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Table 1. Length of coding domain sequence (CDS) and indices of synonymous codon usage bias of bacterial leaf

blight resistant genes (Xa) of rice with known sequences *

Gene

Gene  Accession no. Submitted length

Label symbol in NCBI year (bp)

CDS

Chromosome Length

location (bp) CAIY ENC?Y GC3¥ GCI12Y

Xal-1999  Xal
Xal-2004  Xal

AB002266 1999 5910
NM_194685 2004 4206

xas xa$ AY643716 2004 318
xal3 xal3 DQA421394 2006 924
Xal3 Xal3  DQ421395 2006 924
Xa2l-A1 Xa2l  U72725 1997 8416
Xa2l-A2 Xa2l  U72727 1998 5940
Xa2l-B Xa2l  U37133 1995 3921
Xa2l-C Xa2l  U72723 1998 19639
Xa2l-D Xa2l  U72726 1997 13341
Xa2l-E Xa2l  U72724 1997 9424
Xa2l-F Xa2l  U72728 2005 7204

Xa26a Xa26  DQ355952 2006 3401
Xa26b Xa26  DQ355952 2006 3631
Xa26c Xa26  DQ355952 2006 3456
Xa26d Xa26  DQ355952 2006 11396
Xa27 Xa27  AY986491 2005 2393

4 5409 0.183 54.25 0.440 0.459
10 4206  0.209 5691 0.543 0.462

5 318 0.273 3993 0.673 0.429

8 924 0.266 31.06 0.956 0.508

8 924 0.261 31.08 0.953 0.510
11 2991  0.196 5594 0.446 0.465
11 2991  0.192 5544 0.443 0.463
11 3078 0.168 5556 0.464 0.458
11 2978 0.195 57.12 0.445 0472
11 1839 0.166 58.44 0.513 0.445
11 2442 0202 57.11 0.459 0.454
11 3071  0.205 5570 0.504 0.454
11 3297 0.180 5734 0.439 0.469
11 3312 0.199 57.99 0.480 0.464
11 3342 0.176 57.02 0.475 0.459
11 3327 0200 57.24 0.482 0.470

6 342 0.213 33.09 0.798 0.663

* Source: Oryzabase and NCBI databases, searched on Feb. 29, 2008.

¥ CAl, codon adaption index; ENC, effective number of codons; GC3, frequency of G or C nucleotides present at the third position
of synonymous codons; GC12, mean frequencies of G or C nucleotides present at the first and second positions of synonymous

codons.

= Xy 25 i B j E A s Ay
KH >y Ry 1 AR RIS R -
RSCU R DU R 5% 05 1 H B AR 2 A A
% B RSCU fHAR 1| e E ERY B HE +
HEER A B LA E R B (RIRZ I LR P R 7%
BERGFHIBSEEIHR » RS H L B RER A
F) Tm o ROZERIR B R SO # i A
(Sharp et al. 1993) - AN RIZEHG T 12
FIARIE] Xa BER] (BRAS) B 59 TR 2% 1 H1
TRAER () ATy &R RS E - It
12—FEZHE (multiple dimensions) HYE& ¥
X mEEH AL B SN (multivariate

analysis) Z#fEE AT H AT & 23S, -
HHHESIHT (correspondence analysis) Jy Benzécri
R 1973 SRR BRI E B AR RE S
(CHEEHEYERE) 192 S BHET 0T £
flir » B K & P 1 A% 05 TR BT 92 SR
(Beh 2004) » EL$GEEKIFH 53 17 Loz & FEEH
(Gupta & Ghosh 2001; Tekaia et al. 2002; Tan et
al. 2004) o % &S A7 S BB 225K EL
B NEEABASHRRER R - iR E Py
PR E RS E i s s - FREE
FIl#Ze (contingency table) AYERHEZ » BlIT]
1 2 Al i BB AN — (BN EAfE 22 R DA —1{1H



90 SR

FF553 7@l (ordination diagram) SIH > FEILA
B AT R A A A 8 R B AN I BA 6% - thAETE
BB ERRATEAT Y53 ArilE] b PR sk
FIE I FERGR (Benzéeri 1973) - ZH5-T-BEFITE
ZEEST » BElES m SRR AR Z E ALK
(Gouy & Gautier 1982; Holm 1986; Peden 1999) »
] A R0k HH AN () RS R o2 - R Y
B2, (Gupta & Ghosh 2001; Wei et al.
2009) - Kt - AR RSCU {HH]H
STATISTICA #fiZt#kds (7.0 ki ¢ Statsoft Inc.
2002) FEFTEESTHT - I Xa BERREAE TS T
Sy AnlE < K Fl (COA axis) EHIFHE AL
B AR Xa B RIZEHS 10 R -

ZHEF-HEFSRE (codon adaption index,
CAI) : CAI ZiE s a T H R B A a7y
FEET R S P RS F-HOBER - SRR I & 3%
BRI RIS - R A N — R FE AR
FH AGFAS IR — R4 A e T AR 5 7 AR ARy
B AT RGE A TR RS KI5 E R
&~ AdE R AR R A B E R K LA ]
LV BB AR (Sharp & Li
1987) - Nakamura & Tabata (1997) DX 7 {EZER
FHRFEER N > FE T CAI GEARHIIEL KR
R - HIL - CAI B Ryin i RO BRI 25
2 fh3HE (Salim & Cavalcanti 2008)  CAI
HIFHEAERATE (Sharp & Li 1987) @ 45t » #]
Fi RSCU {EEHHE S A EREE (relative
adaptiveness of a codon, W) > W iy [a]— & RS -p
RS AR B R S 7 (BB AEER
e FERST) E FARERA ERAE - B

RSCU; X.

- — i 2]
i~ RSCU, X

imax imax

T RSCUj o K5 1 I ELER TP AR RSCU
(B 5 X max B2 1 (IR HHERSEPR =y
hiS - % -

CAI = CAIobs/CAImax [3]

Fs5ow H2

L
HHr CAIL,, =1 TIRSCU, (4]
k=1
L
CAL,,, =] [RSCU, ., [5]
k=1

2 RSCU R RIH5E kS 11y RSCU
{EL S RSC Uk max Ry ZEIRIFER K RS 1Pt <
R R RSCU MH 5 L Ry B X ot 11y
HH - F - CAI fUFEHER H X5 K

CAI =([[IWs [6]
k=1

HEZ A A > CAL 225 HHE EEE (W)
B SPEE (geometric mean) » By H H B
RRFGERE 2 M EGEERE - CAL{ES
R 0-1 2] > mERE K -l CAL{ET
=) o {5 Sharp & Li (1987) 5@aH CAI HAEAREL
T ERAEG FERENEGE
(suitability) » 7N @G LEE R LAY

B W% E T8 (effective number of
codons, ENC) : ENC il S/ B K 41 2548
THEE IR BB AR & T
HEERIEE 20-61 Z[H] (Wright 1990) - Efif
Al P BE PR 5 FH 1 — R 05 - IKF » ENC Ry 20
345 2% M R SR A (T [R) SR i i > 111
ENC ‘E3TH? 61 ENC FUEHESS BT (Wright
1990) :

L E R MERNENG FHEE T
(homozygosity, F) » &= 1

kKo

n) p;” -1
il

n-1

F= [7]
2 k BEIFEEIG T FlAEEEE (leucine,
Leu) f 6 fE#M5 7 (8% 1) Hl k=6 n Bk
— i Bl & |5 25 BHG T HYHERD > #40 Leu
n=n;+m+..+ne p B —MEEREZEE 1 EH

n;

BHMG AR > BIA0 Leu thiyPi =7 7



PSR ENC » HAE Wright (1990) fi FI94%F
BER N, HEARKR

NC :2+72+7i+;+7i

FE E F F
A B —TEER I THIE » A1 F, 250
HEE 6 HEFEGTF 2 AREHTRE W
FENE > A0 Leu ~ F5IHE (arginine, Arg) ~ #flle
[ (serine, Ser) i 3 TlHNE (Fis% 1) - FHf
TEETERS » TR Le R R e D S B 7
SHEHHARIRI - AIIELL R SRR ST R 1 (1)
e RIS T SR F RS R 00 s
1A B N (3 HEDRE N LA » BIAE ST
B TR IR MR - e IR R
HIFIZSEIE TR BB AT () a3
11817 35 25 105 T~ 2 ) 3% 505 7 R M v 28 1 e
(isoleucine, Tle) (Fff&k 1) kI BAR D #
Fi o B pESteR B B R, 2 SEAME 5 3) HfL
SRR R - f AT A B R R
sk NoAH ATEEARL 61 » e Noff
HILL 61 31 -

FSBFEBFE=MBHE RO M
SR (GC3) :GC3 SR AL S H R T
R RIZE S — o — R S e T A
7 FIZSME T GC3 % » A L5 — (i
G119 Met AT Trp -

FSEBTHE— ZAIBEHR G R C BT
B2 PR (GC12) @ GC12 BIER%EE
Met ~ Trp FRIZEZMEFH—(IEEH G % C
IR (GC) JHEE “AIE B G 5 C 248
& (GC2) WM - HatE)
(GC1+GC2)

(8]

GCl12 = [9]
BB ERRUETZERR 2O

CDS RENARFEER ZHE K
() CDS 8L CATL ET TRGEAMR - AR
» LI CDS RIEE M ERINZEEL -

Xa BNEWHFHEMCEERE 91

CDS REWRAEFRBFHEAREZE
%R ERIY CDS REEEBILE RSCU (Z Sy
MRS Fe 2153 An e gt i A i K E R
HYZE—Hifi (COA axis 1) & - DAKEL ENC 43
AEST R EEARE - AR flE - DT CDS
RIERES R BRI ES R R -

ERFREEEHERARTN FHERRECE
5 R LK) CAT BfE RSCU 2 COA axis 1
A ) ENC 43 RIHET T i BEAHRE - W AG LA
» DIBRET BRI ZEE R B2 5 Ry i A SRS
TR R -

GC3 SEHRREB FrEARECE
8 LYGTERT GC3 SREEgRENAE
FENGFHERTE - RIBLARHTZELL GC3 Ry X il
M ENC J Y i » $@34—{f Nc-plot & (Wright
1990) » W] FH 2R A RIS 3 A5 -0 IR 1 2 A X
GC3 #H g my B J7 BB %]  (compositional
constraints) Fffi&fk o 5 B R FEMEEEH
ENC Eil GC3 Hyi1ERAFR AR Wright (1990)
TR TR EEARRFR e AT

29
s*+(1-s)?

HHFF5E Ne B ENC » s B GC3 {5 (FF : Wright
ZIFEEEHIRIAERR - Ne Ao Rk
$'+(1-5%) » ASHEHTLUEIE) -

75 Ne-plot RIFEHY » #HEKISZE] GC3
B BT IRR I 2E - HIIE Ne @y /riH A
TR E_FTEHRR e BT RORERIATRESZ
F| GC e Rt e s BB 28 =4
B G B C 28 MEpsEms T RN
(Wright 1990) -

[FIRE > FoifAdy ENC SR {HELfEFHERC 2=
5L 515H ENC Iy HEELEI S E 2 3R (ENC

ratio) -

Nec=2+s+[ ] [10]

. (ENC exp ENC obs )
ENC ratio = P :
ENC exp

[11]



92 SR

ENCops R EEXIFEHHEZ [8] AatHEHIZ ENC
{H 3 ENCoy, R FE KT &2 GC3 & & - FIIH
ENC B2 GC3 Z HHERIfRA A [10] FrE
HISHE - /1% - DUESIK Ry X il » ENC ratio By Y
Wl o A B RR AT o RS R T DA E
Ne-plot Z#55 (Kawabe & Miyashita 2003) -

GC12 S EH GC3 28R 28 i
froe g fm R BB R -0 IR e IR BA SR » LA
GC3 By X i - GC12 Fy Y i » A@Bdrb &
(neutrality plot) » FHEIEIEE GC12 & &EES
GC3 ZEEBFEMECEEKFE (Sueoka
1988) « # GC3 Ml GC12 {7 {r EEtHRIRY
£ RIRRER g Z22e BRIt 2 Etife
M RGR - AIFORE AR AR 225
TRt e mr R -

w &R

IS Xa B[R CDS WIE K& HE
[ FE A5 T F R M FEYE (Fk RSCU LISH) »
AN 1 - BE 1 AJAD SR TR ERE
CAI B » FoRAR B E /ST » A
A Xa HFRNFSEREI A Mgk CDS
(318-924 bp) Z xa5~xal3~Xal3 J; Xa27 £
1 CAL{HATHA 0.213-0.273 Z R - ZEHA CDS 5%
£ (1839-5409 bp) 1) Xal ~ Xa2l Fz Xa26 H[K|
Flkz CALEHIFE 0.168-0.209 2[5 » LI°F Xa
RK.2 CDS EE#EE 1 GikmyEERzE
FLRE o xa5 ~xal3 ~ Xal3 [z Xa27 FKZ CDS
() ENC fH7E 31.06-39.93 2| » A SUERET
WA EEI A 20 > FORMEERRTI RIS 2050
fRtdces » 2R > Xal ~ Xa2l ¢ Xa26 FERIZ
%2 CDS 1y ENC {H7TE 54.25-58.44 2[5 st
TR 61 KR E 5 i i A Rl (el 215
F o xal3 J Xal3 K2 CDS ) GC3 {HHESF
1 FRHABEHTFEMENGECE
HIRE  HXE Xa27 EK| s Xal ~ Xa2l & Xa26
FRF e CDS WRFEWTHE = BN G

Fs5ow H2

B C S REHFEEE(E - GC3 {HAE 0.5 /45 < AT
f Xa KKz CDS WREEMTH— ~ 8
Z G B, C AR - H GCI2 H1E
0.5 754 » RESER 1 -

#54% Xa K2 CDS ) RSCU {HE1 T ¥ E
srfrfaoe (B 1) - Wil =2 KT ifpe Rt
BB R 56.94%F1 19.61% - #AEAES
FH1ib 76.55% » HLEREE I E TS —
HMEFF 5 oA el 0 W Al KT - - 8 e DAAe 433 A
Xa FKIEZRS 10 IR R A= RS HLIZE
—iifi (COA axis 1) HEAfEREEE B ENE T
HEARIE - K> & ERFE L RSCU 2 COA
axis 1 BRRIE > TEURASEERIBEME 15 %
HsE IR, - BRAE RSCU ;2 COA axis 1 [
HEEGEURRE 0 0 FoRHEE BT AR
155 A RR B FIARHEI S » RRE
SR RIRY R 2 M - EAET - e 1 5%
IR > xa5 ~ xal3 ~ Xal3 [z Xa27 HEHEGERER EHAL
Xa B > B xa5 F Xa27 JRSAREER xal3 B
Xal3 > PEE7 xal3 B Xal3 2 CDS HIREHE: S
IR EANS 7B R xaS e Xa27 FR1SEH
AR LA Xa FERZ RIS T0 AR
M Xal ~ Xa2l B Xa26 FERIFE

1555 Xa B[R CDS KL CAT A THER
3T 0 REREEE CDS RIS S s BRRFRER
[ HEfFEMBEZENAMHBER e <
0.001) » Rl CDS 5B FI BE R 2 A2 i)
(& 2) - Ei# Xa KK CDS EEH{E RSCU
Z COA axis A7 EMFAE i A tERR
% » DUk CDS K JZEl ENC iz i (- AHR
Bi% > FI%1 CDS 51 s Hil [5 205 168l m
Tt (B 3~ 4) - FG CAL 435/EL RSCU
Z COA axis 1 {7 E K ENC s TREEAHR
FH] CALEALE RSCU 2 COA axis 1 FH7E Z[H]
SRR EAHRR (& 5) - 10 CAT Bd ENC fHI|
SR EAHR (8 6) BUR Xa BEKIZ F5EE
[ E S s B R BN R - RaT



Xa BENEWHFHEHCLERNE 93

0.8
xab
0.4
0.2
xalG

0.0 ¢l Lt Xal3

-0.2

Axis 2 (19.61% )

-0.4

-0.6
Xaz27
L[]

-0.8

-1.0 : . : : : - :
0.6 0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Axis 1 (56.94% )

L. 7KAE Xa ZERARIR I SRATE TAHE G (RSCU) WYBFEAT L 553 Al -

Fig. 1. Ordination diagram of correspondence analysis based on the relative synonymous codon usage (RSCU) for
bacterial leaf blight resistant genes (Xa) of rice.
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Appendix 1. Synonymous codons of each amino acid
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Amino acid Amino acid Amino acid
Name Code Codon Name Code Codon Name Code Codon
Phenylalanine Phe UUU  Proline Pro CCU  Aspartic acid Asp GAU
uucC CCC GAC
Leucine Leu UUA CCA  Glutamic cid Glu GAA
uuG CCG GAG
CUU  Threonine Thr ACU  Cysteine Cys uGuU
cucC ACC UGC
CUA ACA  Tryptophan Trp UGG
CUG ACG  Arginine Arg CGU
Isoleucine Ile AUU  Alanine Ala GCU CGC
AUC GCC CGA
AUA GCA CGG
Methionine Met AUG GCG AGA
Valine Val GUU  Tryptophan  Tyr UAU AGG
GUC UAC  Glycine Gly GGU
GUA  Histidine His CAU GGC
GUG CAC GGA
Serine Ser UCU  Glutamine Gln CAA GGG
ucc CAG
UCA  Asparagine Asn AAU
UCG AAC
AGU Lysine Lys AAA
AGC AAG
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Factors Influencing the Synonymous Codon Usage Bias in the
Genes for Resistance to Bacterial Leaf Blight (Xanthomonas oryza

pv. oryza) of Rice (Oryza sativa)'
Meng-Li Wei’, Yi-Han Chung®, Chun-Tang Lu?, and Hsiu-Ying Lu’>"*

Abstract

Wei, M. L., Y. H. Chung, C. Y. Lu, and H. Y. Lu. 2010. Factors influencing the synonymous codon usage bias in the
genes for resistance to bacterial leaf blight (Xanthomonas oryza pv. oryza) of rice (Oryza sativa). J. Taiwan Agric.
Res. 59:86-102.

Codon usage bias varied among genes (Xa) conferring resistance of rice (Oryza sativa) to bacterial leaf
blight caused by Xanthomonas oryzae pv. oryzae. This study was conducted to elucidate the evolution
of synonymous codon usage by analysis of factors influencing the synonymous codon usage pattern of Xa
genes. A total of 17 coding domain sequences (CDS) of the completely sequenced genes, Xal, xa5,
xal3, Xal3, Xa2l, Xa26, and Xa27, were obtained through the access of the GenBank database of
National Center for Biotechnology Information (NCBI) and they were used to unravel the main factors
influencing codon usage bias. The length of CDS and indices of synonymous condon usage bias such as
relative synonymous codon usage (RSCU), codon adaption index (CAl), effective number of codons
(ENCQ), frequency of G or C nucleotides present at the third position of synonymous codons (GC3), and
mean frequencies of G or C nucleotides present at the first and second positions of synonymous codons
(GC12) were estimated to examine relationships among them. The length of CDS and level of gene
expression were highly correlated to codon usage bias in Xa genes; the Xa genes with shorter CDS (xaJ,
xal3, Xal3, and Xa27) had higher gene expression and higher codon usage bias. The GC3
compositional constraints also affected the codon usage in Xa genes. Moreover, the GC12 had a direct
effect on GC3 mutation bias, leading to further high codon usage bias in Xa genes.

Key words: Synonymous codon usage bias, Gene expression level, GC3 content, Mutation bias,
Molecular evolution, Bacterial leaf blight, Xanthomonas oryzae.
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