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1 \ gr1rcnc-11" \d, !ll-cd '> I n.: I Olllf',IO) SM 'I I st Rudc, c Ro.t<l \I.J1"m \\ I ~171' anJ 

' 'I \rote 1,..t,, rai, I) lor < uncn l{c;earch l m, cr 11, 01 \\, ,m,m \ \:,Ji-.,n \\ I ~ i~ob l '> \ 

\ b tract: 
\\ I.J\C c~ammed ,'Odon bt,l' m :!07 plant •enc ,equencc, culk,tcd trom (ienh.ml. and 

lhe literature \Vhe, 1h1~ ~ample"•" llllther d1mkd tntn q monocot and 15-1 J1cot gene,. 

the pattern ol re m,e u,c ol ,\ nom moo, ,oc.lon, "a' ,ho" n to J,tlcr hct"een the,e 

ta.,nnom1c grnuP', primanl~ m the u,e ot (i • C m the degenerate third h.t,c \lauc and 

w,hcan codon h1a., "ere c,:umncd ,cparatcl~ and folln-.-cd the mnnocot and d1co1 codon 

u-.icc pattern, rc,pc:cll\cl} Codon prctc:rcm:c tn nbuhi-c 15 b"pho,phatc and chlNuph, 11 

11 h h1nd111g protcm. 1-.-11 ol the m1i-1 ahundam protem, in lca\e, "•L' 1me,11gatcJ lne,e 

" "'~ e, prc"ed arc more re meted m their coc.Jon ,,a •c: than plant gene, in general 

Introduction: 
\\ 1th the c\ccpunn ot \let und I rp. all ammo ac,J, arc encc>dcd hy l"-O 10 \IX 

'\"Oll\ m1JU, codon,. In the maiom~ 111 ,pcc1e, ,tuJ,cd to date. an orgam,m·, J'C ot 

-~non\mou, codon, " nm random ( I·'). 1111,.._c,er. dcta1lcd charactcn1Jtmn of 'fl<:'1f tc 

pattern, ol codon u,agc ha\e hcc:n reported pnmanh tor um<c ilar orgam,m, tndudan~ £ 

o/i (II• ). /1,1, 1//m (ll,IO),A~.,.ll/,u<1m11m (11) and~ca'1 ( l:!• I") The pattern ol codon u,age 

in h1 •her eul..al'\c>te, ha, Ileen e, amaned in onlv a hm1tcJ miler nl ,pctic,. 1nd11dmg 

l,ro,oph1la ( 19) and man ( 1'. I -:! I ). 
In the la.,t three ~ear . a large numhcr ol [);\ \ ,equcnce, of higher pl:rnt gene, ha, c 

been reported. cnabhn!! u, 10 e, 1end the 1m11al an.11>,c' ot plant codon u ai:e pre\lou,lv 

reported ( I'. I . :!2.:!...l) We ha\ e u, ed an e,panded ,ample ot :!07 plant gene , c4uenn~, 10 

e, amme ,omc general oh,el'\atton, ahout co<lnn u,.1gc 
In general. gene, " 11hin .! 1a., onom1c group exh1h1t , ,milanue, in codon chmce. 

regardle" of the func11nn ot 11te,e gene,. !n u, an e,rnnate of the O\erall u,e of the genettc 

co<le b\, an 1:uonom1c grnup can he nhtamed h\ ummm • c1xlon frc4uenc1e, of all 11, 

,equcnced 1:1cnc, Thi, ,pcc1c, ,,pcc1fic codon chmce ha, Ileen called a co<lon J1a eel O\ 

11..emura ( 13). 1 lere " e report ,,n the "codon d1::ilec1• of ~I" plant 1•ene, We h.,,e hrnl.en 

th 1, ,ample down mto monocot, lednnou, and d1co1, lcdonou, plant, to determine "'hcthcr 

the,e bro::ider taxonomic groups are char a tcnzed h> different pattern, ol "non, mrn
1

, 

codon preference. finally. "-C report the codon dialect ol m::111c and n}'he,m. , incc mer:!. 

gene, ha\C been equcnccd m each of the,e agronom1call~ important ,pcc1e,. 

Bias m codon choice within genes m a ,mgle , 1JCc1c, appc::ir, related 10 the le\el ot 

e,prc,,ion of the prmcm encoded hy that gene (6. " . I:!· I ). Codon h1.1., 1, m<~t eweme in 

high!\ e1pre. ,ed protc1ru. of I- . coli and yca~t. In these mgani,m. a ,iron!! po,111,e 
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corre1a11on ha., been reponcd bct\\cen the ahundancc ol an 1,nac<cp11ng tR '\ \ ,p.:rn:, and 

the favored wnon)mou, codon. In one group of h1ghl~ c,prc"cd prote , ,ea,t, o,cr 

96"' of the amino acid, are encoded h, onlv 2 of the Ill a,atlahle codon, ( I') l'hc,c 2, 

codons arc preferred mall ,equcnccd )~a.,1 gene,. out the degree ol prctcrcnt"c \Jnc, "1th 

the level of C'\'.prc,\ion of the l!cnc\ Recent!\, llockcma and co lcJi:uc, (:?4) report that 

replacement of thc,c 2., preferred codon, h\. minor codon, m t! c <; crd ot the hrLhl, 

Cltpr~~cd :,C:llt gene PGKJ re,ult, ma decrca:ed Jc,cl of hoth protein and mR'\ \ The, 

conclude that bia.,cd codon choice in highly c,prc"ed !;Cnc, enhance, tran,J,11 , 11 Jnd ' 

required fnr mamtairun~ mR\'A ,1ahiht} m }CJ,t. The degree of codon h1a., ma, be a l,1(tnr 

to consider "hen cncmccrmc rJgh c~pre"1on nt hctcrol,>£011, ccnc, m ~ca~, and other 
'},terns. 

In plant~ the nil, '"C 1,5 ll1,pho-phatc ,mall ,uhun11 ( Ru BP( SSlJ) Jnd l·hloruph} II afh 

bmdmg protein (C \B) ~enc lam1hc, encode '"" ot :he r- 0,1 .illundant pro1cm, m le,l\c.'' 

These gene ha,e been ,equenccd ma numhcr nl d1ttercn1 pl.mt,. Jlld \le ha,<· e,ammc.-<l 

their codon u,age tn dct:ul to determine whether they are more h1a,cd :han nthl·r plam 
gene,. 

Data and \lethod 

The 207 plant gene-. ,ncluded m the ,ample are detailed m I ahlc, I and 2 "'' rci: rnr 

the data "Cre Genllank (relca.,e 'i5) or original pubhcatiun.,. retercnced m T .ihlc, and:! 

and h tcd m the Append0t Gene, for "h1ch on)) genomic ,cqucnce wa, J\.lllahlc \\Crc 

mcludcd. and mtrons \\ere rcmo,cd before codon u,a)?e data ".t' generJted 1',1r11al 

cquences available for ome scnc, v.crc included \\hen readmJ! frame could he detcrnuned 

1 lomologou gene 1n different pecie,. or multigene gene famihc, "llh1n a ,pc( c, ha,.: 

been equenccd, including tho,c for ze1n. glycinin. vicilin. CAB and RullPC <;<;t \lult,plt.' 

,equence5 of the c gene "ere included in the ample ,r they diftered h} a m1111mum ot I0'1 

m the b~e compos111on of their protein coding region, Al, a re,ult. th" ,ample mJ, c11111am 

'Orne bias 10\\ards codon u age 1n highly cxpre ,ed genes. 

Genba.nk cquences \\ere C:ttracted u mg the GE°'l:BA;'\K program (:?5). Codon u,age 

table "ere compiled ming the program CODONFREQ tNCY from the program lihraT\ 

of the ni\ers1ty of Wisconsin Geneucs Computer group (26). 

Result : 

Plant genes coding for proteins " 1th a wide variety of funct1oll! ha,c no" heen 

equenced. We ha,e tabulated the sequence of 207 plant gene\ (1 able I and :?) from t, 

monocot and 36 d1co1 pcc1e<.. T'he e proteins arc pre,em in a "ide range f 
1 1 o p am 11"uc, a 

varying levels of expre s1on. 110\\evcr. to date, only a fcv. plant gene encodm r arc 
protems and/ or mR Al. have been sequenced. g 

We have calculated the codon usage profile of the P<>oled plant am 
I 

d 

f' f h P e an ,cparate ~f ~ ~~it ~ro iles °:isl ~ mo~oco'{'edonou a;xi dicotyledonous groups of plant (Table 

• 1 v1S1on re~•e t ~t t e re :111ve use o yno~ymoll5 COdons differs bet"een the 

monocotS and the d1co1S. Smee the monocot ample is one third •maJJe h h . 

~ r t an I e d1co1 
• ample. we were concerned tha1 the relative abundance of storage protein genes could kew 

11 codon usage profile. Accordingly. \IC calculated codon usage in the m 

1hese genes (Table 3). onocots Without 
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n - 1h .... - c num,"'r ol D"' \ ,el111cncc, 111 the -,.unplc , o. " 1he nurnher occurrence, ol .i 

11
•en codon m 1he ,ample '"~" 1he percent occurrence for e,,ch cc><.lun v.11lun .i gl\en .11111110 .ic1d 

m •he -.ample. ('>cc 1c,t lnr dc,crtptmn of 1he ,.unplcs) 

The G ending codoru. for Thr. Pro, la and Ser are avmded in both monoco1, and d,cot, 
becau: e they contain C in codon p<l'IIIOO II The CG dinuclcoude ,, ,trongly avmded m 
~lant~ {23) and other eukaryote~ {:!7). po,,ihl) due to regulation involving methvla11on. In 
icot,, XCG ll, alway, the leai.t favored co<lon. while 10 mon<KOt\ chis i, not 1he ca.,e. 111e 

doublet TA•~ aho avoided in codon po,1tmn., II and 111 in mo,t eukarvote {27). and thl\ 1s 

Gramham and rnllca~uc, ( \8) ha,c dc,eloped 1v.o codon chrncc mdicc, co quanuh C. G 
true of both monoc<>t, and dic<>t,. 

and TA doublet av1>1dance m co<lon po'1tmm, II and I\\ ,cG XC( 1, 1he ra110 nf codon, 
ha,,ng C a., ha.<,e II ol G-cnd1ng 10 C-cnd1n~ triplet,. v..hile X r \ XTl i, 1he ratio ol \ . 
cntlmg 10 T-endmg mplet w11h T .._, the ,e,on<l t,a,e. n,e,c 1nd1ce, ha,c been calcul,tted 
tor the plant data m this paper (Table 5) and ,upport 1hc conclu,ion thal monocot and c.hclll 
pcc,cs differ m their u,e of these dinucleo11de, •n,j, pa11ern of wnonymou, codon usage i 

not dependent on cite mclu,1on of ,1orap,c procem gene, 111 1hc monocot ,.1mple. "nee the 
pooled co<lon u,age c.laca tor monoccm v..11hnut ,wra11-c pn-1em, ,, e,en le,, ltke the dicot 
panern (Table ,) '-01 ,urprl'IOI/.IY. 1he pooled plant ,ample rc,emhle, the dic<ll pa11crn 
more than 1ha1 of monocot,, \IOCC almo,1 three ume, ,1., n,am dicOI ,equence~ a., monciclll 

sequences v.ere available. for tY..O specie,. soybean ,md maize. larger ,e4uence ,ample, "ere available (:!9 and 28 
genes respecuvely). ,

0 
that \pee1e~- ,pec1fic codon u,agc profile~ could he eakul:11ed (Tahlc 

➔). '-loc ,urpri mgly. the maize codon u,age pauern re\emble, chat of monocot~ en gencr:i 
mce the,e equencc, repre enc over half of the 111onocm ,equence available The codon 

prohle of 1he ma11e ,ub~ample 
I 

even more ,1rikingly b1a.,ed in II preference for G ➔ C m 

Table 5 

Gr-,up 

Avoidance of CG and UA doubletS m codons po 11ion II- Il l. 

Plants o ,cots , 1ooOCOU '\tonoCOIS '\taize Soybean RuBPC SSU CAB 
oo storage 

p rolCUl 

'<CG XCC 40 30 b l o2 b1 
XTAIXTf 37 }5 47 34 

4

3 

XCG/ XCC and ';CTA/ XAA v;ilues are multiplied by 100 

37 
41 

18 
'I 

485 

◄ 
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codc,n i>O'llion Ill llo\\C\er. the 01.bean col.Ion u,,1gc pa11ern 1, .1lmo,1 tdcnu,al to the 
general d1cot pa11ern, c,en though II reprc.•,em, a mu<h ,m.11lcr portion 01 the enurc ,hctll ample 

In order 10 determine \\hcthcr the coding ,irate~ 111 high!\ e,prc"cd gene, ,u<h .i, 
RuBPC SSL and C \8 I\ more b1a.,ed than thilt ol plant gene, m genera~ v.e <akulatcd 
codon usage protile, for ,ub,e1, of the,e gene, (20 and 17 ,equence, re,pcc11,el) l ( I .1hlc -I l 
The RuBPC SSL and C \B pooled ,ample, are charactcrued h) ,tronger a,rnd,tn<"e ot t~c 
codons XCG and >..'T \ than m the larger monocot and d1co1 ,ample, ( I a hie, -I ,md '). 
Although mo-.t of the genes tn thee ,ul,,.ample, arc diem 111 origin ( 17/20 and l'/ 17}. their 
codon profile re emble, that of the monocot, m that G + C 1, prctcrred in the dect·ncra1e base III. 

The use of pooled data tor h1ehl\ e,pr~,cd gene ma, ob <'urc 1dcnt1ltl\llmn ot ,pc:.1e,­
pecrfic patterns m codon chmce lberclore, v.c ha,c tabulated the rndon d101n:, ol 

individual gene for RuBPC SSL ('1 ahlc ti) ~nJ C,\B ( 1 ahle ,). l11e prclerred wdon, 01 

the maize and wheat gene,. for RuBPC SSl and C..\13 are more rc,mc1cd in general than 
are tho<e of the d1co1 ,pccie \1at,uoka c1 a. (28) noted the c,treme codon hr:b ot the 
maize R' BPC SS gene as \\Cll a, t\\O other highl} c,prc ,ed gene, in ma11c lea,e,, ( \B 
and phosphoenolpyruvate carbo)()lla,c. Thts'! gene, almn t cnmpleteh a\md the u,e 

11
1 

A+ T in codon po<.1tton Ill, although th 1, codon b1a, \\a_\ not a., pronounced m non-lea! 
protelllS such as ADI I. zem 22 kDa ,ubunit. ,u.ro,e ,~mhcta,e .ind •\ 1 P \DP tran.,10.ator 
Since the wheat SSu and CAB gene, have a 1milar pa11crn ot codon preterenee. th!' ma, 
reflect a common monocot pauern for the,e h1ghl~ expre,,cd gene, in lea,e,. Ille ( \B 
gene for Lemna and the RuBPC SSU gene, for Chlamdomona., \hare a \1m1lar extreme 
preference for G ... C in codon po,111on Ill 

In dicot CAB gene,, howe .. er, A + T degenerate ba.,e, are preferred by some ,~nnn~mnu, 
codons (e.g. OCT for Ala, err for Leu. GCA and CCT for Gly). In general the G ..-C 
preference in po:,ition Ill is less pronounced for hoth RuBPC SS and CAl3 gene, m dicot, than in monocotS. 

Di cus ion: 

Because of the degener:ite nature ut the geneuc code, only pan of the \Jnatmn 
contained in a gene 15 expre, ed m II protein. It i clear that variation between degenerate 
base frequencic I not a neutral phenomenon ,mce ~y~1ema11c codon preference, ha\'e 
been reported for bacterial. }e3l.t and mammalian gene,. Analy,i of a large group of plant 
gene <cquences indicate that ,ynonymou~ codon: arc u,ed differently by monocoh and 
dicot • These pauerns are also dt'!inct from tho,e reported for £. coli. 

1
east and man ( 13.1 ). 

In general. the plant codon u,agc pauern more clCl\el) re,cmhles that of man and other 
higher eukaryote than unicellular orgam m<. due to the ()\;Crall preference for G­
content in codon po~111on Ill ( 13, 18). \1onocot\ in this ample share the mO!>t commonly 
used codon for 13 of 18 ammo aci~ as that reported for a sample of human genes ( 18), 
although dico15 favor the mo t commonly used human codon in only 7 of 18 amino acid . 

Several earlier di cu ions of plant codon u<age have focu, ed on the differences between 
codon choice in plant nuclear gene, and in chloroplam ( 18.23). Chloroplast differ from the 
nuclear gennmc of h:gher plant in that they encode only 30 tR1':A pccie (29. 30) Since 

490 
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b\ chloropla<.t· 
h u c of preferred codohru been rcpor1ed R'- , gene~. t e elauon •1 h 

..... ·opl:btS ha,e re,tnctcd their t I lov.e\cr .. 1 po, u,e or~, nd the trcquene-. \\II 
WM r • c,treme no ' u .1 c:xoocd protein., appear, mo ' "\ tor a £"en am• 

•:;~~:ne: :~e

1

~~~c;:~
1

;1~r:!~1~::t,:
0
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r' ll 111 'r ... ''"" " .,n 'nh,111\l r h,nchni: '""'"" n 111•11 , .. ,11 n, \ 
'-t<jurnc< n-qu,rt mcnl for ,,.,. 1r, 1 1 

Lili1n Clarl. and ROOJkl l Ila) 

D:panmcnl of llio<hcmi,,tr) and \l1 rubrolog, \ m,cr '" , t I ndrc" ,, \nd~ 

Fkl-\lbll\l tt- .. -

\B,ITR,\ CT 
Shon D'\ \ ..._-queocc mollh ha,c be. I· t --• 
!he b,--' cn 1, cnll ll'U 111 ,1ral and ,cllul.1r enhancers \\ht,h repre..cnl 

, .. ml! ,11,.._ tor a \.trtet\ it I 
punfl<XI nJ ' ram .,,tmi• t, <tor One ,ulh Hd • «:II tadnr I BPI ha, t><,-cn 

·tnl ·rt•a ,ho"n 10 hll1d tn ..._-quen,e, tn the 'i\40 enhancer I he PRDII elcn1Cnl m thc human 
"'cm ,ti.: SV40 • · c cmenl I l ,11<1"' ,mmg ..cquen.:c ,11111IJnt} 10 the r BPI b111d1111• c cmn gen.: rcculJtor. •1 , , IRI 
end IRl · cnhan<:cr \\ e demon,1ra1e here thJt I· BP I bui.1' 111 11, \ltc, 111 the 5 40 enhan.:cr 

· m J ,1milar manner , b 
double he! \I · ma .. ll1g J-..: ,pc,1h, «mtJd' o,er one c:11mplctc 1urn ot the D- A 
the D\ \ 

1
~ uwutmal .inal}'" ol 1hc I BPI ,11c, ,n the !RI.- an<l S 40 cnhan.:cr ha, 1dcn11ficd ~ D'\A ., c '"""c,~I') or ,pc,111, L BPI [). \ c:umplc'< t11nna11on In ,1dd111on. 

· -.cqucn,c rcnu1rc111 ·nt , , t -
t...,. "-"qucn,c, rdatl-<l 111 the l-BPI h1nd111i,? ,11c \\ere an,1l\..cd tor their ah1ht} to b111d L:.BPI 

""'l"'-na." um'111u11n•• h,.,h att· ,._ nd • • "' han " e imt} ,,1 mg ,11,._ I"'"~"' 111C -.cqucn.:c 5 GGI l, CC '.\ Sin<>lc b,i-.c 

,...,r c ~c, in th • r • ...... h c 

11

" 

1 

,,. . c cg1c1n 1J<!t\l.cen l t: llln..cr.,-d G, and c, <Jn rcncrall} he 1olcra1,-J ahhough 
,,tc "h h n c1'cmng .,J..c, umtnhutc 10 h1n<l1np at11n1t) Muw11on, 1n the r,-.:o!!ntlllln 

IC wuld lcJd to gn"' ,tructur.1I change, tn the l)'-i \ ah<>h,h fBPI h1n<ltng 1 CJr uwl these 1 1, • ,._ 

1\1 ROD C l IO'-
Tr,m-.cnp11onal • t 

comm clement, arc generally grouped tnm 1v. o d,,unc.:t cta,,e, of ci, 

""~ • ry -,qoeoces. P'"""'"" ,od '"'""""· •h•h "" o-e,lsp ""'" phy"c,11) 
m, R~noMlly I I l \ "'"" eol..n)"" P'°"'"""· D A _,=~ re,p<>os,blo fo< dOfimog 
acung rcoulato • 

4 

· A ,tart ,ne and the rate ol 101\lallon ol tran...cnptmn have been 1denu!icd (2: 3: 

l v. nh ef!ic • • 
ient tran.,cnpnon being dependent on the correct ,paual arrangement of the 

,anou\ pm1'll()ler clement-. (5: 6. 7) on.,.dcrahl)' more t1ex1b1ht) ,., cxtub1tcd with enhancer 

-:::~'"" m , h'> , h,, , re obi, m « n """ "'"" npuoo of hokod &'"" "soonall Y 
' h°"'°"'"' ol P"" '"" o< uneomno, wn b "''""' ,o 1ho re,p<>odmg p,om<"" Thi, 
en ancmg eftcc.l ,...,,., tir,1 1denn!icd 1n nu lconde -,cqucncc, pre-,cnl in the ,mall D A 
~-• -,ru, ,mmo ,rus 40 I V40) (8. 9) ,od ""°' 1hoo ili< V40 eoMOC"• ,h,oh 

l'\e., a, the prototype enhancer clement , ha., been the ,ubJect of mten.,e mve;,ugauon. 
1utauonal analy.,.., ha., defined .,hon D A -,egmcnL,. or mouf.,, w1th1n the V40 enhancer 

,,hich, though having little e nhancing effect in ,.,otauon. when mulumen.,ed. or combined 
wnh other mouf,. can a t m concert to generate enhancer ac11v11y ( 10; 11 : 12: 13). It 
appear., that each of the~ D A ~equence mouf., rcprc',Cnb the binding ,11e tor at Jca~t 
one trans- acung tactor (14) and it ,., likely 10 be the interaction bctY..CCn vanou mm -
acung factor., wllh the tr'ans npuonal machinery that i-. rc!>pon..,,ble for enhancer funcuon • 
. Although the SV40 enhan er ha\ been shown to be active m a vancty of cell type • 
ll abo demon,1rates di;,tinct cell type ~pec i!ic11ic-, ( 15) Acuvauon of tran,cnption by 
md1v1dual D A ~cquencc motif., is cell 1ype .,pcci!ic i11 \'t1'0 ( 16: 17: 13)_ and tin~ ,.., paralleled 
by cell type ,peci!icity in the binding of cellular factor., to these motif., 111 \'l\'O ( I : 19). 
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