhibition, ADH genes from representative members of
Caryophyllales (Brockington et al., 2011) were cloned and
the Tyr sensitivity of encoded enzymes was evaluated. An
ADHp enzyme from the anthocyanin-producing non-core
Caryophyllales, Nepenthes ventricosaxalata (NaADH},
Nepenthaceae, FIG. 11B), was strongly inhibited by Tyr
(FI1G. 12) similar to beet and spinach ADH (FIG. 6). On the
other hand, ADHa orthologs from betalain-producing fami-
lies, Rivina humilis (RhADHa, Rivinaceae), Mirabilis
Jjalapa (MjADHa, Nyctaginaceae), and Portulaca oleracea
(PoADHa, Portulacaceae), all shared relaxed Tyr inhibition
and retained 42% to 68% of ADH activity even at 1 mM Tyr
(FIG. 12).

[0105] To test if Tyr-insensitivity of the recombinant
ADHa enzyme is also detectable in vivo, Tyr sensitivity of
leaf ADH activity was analyzed from species containing
ADHa (i.e. spinach) and ones lacking ADHa [i.e. Arabi-
dopsis thaliana; Dianthus barbatus, Caryophyllaceae].
Spinach rather than beet was used due to its cleaner back-
ground during HPLC-based enzyme assay. As shown in
Table 4 and FIG. 13, ADH activity of Arabidopsis and
Dianthus barbatus tissues was strongly inhibited (92-95%)
by 0.5 mM of Tyr effector, whereas that of spirach was
much more resistant to Tyr inhibition (only ~21% inhibited),
consistent with the presence of SoADHa with relaxed
sensitivity to Tyr (FIG. 6).
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TABLE 4

Tyr sensitivity of ADH activity from plant tissue extracts. Total protein
extracts of spinach, Dianthus barbatus, and Arabidopsis leaf tissues
were used to analyze ADH activity in the presence and absence of 0.5 mM Tyr analog
(3-fluoro-Tyr), which were used to calculate percent inhibition. ADH activity was
measured with 1 mM arogenate substrate and 1 mM NADP* cofactor during
2 hr incubation (see FIG. 13). Data are means = s.e.m. (n = 4).

ADH activity (nmol/mg protein)

species 0 mM 3-fluoro-Tyr 0.5 mM 3-fluoro-Tyr  inhibition (%)
Spinach oleracea 66.4 = 5.0 527 =19 20.7%
Dianthus barbatus 18.1 £ 0.3 0.9 £0.2 95.0%
Arabidopsis thaliana 935 5.2 78 £0.5 91.6%

[0106] To further test if the presence of deregulated ADHo
leads to increased Tyr accumulation in betalain-producing
species, Tyr levels were quantified in young leaves of a
variety of Caryophyllales species with or without ADHo and
also in Arabidopsis thaliana as a comparison. Anthocyanin-
producing species from non-core Caryophyllales (e.g.
Nepenthes ventricosaxalata) and CaryopII;yl}llaceae e.g.
Dianthus barbatus) had Tyr levels §2.l to 8.8 nmol/g Vé
comparable to that of Arabidopsis (5.3 nmol/gFW). On the
other hand, while large variations were observed, betalain-
producing ADHa-containing species all had significantly

al., 2014). Moreover, the genome assembly of the antho-
cyanic carnation (Dianthus caryophyllus, Caryophyllaceae
subfamily Caryophylloideae that nested within subfamily
Paronychioideae, Greenberg & Donoghue, 2011; Yagi et al.,
2014) lacked ADHa ortholog and only contained ADHf
ortholog, suggesting complete gene loss of ADHa in the
subfamily Caryophylloideae iGreenberg & Donoghue,
2011). Species within the anthocyanic Caryophyllaceae,
therefore, exhibit the transition from relaxed selection to
gene loss of ADHa orthologs, which associates with the loss
of betalain pigmentation in Caryophyllaceae.

TABLE 5

RELAX analysis support the acceleration in amino acid substitution in
Caryophyllales is due to relaxed purifying selection, instead of intensified positive selection

Branch ol (purifying 2 (nearly 3 (positive
Model log L. #par. AICc Ltree set selection) neutral) selection)
Partitioned -5484.8 38 11046.5 2.23 Reference 0.0743 (100%)
MG94xREV Test 0.166 (100%)
Null -53743 41 10831.7 11.9 Reference 0.00 (83%) 0.550 (15%) 30.9 (1.4%)
Test 0.00 (83%) 0.550 (15%) 30.9 (1.4%)
Alternative -5359.6 42 10804.2 84.5 Reference  0.00598 (91%) 0.650 (7.9%) 540 (1.5%)
Test 0.0646 (91%) 0.794 (7.9%) 29.0 (1.5%)

K = 0.54. Test for selection relaxation (K < 1) was significant (p = 5.6e-8, LR = 29.48)

higher Tyr levels (from 12 to 180 nmol/gFW) than Arabi-
dopsis (I?/IG. 11C). These results demonstrate that betalain-
:%roducing species have ADHa with relaxed sensitivity to
yr inhibition and accumulate elevated levels of Tyr.
ADHa Orthologs Underwent Relaxed Selection and Gene

Loss in Lineages that have Reverted from Betalain to
Anthocyanin Pigmentation

[0107] Interestingly, when ADHa orthologs were recov-
ered from Caryophyllaceae or Molluginaceae transcriptomic
data, they were often recovered in partial sequences, indi-
cating general low abundance. Within the Caryophyllaceae,
ADHa orthologs was only detected in the subfamily Parony-
chioideae (Greenberg & Donoghue, 2011), which forms a
grade é)araphyletic to the rest of the family. To test for
relaxed selection in anthocyanic lineages we further exam-
ined a subset of ADHa orthologs with sequences either
verified by Sanger sequencing or by transcriptome read
mapping and manual inspection of read coverage. Although
no obvious acceleration of substitution was observed in
Caéyol‘?hxllaceae from nucleotide coding sequences (CDS,
FIG. 14A), there was apparent acceleration in their amino
acid se%uences (FIG. 14B). Furthermore, the dN/dS ratio in
Caryophyllaceae ADHa (0.166) was elevated compared to
the rate among betalain-producing ADHa (0.0743) under
the Partitioned MG94xREV Model, assuming homogenous
synonymous and nonsynonymous rates across sites. In addi-
tion, we found evidence of relaxed selection (as opposed to
intensification of positive selection) that contributes to the
increase in nonsynonymous rate in Caryophyllaceae under
the RELAX framework (p=5.6E-8, Table 5) (Wertheim et

Discussion

[0108] This study found that B. vulgaris has ADH but no
PDH enzymes or activity (FIG. 1B, FIGS. 3, 4). This is
similar to most plants (Connelly & Conn, 1986; Gaines et
al., 1982; Rippert & Matringe, 2002a,b) but different from
legumes that have both ADH and PDH (Rubin & Jensen,
1979; Schenck et al., 2015; 2017; Siehl, 1999). Thus, B.
vulgaris synthesizes Tyr via the ADH pathway that occurs
within the plastids (Rippert et al., 2009) (FIG. 1C). We also
found that B. vulgaris possesses two paralogous genes
encoding the ADH enzymes, namely ADHo and ADH}.
Interestingly, ADHa but not ADHf exhibited relaxed sen-
sitivity to Tyr inhibition (FIG. 6). Although recent studies
reported that the legume PDH enzymes are also Tyr insen-
sitive (Schenck et al., 2015; 2017), BvADHa and legume
PDHs have two major differences. First, legume PDHs are
localized in the cytosol (Schenck et al., 2015), whereas
BvADHa (and BvADHp) was targeted to the plastids (FIG.
1C). Second, legume PDHs completely lost Tyr sensitivity
(Schenck et al., 2015) but BvADHa was still inhibited by
Tyr at higher concentrations (FIG. 6, FIG. 7). The mainte-
nance of inhibition at higher concentration is likely neces-
sary because Phe biosynthesis is also localized within the
plastids, and thus BvADHa is directly competing for the
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arogenate substrate with Phe biosynthesis (FIG. 1A). Com-
plete loss of ADH regulation by Tyr would, therefore,
deplete Phe and essential Phe-derived compounds (e.g.,
proteins, lignin).

[0109] Other insensitive ADH/PDH enzymes have been
previously found in microorganisms (Legrand et al., 2006)
and the structural analyses of Tyr sensitive and insensitive
enzymes identified histidine 217 as a possible residue
responsible for its Tyr sensitivity (Legrand et al., 2006; Sun
et al.,, 2009). Also, phylogeny-guided structure-function
analysis revealed that converting a single active site aspar-
tate 222 residue into a non-acidic residue played a key role
in the evolution of the legume PDH enzymes and simulta-
neously introduced prephenate substrate specificity and Tyr
insensitivity (Schenck et al., 2017). However, the corre-
sponding histidine and aspartate residues are still present in
BvADHa (FIG. 15), suggesting that different mechanisms,
and as yet unidentified residues are involved in the relaxed
Tyr sensitivity of BvADHc.

[0110] Previous analyses of molecular evolution of
DODAa and CYP76AD1a, two enzymes which convert Tyr
into betalains (Christinet et al., 2004; Gandia-Herrero &
Garcia-Carmona, 2012; Hatlestad et al., 2012), revealed that
both of these genes arose through gene duplication, just prior
to the origin of betalain pigmentation in Caryophyllales
(Brockington et al., 2015). Similarly, this study found that
ADHa orthologs arose by gene duplication, prior to the
emergence of DODAa and CYP76AD1c (FIGS. 11A and
11B), intimately associated with the origin of betalain pig-
mentation. One of the duplicated copies, ADHa, underwent
neofunctionalization and became much less sensitive to Tyr
inhibition, which is the key regulatory mechanism of Tyr
biosynthesis (Maeda & Dudareva, 2012; Rippert &
Matringe, 2002a,b). ADHa enzymes with relaxed Tyr sen-
sitivity are maintained in all betalain-producing species of
Caryophyllales, at least the ones that we analyzed (FIGS. 6
and 12). Furthermore, the expression pattern of BvADHa is
distinct from that of BvVADHf and similar to those of the
betalain biosynthetic genes (DODAc and CYP76AD1)
and MYBI transcription factor (FIG. 1D), suggesting that
the alteration of ADHa. enzyme property was accompanied
by changes in its expression profile. Although similar
examples of biochemical and transcriptional changes during
the evolution of plant specialized metabolic enzymes/genes
have been reported (Kajikawa et al., 2017; Moghe & Last,
2015; Panchy et al., 2016; Weng et al., 2012; Xu et al.,
2017), here we revealed a unique example of coordinated
evolution of primary amino acid pathway (i.e. Tyr biosyn-
thesis) and its downstream specialized metabolism (i.e.
betalain biosynthesis).

[0111] In the anthocyanic Caryophyllaceae, the transition
of betalain pigmentation to anthocyanin pigmentation was
associated with down-regulation, relaxed natural selection,
and deletion of ADHa (FIGS. 11, and 14, Table 5). Similar
down-regulation and deletion of genes were also observed
during the loss of flower petals (Zhang et al., 2013) and
arbuscular mycorrhizal symbiosis (Delaux et al., 2014) in
various plant lineages. Together these lines of evidence
suggest that maintenance of the ADHa is superfluous,
following loss of betalain pigmentation. The ultimate cause
of reversion of betalain to anthocyanin pigmentation in
multiple lineages within the core Caryophyllales is currently
unknown. It may be due to a number of factors, including:
i) metabolic cost of nitrogen-containing alkaloid betalain
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pigments, ii) shift in pollinator populations that are attracted
by unique spectra (e.g. blue) of some anthocyanins, iii)
increased demand for other Phe-derived compounds (e.g.
tannins, flavonoids), or iv) simple genetic drift enabled by
the presence of still intact Phe, phenylpropanoid, core fla-
vonoid pathways in betalain-producing plants (Brockington
et al, 2011; Shimada et al., 2005; Xu et al., 2016).

[0112] A mechanism underlying the mutually exclusive
distribution of betalain and anthocyanin pigments has long
fascinated evolutionary biologists (Brockington et al, 2011;
Des Marais, 2015). Our analyses now provide one possible
explanation. The relaxation of the Tyr-mediated feedback
inhibition may direct more carbon flow towards Tyr, and
away from Phe biosynthesis (FIG. 1A), as demonstrated by
increased Tyr and decreased Phe levels upon transient
expression of ADHa (FIG. 10). This may create a surplus of
Tyr at the expense of Phe-derived products such as antho-
cyanins. Furthermore, betalain-producing, ADHa-contain-
ing core Caryophyllales species accumulated more Tyr than
plants not possessing ADHa (FIG. 11C). The involvement
of other factors such as transcriptional regulation of betalain,
anthocyanin, and Tyr/Phe pathway genes remain to be
examined (Hatlestad et al., 2015; Ambawat et al, 2013),
however our data provide a fascinating insight into the
contribution of Tyr biosynthesis regulation to the evolution
of a novel betalain pigment biosynthesis.

[0113] Prior heterologous reconstructions of specialized
metabolic pathways resulted in significant accumulations of
Tyr-derived plant natural products, such as a cyanogenic
glycoside, dhurrin, in Arabidopsis (~4% per dry weight,
Tattersall et al., 2001; Kristensen et al., 2005) and betalains
in tobacco (330 mg kg™ approaching red beet extract of 760
mg kg™', Polturak et al., 2016). In other cases, however,
DODA and CYP76ADI1 expression in Arabidopsis still
required feeding of Tyr for betalain production (Harris et al.,
2012; Sunnadeniya et al., 2016). Therefore, “pulling” a
precursor (e.g. Tyr) may not be always enough to efficiently
produce its downstream product, and “pushing” the precur-
sor supply may be also important. Indeed, in red beets,
increased Tyr levels have a strong positive correlation with
enhanced accumulation of betalains (Wang et al., 2017),
suggesting that elevated production of Tyr plays important
role in overall production of betalains. Over 100-fold
increase in Tyr accumulation observed in N. benthamiana
leaves expressing ADHa (FIG. 10) further demonstrates an
exciting opportunity to introduce Caryophyllales ADHa
enzymes into other plants and microbes, deregulate Tyr
biosynthesis, and boost the availability of Tyr and the
production of Tyr-derived products (e.g., vitamin E, isoqui-
noline alkaloids including morphine).

Additional Materials and Methods

[0114] ADH Activity from Plant Tissue Extracts

[0115] Spinach oleracea seeds (HighMowing, Wolcott,
Vt.) and pink Dianthus barbatus (BloomlQ, Lansing, Mich.)
seedlings were purchased from a nursery and were grown
together with Arabidopsis thaliana (ecotype Columbia) in
22° C., 60% humidity, and 12/12 h light cycle growth
chamber. Leaves of spinach and Arabidopsis seedlings were
harvested at 3-week-old, and Dianthus barbatus leaves were
harvested at 6-week-old. The crude extracts of Arabidopsis
or Dianthus barbatus were prepared from ~1 g leaf tissues
according to Aryal et al. (2014). For spirnach, ~10 g leaf
tissues were used to isolate the plastids according to Aryal
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et al. (2014) in order to avoid the undesired cytosolic
polyphenol oxidase activity. Crude or plastid fractions were
desalted by Sephadex G50 column to obtain protein extracts,
and protein concentration of all biological replicates were
adjusted to 0.06, 0.85, and 0.6 mg/mL for spinach, Dianthus
barbatus, and Arabidopsis extracts, respectively. Time
course ADH activity assays at 0, 1, 2, and 3 hr were
performed in the presence and absence of 500 uM Tyr
analog, 3-fluoro-Tyr, in 10 pL reaction containing 50 mM
sodium phosphate (pH 8.0), 1 mM arogenate, 1 mM
NADP™, 10 pg/mlL tetracycline (to inhibit prokaryotic-type
protein synthesis of plastids or bacterial contamination), and
0.3, 4.25, and 3 pg of spirach, Dianthus, and Arabidopsis
protein, respectively. The reaction was stopped by adding 20
L methanol containing 10 uM norvaline as an internal
standard. Respective boiled protein extracts were used as
negative controls. ADH activity was quantified by the for-
mation of tyrosine according to (Schenck et al., 2015),
except that tyrosine was detected as o-phthalaldehyde
derivative with excitation/emission wavelength of 360/455
nm by fluorescence detector, and o-phthalaldehyde deriva-
tive of the norvaline internal standard was quantified at 336
nm by DAD detector.

Analysis of Tyr Contents from Caryophyllales Tissues
[0116] Metabolite extracts of thirteen Caryophyllales spe-
cies were prepared from ~70 mg of youngest leaves, except
for flowers of a Cactaceae species to avoid succulent tissues.
All plants were grown and harvested at Botany Greenhouse
of the University of Wisconsin-Madison. Young leaf tissues
of ~4 weeks-old Arabidopsis Columbia ecotype were used
as a control. Harvested tissues were extracted by adding 400
pl extraction buffer containing methanol:chloroform (2:1,
v/v) and 100 uM 4-chlorobenzoic acid (an internal stan-
dard). After adding 300 pL. water and 125 pl chloroform, the
mixture was vigorously mixed by a vortex mixer for 5 min
and centrifuged at 20,000 g for 5 min for phase separation.
The upper polar phase of 400 ul. was transferred to a new
centrifuge tube and dried down in a benchtop speed vacuum
(Labconco, Kansas City, Mo., USA). The dried polar phase
was resuspended in 200 pulL methanol. After centrifugation at
20,000 g for 5 min, 20 pl. was injected into the Agilent 1260
HPLC equipped with Atlantis T3 C-18 column (3 pm,
2.1x150 mm, Waters, Milford, Mass.), and separated by the
following gradient of acetonitrile (B) in 0.1% formic acid
(A): 1% B for the first 5 min, followed by a linear increase
to 76% B at 10 min, an isocratic elution at 76% B until 16
min, followed by re-equilibration at 1% B. Tyr was moni-
tored with the fluorescence detector at 274 and 303 nm for
excitation and emission, respectively. The internal standard
was monitored by photodiode array detector at 270 nm.
Statistical analyses were conducted by the Statistica Analy-
sis Software (SAS) based on the “mixed” effect model
(Pinheiro, 2000) to compare between the two groups having
and not-having ADHa and using the “fixed” effect model
(Milliken, 2009) to compare individual samples against
Arabidopsis control.

Reverse Transcription PCR (RT-PCR) Analysis

[0117] RT-PCR was carried out on five biological repli-
cates for each infiltrated vector (FIG. 9B). Two technical
replicates were additionally analyzed for one sample each
for BvADHa and BvADH] infiltrations. RNA was extracted
and DNAse treated using the RNeasy Plant Mini Kit and the
RNAse-free DNAse set (Qiagen, Hilden, Germany). cDNA
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was prepared using BioScript Reverse Transcriptase (Bio-
line Reagents, London, UK) and an oligo(dT),s primer
according to the manufacturer’s recommendations. A control
with no reverse transcription was included to test the pres-
ence of genomic DNA. RT-PCR was performed on a 1:10
c¢DNA dilution with the KAPA 2G Fast DNA Polymerase kit
(KAPA Biosystems, Wilmington, Mass., USA) and an
Eppendort Mastercycler Nexus (Eppendorf, Hamburg, Ger-
many). Amplification conditions were as follow: initial step
of 1 min at 95° C. followed by 30 cycles of 10 s at 95° C.,
10 s at 60° C. and 2 s at 72° C., and a final step of 5 min at
72° C. Amplicons were visualised on 2% agarose gel elec-
trophoresis using ethidium bromide (0.1 pg/ml) and run at
120V for 20 min. The expected size for the reactions is 140,
90 and 111 bp for BvADHa, BvADHp, and tGFP, respec-
tively. Primers used are described in Table 1.

Quantitative Real-Time PCR (qRT-PCR) Analysis

[0118] For quantification of endogenous expression of
BvACTIN (internal control), BvADHa, BvADH}p,
BvDODA, BvMYB1 and BvCYP76AD1, red beet (W357B)
and sugar beet (Big Buck) plants were grown in 22° C., 60%
humidity, and 12/12 hr light cycle in a growth chamber. The
seedlings were harvested at 7-days after germination and the
tissue was divided into cotyledon and hypocotyl. RNA was
extracted (Oiiate-Sanchez and Vicente-Carbajosa, 2008) and
DNAse treated (Ambion, Austin Tex., USA) following by
c¢DNA preparation using MLV Reverse Transcriptase (Pro-
mega, Madison, Wis., USA). gqRT-PCR was performed using
the GoTaq qPCR Master Mix (Promega, Madison, Wis.,
USA), and the Stratagene Mx3000P qPCR System (Agilent
Technologies, Stratagene, La Jolla, Calif., USA). Amplifi-
cation conditions were as follow: an initial step of 1 min at
95° C. followed by 45 cycles of 15 s at 95° C., 30 s at 60°
C. and 30 s at 72° C. The gene expression of BvADH was
normalized using BVACTIN as an internal control and
analyzed by using the relative expression of the genes. The
results are shown in % expression relative to the highest
sample (FIG. 1D). Primers used in all gPCR analysis are
listed in Table 1.

Phylogenetic Analysis

[0119] Amino acids from genomes (full open reading
frame) and transcriptomes (full or partial open reading
frame) of Brockington et al. (2015) were used in this
analysis with minor modifications in species included (Table
2). The final taxon sampling in this study consisted of 95
species, with 91 ingroup species (89 transcriptomes and 2
genomes) representing 26 of the 39 families in Caryophyl-
lales (Hernandez-Ledesma et al., 2015) and four outgroup
genomes from eudicots and monocots (Table 2). Amino acid
sequences of the 11 functionally characterized ADH genes
were used as baits to search against each of the 95 species.
To maximize the sensitivity of homology searches in order
to identify short and incomplete sequences from de novo
assembled transcriptomes, we used SWIPE v2.0.11
(Rognes, 2011) with a high E-value cutoff of 10 and low
minimal bitscore cutoff of 30. Hits from all 11 query
sequences against each species were ranked from high to
low by bitscore, and the top 10 hits from each species were
pooled and used for the initial phylogenetic analysis.

[0120] The pooled top hits from each of the 95 species,
together with the 11 baits were used as the starting sequence
file (948 sequences). An initial phylogenetic analysis was
conducted using MAFFT v7.215 with “--genafpair--maxit-
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erate 1000” (Katoh & Standley, 2013). Columns with more
than 90% missing data in the resulting alignment were
trimmed using Phyutility v2.2.6 with “-clean 0.1” (Smith &
Dunn, 2008) and a phylogeny was estimated using RAXML
v8.1.5 with the model “PROTCATWAG” (Stamatakis,
2014). After visually examining the alignment and tree, tips
with branch lengths that were outliers were removed (any
terminal branches that had on average more than two
substitutions for each amino acid site; or more than ten times
longer than its sister group and on average had more than
one substitution per site; Yang and Smith, 2014). Monophy-
letic or paraphyletic tips that belonged to the same species
from transcriptome data most often resulted from isoforms
produced during de novo assembly. These were masked,
leaving only the tip with the highest number of aligned
characters (Yang and Smith, 2014). Internal branches with
molecular branch lengths longer than 1 were likely due to
distantly related paralogs or assembly artifacts and were
pruned. A large number of distantly related genes, isoforms,
and assembly errors were removed during the tip trimming
and long branch removing process, with 251 sequences left.
A new fasta file was written from remaining tips, and this
alignment, tree building, and tree trimming procedure was
repeated once, with 229 sequences left. Following the
homology search and filtering, we extracted the Caryophyl-
lales ADH gene lineage rooted by outgroup genomes (Yang
and Smith, 2014). While visually examining alignment and
tree we found the sequence Cham@c36044_gl_i2_242
1480_minus that belonged to Chenopodium giganteum, but
were placed in between ADHa and ADHp, outside of
Chenopodiaceae. Further examination of the alignment
showed that the half of the sequence was closely related to
ADHo, and the other half closely related to ADH]f.
Although this can be real, it is most likely an assembly error
and was removed from the analysis. Indeed, Chenopodium
giganteum had additional, correctly assembled ADHa and
ADHPp copies nested in respective Chenopodiaceae clades.
Therefore this putative chimeric sequence was removed.
[0121] Remaining sequences belonged to the Caryophyl-
lales ADH lineage were aligned with MAFFT with “--genat-
pair --maxiterate 1000” and trimmed by Phyutility with
“-clean 0.3”. An alternative alignment was constructed with
PRANK v140603 using default settings (L.oytynoja & Gold-
man, 2008; 2010), poorly aligned sequences were manually
removed, and trimmed by Phyutility with “-clean 0.1”. We
used two alternative alignment methods because MAFFT
tends to force regions to align even when they are highly
divergent whereas PRANK tends to introduce lots of gaps in
highly divergent regions. On the other hand, PRANK is an
iterative alignment, tree building, and refinement pipeline
that we run five iterations before obtaining the final align-
ment. For both trimmed alignments, a phylogenetic tree was
constructed using RAXML with “-m PROTCATAUTO” and
200 rapid bootstrap replicates to evaluate support. Given
that the resulting tree topologies and support values using
both alignments were very similar we are presenting the
results from MAFFT. The code used in the phylogenetic
analysis is available from https://bitbucket.org/yangya/adh_
2016.

Testing for Relaxed Section in Caryophyllaceae

[0122] To test for shift in selection pressure in ADHa
associated with loss of betalain, we carried out selection
analysis on a reduced data set that included representative
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sequences across ADHa that were either verified by Sanger
sequencing or by mapping reads back to the de novo
assembled contigs and carefully examining read coverages
visually.

[0123] Within the family Caryophyllaceae, ADHa expres-
sion was detected in the transcriptome of only the subfamily
Paronychioideae. Those ADHa. transcripts from Corrigiola
litoralis and Telephium imperati were both confirmed by
PCR and Sanger sequencing. Two Spergularia media frag-
ments from transcriptome assembly were both belonged to
ADHo and are non-overlapping in the alignment. These two
fragments could be from two loci or from a single locus. To
distinguish between these two scenarios, we first extended
the two fragments separately using Assembly by Reduced
Complexity (Hunter et al., 2015, ARC v.1.1.3) with maxi-
mum 10 cycles, Bowtie 2 v2.2.8 (Langmead & Salzberg,
2012) for read mapping and Newbler v2.9 (454 Life Sci-
ences, downloaded Mar. 17, 2015) for assembly. After
extending the original assembly and aligning it with other
ADHa sequences, the two extended fragments were still 22
base pairs apart. To evaluate whether these two fragments
were supported by raw reads we concatenated the two
fragments by fixing the direction and adding 22 Ns to the
middle, and mapped raw reads to the concatenated reference
using Bowtic 2 with the setting “--phred64 --very-fast-
local”. The 22 bp gap was highly supported by read pairs and
the joined read were kept for subsequent dN/dS analysis. We
carried out the same procedure for Polycarpaea repens but
were unable to join the reads nor confirm they are paralogs
due to low read coverage and a longer gap between the two
fragments. Therefore, the two fragments were kept in the
alignments for phylogenetic analysis but were removed for
dN/dS analysis.

[0124] To obtain ADHa sequences from additional spe-
cies of Caryophyllaceae, primers were designed to the
conserved portion of the Spergularia media contig, and were
used to amplify ADHa sequences from the closely related
Spergularia marina. Inverse PCR was used to obtain ADHa
sequences from Spergularia marina, Paronychia polygoni-
folia and Herniaria latifolia. For inverse PCR, genomic
DNA was digested with restriction enzymes EcoRI and
Mtel, and fragments were circularised with T4 ligase (Bio-
labs, New England). Nested primers were used to amplify
the fragment containing the ADHa ortholog. Amplified
products were sanger sequenced to acquire the 5' and 3'
terminals of the locus. In summary, a total of six well-
supported ADHa sequences were then taken forward for the
dN/dS selection analyses.

[0125] Our final alignment for selection analysis included
eight ADHa sequences in Caryophyllaceae and six addi-
tional sequences from representative betalain-producing
species across rest of the ADHa lineage. We first trimmed
the alignment to remove signal peptide and poorly aligned
ends, leaving the region from BvADHa amino acid no. 79
to 354 that covered the enzyme active domain. We then
carried out phylogenetic analyses for both alignments in
RAxML, with the model “GTRCAT” for the codon align-
ment and “PROTCATAUTO” for the amino acids align-
ment, and 200 rapid bootstrap replicates to evaluate node
support (FIG. 14A, 14B). To quantify the rate shift, we
carried out RELAX analysis (Wertheim et al., 2014) as
implemented in the online portal Datamonkey (Kosakovsky
Pond & Frost, 2005, accessed Mar. 19, 2016), using the
trimmed CDS matrix with Polycarpaea repens removed.
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RELAX has the advantage of distinguishing between
increased positive selection vs. reduced purifying selection,
both of which would result in accelerated average dN/dS
values. We designated all crown branches in Caryophyl-
laceae as the testing branches and the rest branches as the
background. We fitted the partitioned MG94xREV model
that assumes all sites having unified dN and dS value,
allowing the rate to vary between the test and background
branches. We also fitted the RELAX model that takes site
heterogeneity into account. The RELAX null model
assumes all background and test branches share the same
rate in each rate category, whereas the RELAX alternative
model allows substitution rate to vary between the test and
background branches in each rate category, and sites can
move among rate categories.

Example 2: Overexpression of BvADHa but not
BvADH( Leads to High Accumulation of Tyrosine
in Arabidopsis thaliana

[0126] Beta vulgaris accumulates high amounts of endog-
enous tyrosine as well as its derived metabolites betalains
due to the presence of the tyrosine-insensitive BvADHa
enzyme. To further test if the lack of BvVADHa feedback
regulation is a critical factor for high tyrosine accumulation
in plant tissues, BVADHa, BvADHf, and Arabidopsis
ADH2 (AtADH2) were individually overexpressed by the
35S promoter of the cauliflower mosaic virus (CaMV) in 4.
thaliana Col-0 background. The empty vector containing no
gene was also introduced as a negative control. Gas chro-
matography-mass spectrometry (GC-MS) based metabolite
analysis showed that overexpression of BvADHa but not
BvADHS or AtADH2 leads to much higher accumulation of
tyrosine than the empty vector control (nearly 50-fold
increase, FIG. 16). In addition, BVADHa expression
resulted in a slightly reduction of an aromatic amino acid
phenylalanine and drastic increase in homogentisate, the
downstream product of tyrosine and precursor of tocopher-
ols (vitamin E). No differences were observed for most
amino acids, including alanine. These results provide proot-
of-concept demonstration that the production of tyrosine can
be substantially enhanced by the expression of a tyrosine-
insensitive ADH enzyme (i.e. BvADHa) in plant tissues. In
addition, the observed increase of homogentisate as a con-
sequence of high levels of tyrosine suggests that Tyr avail-
ability is a limit-step for the production of Tyr-derived
secondary metabolites in plants such as tocopherols or
betalains.

Material and Methods

[0127] Cloning of BvADHa, BvADHp and AtADH2
c¢DNAs into Overexpression Binary Vector

[0128] Total RNA isolated from Beta vulgaris and Arabi-
dopsis thaliana leaf tissues were used to synthesize cDNA
using random primers and the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Specific oligo-
nucleotides to amplify each of the desired cDNAs were
designed using In-Fusion® Primer design tool (Clontech).
PCR fragments were obtained using Phusion High-Fidelity
DNA polymerase and cloned into the binary vector DF_264
vector, downstream of the 35S CaMV promoter, using the
In-Fusion® HD cloning kit. Plasmid was linearized with the
restriction enzymes Xbal and BamHI (FastDigest, Thermo
Scientific) and the enzymes sites were preserved after clon-
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ing. Xbal site is upstream of ATG start codon and BamHI is
downstream of TAA stop codon. All reactions were per-
formed accordingly with the instructions of the manufacter.
In-Fusion cloning reactions were transformed into E. coli
Stellar™ Competent cells (Clontech) and positive colonies
were selected on LB agar plates containing 50 pg/ml
Spectinomycin. Antibiotic resistance colonies were con-
firmed for the presence of the cDNA insert by colony PCR
and submitted to plasmid isolation. cDNA inserts were
checked for possible point mutations by SANGER sequenc-
ing the obtained plasmids using primers annealing at the 35S
CaMV promoter and NOS terminator. Confirmed vectors
were transformed into Agrobacterium tumefaciens GV3101
by freeze-thaw method.

Arabidopsis Transformation and Transgenic Selection.

[0129] Flowering A. thaliana Col-0, 5-6 weeks old, were
used to plant transformation by floral dip (Bent A (2006)
Arabidopsis thaliana floral dip transformation method.
Methods Mol Biol. 343: 87-103). Briefly, flower buds were
submerged into Agrobacterium GV3101 solution. The
excess of solution was removed using absorbent paper.
Plants were transfer to a close container to preserve humid-
ity and kept in a dark environment for 16 hours after
transformation. After this period of time, plants were accli-
mated back to the growth chamber. The transformation
process was repeated after 5 days of the first transformation
and plants were kept in the growth chamber until harvesting.
T, seeds were chlorine sterilized and germinated on %2 Force
Murashige and Skoog (MS) agar plates supplemented with
1% Sucrose and 100 ng/mL of Gentamycin. 10 positive T,
seedlings for each construct were transferred to soil and
seeds were harvested for each individual plant. Transgenic
lines were then checked for the number of insertions based
on the segregation ratio of antibiotic resistant T, seedlings.
Single-insertion homozygous T, lines were then germinated
on soil and 4-weeks old plants were analyzed for Tyr and
other organic acids contents by gas chromatography-mass
spectrometry analysis (GC-MS).

GC-MS Analysis

[0130] Four-week old Arabidopsis plants overexpressing
BvADHa, BvADHp, AtADH2 or empty vector were sub-
mitted to GC-MS analysis. Briefly, approximately 30 mg of
fresh leaf tissue was excised from at least 3 plants of each
transgenic line to compound one biological replicate. Tissue
sample was transferred to a 1.5 mL microcentrifuge tube and
400 pL of solvent extraction solution [Methanol: Chloroform
(2:1) with 100 uM norvaline]. Three 3 mm glass beads were
added to each tube and samples were submitted to
GenoGrindr (1500 strokes/min) for 5 min. After a brief spin
300 uL. of water, followed by 125 ul. of Chloroform were
added to each sample. Samples were vortex on high for 30
seconds and centrifuged at 21000xg for 5 minutes to achieve
phase separation. The aqueous phase was carefully trans-
ferred to a new 1.5 mL tube and transfer to speedvac system
at room temperature until completely dry. After dry, the
polar phase compounds were resuspended in 210 pl. of
methanol containing 100 uM 4-chlorobenzoic acid. Samples
were sonicated for 10 min and insoluble remaining debris
was removed by centrifugation at 21000xg for 5 min. at
room temperature. 100 pl. of supernatant was transferred
into a glass vial and the methanol was dry out in the speed
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vac. After dry, the inserts were transferred to a glass vial and
the pellets were ressuspended in 40 ul. pyridine. Samples
were submitted to sonication for 10 min and 40 pl of
N-methyl-N-(tert-butyldimethylsilyl)  trifluoroacetamide
with 1% tertbutyldimetheylchlorosilane (MTBSTFA+1%
t-BDMCS) was added to each sample. Samples were incu-
bated at 80° C. for 1 hour and transferred to analysis on
GC-MS. The GC-MS was stablished as Hold at 70° C. for
2 min, increased to 250° C. by 5° C. per min., then hold at
300° C. for 10 min. Amino acid standard (Sigma, #AAS18)
was used to stablish the standard curve of each amino acid.
Peak areas were normalized by the internal standard norva-
line and by fresh tissue weight (g).

Example 3—In Planta Expression of Tyr-Insensitive
BvADHa Leads to Enhanced Accumulation of Tyr
in Arabidopsis

[0131] BvADHa was heterologously expressed in Arabi-
dopsis, which only has Tyr-inhibited ADH enzymes (Rippert
and Matringe, 2002a; Rippert and Matringe, 2002b; Schenck
et al., 2015). Overexpression of BvVADHa, but not Tyr-
inhibited BvVADHf or AtADH2, resulted in elevated Tyr
accumulation by up to 60-fold compared to empty vector
controls in T, single insertion homozygous lines (FIG. 17).
Also, the BvADHa lines reduced levels of Phe. Thus,
expression of de-regulated BvVADHa can increase the car-
bon flow through the shikimate pathway and direct away
from Phe biosynthesis to drastically enhance availability of
Tyr.

Example 4—Heterologous Expression of
Tyr-Insensitive BvADHa. Leads to
Hyper-Accumulation of Tyr in Glycine max
(Soybean)

[0132] BvADHa or BVADHf was also heterologously
expressed in Glycine max (soybean), which has both Tyr-
inhibited ADH and Tyr-insensitive PDH enzymes (Schenck
etal., 2015). When Tyr levels were analyzed in the leaves of
antibiotic resisitant T, transgenic lines, nine out of twelve
BvADHa overexpression lines showed nearly 1,000 fold
increase in Tyr relative to empty vector control (FIG. 18).
All of BvADH] transgenic lines showed basal levels of Tyr
similar to empty vector controls. Three BvADHa lines with
low Tyr were likely unsuccessful transformants.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 94
<210>
<211>
<212>
<213>
<220>
<221>
<222>
<223>

SEQ ID NO 1

LENGTH: 398

TYPE: PRT

ORGANISM: Beta vulgaris

FEATURE:

NAME/KEY: misc_feature

LOCATION: (1)..(398)

OTHER INFORMATION: BvADH-alpha Big Buck sugar

<400> SEQUENCE: 1

Phe Ser Ser Thr Thr

10

Met Ile Ser Leu Ser His Pro

1 5

Ser

Thr Ala Ala Thr Ala Thr Thr His Pro Pro Gln Gln Cys

His
45

Ser Leu Pro Leu

40

Pro Pro Ser His Leu

35

Ser Ser Arg

Val Val Ala

60

Leu Ser Ser

50

Arg Cys Gly

55

Gly Gly Gly

Phe
65

Ala
70

Ala Thr Val Ser Asn

75

Asn Arg Asp Ser Arg Asp

Val Val Ile

90

Ser Lys Arg Asp Leu Ala Ile Ile

85

Lys Lys

Phe Gln

100

Phe Ala Thr

105

Gly Leu Lys Met Ala Lys Gln

Val Leu Ala

115

Ala Ala
125

Tyr Ser Arg Ser Asp Ser

120

Tyr Arg

Val
130

Gly Glu Tyr Phe Thr Asp Ala Leu Glu

135

Asp Asp Cys

140

Glu
145

Val Ile Thr Ile Ser Thr Glu

155

Leu Leu Cys Ser Leu

150

Leu His Leu Ser Thr Leu

165

Arg Ser Leu Pro Arg Arg Arg

170
Val Val
180

Leu Ser Lys Glu Phe Pro Arg Ser Leu Phe Leu

185

Phe Ile Thr Met Phe

205

Pro Lys Asp Leu His Pro

195

Asp Cys

200

beet variety

Ala Thr Ala

15

Pro Ala Phe

Pro Arg Gln

Glu Ser Val

His Leu Asp

Phe
95

Gly Gly

Gly His

110

Arg

Lys Glu Ile

Glu His Pro

Val Leu

160

Lys

Phe Ala

175

Asp

Gln
190

Leu Leu

Gly Pro Asp
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-continued

Ser Gly Lys Asp Gly Trp Gly Gly Leu Pro Phe Val Phe Asp Lys Val
210 215 220

Arg Val Gly Ser Asp Gln Ser Arg Thr Ser Arg Ala Glu Ala Phe Leu
225 230 235 240

Asp Val Phe Arg Asn Ala Gly Cys Arg Met Val Glu Met Ser Cys Val
245 250 255

Asp His Asp Lys His Ala Ala Gly Ser Gln Phe Ile Thr His Met Met
260 265 270

Gly Arg Val Leu Glu Lys Leu Ala Leu Glu Asn Thr Pro Ile Asn Thr
275 280 285

Lys Gly Tyr Glu Ser Leu Leu Asn Leu Val Asp Asn Thr Ala Arg Asp
290 295 300

Ser Phe Glu Leu Phe Tyr Gly Leu Phe Leu Tyr Asn Lys Asn Ala Met
305 310 315 320

Glu Gln Leu Asp Arg Met Asp Trp Ala Phe Glu Met Val Lys Lys Gln
325 330 335

Leu Ser Gly Tyr Leu His Asp Leu Val Arg Lys Gln Leu Met Leu Glu
340 345 350

Gly Asn Asn Asp Gln Ala Glu Val Thr Phe Asp Lys Pro Leu Met Leu
355 360 365

Pro Ser Pro Thr Ile Asn Pro Pro Gln Ile Val Pro Ser Ala Asp Met
370 375 380

Ala Glu Lys Lys His Asp Leu Val Val Val Asn Gly Thr Arg
385 390 395

<210> SEQ ID NO 2

<211> LENGTH: 398

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(398)

<223> OTHER INFORMATION: BvADH-alpha W357B red beet variety

<400> SEQUENCE: 2

Met Ile Ser Leu Ser Ser Phe His Pro Ser Ser Thr Thr Ala Thr Ala
1 5 10 15

Thr Ala Ala Ala Ala Thr Thr His Pro Pro Gln Gln Cys Pro Ala Phe
20 25 30

Ser Ser Pro Pro Ser His Leu Ser Leu Pro Leu Arg His Pro Arg Gln
35 40 45

His Leu Val Val Arg Cys Gly Gly Gly Gly Ser Ala Ser Glu Ser Val
50 55 60

Phe Asn Arg Asp Ser Ala Ala Thr Arg Val Ser Asn Asp His Leu Asp
65 70 75 80

Val Ser Lys Arg Asp Val Lys Leu Lys Ile Ala Ile Ile Gly Phe Gly
85 90 95

Asn Phe Gly Gln Phe Leu Ala Lys Thr Met Ala Lys Gln Gly His Arg
100 105 110

Val Leu Ala Tyr Ser Arg Ser Asp Tyr Ser Arg Ala Ala Lys Glu Ile
115 120 125

Gly Val Glu Tyr Phe Thr Asp Ala Asp Asp Leu Cys Glu Glu His Pro
130 135 140
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-continued

Glu Val Ile Leu Leu Cys Thr Ser Ile Leu Ser Thr Glu Lys Val Leu
145 150 155 160

Arg Ser Leu Pro Leu His Arg Leu Arg Arg Ser Thr Leu Phe Ala Asp
165 170 175

Val Leu Ser Val Lys Glu Phe Pro Arg Ser Leu Phe Leu Gln Leu Leu
180 185 190

Pro Lys Asp Phe Asp Ile Leu Cys Thr His Pro Met Phe Gly Pro Asp
195 200 205

Ser Gly Lys Asp Gly Trp Gly Gly Leu Pro Phe Val Phe Asp Lys Val
210 215 220

Arg Val Gly Ser Asp Gln Ser Arg Thr Ser Arg Ala Glu Ala Phe Leu
225 230 235 240

Asp Val Phe Arg Asn Ala Gly Cys Arg Met Val Glu Met Ser Cys Val
245 250 255

Asp His Asp Lys His Ala Ala Gly Ser Gln Phe Ile Thr His Met Met
260 265 270

Gly Arg Val Leu Glu Lys Leu Ala Leu Glu Asn Thr Pro Ile Asn Thr
275 280 285

Lys Gly Tyr Glu Ser Leu Leu Asn Leu Val Asp Asn Thr Ala Arg Asp
290 295 300

Ser Phe Glu Leu Phe Tyr Gly Leu Phe Leu Tyr Asn Lys Asn Ala Met
305 310 315 320

Glu Gln Leu Asp Arg Met Asp Trp Ala Phe Glu Met Val Lys Lys Gln
325 330 335

Leu Ser Gly Tyr Leu His Asp Leu Val Arg Lys Gln Leu Met Leu Glu
340 345 350

Gly Asn Asn Asp Gln Ala Glu Val Thr Phe Asp Lys Pro Leu Met Leu
355 360 365

Pro Ser Pro Thr Ile Asn Pro Pro Gln Ile Val Pro Ser Ala Asp Met
370 375 380

Ala Glu Lys Lys His Asp Leu Val Val Val Asn Gly Thr Arg
385 390 395

<210> SEQ ID NO 3

<211> LENGTH: 398

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(398)

<223> OTHER INFORMATION: BvADH-alpha Blankoma white beet variety

<400> SEQUENCE: 3

Met Ile Ser Leu Ser Ser Phe His Pro Ser Ser Thr Thr Ala Thr Ala
1 5 10 15

Thr Ala Ala Ala Ala Thr Thr His Pro Pro Gln Gln Cys Pro Ala Phe
20 25 30

Ser Ser Pro Pro Ser His Leu Ser Leu Pro Leu Arg His Pro Arg Gln
35 40 45

His Leu Val Val Arg Cys Gly Gly Gly Gly Ser Ala Ser Glu Ser Val
50 55 60

Phe Asn Arg Asp Ser Ala Ala Thr Arg Val Ser Asn Asp His Leu Asp
65 70 75 80

Val Ser Lys Arg Asp Val Lys Leu Lys Ile Ala Ile Ile Gly Phe Gly
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-continued

85 90 95

Asn Phe Gly Gln Phe Leu Ala Lys Thr Met Ala Lys Gln Gly His Arg
100 105 110

Val Leu Ala Tyr Ser Arg Ser Asp Tyr Ser Arg Ala Ala Lys Glu Ile
115 120 125

Gly Val Glu Tyr Phe Thr Asp Ala Asp Asp Leu Cys Glu Glu His Pro
130 135 140

Glu Val Ile Leu Leu Cys Thr Ser Ile Leu Ser Thr Glu Lys Val Leu
145 150 155 160

Arg Ser Leu Pro Leu His Arg Leu Arg Arg Ser Thr Leu Phe Ala Asp
165 170 175

Val Leu Ser Val Lys Glu Phe Pro Arg Ser Leu Phe Leu Gln Leu Leu
180 185 190

Pro Lys Asp Phe Asp Ile Leu Cys Thr His Pro Met Phe Gly Pro Asp
195 200 205

Ser Gly Lys Asp Gly Trp Gly Gly Leu Pro Phe Val Phe Asp Lys Val
210 215 220

Arg Val Gly Ser Asp Gln Ser Arg Thr Ser Arg Ala Glu Ala Phe Leu
225 230 235 240

Asp Val Phe Arg Asn Ala Gly Cys Arg Met Val Glu Met Ser Cys Val
245 250 255

Asp His Asp Lys His Ala Ala Gly Ser Gln Phe Ile Thr His Met Met
260 265 270

Gly Arg Val Leu Glu Lys Leu Ala Leu Glu Asn Thr Pro Ile Asn Thr
275 280 285

Lys Gly Tyr Glu Ser Leu Leu Asn Leu Val Asp Asn Thr Ala Arg Asp
290 295 300

Ser Phe Glu Leu Phe Tyr Gly Leu Phe Leu Tyr Asn Lys Asn Ala Met
305 310 315 320

Glu Gln Leu Asp Arg Met Asp Trp Ala Phe Glu Met Val Lys Lys Gln
325 330 335

Leu Ser Gly Tyr Leu His Asp Leu Val Arg Lys Gln Leu Met Leu Glu
340 345 350

Gly Asn Asn Asp Gln Ala Glu Val Thr Phe Asp Lys Pro Leu Met Leu
355 360 365

Pro Ser Pro Thr Ile Asn Pro Pro Gln Ile Val Pro Ser Ala Asp Met
370 375 380

Ala Glu Lys Lys His Asp Leu Val Val Val Asn Gly Thr Arg
385 390 395

<210> SEQ ID NO 4

<211> LENGTH: 398

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(398)

<223> OTHER INFORMATION: BvADH-alpha Touch Stone yellow beet variety

<400> SEQUENCE: 4

Met Ile Ser Leu Ser Ser Phe His Pro Ser Ser Thr Thr Ala Thr Ala
1 5 10 15

Thr Ala Ala Ala Ala Thr Thr His Pro Pro Gln Gln Cys Pro Ala Phe
20 25 30
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-continued

Ser Ser Pro Pro Ser His Leu Ser Leu Pro Leu Arg His Pro Arg Gln
35 40 45

His Leu Val Val Arg Cys Gly Gly Gly Gly Ser Ala Ser Glu Ser Val
50 55 60

Phe Asn Arg Asp Ser Ala Ala Thr Arg Val Ser Asn Asp His Leu Asp
65 70 75 80

Val Ser Lys Arg Asp Val Lys Leu Lys Ile Ala Ile Ile Gly Phe Gly

Asn Phe Gly Gln Phe Leu Ala Lys Thr Met Ala Lys Gln Gly His Arg
100 105 110

Val Leu Ala Tyr Ser Arg Ser Asp Tyr Ser Arg Ala Ala Lys Glu Ile
115 120 125

Gly Val Glu Tyr Phe Thr Asp Ala Asp Asp Leu Cys Glu Glu His Pro
130 135 140

Glu Val Ile Leu Leu Cys Thr Ser Ile Leu Ser Thr Glu Lys Val Leu
145 150 155 160

Arg Ser Leu Pro Leu His Arg Leu Arg Arg Ser Thr Leu Phe Ala Asp
165 170 175

Val Leu Ser Val Lys Glu Phe Pro Arg Ser Leu Phe Leu Gln Leu Leu
180 185 190

Pro Lys Asp Phe Asp Ile Leu Cys Thr His Pro Met Phe Gly Pro Asp
195 200 205

Ser Gly Lys Asp Gly Trp Gly Gly Leu Pro Phe Val Phe Asp Lys Val
210 215 220

Arg Val Gly Ser Asp Gln Ser Arg Thr Ser Arg Ala Glu Ala Phe Leu
225 230 235 240

Asp Val Phe Arg Asn Ala Gly Cys Arg Met Val Glu Met Ser Cys Val
245 250 255

Asp His Asp Lys His Ala Ala Gly Ser Gln Phe Ile Thr His Met Met
260 265 270

Gly Arg Val Leu Glu Lys Leu Ala Leu Glu Asn Thr Pro Ile Asn Thr
275 280 285

Lys Gly Tyr Glu Ser Leu Leu Asn Leu Val Asp Asn Thr Ala Arg Asp
290 295 300

Ser Phe Glu Leu Phe Tyr Gly Leu Phe Leu Tyr Asn Lys Asn Ala Met
305 310 315 320

Glu Gln Leu Asp Arg Met Asp Trp Ala Phe Glu Met Val Lys Lys Gln
325 330 335

Leu Ser Gly Tyr Leu His Asp Leu Val Arg Lys Gln Leu Met Leu Glu
340 345 350

Gly Asn Asn Asp Gln Ala Glu Val Thr Phe Asp Lys Pro Leu Met Leu
355 360 365

Pro Ser Pro Thr Ile Asn Pro Pro Gln Ile Val Pro Ser Ala Asp Met
370 375 380

Ala Glu Lys Lys His Asp Leu Val Val Val Asn Gly Thr Arg
385 390 395

<210> SEQ ID NO 5

<211> LENGTH: 407

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris
<220> FEATURE:
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<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(407)

<223> OTHER INFORMATION: BvADH-alpha Sea beet PI562585 variety
<400> SEQUENCE: 5

Met Ile Ser Leu Ser Ser Phe His Pro Ser Ser Thr Thr Ala Thr Ala
1 5 10 15

Thr Ala Ala Thr Ala Thr Ala Thr Ala Ala Thr Ala Thr Ala Thr Thr
20 25 30

His Pro Pro Gln Gln Cys Pro Ala Phe Ser Ser Pro Pro Ser His Leu
35 40 45

Ser Leu Pro Leu Arg His Pro Arg Gln His Leu Val Val Arg Cys Gly
50 55 60

Gly Gly Gly Ser Ala Ser Glu Ser Val Phe Asn Arg Asp Ser Ala Ala
65 70 75 80

Thr Arg Val Ser Asn Asp His Leu Asp Val Ser Lys Arg Asp Val Lys
85 90 95

Leu Lys Ile Ala Ile Ile Gly Phe Gly Asn Phe Gly Gln Phe Leu Ala
100 105 110

Lys Thr Met Ala Lys Gln Gly His Arg Val Leu Ala Tyr Ser Arg Ser
115 120 125

Asp Tyr Ser Arg Ala Ala Lys Glu Ile Gly Val Glu Tyr Phe Thr Asp
130 135 140

Ala Asp Asp Leu Cys Glu Glu His Pro Glu Val Ile Leu Leu Cys Thr
145 150 155 160

Ser Ile Leu Ser Thr Glu Lys Val Leu Arg Ser Leu Pro Leu His Arg
165 170 175

Leu Arg Arg Ser Thr Leu Phe Ala Asp Val Leu Ser Val Lys Glu Phe
180 185 190

Pro Arg Ser Leu Phe Leu Gln Leu Leu Pro Lys Asp Phe Asp Ile Leu
195 200 205

Cys Thr His Pro Met Phe Gly Pro Asp Ser Gly Lys Asp Gly Trp Gly
210 215 220

Gly Leu Pro Phe Val Phe Asp Lys Val Arg Val Gly Ser Asp Gln Ser
225 230 235 240

Arg Thr Ser Arg Ala Glu Ala Phe Leu Asp Val Phe Arg Asn Ala Gly
245 250 255

Cys Arg Met Val Glu Met Ser Cys Val Asp His Asp Lys His Ala Ala
260 265 270

Gly Ser Gln Phe Ile Thr His Met Met Gly Arg Val Leu Glu Lys Leu
275 280 285

Ala Leu Glu Asn Thr Pro Ile Asn Thr Lys Gly Tyr Glu Ser Leu Leu
290 295 300

Asn Leu Val Asp Asn Thr Ala Arg Asp Ser Phe Glu Leu Phe Tyr Gly
305 310 315 320

Leu Phe Leu Tyr Asn Lys Asn Ala Met Glu Gln Leu Asp Arg Met Asp
325 330 335

Trp Ala Phe Glu Met Val Lys Lys Gln Leu Ser Gly Tyr Leu His Asp
340 345 350

Leu Val Arg Lys Gln Leu Met Leu Glu Gly Asn Asn Asp Gln Ala Glu
355 360 365

Val Thr Phe Asp Lys Pro Leu Met Leu Pro Ser Pro Thr Ile Asn Pro
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370

375

380

Pro Gln Ile Val Pro Ser Ala Asp Met Ala Glu Lys Lys His Asp Leu

385

390

Val Val Val Asn Gly Thr Arg

<210>
<211>

<212> TYPE:

PRT

405

SEQ ID NO 6

LENGTH: 346

<213> ORGANISM: Spinacea oleracea
<220> FEATURE:

<221> NAME/KEY: misc_feature
<222> LOCATION: (1)..(346)

<223> OTHER INFORMATION:

<400> SEQUENCE:

Ile

Leu

Arg

Ser

Cys

Glu

Ile

145

Trp

Pro

Ala

Ala

Lys

225

Leu

Tyr

Met

Ala Ala

Ser Thr

Lys Leu
35

Ala Lys
50

Ser Asp

Asp Ala

Thr Ser

Arg Leu
115

Phe Pro
130

Leu Cys

Gly Gly

Thr Arg

Gly Cys
195

Ala Gly
210

Leu Ala

Leu Asn

Gly Leu

Asp Trp

275

Asp Leu
290

Ser

Arg

20

Lys

Thr

Tyr

Asp

Ile

100

Arg

Arg

Thr

Leu

Ala

180

Arg

Ser

Leu

Leu

Phe
260

Ala

Val

6

Asp

5

Ala

Ile

Ile

Ser

Asp

85

Leu

Arg

Ser

His

Pro

165

Ala

Met

Gln

Glu

Val

245

Leu

Phe

Arg

Ser

Ser

Ala

Thr

Arg

Leu

Ser

Ser

Leu

Pro

150

Phe

Arg

Val

Phe

Asn

230

Asp

Tyr

Glu

Lys

SoADH-alpha

Val Phe

Gly Glu

Ile Ile
40

Lys Gln
55

Ala Ala

Cys Glu

Thr Glu

Thr Leu
120

Phe Leu
135

Met Phe

Val Phe

Thr Glu

Glu Met
200

Ile Thr
215

Thr Pro

Asn Thr

Asn Lys

Met Val

280

Gln Leu
295

Asn

Val

25

Gly

Gly

Lys

Glu

Lys

105

Phe

Gln

Gly

Asp

Ala

185

Thr

His

Ile

Ala

Asn
265

Lys

Met

His

Pro

Phe

His

Glu

His

90

Val

Val

Val

Pro

Lys

170

Phe

Cys

Met

Asn

Arg

250

Ala

Lys

Leu

395

Asp

Glu

Gly

Arg

Ile

Pro

Leu

Asp

Leu

Asp

155

Val

Leu

Ala

Met

Thr

235

Asp

Met

Gln

Glu

Ile Gly

Val Asn

Asn Phe
45

Val Leu
60

Gly Val

Glu Val

Arg Ser

Val Leu
125

Pro Lys
140

Ser Gly

Arg Val

Asp Ile

Asp His
205

Gly Arg
220

Lys Gly

Ser Phe

Glu Gln

Leu Ser

285

Thr Thr
300

Val

Ser

30

Gly

Ala

Glu

Ile

Leu

110

Ser

Asp

Lys

Gly

Tyr

190

Asp

Val

Tyr

Glu

Leu
270

Gly

Asn

Pro

15

Arg

Gln

Tyr

Tyr

Leu

95

Pro

Val

Phe

Ser

Ser

175

Arg

Lys

Leu

Glu

Leu

255

Asp

Tyr

Glu

400

Phe

Asp

Phe

Ser

Phe

80

Leu

Leu

Lys

Asp

Gly

160

Asp

Asn

His

Glu

Ser

240

Phe

Arg

Leu

Gln
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Val Gly Phe Asp Gln Thr Phe Met Leu Pro Ser Pro Ala Asp Asn Pro
305 310 315 320

Arg Gln Thr Pro Pro Ser Ala Ala Val Ser Glu Asn Ser Lys Pro Asp
325 330 335

Phe Val Val Val Asn Gly Asn Asn Ser Arg
340 345

<210> SEQ ID NO 7

<211> LENGTH: 396

<212> TYPE: PRT

<213> ORGANISM: Spergularia marina

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(396)

<223> OTHER INFORMATION: Spergularia marina ADH-alpha

<400> SEQUENCE: 7

Met Met Asn Ser Ile Ser Phe Val Asn Ser Ser Ser Thr Thr Thr Ala
1 5 10 15

Asp Ile Ile Tyr Leu Asn His Gln Phe Ser Arg His Lys Cys Phe Ser
20 25 30

Arg Leu Pro Arg Asp Ala Thr Pro Arg Asp Arg Arg Lys Ile Ser Leu
35 40 45

Ala Arg Ala Ile Asn Gly Ser Pro Thr Cys Ser His Val Glu Ile Asp
Gln Thr Leu Val Ser Ser Ser Gln Ala Thr Thr Arg Ala Cys Ser Asn
65 70 75 80

Glu Gln Lys Lys Leu Lys Ile Ala Val Val Gly Phe Gly Asn Phe Gly
85 90 95

Gln Phe Leu Ala Arg Glu Met Val Lys Gln Gly His Gln Val Leu Ala
100 105 110

Tyr Ser Arg Ser Asp Tyr Ser Lys Val Ala Lys Glu Ile Gly Val Gln
115 120 125

Phe Phe Arg Asp Pro Asp Asp Leu Cys Glu Glu His Pro Gln Val Val
130 135 140

Leu Leu Cys Thr Ser Ile Leu Ser Thr Glu Lys Val Leu Arg Ser Leu
145 150 155 160

Pro Val Asp Arg Leu Arg Arg Ser Thr Leu Ile Val Asp Val Leu Ser
165 170 175

Val Lys Glu Phe Pro Arg Thr Leu Phe Leu Arg His Leu Pro Glu Asp
180 185 190

Leu Asp Ile Leu Cys Thr His Pro Met Phe Gly Pro Asp Ser Gly Lys
195 200 205

Ser Gly Trp Asp Gly Leu Pro Phe Val Phe Asp Lys Val Arg Val Gly
210 215 220

Ser Asp Pro Thr Arg Thr His Arg Val Asn Thr Phe Leu Asp Ile Phe
225 230 235 240

Lys His Ala Gly Cys Arg Met Val Glu Met Thr Cys Met Asp His Asp
245 250 255

Lys His Ala Ala Gly Ser Gln Phe Ile Thr His Met Met Gly Arg Val
260 265 270

Leu Glu Lys Val Gly Leu Ser Asn Thr Pro Ile Asn Thr Lys Gly Tyr
275 280 285
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Glu

Leu

305

Asp

Tyr

Glu

Asn

Thr
385

<210>
<211>

Ser Leu
290

Phe Tyr

Arg Leu

Leu His

Leu Ala
355

Lys Arg
370

Phe Thr

<212> TYPE:

<213>
<220>
<221>
<222>
<223>

<400>

Leu

Gly

Asp

Asp

340

Gly

Leu

Asp

PRT

SEQUENCE :

Cys Thr Ala Phe

1

Tyr

Thr

Leu

Lys

65

Asp

Pro

Ser

Leu

Pro

145

Cys

Gly

Arg

Cys

Gly

Gly Tyr
Glu Gln
35

Lys Ile
50

Thr Met

Tyr Ser

Asp Asp

Ile Leu
115

Arg Arg
130

Arg Ser

Thr His

Leu Pro

Leu Thr
195

Arg Met
210

Ser Gln

Gly

20

Gly

Gly

Val

Arg

Leu

100

Ser

Ser

Leu

Pro

Phe
180
Arg

Val

Phe

Asn

Leu

Trp

325

Phe

Ile

Met

Thr

SEQ ID NO 8

LENGTH: 375

Leu

Phe

310

Ala

Ala

Val

Leu

Lys
390

Val Asp
295

Leu Tyr

Phe Asp

Ser Lys

Ser Gly
360

Ser Pro
375

Val Ser

ORGANISM: Rivina humilis
FEATURE:
NAME/KEY: misc_feature
LOCATION:

(1) ..(375)

8

Thr

5

Tyr

Asp

Ile

Lys

Ala

85

Cys

Thr

Thr

Phe

Met

165

Val

Val

Glu

Ile

Lys

Gly

Glu

Ile

His

Ala

Glu

Glu

Leu

Leu

150

Phe

Phe

Glu

Met

Thr

Thr Asn

Tyr Gly

Val Ser
40

Gly Phe
55

Gly His

His Thr

Glu His

Arg Val
120

Val Ala
135

Gln Leu

Gly Pro

Asp Lys

Ala Phe
200

Ser Cys
215

His Met

Asn

Asn

Thr

Lys

345

Lys

Pro

Glu

OTHER INFORMATION: RhADH-alpha

Asn

Tyr

25

Gly

Gly

Thr

Ile

Pro

105

Leu

Asp

Leu

Asp

Val
185
Leu

Ala

Met

Thr

Lys

Val

330

Leu

Ile

Thr

Lys

Asn

10

Asp

Ser

Asn

Val

Gly

90

Glu

Arg

Val

Pro

Ser

170

Arg

Asp

Glu

Gly

Ala

Asn

315

Lys

Met

Gly

Asn

Met
395

Asn

Lys

Ser

Phe

Leu

75

Val

Val

Ser

Leu

Ser

155

Gly

Val

Ile

His

Arg

Arg Asp
300

Ala Met

Met Gln

Leu Glu

Asp Asp
365

Ser Tyr
380

Met

Ala Leu

Asn Lys

Ser Asn
45

Gly Gln
60

Ala Tyr

Arg Tyr

Ile Leu

Leu Pro
125

Ser Val
140

Asp Phe

Lys Ala

Gly Ser

Phe Arg
205

Asp Arg
220

Val Leu

Ser

Glu

Leu

Thr

350

Asn

Lys

Gly

Val

30

Ser

Phe

Ser

Phe

Leu

110

Leu

Lys

Asp

Gly

Gln
190
Asp

His

Glu

Phe

Glu

Ser

335

Gly

His

Asn

Tyr

15

Ser

Lys

Met

Arg

Ser

95

Cys

His

Glu

Ile

Trp

175

Pro

Ala

Ala

Lys

Glu

Leu

320

Gly

Asn

Asn

Val

Gly

Ser

Lys

Ala

Ser

80

Asp

Thr

Arg

Phe

Leu

160

Gly

Glu

Gly

Ala

Leu

Sep. 20, 2018



US 2018/0265880 Al Sep. 20, 2018
34

-continued

225 230 235 240

Ala Leu Glu Asp Thr Pro Ile Asn Thr Lys Gly Tyr Glu Ser Leu Leu
245 250 255

Asn Leu Val Asp Asn Thr Ala Arg Asp Ser Phe Glu Leu Phe Tyr Gly
260 265 270

Leu Phe Leu Tyr Asn Lys Asn Ala Met Glu Gln Leu Asp Arg Met His
275 280 285

Trp Ala Phe Glu Thr Val Lys Gln Gln Leu Ser Gly Tyr Leu His Val
290 295 300

Leu Val Arg Lys Gln Leu Met Leu Glu Thr Ser Ser Gly Asn Asp Asn
305 310 315 320

Asn Asn Thr Asn Asn Ile Asn Ile Ser Ser Gly Asp Asn Ile Asn Asn
325 330 335

Lys Asp Thr Asn Asn Lys Leu Met Leu Pro Ser Pro Gly Ile Ser Ser
340 345 350

Ala Lys Ile Val Pro Pro Val Gln Glu Lys Glu Lys His Asp Leu Val
355 360 365

Met Leu Asn Gly Ser Lys Arg
370 375

<210> SEQ ID NO 9

<211> LENGTH: 341

<212> TYPE: PRT

<213> ORGANISM: Portulaca oleracea
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(341)

<223> OTHER INFORMATION: PoADH-alpha

<400> SEQUENCE: 9

Cys Ser Ser Ser Ser Ser Ser Ser Ala Ser Ile Ile Ile Asn Gly Ser
1 5 10 15

Gly Ser Ser Thr Thr Asn Ser Ser Val Phe Asp Ala Ser Ser Ser Ser
20 25 30

Asp Ser Asp Val Lys Lys Arg Ser Glu Val Lys Leu Lys Ile Gly Ile
35 40 45

Ile Gly Phe Gly Lys Phe Gly Gln Phe Leu Ala Lys Arg Ile Val Ser
50 55 60

Gln Gly His Asp Val Leu Ala Tyr Ser Arg Ser Asp Tyr Ser Arg Val
65 70 75 80

Ala Ser Glu Ile Gly Val Arg Phe Phe Ser Asp Ala Asp Asp Leu Cys

Glu Glu His Pro Gln Val Ile Leu Leu Cys Thr Ser Ile Leu Ser Thr
100 105 110

Glu Arg Val Leu Arg Ser Leu Pro Leu His Arg Leu Arg Arg Ser Thr
115 120 125

Leu Phe Ala Asp Val Leu Ser Val Lys Glu Phe Pro Arg Ser Leu Phe
130 135 140

Leu Gln Leu Leu Pro Ser Asp Phe Asp Ile Leu Cys Thr His Pro Met
145 150 155 160

Phe Gly Pro Asp Ser Gly Lys Ser Gly Trp Asp Ser Leu Pro Phe Val
165 170 175

Phe Asp Lys Val Arg Val Gly Ser Thr Pro Thr Arg Val Thr Arg Ser
180 185 190
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Glu Ala Phe Leu Asp Ile Phe Arg Thr Ala Gly Cys Arg Met Val Glu
195 200 205

Met Ser Cys Ala Glu His Asp Lys His Ala Ala Gly Ser Gln Phe Ile
210 215 220

Thr His Met Met Gly Arg Val Leu Glu Lys Leu Asp Leu Glu Asn Thr
225 230 235 240

Pro Ile Asn Thr Arg Gly Tyr Glu Ser Leu Arg Asn Leu Val Asp Asn
245 250 255

Thr Ala Arg Asp Ser Phe Glu Leu Phe Tyr Gly Leu Phe Leu Tyr Asn
260 265 270

Lys Asn Ala Thr Glu Gln Leu Asp Arg Met Asp Trp Ala Phe Glu Met
275 280 285

Val Lys Lys Gln Leu Ser Gly Tyr Leu His His Leu Val Arg Lys Gln
290 295 300

Leu Met Leu Glu Ser Ser Asn Thr His Glu Asn His Val Asp Asn Lys
305 310 315 320

Leu Leu Leu Pro Glu Asn Lys Gln Lys Gln His Asp Leu Val Val Val
325 330 335

Val Asn Asp Arg Ser
340

<210> SEQ ID NO 10

<211> LENGTH: 60

<212> TYPE: PRT

<213> ORGANISM: Paronychia polygonifolia

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (60

<223> OTHER INFORMATION: Paronychia polygonifolia ADHa

<400> SEQUENCE: 10

Met Asn Ser Ile Ser Ile Val Ser Ser Thr Lys Ser Thr Tyr Tyr Lys
1 5 10 15

Val Tyr Gln Phe Pro Ser Pro Lys Ile Cys Phe Phe His Pro Ser Lys
20 25 30

Leu Ser Ile Pro Ser Cys His Leu Lys Phe Gln Asn Phe Ala Val Arg
35 40 45

Cys Asn Ser Ser Asn Asn Pro Lys Asn Val Ser Asn
50 55 60

<210> SEQ ID NO 11

<211> LENGTH: 239

<212> TYPE: PRT

<213> ORGANISM: Herniaria latifolia

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(239)

<223> OTHER INFORMATION: Herniaria latifolia ADHa

<400> SEQUENCE: 11

Val Gly Phe Gly Asn Phe Gly Gln Phe Leu Ala Lys Glu Met Val Lys
1 5 10 15

Gln Gly His Gln Val Leu Ala Tyr Ser Arg Ser Asp Tyr Ser Arg Val
20 25 30

Ala Gln Glu Ile Gly Val Gln Tyr Phe Ser Asn Pro Asp Asp Leu Cys
35 40 45
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Lys Glu His Pro Glu Val Ile Leu Leu Cys Thr Ser Ile Leu Ser Thr
50 55 60

Glu Lys Val Leu Asn Thr Leu Pro Leu Asp Arg Leu Arg Pro Ser Thr
65 70 75 80

Leu Phe Ser Asp Val Leu Ser Val Lys Glu Phe Pro Arg Thr Leu Phe
85 90 95

Leu Gln Gln Leu Pro Glu Asp Phe Asp Ile Ile Cys Thr His Pro Met
100 105 110

Phe Gly Pro Asp Ser Gly Lys His Gly Trp Ala Gly Leu Pro Tyr Val
115 120 125

Tyr Asp Lys Val Arg Val Gly Leu Asp Pro Thr Arg Ile Arg Arg Ala
130 135 140

Glu Ala Phe Leu Asn Ile Phe Glu Arg Ala Gly Cys Arg Met Val Glu
145 150 155 160

Met Thr Cys Ala Glu His Asp Lys His Ala Ala Gly Ser Gln Phe Ile
165 170 175

Thr His Met Leu Gly Arg Val Leu Glu Lys Val Gly Leu Leu Asn Thr
180 185 190

Pro Ile Asn Thr Lys Gly Tyr Glu Ser Leu Leu Ser Leu Val Asp Asn
195 200 205

Thr Ala Arg Asp Ser Phe Glu Leu Phe Tyr Gly Leu Phe Leu Tyr Asn
210 215 220

Lys Asn Ala Met Glu Gln Leu Asp Arg Leu Asp Trp Ala Phe Asp
225 230 235

<210> SEQ ID NO 12

<211> LENGTH: 351

<212> TYPE: PRT

<213> ORGANISM: Corrigiola litoralis

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(351)

<223> OTHER INFORMATION: Corrigiola litoralis ADHa

<400> SEQUENCE: 12

Met Asn Gly Ser Ala Asp His Phe His Pro Asn Ile Lys Val Asn Gly
1 5 10 15

Glu Val Leu Asn Pro Met Val Gly Ser Ser Asp Val Ala Glu Asp Val
20 25 30

Lys Leu Lys Ile Ala Ile Val Gly Phe Gly Asn Phe Gly Gln Phe Leu
35 40 45

Ala Lys Glu Ile Val Lys Gln Gly His Lys Val Leu Ala Tyr Ser Arg
50 55 60

Ser Asp Tyr Ser Lys Ala Ala Lys Glu Ile Gly Val Gln Tyr Phe Ser
65 70 75 80

Asp Ala Asp Asp Leu Cys Glu Glu His Pro Glu Val Ile Leu Leu Cys
85 90 95

Thr Ser Ile Leu Ser Thr Glu Lys Val Met Arg Ala Leu Pro Ile His
100 105 110

Arg Leu Arg Arg Ser Thr Leu Phe Val Asp Val Leu Ser Val Lys Glu
115 120 125

Phe Pro Arg Ser Leu Phe Leu Gln Val Leu Pro Lys Asp Phe Asp Ile
130 135 140

Leu Cys Thr His Pro Met Phe Gly Pro Asp Ser Gly Lys Ala Gly Trp
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145 150 155 160

Gly Gly Leu Pro Phe Val Phe Asp Lys Val Arg Val Ala Pro Asp Ser
165 170 175

Thr Arg Ala Thr Arg Ala Glu Ala Phe Leu Asp Ile Phe Arg Arg Ala
180 185 190

Gly Cys Arg Met Val Glu Met Thr Cys Ala Asp His Asp Lys His Ala
195 200 205

Ala Gly Ser Gln Phe Ile Thr His Met Met Gly Arg Val Leu Glu Lys
210 215 220

Ile Gly Leu Glu Asn Thr Pro Ile Asn Thr Lys Gly Tyr Glu Ser Leu
225 230 235 240

Leu Asn Leu Val Asp Asn Thr Ala Arg Asp Ser Phe Glu Leu Phe Tyr
245 250 255

Gly Leu Phe Leu Tyr Asn Lys Asn Ala Met Glu Gln Leu Asp Arg Met
260 265 270

Asp Trp Ala Phe Glu Met Ile Lys Lys Arg Leu Ser Gly Tyr Leu His
275 280 285

Asp Leu Val Arg Lys Gln Leu Met Leu Glu Thr Thr Gly Asn Asp Gln
290 295 300

Ala Gly Leu Thr Asn Gly Ala Lys Asn Asn His Asp Lys Lys Leu Met
305 310 315 320

Leu Pro Pro Pro Ala Ala Asn Pro Ser Met Ile Val Pro Ser Ala Ala
325 330 335

Thr His Glu Lys Lys His Asp Leu Val His Val Asn Gly Ser Arg
340 345 350

<210> SEQ ID NO 13

<211> LENGTH: 325

<212> TYPE: PRT

<213> ORGANISM: Telephium imperati

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(325)

<223> OTHER INFORMATION: Telephium imperati ADHa

<400> SEQUENCE: 13

Met Val Gly Pro Ser Glu Ser Gly Lys Asp Val Lys Leu Glu Ile Ala
1 5 10 15

Val Val Gly Phe Gly Asn Phe Gly Gln Phe Leu Gly Arg Glu Ile Val
20 25 30

Lys Gln Gly His Glu Val Leu Ala Tyr Ser Arg Ser Asp Tyr Ser Lys
35 40 45

Val Ala Lys Glu Ile Gly Val Arg Tyr Phe Ser Asp Ala His Asp Leu
50 55 60

Cys Glu Glu His Pro Glu Val Ile Leu Leu Cys Thr Ser Ile Leu Ser
65 70 75 80

Thr Glu Arg Val Leu His Ser Leu Pro Leu Asn Arg Leu Arg Arg Ser
85 90 95

Thr Leu Phe Val Asp Val Leu Ser Val Lys Glu Phe Pro Arg Asn Leu
100 105 110

Phe Leu Gln Asn Leu Pro Asn Asp Phe Asp Ile Leu Cys Thr His Pro
115 120 125

Met Phe Gly Pro Asp Ser Gly Lys Ala Gly Trp Asp Gly Leu Pro Phe
130 135 140
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Val Phe Asp Lys Val Arg Val Gly Ser Asp Pro Ala Arg Thr Thr Arg
145 150 155 160

Ala Asp Thr Phe Leu Asp Ile Phe Arg Asn Ala Gly Cys Arg Met Val
165 170 175

Glu Met Ser Cys Ala Glu His Asp Arg His Ala Ala Gly Ser Gln Phe
180 185 190

Ile Thr His Met Met Gly Arg Val Leu Glu Lys Ile Gly Leu Glu Asn
195 200 205

Thr Pro Ile Asn Thr Lys Gly Tyr Glu Ser Leu Leu Asn Leu Val Asp
210 215 220

Asn Thr Ala Arg Asp Ser Phe Glu Leu Phe Leu Tyr Tyr Lys Asn Ala
225 230 235 240

Met Glu Gln Leu Asp Arg Met Asp Trp Ala Phe Glu Met Ile Lys Lys
245 250 255

Gln Leu Ser Gly Tyr Leu His Glu Leu Val Arg Lys Gln Leu Met Leu
260 265 270

Glu Thr Asn Asn Asp Gln Ser Gly Ile Ile Asn Gly Lys Thr Asn Cys
275 280 285

Asp Lys Arg Leu Met Leu Pro Pro Pro Ala Ala Asn Pro Ser Val Ile
290 295 300

Val Pro Asp Pro Val Pro Ala Val Lys Lys Lys His Asp Leu Val His
305 310 315 320

Val Asn Gly Ser Arg
325

<210> SEQ ID NO 14

<211> LENGTH: 360

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(360)

<223> OTHER INFORMATION: BvADH-beta Big Buck sugar beet variety

<400> SEQUENCE: 14

Met Leu Ser Leu Ser Ser Thr Thr Thr Ala Lys Pro Ser Pro Ser Pro
1 5 10 15

Ser Pro Ala Asn Phe Pro Ala Lys Leu Ser Ser Leu Ser Thr Ile Thr
20 25 30

Thr Thr Leu Ser Phe Ser Pro Arg Arg Arg Tyr Phe His Gly Val Lys
35 40 45

Thr Leu Thr Ile Arg Ser Ile Asp Ala Ala Gln Phe Phe Asp Tyr Glu
50 55 60

Ser Lys Leu Ala Ala Ile Asn Thr Thr Ser Ser Ser Ser Ser Ser Ser
65 70 75 80

Tyr Ser Lys Leu Lys Ile Ala Ile Val Gly Phe Gly Asn Tyr Gly Gln
85 90 95

Phe Leu Ala Lys Thr Leu Val Ser Gln Gly His Thr Val Leu Ala Tyr
100 105 110

Ser Arg Ser Asp Tyr Ser Lys Ile Ala Ala Asn Leu Gly Val Ser Tyr
115 120 125

Phe Ser Asp Pro Asp Asp Leu Cys Glu Glu His Pro Glu Val Ile Met
130 135 140
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Leu Cys Thr Ser Ile Leu Ser Thr Glu Val Met Leu Asn Ser Leu Pro
145 150 155 160

Leu Gln Arg Leu Lys Arg Ser Thr Leu Phe Val Asp Val Leu Ser Val
165 170 175

Lys Glu Phe Pro Arg Asn Leu Phe Leu Gln Thr Leu Pro Ser Asp Phe
180 185 190

Asp Ile Leu Cys Thr His Pro Met Phe Gly Pro Glu Ser Gly Lys Asn
195 200 205

Gly Trp Gly Ser Leu Pro Phe Val Tyr Asp Lys Val Arg Ile Gly Lys
210 215 220

Asp Glu Gly Arg Ile Lys Arg Cys Glu Ser Phe Leu Asp Val Phe Arg
225 230 235 240

Arg Glu Gly Cys Arg Val Glu Glu Met Thr Cys Ala Glu His Asp Lys
245 250 255

Phe Ala Ala Gly Ser Gln Phe Ile Thr His Phe Leu Gly Arg Val Leu
260 265 270

Glu Lys Leu Asp Leu Glu Asp Thr Pro Ile Asn Thr Lys Gly Tyr Glu
275 280 285

Ser Leu Leu Asn Leu Val Asp Asn Thr Ser Lys Asp Ser Phe Glu Leu
290 295 300

Phe Tyr Gly Leu Phe Leu Tyr Asn Gln Asn Ala Met Glu Gln Leu Glu
305 310 315 320

Arg Leu Asp Trp Ala Phe Glu Leu Val Lys Lys Gln Leu Phe Gly His
325 330 335

Leu His Gly Leu Leu Arg Lys Gln Leu Phe Gly Phe Ser Glu Ile Asp
340 345 350

Glu Arg Ile Gly Lys Ala Lys Glu
355 360

<210> SEQ ID NO 15

<211> LENGTH: 60

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (60

<223> OTHER INFORMATION: BvADH-beta W357B red beet variety

<400> SEQUENCE: 15

Met Leu Ser Leu Ser Ser Thr Thr Thr Ala Lys Pro Ser Pro Ser Pro
1 5 10 15

Ser Pro Ala Asn Phe Pro Ala Lys Leu Ser Ser Leu Ser Thr Ile Thr
20 25 30

Thr Thr Leu Ser Phe Ser Pro Arg Arg Arg Tyr Phe His Gly Val Lys
35 40 45

Thr Leu Thr Ile Arg Ser Ile Asp Ala Ala Gln Phe
50 55 60

<210> SEQ ID NO 16

<211> LENGTH: 386

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(386)

<223> OTHER INFORMATION: BvADH-beta Touch Stone yellow beet variety
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<400> SEQUENCE: 16

Met Leu Ser Leu Ser Ser Thr Thr Thr Ala Lys Pro Ser Pro Ser Pro
1 5 10 15

Ser Pro Ala Asn Phe Pro Ala Lys Leu Ser Ser Leu Ser Thr Ile Thr
20 25 30

Thr Thr Leu Ser Phe Ser Pro Arg Arg Arg Tyr Phe His Gly Val Lys
35 40 45

Thr Leu Thr Ile Arg Ser Ile Asp Ala Ala Gln Phe Phe Asp Tyr Glu
50 55 60

Ser Lys Leu Ala Ala Ile Asn Thr Thr Ser Ser Ser Ser Ser Ser Ser
65 70 75 80

Tyr Ser Lys Leu Lys Ile Ala Ile Val Gly Phe Gly Asn Tyr Gly Gln
85 90 95

Phe Leu Ala Lys Thr Leu Val Ser Gln Gly His Thr Val Leu Ala Tyr
100 105 110

Ser Arg Ser Asp Tyr Ser Lys Ile Ala Ala Asn Leu Gly Val Ser Tyr
115 120 125

Phe Ser Asp Pro Asp Asp Leu Cys Glu Glu His Pro Glu Val Ile Met
130 135 140

Leu Cys Thr Ser Ile Leu Ser Thr Glu Val Met Leu Asn Ser Leu Pro
145 150 155 160

Leu Gln Arg Leu Lys Arg Ser Thr Leu Phe Val Asp Val Leu Ser Val
165 170 175

Lys Glu Phe Pro Arg Asn Leu Phe Leu Gln Thr Leu Pro Ser Asp Phe
180 185 190

Asp Ile Leu Cys Thr His Pro Met Phe Gly Pro Glu Ser Gly Lys Asn
195 200 205

Gly Trp Gly Ser Leu Pro Phe Val Tyr Asp Lys Val Arg Ile Gly Lys
210 215 220

Asp Glu Gly Arg Ile Lys Arg Cys Glu Ser Phe Leu Asp Val Phe Arg
225 230 235 240

Arg Glu Gly Cys Arg Val Glu Glu Met Thr Cys Ala Glu His Asp Lys
245 250 255

Phe Ala Ala Gly Ser Gln Phe Ile Thr His Phe Leu Gly Arg Val Leu
260 265 270

Glu Lys Leu Asp Leu Glu Asp Thr Pro Ile Asn Thr Lys Gly Tyr Glu
275 280 285

Ser Leu Leu Asn Leu Val Asp Asn Thr Ser Lys Asp Ser Phe Glu Leu
290 295 300

Phe Tyr Gly Leu Phe Leu Tyr Asn Gln Asn Ala Met Glu Gln Leu Glu
305 310 315 320

Arg Leu Asp Trp Ala Phe Glu Leu Val Lys Lys Gln Leu Phe Gly His
325 330 335

Leu His Gly Leu Leu Arg Lys Gln Leu Phe Gly Phe Ser Glu Ile Asp
340 345 350

Glu Arg Ile Gly Lys Ala Lys Glu Ile Lys Phe Leu Ser Asp Ala Ala
355 360 365

Glu Gln Asn Gly Ser Ala Leu Ser Ala Arg Glu Asn Ala Asn Ser Glu
370 375 380

Thr Asn
385
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<210>
<211>

<212> TYPE:

PRT

SEQ ID NO 17

LENGTH: 386

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(386)

<223> OTHER INFORMATION: BvADH-beta

<400> SEQUENCE:

Met

1

Ser

Thr

Thr

Ser

65

Tyr

Phe

Ser

Phe

Leu

145

Leu

Lys

Asp

Gly

Asp

225

Arg

Phe

Glu

Ser

Phe

305

Arg

Leu Ser

Pro Ala

Thr Leu
35

Leu Thr
50

Lys Leu

Ser Lys

Leu Ala

Arg Ser
115

Ser Asp
130

Cys Thr

Gln Arg

Glu Phe

Ile Leu
195

Trp Gly
210

Glu Gly

Glu Gly

Ala Ala

Lys Leu
275

Leu Leu
290

Tyr Gly

Leu Asp

Leu

Asn

20

Ser

Ile

Ala

Leu

Lys

100

Asp

Pro

Ser

Leu

Pro

180

Cys

Ser

Arg

Cys

Gly

260

Asp

Asn

Leu

Trp

17

Ser

Phe

Phe

Arg

Ala

Lys

85

Thr

Tyr

Asp

Ile

Lys

165

Arg

Thr

Leu

Ile

Arg

245

Ser

Leu

Leu

Phe

Ala
325

Ser

Pro

Ser

Ser

Ile

70

Ile

Leu

Ser

Asp

Leu

150

Arg

Asn

His

Pro

Lys

230

Val

Gln

Glu

Val

Leu

310

Phe

Thr Thr

Ala Lys

Pro Arg
40

Ile Asp
55

Asn Thr

Ala Ile

Val Ser

Lys Ile
120

Leu Cys
135

Ser Thr

Ser Thr

Leu Phe

Pro Met
200

Phe Val
215

Arg Cys

Glu Glu

Phe Ile

Asp Thr
280

Asp Asn
295

Tyr Asn

Glu Leu

Thr

Leu

25

Arg

Ala

Thr

Val

Gln

105

Ala

Glu

Glu

Leu

Leu

185

Phe

Tyr

Glu

Met

Thr

265

Pro

Thr

Gln

Val

Blankoma white beet

Ala

10

Ser

Arg

Ala

Ser

Gly

90

Gly

Ala

Glu

Val

Phe

170

Gln

Gly

Asp

Ser

Thr

250

His

Ile

Ser

Asn

Lys
330

Lys

Ser

Tyr

Gln

Ser

75

Phe

His

Asn

His

Met

155

Val

Thr

Pro

Lys

Phe

235

Cys

Phe

Asn

Lys

Ala
315

Lys

Pro Ser

Leu Ser

Phe His
45

Phe Phe
60

Ser Ser

Gly Asn

Thr Val

Leu Gly
125

Pro Glu
140

Leu Asn

Asp Val

Leu Pro

Glu Ser
205

Val Arg
220

Leu Asp

Ala Glu

Leu Gly
Thr Lys
285

Asp Ser
300

Met Glu

Gln Leu

Pro

Thr

30

Gly

Asp

Ser

Tyr

Leu

110

Val

Val

Ser

Leu

Ser

190

Gly

Ile

Val

His

Arg

270

Gly

Phe

Gln

Phe

variety

Ser

15

Ile

Val

Tyr

Ser

Gly

95

Ala

Ser

Ile

Leu

Ser

175

Asp

Lys

Gly

Phe

Asp

255

Val

Tyr

Glu

Leu

Gly
335

Pro

Thr

Lys

Glu

Ser

80

Gln

Tyr

Tyr

Met

Pro

160

Val

Phe

Asn

Lys

Arg

240

Lys

Leu

Glu

Leu

Glu
320

His
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Leu

Glu

Glu

Thr
385

<210>
<211>

His Gly
Arg Ile
355

Gln Asn
370

Asn

<212> TYPE:

Leu Leu Arg Lys

340

Gly Lys Ala Lys Glu

360

345

Ile

Gly Ser Ala Leu Ser Ala

PRT

SEQ ID NO 18

LENGTH: 386

375

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(386)

<223> OTHER INFORMATION: BvADH-beta

<400> SEQUENCE:

Met

1

Ser

Thr

Thr

Ser

65

Tyr

Phe

Ser

Phe

Leu

145

Leu

Lys

Asp

Gly

Asp

225

Arg

Phe

Glu

Leu Ser

Pro Ala

Thr Ile
35

Leu Thr
50

Lys Leu

Ser Lys

Leu Ala

Arg Ser

115

Ser Asp

130

Cys Thr

Gln Arg

Glu Phe

Ile Leu
195

Trp Gly

210

Glu Gly

Glu Gly

Ala Ala

Lys Leu

Leu

Asn

20

Ser

Ile

Ala

Leu

Lys

100

Asp

Pro

Ser

Leu

Pro

180

Cys

Ser

Arg

Cys

Gly

260

Asp

18

Ser Ser

Phe Pro

Phe Ser

Arg Ser

Ala Ile
70

Lys Ile
85

Thr Leu

Tyr Ser

Asp Asp

Ile Leu
150

Lys Arg
165

Arg Asn

Thr His

Leu Pro

Ile Lys
230

Arg Val
245

Ser Gln

Leu Glu

Thr Thr

Ala Lys

Pro Arg

40

Ile Asp

Asn Thr

Ala Ile

Val Ser

Lys Ile

120
Leu Cys
135
Ser Thr
Ser Thr
Leu Phe
Pro Met

200

Phe Val

215

Arg Cys

Glu Glu

Phe Ile

Asp Thr

Thr

Leu

25

Arg

Ala

Thr

Val

Gln

105

Ala

Glu

Glu

Leu

Leu

185

Phe

Tyr

Glu

Met

Thr
265

Pro

Gln Leu Phe Gly Phe Ser

Lys Phe Leu Ser

365

Arg Glu Asn Ala

Sea

Ala

10

Ser

Arg

Ala

Ser

Gly

90

Gly

Ala

Glu

Val

Phe

170

Gln

Gly

Asp

Ser

Thr
250

His

Ile

380

Glu
350

Asp

Asn

Ile

Ala

Ser

Asp

Ala

Glu

beet PI562585 variety

Lys

Ser

Tyr

Gln

Ser

75

Phe

His

Asn

His

Met

155

Val

Thr

Pro

Lys

Phe

235

Cys

Phe

Asn

Pro Ser

Leu Ser

Phe His
45

Phe Phe
60

Ser Thr

Gly Asn

Thr Val

Leu Gly

125

Pro Glu

140

Leu Asn

Asp Val

Leu Pro

Glu Ser
205

Val Arg

220

Leu Asp

Ala Glu

Leu Gly

Thr Lys

Pro

Thr

30

Gly

Asp

Ser

Tyr

Leu

110

Val

Val

Ser

Leu

Ser

190

Gly

Ile

Val

His

Arg

270

Gly

Ser

15

Ile

Val

Tyr

Ser

Gly

95

Ala

Ser

Ile

Leu

Ser

175

Asp

Lys

Gly

Phe

Asp
255

Val

Tyr

Pro

Thr

Lys

Glu

Ser

80

Gln

Tyr

Tyr

Met

Pro

160

Val

Phe

Asn

Lys

Arg

240

Lys

Leu

Glu
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Ser

Phe

305

Arg

Leu

Glu

Glu

Thr
385

<210>
<211>

275

Leu Leu
290

Tyr Gly

Leu Asp

His Gly

Arg Ile
355

Gln Asn
370

Asn

<212> TYPE:

<213>
<220>
<221>
<222>
<223>

<400>

Asn

Leu

Trp

Leu

340

Gly

Gly

PRT

SEQUENCE :

Ala Ala Thr Asn

1

Ser

Leu

Arg

Ser

65

Cys

Gln

Glu

Ile

Trp

145

Glu

Ala

Ala

Lys

Lys Leu

Ala Lys
35

Ser Asp
50

Asp Pro

Thr Ser

Arg Leu

Phe Pro
115

Leu Cys
130

Gly Gly

Arg Arg

Gly Cys

Ala Gly

195

Leu Asp
210

Lys

20

Thr

Tyr

Asp

Ile

Lys

100

Arg

Thr

Leu

Ile

Arg
180

Ser

Leu

Leu

Phe

Ala

325

Leu

Lys

Ser

SEQ ID NO 19

LENGTH: 321

Val

Leu

310

Phe

Arg

Ala

Ala

280

Asp Asn
295

Tyr Asn

Glu Leu

Lys Gln

Lys Glu

360

Leu Ser
375

(1) ..(321)
SoADH-beta

19

Thr

5

Val

Met

Ser

Asp

Leu

85

Arg

Asn

His

Pro

Arg

165

Val

Gln

Glu

Ser

Ala

Val

Lys

Leu

70

Ser

Ser

Leu

Pro

Phe

150

Arg

Glu

Phe

Asp

Thr Ala

Ile Val

Ser Gln

40

Ile Ala

Cys Glu

Thr Glu

Thr Leu

Phe Leu

120

Met Phe
135

Val Tyr

Cys Glu

Glu Met

Ile Thr

200

Thr Pro
215

Thr

Gln

Val

Leu

345

Ile

Ala

ORGANISM: Spinacea oleracea
FEATURE:
NAME/KEY: misc_feature
LOCATION:
OTHER INFORMATION:

Thr

Gly

25

Gly

Pro

Glu

Phe

Phe

105

Gln

Gly

Asp

Asn

Thr
185

His

Ile

Ser

Asn

Lys

330

Phe

Lys

Arg

Ser

10

Phe

His

Asn

His

Met

90

Val

Thr

Pro

Lys

Phe

170

Cys

Phe

Asn

Lys

Ala

315

Lys

Gly

Phe

Glu

Ser

Gly

Thr

Leu

Pro

75

Leu

Asp

Leu

Glu

Val

155

Leu

Ala

Leu

Thr

285

Asp Ser
300

Met Glu

Gln Leu

Phe Ser

Leu Ser

365

Asn Ala
380

Ser Gln

Asn Tyr

Val Leu

45

Gly Val

Glu Val

Asn Ser

Val Leu

Pro Pro

125

Ser Gly
140

Arg Ile

Asp Val

Glu His

Gly Arg

205

Lys Gly
220

Phe

Gln

Phe

Glu

350

Asp

Asn

Ser

Gly

30

Ala

Ser

Ile

Leu

Ser

110

Asp

Lys

Gly

Phe

Asp
190

Val

Tyr

Glu

Leu

Gly

335

Ile

Ala

Ser

Ser

15

Gln

Tyr

Phe

Leu

Pro

95

Val

Phe

Asn

Lys

Arg

175

Lys

Leu

Glu

Leu

Glu

320

His

Asp

Ala

Glu

Tyr

Phe

Ser

Phe

Leu

80

Leu

Lys

Asp

Gly

Ala

160

Arg

Tyr

Glu

Ser

Sep. 20, 2018
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Leu Leu Asn Leu Val Asp Asn Thr Ser Lys Asp Ser Phe Glu Leu Phe
225 230 235 240

Tyr Gly Leu Phe Leu Tyr Asn Gln Asn Ala Met Glu Gln Leu Glu Arg
245 250 255

Leu Asp Trp Ala Phe Glu Leu Val Lys Lys Gln Leu Phe Gly His Leu
260 265 270

His Gly Leu Leu Arg Gly Gln Leu Phe Gly Cys Thr Glu Ile Asp Glu
275 280 285

Arg Leu Glu Lys Ala Lys Glu Leu Lys Phe Leu Ser Asp Ala Thr Thr
290 295 300

Gln Asn Gly Ser Ala Ser Ala Pro Arg Glu Asn Ala Asn Ser Glu Ile
305 310 315 320

Asn

<210> SEQ ID NO 20

<211> LENGTH: 321

<212> TYPE: PRT

<213> ORGANISM: Nepenthes alata
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(321)

<223> OTHER INFORMATION: NaADH-beta

<400> SEQUENCE: 20

Ala Ala Leu Pro Asn Asp Tyr Glu Thr Lys Leu Ser His Leu Pro Ser
1 5 10 15

Ser Phe Ala Lys Leu Lys Val Gly Ile Ile Gly Phe Gly Asn Tyr Gly
20 25 30

Gln Phe Leu Ala Lys Thr Leu Val Arg Gln Gly His Thr Val Leu Ala
35 40 45

His Ser Arg Ser Asn Tyr Ser Gln Asn Ala Ala Lys Leu Gly Val Ser
50 55 60

Phe Phe Tyr Asp Pro Asn Asp Leu Cys Glu Glu His Pro Glu Val Ile
65 70 75 80

Leu Leu Cys Thr Ser Ile Leu Ser Thr Glu Ser Val Leu Arg Ser Leu
85 90 95

Pro Leu Gln Arg Leu Lys Arg Ser Thr Leu Phe Val Asp Val Leu Ser
100 105 110

Val Lys Glu Phe Pro Arg Ser Leu Leu Leu Gln Ile Leu Pro Pro Asp
115 120 125

Leu Asp Ile Leu Cys Thr His Pro Met Phe Gly Pro Glu Ser Gly Lys
130 135 140

Asn Gly Trp Ser Gly Leu Pro Phe Val Tyr Asp Lys Val Arg Ile Gly
145 150 155 160

Glu His Glu Ile Arg Val Asn Arg Cys Asp Asn Phe Ile Glu Val Phe
165 170 175

Arg Arg Glu Gly Cys Arg Met Val Gln Met Ser Cys Ala Glu His Asp
180 185 190

Arg His Ala Ala Gly Ser Gln Phe Ile Thr His Met Met Gly Arg Val
195 200 205

Leu Glu Lys Leu Lys Leu Glu Asp Thr Pro Ile Asn Thr Lys Gly Tyr
210 215 220

Glu Ser Leu Leu Asn Leu Val Glu Asn Thr Ala Arg Asp Ser Phe Glu
225 230 235 240
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Leu Phe Tyr Gly Leu Phe Leu Tyr Asn Lys Asn Val Met Glu Gln Leu
245 250 255

Glu Arg Met Asp Leu Ala Phe Glu Met Val Lys Lys Gln Leu Phe Gly
260 265 270

His Leu His Gly Leu Leu Arg Ser Gln Leu Phe Asp Gly Ser Glu Met
275 280 285

Glu Val Arg Val Glu Glu Glu Arg Lys Leu Leu Ser Asp Gly Ser Gln
290 295 300

Asn Gly His Val Phe Ser Ser Phe Ser Asp Ser Lys Asn Val Glu Arg
305 310 315 320

<210> SEQ ID NO 21

<211> LENGTH: 1197

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1197

<223> OTHER INFORMATION: Beta vulgaris Big Buck arogenate dehydrogenase
alpha, complet CDS

<400> SEQUENCE: 21

atgatttcac tctettettt tcatccttee tecaccaceyg ccaccgccac cgcecgecace 60
gccaccacee acccaccaca acaatgtccce getttttect ctectecate geatcteteg 120
cttectttac gccacccteg ccaacacctt gtagtteggt geggtggagyg tggtteggece 180
tccgaategg tatttaaccg tgatagtget getactegtyg tttctaatga tcatcttgac 240
gttagtaaaa gagatgttaa gcttaagatt gctattattg ggtttggtaa ctttggccag 300
tttttggcta agacaatggc taagcaaggt catagagtgt tggcttactc acgctcggac 360
tactcccgeg ctgctaagga gatcggegte gagtatttta ctgacgccga tgacctetge 420
gaggagcacce ctgaggttat tcttttgtge acgtccatce tctcaacgga gaaggtcctce 480
cgatcactcee ccctecaccg getcegtegt tcaaccctet ttgeggatgt teteteggte 540
aaggaatttc ctcgatcget cttcecttcaa ctacttecta aggactttga tatcctatge 600
acccacccta tgtttggecce agactcggge aaagacgggt ggggtggact accetttgtg 660
tttgataaag ttagagtcgg atcagatcag agtcggacgt ctegtgctga ggcattecta 720
gacgtgttta ggaatgccgg gtgtaggatg gtggaaatga gttgtgttga tcatgacaag 780
catgcagceg ggtctcaatt tattacacat atgatgggac gagttttgga gaaattggece 840
ttggaaaata caccaattaa tacaaaaggg tacgaaagtt tgttaaattt ggtggataat 900
actgcaaggg atagttttga gttgttttat gggttgtttt tgtacaataa aaatgcaatg 960

gagcaattgg atagaatgga ttgggctttc gagatggtaa aaaagcaact ttcgggatat 1020
ttgcatgatc ttgttagaaa acaattgatg ttggagggta ataatgatca agctgaggtt 1080
acttttgaca aaccattaat gcttccttct cctactatta atcctccaca aatagttcect 1140
tctgctgata tggctgagaa gaagcatgat ttagtggtgg ttaatggtac tagatag 1197
<210> SEQ ID NO 22

<211> LENGTH: 1197

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris
<220> FEATURE:
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<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1197

<223> OTHER INFORMATION: Beta vulgaris W357B arogenate dehydrogenase
alpha, complete CDS

<400> SEQUENCE: 22

atgatttcac tctettettt tcatccttece tecaccaceyg ccaccgccac cgcecgecgee 60
gccaccaccee acccacctca acaatgtcce getttttect ctecteegte geatcteteg 120
cttectttac gccacccteg ccaacacctt gtagtteggt geggtggagyg tggtteggece 180
tccgaategg tatttaaccg tgatagtget getactegtyg tttctaatga tcatcttgac 240
gttagtaaaa gagatgttaa gcttaagatt gctattattg ggtttggtaa ctttggccag 300
tttttggcta agacaatggc taagcaaggt catagagtgt tggcttactc acgctcggac 360
tactcccgeg ctgctaagga gatcggegte gagtatttta ctgacgccga tgacctetge 420
gaggagcacce ctgaggttat tctgttgtge acatccatcce tctcaacgga gaaggtccte 480
cgatcactcee ccctecaccg getcegtegt tcaaccctet ttgeggatgt teteteggte 540
aaggaatttc ctcgatcget cttcecttcaa ctacttecta aggactttga tatcctatge 600
acccacccta tgtttggecce agactcggge aaagacgggt ggggtggact accttttgtg 660
ttcgataaag ttagagtcgg atcagatcag agtcggacat ctegtgctga ggcattecta 720
gacgtgttta ggaatgccgg gtgtaggatg gtggaaatga gttgtgttga tcatgacaag 780
catgcagceg ggtctcaatt tattacacat atgatgggac gagttttgga gaaattggece 840
ttggaaaata caccaattaa tacaaaaggg tacgaaagtt tgttaaattt ggtggataat 900
actgcaaggg atagttttga gttgttttac gggttgtttt tgtacaataa aaatgcaatg 960

gagcaattgg atagaatgga ttgggctttc gagatggtaa aaaagcaact ttcgggatat 1020
ttgcatgatc ttgttagaaa acaattgatg ttggagggta ataatgatca agctgaggtt 1080
acttttgaca aaccattgat gcttccttct cctactatta atcctccaca aatagttccce 1140

tctgctgata tggctgagaa gaagcatgat ttagtggtgg ttaatggtac tagatag 1197

<210> SEQ ID NO 23

<211> LENGTH: 1197

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1197

<223> OTHER INFORMATION: Beta vulgaris Blankoma arogenate dehydrogenase
alpha, complete CDS

<400> SEQUENCE: 23

atgatttcac tctettettt teatccttee tecaccaceg ccaccgecac cgecgecgece 60
gccaccacce acccaccaca acaatgtccce getttttect ctecteegte geatcteteg 120
cttectttac geccacccteg ccaacacctt gtagtteggt geggtggagg tggtteggece 180
tccgaategg tatttaaccg tgatagtget getactegtg tttetaatga tcatcttgac 240
gttagtaaaa gagatgttaa gcttaagatt gctattattg ggtttggtaa ctttggecag 300
tttttggcta agacaatgge taagcaaggt catagagtgt tggettacte acgctceggac 360
tactccegeg ctgctaagga gatcggegte gagtatttta ctgacgecga tgacctetge 420

gaggagcacce ctgaggttat tctgttgtge acgtccatce tctcaacgga gaaggtectce 480
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cgatcactcee ccctecaccg getcegtegt tcaaccctet ttgeggatgt teteteggte 540
aaggaatttc ctcgatcget cttcecttcaa ctacttecta aggactttga tatcctatge 600
acccacccta tgtttggecce agactcggge aaagacgggt ggggtggact accttttgtg 660
ttcgataaag ttagagtcgg atcagatcag agtcggacat ctegtgctga ggcattecta 720
gacgtgttta ggaatgccgg gtgtaggatg gtggaaatga gttgtgttga tcatgacaag 780
catgcagceg ggtctcaatt tattacacat atgatgggac gagttttgga gaaattggece 840
ttggaaaata caccaattaa tacaaaaggg tacgaaagtt tgttaaattt ggtggataat 900
actgcaaggg atagttttga gttgttttac gggttgtttt tgtacaataa aaatgcaatg 960

gagcaattgg atagaatgga ttgggctttc gagatggtaa aaaagcaact ttcgggatat 1020
ttgcatgatc ttgttagaaa acaattgatg ttggagggta ataatgatca agctgaggtt 1080
acttttgaca aaccattgat gcttccttct cctactatta atcctccaca aatagttccce 1140

tctgctgata tggctgagaa gaagcatgat ttagtggtgg ttaatggtac tagatag 1197

<210> SEQ ID NO 24

<211> LENGTH: 1197

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1197

<223> OTHER INFORMATION: Beta vulgaris Touch Stone arogenate
dehydrogenase alpha, complete CDS

<400> SEQUENCE: 24

atgatttcac tctettettt tcatccttece tecaccaceyg ccaccgccac cgcecgecgee 60
gccaccaccee acccacctca acaatgtcce getttttect ctecteegte geatcteteg 120
cttectttac gccacccteg ccaacacctt gtagtteggt geggtggagyg tggtteggece 180
tccgaategg tatttaaccg tgatagtget getactegtyg tttctaatga tcatcttgac 240
gttagtaaaa gagatgttaa gcttaagatt gctattattg ggtttggtaa ctttggccag 300
tttttggcta agacaatggc taagcaaggt catagagtgt tggcttactc acgctcggac 360
tactcccgeg ctgctaagga gatcggegte gagtatttta ctgacgccga tgacctetge 420
gaggagcacce ctgaggttat tctgttgtge acatccatcce tctcaacgga gaaggtccte 480
cgatcactcee ccctecaccg getcegtegt tcaaccctet ttgeggatgt teteteggte 540
aaggaatttc ctcgatcget cttcecttcaa ctacttecta aggactttga tatcctatge 600
acccacccta tgtttggecce agactcggge aaagacgggt ggggtggact accttttgtg 660
ttcgataaag ttagagtcgg atcagatcag agtcggacat ctegtgctga ggcattecta 720
gacgtgttta ggaatgccgg gtgtaggatg gtggaaatga gttgtgttga tcatgacaag 780
catgcagceg ggtctcaatt tattacacat atgatgggac gagttttgga gaaattggece 840
ttggaaaata caccaattaa tacaaaaggg tacgaaagtt tgttaaattt ggtggataat 900
actgcaaggg atagttttga gttgttttac gggttgtttt tgtacaataa aaatgcaatg 960

gagcaattgg atagaatgga ttgggctttc gagatggtaa aaaagcaact ttcgggatat 1020

ttgcatgatc ttgttagaaa acaattgatg ttggagggta ataatgatca agctgaggtt 1080

acttttgaca aaccattgat gcttccttct cctactatta atcctccaca aatagttccce 1140

tctgctgata tggctgagaa gaagcatgat ttagtggtgg ttaatggtac tagatag 1197
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<210> SEQ ID NO 25

<211> LENGTH: 1224

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(1224)

<223> OTHER INFORMATION: Beta vulgaris subsp.maritima PI562585 arogenate
dehydrogenase alpha, complete CDS

<400> SEQUENCE: 25

atgatttcac tctettettt tcatccttee tecaccaceyg ccaccgccac cgcecgecace 60

gecaccgeca ccgecgecac cgccaccgec accacccace caccacaaca atgtcccget 120

ttttectete ctccatcgca tctcetegett cetttacgece accctcegeca acaccttgta 180

gtteggtgeyg gtggaggtgg ttceggectcee gaatcggtat ttaaccgtga tagtgctget 240

actcgtgttt ctaatgatca tcttgacgtt agtaaaagag atgttaagcet taagattgcet 300

attattgggt ttggtaactt tggccagttt ttggctaaga caatggctaa gcaaggtcat 360

agagtgttgg cttactcacg ctcggactac tecccgegetyg ctaaggagat cggegtcgag 420

tattttactg acgccgatga cctctgegag gagcaccctyg aggttattet tttgtgcacyg 480

tccatectet caacggagaa ggtcctecga tcactccceee tecaccgget ccegtegttcea 540

accctetttyg cggatgttcet ctceggtcaag gaatttcecte gatcgetett ccttcaacta 600

cttectaagg actttgatat cctatgecacce caccctatgt ttggcccaga ctcegggcaaa 660

gacgggtggyg gtggactacc ctttgtgttt gataaagtta gagtcggatc agatcagagt 720

cggacgtete gtgctgagge attcctagac gtgtttagga atgccgggtyg taggatggtg 780

gaaatgagtt gtgttgatca tgacaagcat gcagccgggt ctcaatttat tacacatatg 840

atgggacgag ttttggagaa attggccttg gaaaatacac caattaatac aaaagggtac 900

gaaagtttgt taaatttggt ggataatact gcaagggata gttttgagtt gttttatggg 960

ttgtttttgt acaataaaaa tgcaatggag caattggata gaatggattg ggctttcgag 1020

atggtaaaaa agcaactttc gggatatttg catgatcttg ttagaaaaca attgatgttg 1080

gagggtaata atgatcaagc tgaggttact tttgacaaac cattaatgct tccttctect 1140

actattaatc ctccacaaat agttccttct gctgatatgg ctgagaagaa gcatgattta 1200

gtggtggtta atggtactag atag 1224

<210> SEQ ID NO 26

<211> LENGTH: 1041

<212> TYPE: DNA

<213> ORGANISM: Spinacia oleracea

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1041

<223> OTHER INFORMATION: Spinacia oleracea arogenate dehydrogenase
alpha, partial CDS

<400> SEQUENCE: 26

tgcgecgect ctgactcegt gttcaaccac gatattggtyg tgecttttgt ctcaacacge 60

getteceggeyg aggtgccgga ggttaacagt agagatatta agcttaagat cgegatcatt 120

gggttceggga actttggtca gtttttggcet aagactatta ctaagcaagg tcacagagtt 180

ttggcttact ccecggtcaga ttactccegt getgetaagg agatcggegt cgagtattte 240
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tccgacgeceg atgatctttg cgaagagcat cccgaggtga tactcctatg cacttcaatce 300
ctctcaacag agaaggtcct cegttegete ccectecace gecttegeceg gtcocacccte 360
ttcgtggacg tcectcteggt gaaggagttce ccgegttcac ttttectcca agtecttect 420
aaagactttg acatcctttg cacccaccece atgtteggec cagactcagg caaaagcgga 480
tggggtggge tcccctttgt cttcegacaaa gtccgagteg ggtceggaccce aacccgggceyg 540
gctcggactyg aggcgttect agacatttat aggaacgccg ggtgtaggat ggtggaaatg 600
acatgcgegg accacgacaa gcacgcggct gggtcgcaat tcataaccca catgatgggce 660
cgggttttgg agaaattagc cctcgaaaac acaccgatta acacgaaagg gtacgagagt 720
ttgttgaact tggtggataa tacggcccgg gacagctttg agttgtttta cggactgttt 780
ttgtacaaca agaacgcgat ggaacaattg gatagaatgg attgggcttt cgagatggta 840
aagaagcaac tttcgggtta tttgcatgat cttgttagga aacaattgat gctagagact 900
accaatgaac aagttgggtt tgatcagacg ttcatgcttc cttctectge cgataatcct 960

cgtcaaacac caccctcecgge tgccgtttcee gagaattcega aacccgattt tgtggtggta 1020

aatggtaata attctagata g 1041

<210> SEQ ID NO 27

<211> LENGTH: 1128

<212> TYPE: DNA

<213> ORGANISM: Rivina humilis

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1128

<223> OTHER INFORMATION: Rivina humilis arogenate dehydrogenase alpha,
partial CDS

<400> SEQUENCE: 27

tgcacggect tcactaaaac taataataat aatgecttgg gttatggtta cggttatggt 60
tatggttatg gctatgacaa aaacaaggtg tctagtactg aacagggtga tgaggtttcg 120
ggttcgagtt cgaattcgaa gaagctgaag attggtataa ttgggttcegg gaactttggt 180
cagtttatgg caaagacgat ggtgaaacat ggtcacactg tgcttgctta ttctegttece 240
gattactcac gtgctgctca taccatcggt gttegctact tcetcetgatece tgatgacttg 300
tgcgaagage accctgaggt gattctactg tgcaccteca tettatccac tgaaagggtg 360
ctteggtcac taccgettcea tegectacge cgetcaacac tegttgegga tgtgetgteg 420
gtcaaggaat tcccacgttc actcttecta caactcctee cttetgactt tgacatectt 480
tgcactcate ctatgttegg accggactce ggcaaggeeg ggtggggegyg tettecttte 540
gtctttgaca aagtccgggt tggatcccaa cccgaacgece tcaccegtgt tgaggectte 600
ctggacattt tcegggatge cgggtgeegg atggtggaga tgagttgtge tgagcatgac 660
aggcatgetyg ctgggtcaca attcataaca cacatgatgg gacgtgtgtt agagaagcett 720
gecacttgagg acacaccaat taacaccaaa gggtatgaga gtttgttgaa cttggttgat 780
aacactgcta gggacagttt tgagetgttt tatggactet ttttatacaa caagaatgca 840
atggaacagc ttgatagaat gcattgggca tttgagacag tgaagcaaca gctctetggt 900
tatttgcatg tccttgttag gaagcagttyg atgttggaga cttettecegg taatgacaat 960

aataatacta ataatattaa tattagcagt ggtgataata ttaataataa ggacacaaat 1020
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aataaattaa tgttaccttc tcctgggatt agttctgcta aaattgttece accagtacag

gagaaggaga aacatgactt ggtgatgctc aatggatcaa agcggtag

<210> SEQ ID NO 28

<211> LENGTH: 1026

<212> TYPE: DNA

<213> ORGANISM: Portulaca oleracea

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1026

<223> OTHER INFORMATION: Portulaca oleracea arogenate dehydrogenase
alpha, partial CDS

<400> SEQUENCE: 28

tgctcatcat catcatcatc cagtgccage atcatcatca atggttcegyg tagctccacyg

acaaactcga gcgtcttecga tgctagttet tectccgatt cagacgtaaa aaaaaggtca

gaagtgaagc tgaaaatcgg gatcattgga tttgggaagt ttggacagtt tctagcgaag

agaattgtga gtcagggtca tgatgtcttg gegtattcte ggteggatta ctcacgggtyg

gcatcggaga ttggcgtacg gttcettetet gacgecgatg acctcetgega ggagcacect

caggtgatce tgttatgcac atcaatcctg tcaaccgage gegttetgeg ctegettceca

ctacacaggce tccgtecgatce caccctgtte geggatgtece tgtccgtaaa agagttcccg

cggtcactet tcttacaatt actccectece gacttcegaca ttctatgcac acaccccatg

tteggacceg actcaggcaa gtccgggtgg gacagtcette cetttgtett cgacaaggte

cgggteggat ccaccectac tcgggtcace cggtcecgagg ccttectaga catcttecgg

accgecgggt gtaggatggt ggaaatgage tgegecgage acgacaaaca cgcagecggg

tcccagttea taacccatat gatgggecgg gttcetcegaga agttagactt ggaaaacaca

cccataaaca ccagaggata tgagagtttg agaaacctgg tggacaacac ggcaagggac

agctttgage tgttttatgg attgtttttg tacaacaaaa acgcgacgga gcagcttgac

aggatggatt gggcattcga gatggttaag aaacaacttt ctgggtatct tcatcatcta

gttaggaaac agttgatgtt agagagtagt aatacacatg aaaatcatgt tgacaacaaa

ttgttgctte cagagaataa gcagaagcaa catgacttgg tcegtegtegt caacgataga

tcatag

<210> SEQ ID NO 29

<211> LENGTH: 1191

<212> TYPE: DNA

<213> ORGANISM: Spergularia marina

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1191

<223> OTHER INFORMATION: Spergularia marina arogenate dehydrogenase
alpha mRNA, complet CDS

<400> SEQUENCE: 29

atgatgaatt ctatctcctt tgtcaactct tectcaacaa caaccgcgga tattatctac

ttaaaccacc aattttcgcg tcacaagtgt ttttectegte ttectceggga cgcaactcect

agggaccgte ggaagatttc cttggctaga gecatcaacyg gctcacctac gtgtagecat

gttgaaatcg accaaacgtt ggttagctct agccaagcta ctactagage ttgtagtaat

gagcaaaaga agcttaaaat cgcggtcgta gggttceggga attttggaca gtttttgget

1080

1128

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1026

60

120

180

240

300
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agagaaatgg ttaagcaagg acatcaagtg ttggcttact ctcgctctga ttactcaaag 360
gttgctaaag agattggtgt ccaattcttt agggaccctg atgacctttg cgaggaacat 420
cctcaggtgg ttettttatg cacctctatt ctctcaacgg agaaggtcct tegctcccte 480
ceggttgace gecttegecg ttccacccte attgttgacg tcectcteggt taaggagttt 540
cecgegeaccee ttttecteceg gcacttgect gaggacttgg acatcctttg cacccatcca 600
atgtttggcc cggactctgg caagtcceggg tgggatggge taccctttgt atttgataaa 660
gtccgagttyg gatcagacce aacccggacc cacagagtca acacattctt ggatatattt 720
aaacacgcag ggtgtagaat ggttgagatg acgtgtatgg accatgacaa gcatgcagcc 780
ggttcccagt ttataaccca catgatgggt cgggtcttag agaaagtggg cctttcaaat 840
acacccatta atacaaaagg gtatgagagt ttgttgaatt tggtggataa tacagcaaga 900
gatagctttg agttgtttta tggactgttt ttgtacaaca aaaatgcaat ggaggagttg 960

gatagattgg actgggcctt tgatacggta aaaatgcagc tttctgggta tttgcatgat 1020
tttgctagta aaaagttgat gttggagact ggtaatgaac tagctgggat tgttagtggt 1080
aaaattggcg acgacaatca taataacaag aggttaatgc tctccecctece tacaaattcet 1140

tacaagaatg ttacttttac tgatacgaaa gtttcggaga aaatgatgtg a 1191

<210> SEQ ID NO 30

<211> LENGTH: 1158

<212> TYPE: DNA

<213> ORGANISM: Paronychia polygonifolia

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1158

<223> OTHER INFORMATION: Paronychia polygonifolia dehydrogenase alpha
mRNA, complete CDS

<400> SEQUENCE: 30

atgaattcta tctctattgt aagctctact aagtctactt attacaaagt ctaccaattt 60
ccatcaccta agatatgttt cttccaccct tctaagetect ctattcecctte ttgeccacctt 120
aagtttcaaa attttgccgt acgttgcaat agtagtaaca acccaaaaaa tgtttcaaac 180
tctaaggata ataaatggaa gcctagtgaa attaacaagg gaattaagcet taaaatcgeg 240
gtagtggggt tcggcaactt tgggcagttc ttggctaagg aaatggttaa gcaaggccat 300
caagtggtgg cgtactctceg tactgattat actaaggttyg ctcaagatat gggtgttcge 360
ttettttetg atgettgtga aatgttcatt gagcaacceyg aggtgattcet aatgtgcace 420
tctatecctet ctacggagaa ggtgttgege teectceccte tecaccgtet cceggecagece 480
accatctteg tggacgtect cteccgtgaag gagttcecceee ggtecctett cctecaacac 540
cteccecaagg actteggeat cctttgeact cacccaatgt ttgggccaaa ctcagcecaag 600
geegggtggyg cegggetcece cttegtteta gacagggtte gggtcagtat tgacccgacce 660
caagccacce ggacagaggce attcctagac atattccgaa atgcagggtyg taggatggtg 720
gaaatgactt gtgaagacca tgacaagcat gcagcecgggt cacagttcat aacccacatg 780
atgggtcggg ttcttgagaa agtggggetce cgaaatacac ccattaatac aaaagggtac 840
gaaagtttgt tgaatttggt ggagaataca ggaagagata gctttgagtt gttttatggg 900
ttgttettgt acaatgaaaa tgcaatggtg caattagaga ggttggactyg ggcttttaag 960

aaggttaaga gtcaactttc tgcatgtatg catgatcatg ttagggagag ccttatgttt 1020
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gagtctcatg gagatcaaaa taagattatg aaaaaggcga gttacaagtc actcctatca 1080

gcctatacag aaaaaagtaa taagattgtc aaagatacaa agattaagaa ggacttggtg 1140

attagtgggc aacaataa 1158

<210> SEQ ID NO 31

<211> LENGTH: 720

<212> TYPE: DNA

<213> ORGANISM: Herniaria latifolia

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(720)

<223> OTHER INFORMATION: Herniaria latifolia arogenate dehydrogenase
alpha mRNA, partial CDS

<400> SEQUENCE: 31

agtcgggttt gggaactttg ggcagttett agecaaagaa atggtgaage aaggtcatca 60

agtgttgget tattcteget ctgattatte aagggttget caggagattg gegtacagta 120

tttctcaaat cccgacgacce tttgcaaaga gcatectgag gttatectcee tgtgcacate 180

catcctectee actgaaaaag tcctaaatac ccttececte gacegectcee gaccatcaac 240

tctettetee gatgtgetet cegtcaagga attcectegt acacttttee tccagcaact 300

acccgaggac tttgacatca tctgtaccca tccaatgtte ggecccggact cgggcaaaca 360

cgggtgggea gggctecect acgtctacga caaagtacgt gtegggttgg atccgacceg 420

gatccgecga geggaggcat ttcttaacat tttcgaaagg gcagggtgta ggatggtgga 480

gatgacgtgt gcagagcatg acaagcatgc agctgggtcce cagttcataa cccacatgtt 540

gggccgagtt ttggagaaag tgggcctttt aaatacgccce attaacacaa aagggtacga 600

gagtttgttyg agcttggtgg ataatacage aagagacage tttgagttgt tttatggget 660

ttttttgtac aacaaaaatg caatggagca gttggatcga ttggattggg cctttgacat 720

<210> SEQ ID NO 32

<211> LENGTH: 1077

<212> TYPE: DNA

<213> ORGANISM: Corrigiola litoralis

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1077

<223> OTHER INFORMATION: Corrigiola litoralis arogenate dehydrogenase
alpha, partial CDS

<400> SEQUENCE: 32

tgcagcaagg gtgtgcatgg catgaatgge tcagetgatce attttcatce taacattaag 60

gttaatggtyg aggttttgaa ccctatggtt ggctctagtg atgtagecga ggatgttaag 120

ctaaaaatcg ccatagttgg gtttggaaac tteggacaat tettggctaa ggaaattgtt 180

aagcagggtce ataaggtgtt ggcttactct cggtetgatt actctaagge tgctaaggag 240

attggtgtge agtattttte cgatgctgat gacctgtgtg aggagcatce tgaggtgatce 300

ctcetttgea cctectatect ctcaacggag aaggtgatge gegecctece tatccaccge 360

cttegeeggt ccaccctett cgtegatgtt ctetcagtga aggagttece ccegcetcacte 420

ttcectecaag ttetecctaa ggactttgac atectetgea ceccacccaat gtteggecct 480

gactceggea aagcegggtg gggtggacte ccttttgtet ttgacaaagt tegggttgeg 540

ccagactcca ccegggetac tagggecgag geatttetag acatcttcag aagagcaggg 600
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tgccgaatgg tagaaatgac ttgtgcagac cacgacaagce atgcagcagg atcgcagttce 660
atcacacaca tgatgggtcg ggtgctagag aaaatagggc ttgaaaatac tcccatcaac 720
acaaaagggt acgagagttt gctcaatttg gtggacaata cggcgagaga cagctttgag 780
ttgttttatg ggttgttttt gtataataag aacgcaatgg agcagttaga tagaatggac 840
tgggcttttg agatgataaa gaagcgactt tcaggatact tgcatgatct tgttaggaag 900
cagttgatgc tagaaactac tggtaatgat caagctggtc taactaacgg tgcaaaaaat 960

aatcatgaca agaagctcat gcttcctcecct cctgctgeca atccttctat gattgttect 1020

tctgctgeta ctcatgagaa gaagcatgat ttggtgcatg tcaatggaag cagatga 1077

<210> SEQ ID NO 33

<211> LENGTH: 990

<212> TYPE: DNA

<213> ORGANISM: Telephium imperati

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(990)

<223> OTHER INFORMATION: Telephium imperati arogenate dehydrogenase
alpha, partial CDS

<400> SEQUENCE: 33

gtattgggga gtatggttgg tcctagtgag agtgggaagg atgttaaget tgaaatcgeg 60
gtagtcgggt tegggaactt tgggcagttt ttgggtaggg aaattgttaa gcaggggeat 120
gaggtgttgyg cttattcteg gtctgattac tccaaagttyg ctaaggagat tggtgtacgt 180
tatttttceg acgctcatga cttgtgtgag gagcatcctyg aggtgatcct cctatgcaca 240
tccatectet caacagagag ggtcctecac teectceccte taaaccgect ccgecgetcee 300
accctetteg tcegacgtect cteccgtgaag gagttceceee gaaacctett cctcecaaaac 360
cteccecaacyg acttegacat cctcectgeacce cacccaatgt teggeccgga ctcecggcaaa 420
geeggetggyg acgggetccee cttegtgtte gacaaggtece gggtcegggte agacccggece 480
cggaccacce gggcecgacac attcctagac atattcagga atgcagggtyg caggatggtg 540
gaaatgtcct gtgcagagca tgacaggcac gcagccgggt cacaattcat aacccacatg 600
atgggtcggg ttttggagaa aatcgggetce gaaaacacac ccattaacac aaaagggtac 660
gagagtttgt tgaatttggt ggataataca gcaagggata gctttgaatt gtttttgtat 720
tataagaatg caatggagca attagatagg atggattggg cttttgagat gattaagaag 780
cagctttetg ggtatttgca tgagettgtt aggaagcaat tgatgctaga gactaataat 840
gatcaatceyg ggataattaa tggtaaaact aattgtgata aacgactaat gcttcctect 900
ceggecgeta atcegtetgt aattgttect gatcctgtte ctgectgtgaa gaagaagcat 960
gatttggtgc atgtcaatgg aagtagatga 990

<210> SEQ ID NO 34

<211> LENGTH: 1161

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(11ls1

<223> OTHER INFORMATION: Beta vulgaris W357B arogenate dehydrogenase
betta mRNA, complete CDS

<400> SEQUENCE: 34
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atgctttete tctectecac aaccaccgca aaaccctege cgtegecate tccggegaat 60
tttceggega aactttette tctctecacce atcaccacca ctetetettt ctcetectege 120
cggagatatt ttcatggcegt caaaacccta acaattcgea gcatcgacge cgcacaatte 180
ttcgattacg aatcaaaact tgccgccatt aacacaacct cttegtctte atcttcatct 240
tattcgaagce tcaaaatcgc aatcgtaggg ttecggaaatt acggacaatt tctcgcgaaa 300
accctagttt ctcaaggtca tactgttcte gcttattcetce gectctgatta ctctaaaatce 360
gectgcegaate teggegttte ttacttttet gatcctgatg atctttgega agaacatcct 420
gaggtaatta tgttgtgtac ttcgatttta tcaactgaag ttatgttgaa ttcgttacca 480
ttgcagcgac ttaaacgatc gacgcttttt gttgatgttt tatcggtgaa agaatttccg 540
cgtaatttgt ttcttcaaac tttaccgtct gattttgata tattatgtac tcatcctatg 600
tttgggcctg aatctgggaa aaatggttgg ggaagtttge cttttgttta tgataaggtt 660
aggattggga aagatgaggg tagaattaag agatgtgaga gttttttgga tgtttttagg 720
agagaaggtt gtagggttga ggaaatgact tgtgctgage atgataagtt tgcagcaggg 780
tctcagttta taacacattt cttagggagg gttttggaga agcttgattt ggaggatacg 840
ccgattaata cgaaagggta tgagagtttg ttgaatttgg tggataatac gtcgaaggat 900
agtttcgagt tgttttatgg gttgtttttg tataatcaga atgctatgga gcagttagag 960

aggttagatt gggcgtttga gttggttaag aagcaattgt ttggacactt gcatgggttg 1020
ctaaggaaac agttgtttgg gttttctgag atagatgaac gtattgggaa ggcgaaggag 1080
atcaaatttc tctctgatge tgcagaacag aatggctcetg ccttgtctge tagggagaat 1140

gcaaattcgg agacaaattg a 1161

<210> SEQ ID NO 35

<211> LENGTH: 1161

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(11ls1

<223> OTHER INFORMATION: Beta vulgaris Big Buck arogenate dehydrogenase
betta mRNA, complete CDS

<400> SEQUENCE: 35

atgctttete tctectecac aaccaccgca aaaccctege cgtegecate tccggegaat 60
tttceggega aactttette tctctecacce atcaccacca ctetetettt ctcetectege 120
cggagatatt ttcatggcegt caaaacccta acaattcgea gcatcgacge cgcacaatte 180
ttcgattacg aatcaaaact tgccgccatt aacacaacct cttegtctte atcttcatct 240
tattcgaagce tcaaaatcgc aatcgtaggg ttecggaaatt acggacaatt tctcgcgaaa 300
accctagttt ctcaaggtca tactgttcte gcttattcetce gectctgatta ctctaaaatce 360
gectgcegaate teggegttte ttacttttet gatcctgatg atctttgega agaacatcct 420
gaggtaatta tgttgtgtac ttcgatttta tcaactgaag ttatgttgaa ttcgttacca 480
ttgcagcgac ttaaacgatc gacgcttttt gttgatgttt tatcggtgaa agaatttccg 540
cgtaatttgt ttcttcaaac tttaccgtct gattttgata tattatgtac tcatcctatg 600

tttgggcctg aatctgggaa aaatggttgg ggaagtttge cttttgttta tgataaggtt 660



US 2018/0265880 Al Sep. 20, 2018
55

-continued
aggattggga aagatgaggg tagaattaag agatgtgaga gttttttgga tgtttttagg 720
agagaaggtt gtagggttga ggaaatgact tgtgctgage atgataagtt tgcagcaggg 780
tctcagttta ttacacattt cttagggagg gttttggaga agcttgattt ggaggatacg 840
ccgattaata cgaaagggta tgagagtttg ttgaatttgg tggataatac gtcgaaggat 900
agtttcgagt tgttttatgg gttgtttttg tataatcaga atgctatgga gcagttagag 960

aggttagatt gggcgtttga gttggttaag aagcaattgt ttggacactt gcatgggttg 1020
ctaaggaaac agttgtttgg gttttctgag atagatgaac gtattgggaa ggcgaaggag 1080
atcaaatttc tctctgatge tgcagaacag aatggctcetg ccttgtctge tagggagaat 1140

gcaaattcgg agacaaattg a 1161

<210> SEQ ID NO 36

<211> LENGTH: 1161

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(11ls1

<223> OTHER INFORMATION: Beta vulgaris Touch Stone arogenate
dehydrogenase betta mRNA, complete CDS

<400> SEQUENCE: 36

atgctttete tctectecac aaccaccgca aaaccctege cgtegecate tccggegaat 60
tttceggega aactttette tctctecacce atcaccacca ctetetettt ctcetectege 120
cggagatatt ttcatggcegt caaaacccta acaattcgea gcatcgacge cgcacaatte 180
ttcgattacg aatcaaaact tgccgccatt aacacaacct cttegtctte atcttcatct 240
tattcgaagce tcaaaatcgc aatcgtaggg ttecggaaatt acggacaatt tctcgcgaaa 300
accctagttt ctcaaggtca tactgttcte gcttattcetce gectctgatta ctctaaaatce 360
gectgcegaate teggegttte ttacttttet gatcctgatg atctttgega agaacatcca 420
gaggtaatta tgttgtgtac ttcgatttta tcaactgaag ttatgttgaa ttcgttacca 480
ttgcagcgac ttaaacgatc gacgcttttt gttgatgttt tatcggtgaa agaatttccg 540
cgtaatttgt ttcttcaaac tttaccgtct gattttgata tattatgtac tcatcctatg 600
tttgggcctg aatctgggaa aaatggttgg ggaagtttge cttttgttta tgataaggtt 660
aggattggga aagatgaggg tagaattaag agatgtgaga gttttttgga tgtttttagg 720
agagaaggtt gtagggttga ggaaatgact tgtgctgage atgataagtt tgcagcaggg 780
tctcagttta taacacattt cttagggagg gttttggaga agcttgattt ggaggatacg 840
ccgattaata cgaaagggta tgagagtttg ttgaatttgg tggataatac gtcgaaggat 900
agtttcgagt tgttttatgg gttgtttttg tataatcaga atgctatgga gcagttagag 960

aggttagatt gggcgtttga gttggttaag aagcaattgt ttggacactt gcatgggttg 1020
ctaaggaaac agttgtttgg gttttctgag atagatgaac gtattgggaa ggcgaaggag 1080
atcaaatttc tctctgatge tgcagaacag aatggctcetg ccttgtctge tagggagaat 1140
gcaaattcgg agacaaattg a 1161
<210> SEQ ID NO 37
<211> LENGTH: 1161

<212> TYPE: DNA
<213> ORGANISM: Beta vulgaris
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<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(11ls1

<223> OTHER INFORMATION: Beta vulgaris Blankoma arogenate dehydrogenase
betta mRNA, complete CDS

<400> SEQUENCE: 37

atgctttete tctectecac aaccaccgca aaaccctege cgtegecate tccggegaat 60
tttceggega aactttette tctctecacce atcaccacca ctetetettt ctcetectege 120
cggagatatt ttcatggcegt caaaacccta acaattcgea gcatcgacge cgcacaatte 180
ttcgattacg aatcaaaact tgccgccatt aacacaacct cttegtctte atcttcatct 240
tattcgaagce tcaaaatcgc aatcgtaggg ttecggaaatt acggacaatt tctcgcgaaa 300
accctagttt ctcaaggtca tactgttcte gcttattcetce gectctgatta ctctaaaatce 360
gectgcegaate teggegttte ttacttttet gatcctgatg atctttgega agaacatcct 420
gaggtaatta tgttgtgtac ttcgatttta tcaactgaag ttatgttgaa ttcgttacca 480
ttgcagcgac ttaaacgatc gacgcttttt gttgatgttt tatcggtgaa agaatttccg 540
cgtaatttgt ttcttcaaac tttaccgtct gattttgata tattatgtac tcatcctatg 600
tttgggcctg aatctgggaa aaatggttgg ggaagtttge cttttgttta tgataaggtt 660
aggattggga aagatgaggg tagaattaag agatgtgaga gttttttgga tgtttttagg 720
agagaaggtt gtagggttga ggaaatgact tgtgctgage atgataagtt tgcagcaggg 780
tctcagttta taacacattt cttagggagg gttttggaga agcttgattt ggaggatacg 840
ccgattaata cgaaagggta tgagagtttg ttgaatttgg tggataatac gtcgaaggat 900
agtttcgagt tgttttatgg gttgtttttg tataatcaga atgctatgga gcagttagag 960

aggttagatt gggcgtttga gttggttaag aagcaattgt ttggacactt gcatgggttg 1020
ctaaggaaac agttgtttgg gttttctgag atagatgaac gtattgggaa ggcgaaggag 1080
atcaaatttc tctctgatge tgcagaacag aatggctcetg ccttgtctge tagggagaat 1140

gcaaattcgg agacaaattg a 1161

<210> SEQ ID NO 38

<211> LENGTH: 1161

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(11ls1

<223> OTHER INFORMATION: Beta vulgaris subsp.maritima PI562585 arogenate
dehydrogenase betta, complete CDS

<400> SEQUENCE: 38

atgctttete tctectecac aaccaccgca aaaccctege cgtegecate tccggegaat 60
tttceggcaa aactttectte tctctecacce atcaccacca ctatctcctt ctctectege 120
cggagatatt ttcatggegt caaaacccta acaattcgea gcatcgacge tgcacaatte 180
ttcgattacg aatcaaaact cgccgccatt aacacaacct cttcatctac atcgtcatct 240
tattcgaaac tcaaaatcgc aatcgtaggt ttecggaaatt acggacaatt tctcgcgaaa 300
accctagttt ctcaaggtca tactgttcte gcttattcetce gectctgatta ctctaaaatce 360
gectgcegaate teggegttte ttacttttet gatcctgatg atctttgega agaacatcct 420

gaggtaatta tgttgtgtac ttcgatttta tcaactgaag ttatgttgaa ttcgttacca 480
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ttgcagcgac ttaaacgatc gacgcttttt gttgatgttt tatcggtgaa agaatttccg 540
cgtaatttgt ttcttcaaac tttaccgtct gattttgata tattatgtac tcatcctatg 600
tttgggcctg aatctgggaa aaatggttgg ggaagtttge cttttgttta tgataaggtt 660
aggattggga aagatgaggg tagaattaag agatgtgaga gttttttgga tgtttttagg 720
agagaaggtt gtagggttga ggaaatgact tgtgctgage atgataagtt tgcagcaggg 780
tctcagttta ttacacattt cttagggagg gttttggaga agcttgattt ggaggatacg 840
ccgattaata cgaaagggta tgagagtttg ttgaatttgg tggataatac gtcgaaggat 900
agtttcgagt tgttttatgg gttgtttttg tataatcaga atgctatgga gcagttagag 960

aggttagatt gggcatttga gttggttaag aagcaattgt ttggacactt gcatgggttg 1020
ctaaggaaac agttgtttgg gttttctgag atagatgaac gtattgggaa ggcgaaggag 1080
atcaaatttc tctctgatge tgcagaacag aatggctcetg ccttgtctge tagggagaat 1140

gcaaattcgg agacaaattg a 1161

<210> SEQ ID NO 39

<211> LENGTH: 966

<212> TYPE: DNA

<213> ORGANISM: Spinacia oleracea

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(966)

<223> OTHER INFORMATION: Spinacia oleracea arogenate dehydrogenase
betta, partial CDS

<400> SEQUENCE: 39

geegetacca atacctccac cgccacctcet tectcacagt cgtcegtactce gaagctcaag 60
gtggcaatcyg ttgggttcgg aaactatgga caatttctceg caaaaactat ggtttctcaa 120
ggtcatactyg ttcttgcata ttcteggtcet gattactcega aaatagctcc aaatctggge 180
gtttegttet ttteccgatce tgatgattta tgtgaagaac atccggaggt aattttgetg 240
tgcacttcga ttttatcaac tgaatttatg ttgaattcac taccattgca acgtcttaag 300
aggtcgacgce tttttgttga tgttttatcg gttaaggagt ttccccgtaa cttgtttett 360
cagactttgc cgcctgattt tgatatttta tgcactcatc ctatgtttgg tcectgaatct 420
gggaaaaatyg gatggggagg tttgcegttt gtttatgata aggttaggat tgggaaagca 480
gagcgtagaa ttaggaggtg tgagaatttt ttggatgttt ttaggagagc agggtgtagg 540
gttgaggaga tgacttgtgce agagcatgat aaatacgcgg cgggttcaca gtttattacg 600
catttecctgg ggagggtttt ggagaagett gatttggagyg atacaccgat taacacgaaa 660
gggtacgaga gtttgttgaa tttggtggat aatacgtcga aggatagttt cgagttgttt 720
tatgggttgt ttttgtacaa ccagaatgct atggagcagt tggagaggtt agattgggca 780
ttcgagttgg ttaagaagca gttgtttggg catttgcatg gtttgttaag gggtcagttg 840
tttgggtgta ctgagattga tgaacgtctt gagaaggcaa aggagttgaa gtttctttet 900
gatgccacga cacaaaatgg ctctgectcee getcectagag aaaatgcaaa ttcagagatce 960
aattga 966

<210> SEQ ID NO 40
<211> LENGTH: 966
<212> TYPE: DNA
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<213> ORGANISM: Nepenthes ventricosa

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(966)

<223> OTHER INFORMATION: Nepenthes ventricosa x Nepenthes alata
arogenate dehydrogenase betta, partial CDS

<400> SEQUENCE: 40

geegegetyge caaacgacta cgaaacgaag ctttcecatce teectagtte tttegcgaaa 60
ctcaaggteg ggatcattgg gttcggecaat tacgggcagt tcecttgccaa aaccctagte 120
cggcaaggece acaccgttcet cgctcattet cgetccaatt actcccaaaa cgccgcgaag 180
cteggegtet ctttetteta tgatcccaat gacctatgeg aggaacacce ggaagttate 240
ctectetgea cctegattet gtcgacggaa tetgtcectece ggagectgece attgecagegg 300
ctcaagceggt ctactctett cgtcgacgtt ttgtceggtga aggagtttece tcegatcgett 360
ttgctccaaa ttctgeccce tgacttagac attctcetgea ctcaccccat gttegggecyg 420
gaatccggea agaacggctg gagegggetg cegttegttt acgataaggt tagaatcgge 480
gaacatgaga ttagggttaa caggtgtgat aattttatcg aagtgttcag gagggaaggyg 540
tgtaggatgg tacagatgag ctgtgcggag cacgatcgge atgeggcetgyg ctctcagttt 600
ataactcata tgatggggag agttttggag aagttgaaat tagaggatac gcccattaat 660
acgaaaggct atgagagttt gttgaatttg gtggagaaca ctgcgaggga tagtttcgag 720
ttgttttatg ggctgtttct gtataataag aacgttatgg agcagctgga gaggatggat 780
ttagegtteg agatggttaa aaagcagttg tttggccatt tacatgggtt gttgaggage 840
cagttgtttg atggttccga aatggaagtt agagtggagyg aggagagaaa attgttgtce 900
gatgggtcte agaatgggca cgttttttet tetttttcag atagtaaaaa tgttgagaga 960
aattga 966

<210> SEQ ID NO 41

<211> LENGTH: 53

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(53)

<223> OTHER INFORMATION: BvADHa N-terminal plastid transit peptide

<400> SEQUENCE: 41

Met Ile Ser Leu Ser Ser Phe His Pro Ser Ser Thr Thr Ala Thr Ala
1 5 10 15

Thr Ala Ala Ala Ala Thr Thr His Pro Pro Gln Gln Cys Pro Ala Phe
20 25 30

Ser Ser Pro Pro Ser His Leu Ser Leu Pro Leu Arg His Pro Arg Gln
35 40 45

His Leu Val Val Arg
50

<210> SEQ ID NO 42

<211> LENGTH: 74

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(74)

<223> OTHER INFORMATION: BvADHb N-terminal plastid transit peptide
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<400> SEQUENCE: 42

Met Leu Ser Leu Ser Ser Thr Thr Thr Ala Lys Pro Ser Pro Ser Pro
1 5 10 15

Ser Pro Ala Asn Phe Pro Ala Lys Leu Ser Ser Leu Ser Thr Ile Thr
20 25 30

Thr Thr Leu Ser Phe Ser Pro Arg Arg Arg Tyr Phe His Gly Val Lys
35 40 45

Thr Leu Thr Ile Arg Ser Ile Asp Ala Ala Gln Phe Phe Asp Tyr Glu
50 55 60

Ser Lys Leu Ala Ala Ile Asn Thr Thr Ser
65 70

<210> SEQ ID NO 43

<211> LENGTH: 398

<212> TYPE: PRT

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(398)

<223> OTHER INFORMATION: BvADH-alpha Boltardy red beet variety

<400> SEQUENCE: 43

Met Ile Ser Leu Ser Ser Phe His Pro Ser Ser Thr Thr Ala Thr Ala
1 5 10 15

Thr Ala Ala Ala Ala Thr Thr His Pro Pro Gln Gln Cys Pro Ala Phe
Ser Ser Pro Pro Ser His Leu Ser Leu Pro Leu Arg His Pro Arg Gln
35 40 45

His Leu Val Val Arg Cys Gly Gly Gly Gly Ser Ala Ser Glu Ser Val
50 55 60

Phe Asn Arg Asp Ser Ala Ala Thr Arg Val Ser Asn Asp His Leu Asp
65 70 75 80

Val Ser Lys Arg Asp Val Lys Leu Lys Ile Ala Ile Ile Gly Phe Gly
Asn Phe Gly Gln Phe Leu Ala Lys Thr Met Ala Lys Gln Gly His Arg
100 105 110

Val Leu Ala Tyr Ser Arg Ser Asp Tyr Ser Arg Ala Ala Lys Glu Ile
115 120 125

Gly Val Glu Tyr Phe Thr Asp Ala Asp Asp Leu Cys Glu Glu His Pro
130 135 140

Glu Val Ile Leu Leu Cys Thr Ser Ile Leu Ser Thr Glu Lys Val Leu
145 150 155 160

Arg Ser Leu Pro Leu His Arg Leu Arg Arg Ser Thr Leu Phe Ala Asp
165 170 175

Val Leu Ser Val Lys Glu Phe Pro Arg Ser Leu Phe Leu Gln Leu Leu
180 185 190

Pro Lys Asp Phe Asp Ile Leu Cys Thr His Pro Met Phe Gly Pro Asp
195 200 205

Ser Gly Lys Asp Gly Trp Gly Gly Leu Pro Phe Val Phe Asp Lys Val
210 215 220

Arg Val Gly Ser Asp Gln Ser Arg Thr Ser Arg Ala Glu Ala Phe Leu
225 230 235 240

Asp Val Phe Arg Asn Ala Gly Cys Arg Met Val Glu Met Ser Cys Val



US 2018/0265880 Al Sep. 20, 2018
60

-continued

245 250 255

Asp His Asp Lys His Ala Ala Gly Ser Gln Phe Ile Thr His Met Met
260 265 270

Gly Arg Val Leu Glu Lys Leu Ala Leu Glu Asn Thr Pro Ile Asn Thr
275 280 285

Lys Gly Tyr Glu Ser Leu Leu Asn Leu Val Asp Asn Thr Ala Arg Asp
290 295 300

Ser Phe Glu Leu Phe Tyr Gly Leu Phe Leu Tyr Asn Lys Asn Ala Met
305 310 315 320

Glu Gln Leu Asp Arg Met Asp Trp Ala Phe Glu Met Val Lys Lys Gln
325 330 335

Leu Ser Gly Tyr Leu His Asp Leu Val Arg Lys Gln Leu Met Leu Glu
340 345 350

Gly Asn Asn Asp Gln Ala Glu Val Thr Phe Asp Lys Pro Leu Met Leu
355 360 365

Pro Ser Pro Thr Ile Asn Pro Pro Gln Ile Val Pro Ser Ala Asp Met
370 375 380

Ala Glu Lys Lys His Asp Leu Val Val Val Asn Gly Thr Arg
385 390 395

<210> SEQ ID NO 44

<211> LENGTH: 1197

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1197

<223> OTHER INFORMATION: BvADH-alpha Boltardy red beet variety

<400> SEQUENCE: 44

atgatttcac tctettettt tcatccttece tecaccaceyg ccaccgccac cgcecgecgee 60
gccaccaccee acccacctca acaatgtcce getttttect ctecteegte geatcteteg 120
cttectttac gccacccteg ccaacacctt gtagtteggt geggtggagyg tggtteggece 180
tccgaategg tatttaaccg tgatagtget getactegtyg tttctaatga tcatcttgac 240
gttagtaaaa gagatgttaa gcttaagatt gctattattg ggtttggtaa ctttggccag 300
tttttggcta agacaatggc taagcaaggt catagagtgt tggcttactc acgctcggac 360
tactcccgeg ctgctaagga gatcggegte gagtatttta ctgacgccga tgacctetge 420
gaggagcacce ctgaggttat tctgttgtge acatccatcce tctcaacgga gaaggtccte 480
cgatcactcee ccctecaccg getcegtegt tcaaccctet ttgeggatgt teteteggte 540
aaggaatttc ctcgatcget cttcecttcaa ctacttecta aggactttga tatcctatge 600
acccacccta tgtttggecce agactcggge aaagacgggt ggggtggact accttttgtg 660
ttcgataaag ttagagtcgg atcagatcag agtcggacat ctegtgctga ggcattecta 720
gacgtgttta ggaatgccgg gtgtaggatg gtggaaatga gttgtgttga tcatgacaag 780
catgcagceg gatctcaatt tattacacat atgatgggac gagttttgga gaaattggece 840
ttggaaaata caccaattaa tacaaaaggg tacgaaagtt tgttaaattt ggtggataat 900
actgcaaggg atagttttga gttgttttac gggttgtttt tgtacaataa aaatgcaatg 960

gagcaattgg atagaatgga ttgggctttc gagatggtaa aaaagcaact ttcgggatat 1020

ttgcatgatc ttgttagaaa acaattgatg ttggagggta ataatgatca agctgaggtt 1080
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acttttgaca aaccattgat gcttccttct cctactatta atcctccaca aatagttccce 1140

tctgctgata tggctgagaa gaagcatgat ttagtggtgg ttaatggtac tagatag 1197

<210> SEQ ID NO 45

<211> LENGTH: 323

<212> TYPE: PRT

<213> ORGANISM: Mirabilis jalapa

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(323)

<223> OTHER INFORMATION: Mirabilis jalapa ADH-alpha

<400> SEQUENCE: 45

Ile Ala Ile Val Gly Phe Gly Asn Phe Gly Gln Phe Leu Gly Lys Glu
1 5 10 15

Ile Val Lys Gln Gly His Thr Val Leu Ala Tyr Ser Arg Ser Asp Tyr
20 25 30

Leu Arg Ala Ala His Asn Ile Gly Val Lys Phe Phe Ser Asp Ala Asp
35 40 45

Asp Leu Cys Glu Glu His Pro Gln Val Ile Leu Leu Cys Thr Ser Ile
50 55 60

Leu Ser Thr Glu Arg Val Leu Arg Ser Leu Pro Leu His Arg Leu Arg
65 70 75 80

Arg Ser Thr Leu Met Val Asp Val Leu Ser Val Lys Glu Phe Pro Arg
85 90 95

Ser Leu Phe Leu Gln Leu Leu Pro Pro Asp Phe Asp Ile Leu Cys Thr
100 105 110

His Pro Met Phe Gly Pro Asp Ser Gly Lys Ala Gly Trp Gly Gly Leu
115 120 125

Pro Phe Val Phe Glu Lys Val Arg Val Gly Ser Asn Pro Thr Arg Ser
130 135 140

Cys Arg Val Glu Ser Phe Leu Gly Ile Phe Gln Glu Ala Gly Cys Arg
145 150 155 160

Met Val Glu Met Ser Cys Ala Glu His Asp Arg His Ala Ala Gly Ser
165 170 175

Gln Phe Ile Thr His Met Met Gly Arg Val Leu Glu Lys Leu Ala Leu
180 185 190

Glu Asp Thr Pro Ile Asn Thr Lys Gly Tyr Glu Ser Leu Leu Asn Leu
195 200 205

Val Asp Asn Thr Ala Arg Asp Ser Phe Glu Leu Phe Tyr Gly Leu Phe
210 215 220

Leu Tyr Asn Lys Asn Ala Met Glu Gln Leu Asp Arg Met His Trp Ala
225 230 235 240

Phe Glu Thr Val Lys Gln Gln Leu Ser Gly Tyr Leu His Asp Leu Val
245 250 255

Arg Lys Gln Leu Met Leu Glu Ser Ser Ser Asn Asp Asn Asn Asp Phe
260 265 270

Val Gly Asn Tyr Tyr Asp Asn Asn Glu Asn Asp Lys Ser Ser Asp Glu
275 280 285

Lys Lys Leu Met Leu Pro Ala Pro Gly Val Ala Ala Ala Ala Gln Ile
290 295 300

Leu Pro Ser Ser Glu Arg Gln Gln Asn His Asp Leu Leu Tyr Ile Asn
305 310 315 320
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Gly Arg Arg

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 46
H: 972
DNA

<213> ORGANISM: Mirabilis jalapa

<220> FEATU

RE:

<221> NAME/KEY: misc_feature
ION: (1)..(972)
<223> OTHER INFORMATION: Mirabilis jalapa ADH-alpha

<222> LOCAT

<400> SEQUENCE: 46

atagcgatag

ggtcatactyg

gtcaaattct

tgcacatcca

cgctcaacac

caacttctac

ggcaaggccg

ccaacceget

atggtggaaa

cacatgatgg

ggatatgaaa

tatggactgt

ttcgaaactg

atgttagaat

gaaaatgata

getgctcaga

ggtcgtegat

<210> SEQ I

<211> LENGT.
<212> TYPE:

ttgggtttgg
ttttggetta
tttectgacge
tcctatcaac
tcatggtaga
caccggactt
ggtggggagy
cttgcegggt
tgagttgtge
gtegtgtttt
gtttactgaa
ttttgtacaa
ttaagcaaca
cttcaagtaa
agagtagtga
ttctacctte
ag

D NO 47

H: 386
PRT

taactttggt

ttcacgctet

cgatgacctt

agagcgagtc

cgtactgteg

tgacatcctyg

gcteccatte

tgagtcettt

agaacatgac

ggagaaatta

tttggttgat

caagaatgca

gttatctggt

tgataacaat

tgaaaagaaa

ttctgaaagyg

<213> ORGANISM: Beta vulgaris

<220> FEATU

RE:

<221> NAME/KEY: misc_feature
ION: (1)..(386)

<222> LOCAT

<223> OTHER INFORMATION: BvADH-beta

<400> SEQUENCE: 47

Met Leu Ser
1

Ser Pro Ala

Thr Thr Leu

35

Thr Leu Thr
50

Ser Lys Leu
65

Tyr Ser Lys

Leu Ser Ser Thr Thr

Asn Phe Pro Ala Lys

20

Ser Phe Ser Pro Arg

40

Ile Arg Ser Ile Asp

55

Ala Ala Ile Asn Thr

70

Leu Lys Ile Ala Ile

cagtttttygg
gattacttac
tgtgaggaac
cttegeteac
gtcaaggagt
tgcacacacc
gtgtttgaaa
cttggaatat
aggcatgetg
gcattagaag
aacacggcaa
atggaacaac
tacttacacg
gactttgteyg
ttgatgette

caacaaaatc

Thr Ala Lys
10

Leu Ser Ser
25

Arg Arg Tyr

Ala Ala Gln

Thr Ser Ser

75

Val Gly Phe

gtaaagaaat
gtgctgctca
atcctcaggt
tcceteteca
ttcececegtte
ccatgtttygy
aagtgcgagt
tccaagaage
cagggtcaca
acactccaat
gagatagcett
ttgataggat
atctggtteg
gtaattatta
ctgctectygy

atgacttget

Pro Ser Pro
Leu Ser Thr
30

Phe His Gly
45

Phe Phe Asp
60

Ser Thr Ser

Gly Asn Tyr

agtaaagcaa

caacatcgge

gatactgcta

cegectgege

attattcctt

acctgactca

tggatccaac

ggggtgtegg

gttcataact

taacacaaaa

tgagttgttt

gecattgggca

caaacaattg

tgataataat

agttgcaget

ctatatcaat

Boltardy red beet variety

Ser Pro
15

Ile Thr

Val Lys

Tyr Glu

Ser Ser

80

Gly Gln

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

972
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85 90 95

Phe Leu Ala Lys Thr Leu Val Ser Gln Gly His Thr Val Leu Ala Tyr
100 105 110

Ser Arg Ser Asp Tyr Ser Lys Ile Ala Ala Asn Leu Gly Val Ser Tyr
115 120 125

Phe Ser Asp Pro Asp Asp Leu Cys Glu Glu His Pro Glu Val Ile Met
130 135 140

Leu Cys Thr Ser Ile Leu Ser Thr Glu Val Met Leu Asn Ser Leu Pro
145 150 155 160

Leu Gln Arg Leu Lys Arg Ser Thr Leu Phe Val Asp Val Leu Ser Val
165 170 175

Lys Glu Phe Pro Arg Asn Leu Phe Leu Gln Thr Leu Pro Ser Asp Phe
180 185 190

Asp Ile Leu Cys Thr His Pro Met Phe Gly Pro Glu Ser Gly Lys Asn
195 200 205

Gly Trp Gly Ser Leu Pro Phe Val Tyr Asp Lys Val Arg Ile Gly Lys
210 215 220

Asp Glu Gly Arg Ile Lys Arg Cys Glu Ser Phe Leu Asp Val Phe Arg
225 230 235 240

Arg Glu Gly Cys Arg Val Glu Glu Met Thr Cys Ala Glu His Asp Lys
245 250 255

Phe Ala Ala Gly Ser Gln Phe Ile Thr His Phe Leu Gly Arg Val Leu
260 265 270

Glu Lys Leu Asp Leu Glu Asp Thr Pro Ile Asn Thr Lys Gly Tyr Glu
275 280 285

Ser Leu Leu Asn Leu Val Asp Asn Thr Ser Lys Asp Ser Phe Glu Leu
290 295 300

Phe Tyr Gly Leu Phe Leu Tyr Asn Gln Asn Ala Met Glu Gln Leu Glu
305 310 315 320

Arg Leu Asp Trp Ala Phe Glu Leu Val Lys Lys Gln Leu Phe Gly His
325 330 335

Leu His Gly Leu Leu Arg Lys Gln Leu Phe Gly Phe Ser Glu Ile Asp
340 345 350

Glu Arg Ile Gly Lys Ala Lys Glu Ile Lys Phe Leu Ser Asp Ala Ala
355 360 365

Glu Gln Asn Gly Ser Ala Leu Ser Ala Arg Glu Asn Ala Asn Ser Glu
370 375 380

Thr Asn
385

<210> SEQ ID NO 48

<211> LENGTH: 1161

<212> TYPE: DNA

<213> ORGANISM: Beta vulgaris

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(11ls1

<223> OTHER INFORMATION: BvADH-beta Boltardy red beet variety

<400> SEQUENCE: 48
atgctttete tctectecac aaccaccgca aaaccctege cgtegecate tceggegaat 60
tttceggcaa aactttette tetcetecace atcaccacca ctcetctectt ctetectege 120

cggagatatt ttcatggegt caaaacccta acaattegea gecatcgacge tgcacaatte 180
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ttcgattacg aatcaaaact cgccgccatt aacacaacat cttcatctac atcttcatct 240
tattcgaaac tcaaaatcgc aatcgtaggt ttecggaaatt acggacaatt tctggcgaaa 300
accctagttt ctcaaggtca tactgttcte gcttattcetce gectctgatta ctctaaaatce 360
gectgcgaate teggtgttte ttacttttet gatcctgatg atctttgega agaacatccce 420
gaggtaatta tgttgtgtac ttcgatttta tcaactgaag ttatgttgaa ttcgttacca 480
ttgcagcgac ttaaacgatc gacgcttttt gttgatgttt tatcggtgaa agaatttccg 540
cgtaatttgt ttcttcagac tttaccgtct gattttgata tattatgtac tcatcctatg 600
tttgggcctyg aatctgggaa aaatggttgg ggaagtttge cgtttgttta tgataaagtt 660
aggattggga aagatgaggg tagaattaag agatgtgaga gttttttgga tgtttttagg 720
agagaaggtt gtagggttga ggaaatgact tgtgctgage atgataagtt tgcagcagga 780
tctcagttta taacacattt cttagggagg gttttggaga agcttgattt ggaggatacg 840
ccgattaata cgaaagggta tgagagtttg ttgaatttgg tggataatac gtcgaaggat 900
agtttcgagt tgttttatgg gttgtttttg tataatcaga atgctatgga gcagttagag 960

aggttagatt gggcgtttga gttggttaag aagcaattgt ttggacactt gcatgggttg 1020
ctaaggaaac agttgtttgg gttttctgag atagatgaac gtattgggaa ggcgaaggag 1080
atcaaatttc tctctgatge tgcagaacag aatggctcetg ccttgtctge tagggagaat 1140

gcaaattcgg agacaaattg a 1161

<210> SEQ ID NO 49

<211> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 49

ggttccgegt ggatccctaa caattcgcag cat 33

<210> SEQ ID NO 50

<211> LENGTH: 34

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 50

aattcggaga caaattgaga attcatcgtg actg 34

<210> SEQ ID NO 51

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 51

ctggtteege gtggatcctyg cggtggaggt ggtteg 36

<210> SEQ ID NO 52

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
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<220> FEATURE:
<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 52

gttaatggta ctagatagga attcatcgtg actga

<210> SEQ ID NO 53

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 53

ctggtteege gtggatcecge aatcgacgee geccaa

<210> SEQ ID NO 54

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 54

tcatcatcat catcttaaga attcategtg actga

<210> SEQ ID NO 55

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 55

ctggtteege gtggatcecge cgctaccaat acctec

<210> SEQ ID NO 56

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 56

aattcagaga tcaattgaga attcategtg actga

<210> SEQ ID NO 57

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 57

ctggtteege gtggatcctg cgecgectet gactec

<210> SEQ ID NO 58

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 58

35

36

35

36

35

36
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tggtaataat tctagatagg aattcategt gactga

<210> SEQ ID NO 59

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 59

ctggtteege gtggatcege cgegetgeca aacgact

<210> SEQ ID NO 60

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 60

aaatgttgag agaaattgag aattcategt gactga

<210> SEQ ID NO 61

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 61

ctggttcege gtggatcctg ctecatcatca tcatcat

<210> SEQ ID NO 62

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 62

cgtcaacgat agatcatagg aattcategt gactga

<210> SEQ ID NO 63

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 63

ctggttcege gtggatccat agegatagtt gggtttg

<210> SEQ ID NO 64

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 64

tatcaatggt cgtcgatagg aattcategt gactga

36

37

36

37

36

37

36
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<210> SEQ ID NO 65

<211> LENGTH: 38

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 65

ctggtteege gtggatcctg cacggectte actaaaac

<210> SEQ ID NO 66

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 66

tcaatggatc aaagcggtag gaattcateg tgactga

<210> SEQ ID NO 67

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 67

tcaagctgag gttacttttg aca

<210> SEQ ID NO 68

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 68

aagaagcatyg atttagtggt ggt

<210> SEQ ID NO 69

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 69

tgcagcgact taaacgatcg

<210> SEQ ID NO 70

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 70
ttggggaagt ttgcegtttg
<210> SEQ ID NO 71
<211> LENGTH: 19

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence

38

37

23

23

20

20
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<220> FEATURE:
<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 71

agttcecctet getgatatg

<210> SEQ ID NO 72

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 72

gtggttaatg gtactagata g

<210> SEQ ID NO 73

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 73

gcgaaggaga tcaaatttcet

<210> SEQ ID NO 74

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 74

tcaatttgte tccgaatttg ¢

<210> SEQ ID NO 75

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 75

atgatttcac tctcettettt tcecatcce

<210> SEQ ID NO 76

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 76

gatttagtgg tggttaatgg tactagatag

<210> SEQ ID NO 77

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 77

19

21

20

21

26

30
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atgctttete tetectecac

<210> SEQ ID NO 78

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 78

caaattcgga gacaaattga

<210> SEQ ID NO 79

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 79

tctatccttyg catcteteag

<210> SEQ ID NO 80

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 80

tctecaaggy cgagtatgat

<210> SEQ ID NO 81

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 81

cattggttca ggaagtgcaa

<210> SEQ ID NO 82

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 82

cctttgatte atggettegt

<210> SEQ ID NO 83

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 83

tatcaaacga gggcacttc

20

20

20

20

20

20

19
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<210> SEQ ID NO 84

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 84

gatggtcttt gatagcage

<210> SEQ ID NO 85

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 85

cttttcagtyg gaattagece acc

<210> SEQ ID NO 86

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 86

tggaacatta tggaagatat tggg

<210> SEQ ID NO 87

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 87

ggctggaaga gtgatcggag

<210> SEQ ID NO 88

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 88

acgctactgt tgagcatctt ca

<210> SEQ ID NO 89

<211> LENGTH: 56

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 89

getgtcaacyg atacgctacg taacggcatg acagtgtttt tttttttttt tttttt

<210> SEQ ID NO 90

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

19

23

24

20

22

56
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<220> FEATURE:
<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 90

agctttacct cccaagtcat ¢ 21

<210> SEQ ID NO 91

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 91

ccaagattga caggcgttcet 20
<210> SEQ ID NO 92

<211> LENGTH: 358

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: AtADH2

<400> SEQUENCE: 92

Met Leu Leu His Phe Ser Pro Ala Lys Pro Leu Ile Ser Pro Pro Asn
1 5 10 15

Leu Arg Arg Asn Ser Pro Thr Phe Leu Ile Ser Pro Pro Arg Ser Leu
20 25 30

Arg Ile Arg Ala Ile Asp Ala Ala Gln Ile Phe Asp Tyr Glu Thr Gln
35 40 45

Leu Lys Ser Glu Tyr Arg Lys Ser Ser Ala Leu Lys Ile Ala Val Leu
50 55 60

Gly Phe Gly Asn Phe Gly Gln Phe Leu Ser Lys Thr Leu Ile Arg His
65 70 75 80

Gly His Asp Leu Ile Thr His Ser Arg Ser Asp Tyr Ser Asp Ala Ala
Asn Ser Ile Gly Ala Arg Phe Phe Asp Asn Pro His Asp Leu Cys Glu
100 105 110

Gln His Pro Asp Val Val Leu Leu Cys Thr Ser Ile Leu Ser Thr Glu
115 120 125

Ser Val Leu Arg Ser Phe Pro Phe Gln Arg Leu Arg Arg Ser Thr Leu
130 135 140

Phe Val Asp Val Leu Ser Val Lys Glu Phe Pro Lys Ala Leu Phe Ile
145 150 155 160

Lys Tyr Leu Pro Lys Glu Phe Asp Ile Leu Cys Thr His Pro Met Phe
165 170 175

Gly Pro Glu Ser Gly Lys His Ser Trp Ser Gly Leu Pro Phe Val Tyr
180 185 190

Asp Lys Val Arg Ile Gly Asp Ala Ala Ser Arg Gln Glu Arg Cys Glu
195 200 205

Lys Phe Leu Arg Ile Phe Glu Asn Glu Gly Cys Lys Met Val Glu Met
210 215 220

Ser Cys Glu Lys His Asp Tyr Tyr Ala Ala Gly Ser Gln Phe Val Thr
225 230 235 240

His Thr Met Gly Arg Val Leu Glu Lys Tyr Gly Val Glu Ser Ser Pro
245 250 255
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Ile Asn Thr Lys Gly Tyr Glu Thr Leu Leu Asp Leu Val Glu Asn Thr
260 265 270

Ser Ser Asp Ser Phe Glu Leu Phe Tyr Gly Leu Phe Met Tyr Asn Pro
275 280 285

Asn Ala Leu Glu Gln Leu Glu Arg Leu Asp Met Ala Phe Glu Ser Val
290 295 300

Lys Lys Glu Leu Phe Gly Arg Leu His Gln Gln Tyr Arg Lys Gln Met
305 310 315 320

Phe Gly Gly Glu Val Gln Ser Pro Lys Lys Thr Glu Gln Lys Leu Leu
325 330 335

Asn Asp Gly Gly Val Val Pro Met Asn Asp Ile Ser Ser Ser Ser Ser
340 345 350

Ser Ser Ser Ser Ser Ser
355

<210> SEQ ID NO 93

<211> LENGTH: 311

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: AaPDH

<400> SEQUENCE: 93

Met Ala Ile Leu Ser Ser Met Phe Asn Pro Ser Pro Pro Gln Gly Phe
1 5 10 15

Cys Lys Lys Asn Ile Ile Lys Ile Leu Lys Ser Leu Ser Met Gln Asn
20 25 30

Val Leu Ile Val Gly Val Gly Phe Met Gly Gly Ser Phe Ala Lys Ser
35 40 45

Leu Arg Arg Ser Gly Phe Lys Gly Lys Ile Tyr Gly Tyr Asp Ile Asn
50 55 60

Pro Glu Ser Ile Ser Lys Ala Val Asp Leu Gly Ile Ile Asp Glu Gly
65 70 75 80

Thr Thr Ser Ile Ala Lys Val Glu Asp Phe Ser Pro Asp Phe Val Met
85 90 95

Leu Ser Ser Pro Val Arg Thr Phe Arg Glu Ile Ala Lys Lys Leu Ser
100 105 110

Tyr Ile Leu Ser Glu Asp Ala Thr Val Thr Asp Gln Gly Ser Val Lys
115 120 125

Gly Lys Leu Val Tyr Asp Leu Glu Asn Ile Leu Gly Lys Arg Phe Val
130 135 140

Gly Gly His Pro Ile Ala Gly Thr Glu Lys Ser Gly Val Glu Tyr Ser
145 150 155 160

Leu Asp Asn Leu Tyr Glu Gly Lys Lys Val Ile Leu Thr Pro Thr Lys
165 170 175

Lys Thr Asp Lys Lys Arg Leu Lys Leu Val Lys Arg Val Trp Glu Asp
180 185 190

Val Gly Gly Val Val Glu Tyr Met Ser Pro Glu Leu His Asp Tyr Val
195 200 205

Phe Gly Val Val Ser His Leu Pro His Ala Val Ala Phe Ala Leu Val
210 215 220

Asp Thr Leu Ile His Met Ser Thr Pro Glu Val Asp Leu Phe Lys Tyr
225 230 235 240
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Pro

Ile

Ala

Ile
305

<210>
<211>

Gly Gly

Met Trp

Ile Glu
275

Arg Glu
290

Lys Arg

<212> TYPE:

<213>
<220>
<223>

<400>

Met

1

Gly

Gln

Gly

Thr

65

Leu

Ile

Pro

Leu

Pro

145

Lys

Ile

Ala

Ser

Leu
225

Gly

Arg

260

Gly

Ala

Met

PRT

SEQUENCE :

Phe

245

Asp

Phe

Glu

Glu

SEQ ID NO 94

LENGTH: 279

94

Lys Ile Gly Val

Asp Leu

Ser Thr

35

Gln Asp
50

Pro Ile

Ser Pro

Ala Glu

Met Ala

115

Phe Val
130

Glu Gln

Ile Tyr

Ser His

Gly Glu
195

Ser Gly
210

Gly Thr

Arg

20

Cys

Leu

Gln

Thr

Pro

100

Gly

Asn

Leu

Leu

Leu

180

Lys

Phe

Met

5

Arg

Glu

Ser

Leu

Ala

85

Ala

Thr

Ala

Ala

Cys

165

Pro

Asp

Arg

Met

Lys

Ile

Glu

Glu

Ile
310

Val

Arg

Lys

Leu

Ile

70

Ile

Ser

Ala

Pro

Cys

150

Thr

Val

Gly

Asp

Ala
230

Asp Phe

Phe Leu

Lys Ser
280

Glu Leu
295

Asp

Thr

Glu

265

Leu

Val

ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

Synthetic:

Gly Leu

Gly His

Ala Val

40

Leu Gln
55

Leu Pro

Val Thr

Gln Leu

Ala Gln

120

Tyr Val
135

Leu Arg

Pro Ala

Met Val

Asp Ile
200

Thr Ser
215

Thr Tyr

Gly

Tyr

25

Glu

Thr

Thr

Asp

Trp

105

Gly

Leu

Ser

Asp

Ser

185

Leu

Arg

Asn

Arg

250

Asn

Asn

Glu

Ile

Lys

His

Tyr

SyADH

Leu
10

Leu

Arg

Ala

Leu

Val

90

Ser

Ile

Thr

Val

His

170

Ala

Lys

Val

Gln

Ile

Ile

Gln

Lys

Glu

75

Ala

Gly

Asp

Pro

Leu

155

Asp

Ala

Leu

Gly

Arg
235

Ala Lys

Glu Asn

Leu Lys
285

Leu Lys
300

Gly Ala

Gly Val

Leu Val

45

Ile Ile
60

Lys Leu

Ser Val

Phe Ile

Gly Ala

125

Thr Glu
140

Glu Pro

Gln Ala

Leu Ile

Ala Gln
205

Gly Gly
220

Ala Leu

Ser
Val
270

Glu

Glu

Ser

Ser

30

Asp

Phe

Ile

Lys

Gly

110

Glu

Tyr

Leu

Val

Gln

190

Asn

Asn

Leu

Asp
255

Met

Leu

Val

Leu

15

Arg

Glu

Leu

Pro

Thr

95

Gly

Glu

Thr

Gly

Ala

175

Ala

Leu

Pro

Lys

Pro

Lys

Ile

Lys

Ala

Gln

Ala

Cys

His

80

Ala

His

Asn

Asp

Val

160

Trp

Cys

Ala

Glu

Ser
240
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Leu Gln Asp Tyr Arg Gln His Leu Asp Gln Leu Ile Thr Leu Ile Ser

245 250

255

Asn Gln Gln Trp Pro Glu Leu His Arg Leu Leu Gln Gln Thr Asn Gly

260 265

Asp Arg Asp Lys Tyr Val Glu
275

1. A ¢cDNA polynucleotide encoding a polypeptide having
at least 90% sequence identity to a polypeptide selected
from the group consisting of any one of SEQ ID NOS: 1-20,
43,45, or 47 and functional fragments of any one of SEQ ID
NOS: 1-20, 43, 45, or 47.

2. (canceled)

3. The ¢DNA polynucleotide of claim 1, wherein the
c¢DNA polynucleotide is codon-optimized for expression in
a cell.

4. The cDNA polynucleotide of claim 3, wherein the cell
is a plant cell, bacterial cell, or fungal cell.

5. (canceled)

6. The cDNA of claim 1, wherein the polypeptide main-
tains at least 50% of its ADH activity in the presence of 10
uM tyrosine.

7. A construct comprising a heterologous promoter oper-
ably linked to a polynucleotide encoding a polypeptide
having at least 90% sequence identity to a polypeptide
selected from the group consisting of any one of SEQ ID
NOS: 1-20, 43, 45, or 47 and functional fragments of any
one of SEQ ID NOS: 1-20, 43, 45, or 47.

8. The construct of claim 7, wherein the heterologous
promoter is a plant promoter.

9. The construct of claim 7, wherein the heterologous
promoter is an inducible promoter or a tissue-specific pro-
moter.

10. A vector comprising the construct of claim 7.

11. The vector of claim 10, wherein the vector comprises
a plasmid.

12. A cell comprising the construct of claim 7.

13. The cell of claim 12, wherein the cell is a plant cell.

14. The cell of claim 13, wherein the plant cell is selected
from a soybean plant cell, a mung bean plant cell, an opium
poppy plant cell, a quirnoa plant cell, an alfalfa plant cell, a
rice plant cell, a wheat plant cell, a corn plant cell, a sorghum
plant cell, a barley plant cell, a millet plant cell, an oat plant
cell, a rye plant cell, a rapeseed plant cell, a beet plant cell,
and a miscanthus plant cell.

15. (canceled)
16. A seed comprising the construct of claim 7.
17. (canceled)
18. A plant comprising the construct of claim 7.

19. The plant of claim 18, wherein the plant is selected
from a beet plant, a soybean plant, a mung bean plant, an
opium poppy plant, a quinoa plant, an alfalfa plant, a rice
plant, a wheat plant, a corn plant, a sorghum plant, a barley
plant, a millet plant, an oat plant, a rye plant, a rapeseed
plant, and a miscanthus plant.

20. (canceled)

21. A method for increasing production of at least one
product of the tyrosine or HPP pathways in a cell comprising
introducing the construct of claim 7 into the cell.

22. The method of claim 21, wherein the cell is a plant
cell.

23. The method of claim 22, wherein the plant cell is
selected from a soybean plant cell, a mung bean plant cell,
an opium poppy plant cell, a gquinoa plant cell, an alfalfa
plant cell, a rice plant cell, a wheat plant cell, a corn plant
cell, a sorghum plant cell, a barley plant cell, a millet plant
cell, an oat plant cell, a rye plant cell, a rapeseed plant cell,
a beet plant cell, and a miscanthus plant cell.

24. (canceled)

25. The method of claim 21, wherein the product is
selected from vitamin E, plastoquinone, a cyanogenic gly-
coside, a benzylisoquinoline alkaloid, rosmarinic acid, beta-
lains, suberin, mescaline, morphine, salidroside, a phenyl-
propanoid compound, dhurrin, a  tocochromanol,
ubiquinone, lignin, a catecholamine, melanin, an isoquino-
line alkaloid, hydroxycinnamic acid amide (HCAA), an
amaryllidaceae alkaloid, hordenine, hydroxycinnamate,
hydroxylstyrene, or tyrosine.

26. The method of claim 21, further comprising purifying
the product from the cell.

#* #* #* #* #*



