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Abstract; To investigate the codon usage bias of chloroplast genomes of mangroves in Combretaceae and
its affecting factors, GC contents of the first, second, and third bases of codon (GC,, GC,, and GC,,
respectively ) , total GC content of codon (GC,, ), effective number of codon ( ENC), and relative
synonymous codon usage ( RSCU) of 52 common protein coding sequences ( CDS) of chloroplast genomes
of Laguncularia racemosa C. F. Gaertn., Lumniizera littorea ( Jack) Voigt, and Lumniizera racemosa
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Willd. were analyzed; on the basis, the correlations between GC,, GC,, GC,, GC,,, and ENC values of
each species were analyzed, and neutral mapping, ENC-plot, PR2-plot, and optimal codon analyses
were performed for chloroplast genomes of each species; in addition, cluster analysis was conducted for
11 species in Combretaceae based on rbcl. gene sequences and RSCU values of common CDS of
chloroplast genomes. The results show that the averages of GC, values of chloroplast genomes of the three
species are 38.0%—38.2% , the averages of GC,, GC,, and GC, values are all lower than 50%, it is
appeared in all of the three species that the average of GC, value is the largest and that of GC, value is the
smallest, and the average of GC; value is obviously lower than those of GC,; and GC, values and has non-
significant positive correlations with them; the averages of ENC values are 47.2-47.3, and the
percentages of genes with ENC value greater than 45 in chloroplast genomes of the three species are all
greater than 70%. There are 29 high frequency codons in chloroplast genomes of the three species, and
the high frequency codons ended with A or U account for 96.6%. The results of neutral mapping, ENC-
plot, and PR2-plot analyses show that the codon usage bias of chloroplast genomes of the three species is
mainly affected by natural selection. There are 8, 6, and 10 optimal codons in chloroplast genomes of
Laguncularia racemosa, Lumnitzera littorea, and Lumnitzera racemosa, respectively, and most of them
are ended with A or U; there are 4 common optimal codons, namely CGA, AGA, GGA, and ACA,
respectively. The cluster analysis results show that Lumniizera littorea and Lumnitzera racemosa are
clustered together first, indicating that their relationship is close. In conclusion, the codons of chloroplast
genomes of the three species of mangroves prefer to end with A or U, and the codon usage bias is mainly
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affected by natural selection.

Key words: mangrove; chloroplast genome; codon usage bias; optimal codon; natural selection
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Table 1 Analyses on GC content of codon and effective number of codon in chloroplast genomes of three species of mangroves in Combretaceae')

BT YikA  Laguncularia racemosa

LIMEZ  Lumnitzera littorea

R .
W2 Lumnitzera racemosa

Gene  GC,/% GCp/% GCy/% GC,/% ENC

GC,/% GC,/% GCy/% GC,/% ENC

GC,/% GCy/% GCy/% GC,/% ENC

accD 39.4 37.8 29.3 355 47.2 38.9 37.5

atpA 55.1 39.8 24.6 39.8 45.2 55.7 39.6
atpB 56.1 41.9 28.7 42.2 47.0 56.0 41.8
atpkl 53.7 40.3 30.6 41.5 59.8 53.0 40.3
atpF 45.4 33.0 35.1 37.8 46.6 46.2 343
atpl 49.6 37.9 27.4 38.3 45.4 50.4 37.9
cesA 33.4 36.9 22.5 30.9 39.0 34.4 36.9
cemA 39.6 27.8 27.0 315 44.1 39.6 28.3
clpP 57.1 36.2 29.1 40.8 49.5 57.7 36.2

matK 40.0 29.8 26.8 32.2 50.3 40.0 30.5
ndhA 41.8 37.6 22.3 33.9 40.5 41.8 37.6
ndhB 42.1 38.8 31.3 37.4 47.5 41.9 38.8
ndhC 47.1 33.1 27.3 35.8 47.4 48.8 33.1
ndhD 40.4 36.7 26.8 34.6 45.6 40.2 37.3
ndhE 38.2 33.3 26.5 32.7 43.9 38.2 33.3
ndhF 37.1 35.7 21.4 31.4 43.0 38.0 35.6
ndhG 44.1 33.9 21.5 33.2 43.8 44.1 34.5
ndhH 51.0 36.8 28.2 38.7 50.0 51.3 36.6
ndhl 43.6 37.2 23.8 34.9 46.5 43.4 38.0
ndhJ 50.9 38.4 28.3 39.2 48.1 52.8 38.4
ndhK 43.4 45.6 25.2 38.1 49.9 43.0 44.3

29.7 35.4 46.8 39.0 37.6 29.8 35.4 47.0
26.8 40.7 48.1 55.1 40.6 26.5 40.8 48.1
28.2 42.0 46.5 56.7 42.2 28.6 42.5 46.9
29.9 41.0 59.8 53.0 40.3 29.9 41.0 59.8
35.5 38.7 44.0 45.4 32.4 34.6 37.5 45.7
27.4 38.6 47.0 50.0 38.3 27.0 38.4 46.7
24.1 31.8 40.2 34.4 36.9 23.4 31.6 39.9
29.1 32.3 47.6 39.6 28.3 29.6 32,5 47.7
29.1 41.0 50.7 57.7 36.2 29.1 41.0 50.7
28.2 32.9 51.8 40.0 29.9 28.3 32.8 52.0
23.9 34.4 41.6 41.5 37.6 24.2 34.4 41.5
31.3 37.3 47.2 41.9 38.8 31.3 37.3 47.2
28.1 36.6 47.7 48.8 33.1 28.1 36.6 47.7
28.6 35.4 48.1 40.4 37.3 28.6 35.4 47.8
27.5 33.0 45.0 39.2 33.3 27.5 333 46.0
22.0 31.9 42.9 37.8 355 22.0 31.8 42.8
21.5 33.3 45.2 44.1 34.5 21.5 333 45.0
27.9 38.6 49.0 51.3 36.6 28.2 38.7 49.3
22.3 34.5 44.8 43.4 38.0 22.3 34.5 45.4
28.9 40.0 50.5 52.8 38.4 28.9 40.0 50.5
26.3 37.9 49.3 43.4 44.3 26.3 38.0 50.0
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£E3R1 Table 1 ( Continued)

ZIM§ZE  Lumnitzera littorea

Ve .
M2 Lumnitzera racemosa

GC,/% GC,/% GCy3/% GC,/% ENC

GC,/% GC,/% GCy/% GC,/% ENC

HH PIKA  Laguncularia racemosa

Gene GC,/% GCy/% GC3/% GC, /% ENC

petA 52.0 36.8 31.8 40.2 50.9 52.0 35.8
petB 49.1 41.2 31.9 40.7 42.4 48.6 40.9
petD 51.6 38.5 24.2 38.1 40.4 50.9 38.4
psaA 52.3 43.4 32.1 42.6 49.3 52.5 43.4
psaB 48.3 43.0 31.7 41.0 46.9 48.3 43.0
psbA 50.0 43.5 31.4 41.6 48.0 50.0 43.5

psbB 54.2 45.8 26.7 42.2 45.5 54.2 45.8
psbC 54.0 46.2 32.7 44.3 48.7 54.4 46.2

psbD 52.3 43.2 31.4 42.3 43.8 52.3 43.2
rbel 57.4 43.1 29.0 43.1 46.2 57.4 43.3
pl2 50.6 48.4 33.5 44.1 54.7 50.6 48.4

rpl14 53.7 38.2 25.2 39.0 44.4 53.7 38.2
pl20 36.4 40.5 24.8 33.9 48.3 36.4 39.8
pl22 42.4 33.9 26.7 34.3 48.6 45.0 35.1
rpoA 43.5 32.7 26.5 34.2 48.5 44.1 33.2
rpoB 50.1 38.1 27.4 38.6 48.9 50.4 38.3
rpoC1 51.0 38.1 30.0 39.7 51.4 50.4 38.0
rpoC2 45.4 37.5 28.2 37.0 49.2 45.3 37.3

ps2 443 42.6 26.6 37.8 45.5 443 41.8
rps3 48.0 33.8 24.2 35.3 46.8 48.4 33.8
rps4 51.5 38.1 26.2 38.6 48.8 49.5 38.1
ps7 52.6 45.5 26.3 41.5 44.7 52.6 45.5
ps8 39.3 40.0 26.7 35.3 41.3 38.5 39.3

rpsl 53.2 56.8 22.3 44.1 45.5 54.0 56.8
rpsl2 52.9 50.4 29.4 44.3 51.2 52.1 50.4
rpsl4 43.6 46.5 32.7 40.9 39.7 42.6 46.5
psl8 35.3 40.2 28.4 34.6 37.4 35.3 40.2

yefl 36.5 28.3 25.4 30.1 48.0 40.6 31.8
yef2 42.1 34.3 37.3 37.9 54.0 42.0 34.4
yef3 47.9 38.5 33.7 40.0 57.7 47.3 38.5
yef4 443 40.0 35.7 40.0 55.2 43.8 40.5
X 46.8 39.1 28.2 38.0 47.2 47.0 39.2

32.4 40.1 53.7 51.4 35.8 35.8 39.6 51.7
31.4 40.3 44.0 49.1 41.2 31.5 40.6 42.8
23.9 37.7 41.4 51.6 38.5 24.2 38.1 41.0
32.8 42.9 50.0 52.3 43.4 32,5 42.7 49.6
31.0 40.8 46.8 48.2 43.0 30.9 40.7 46.6
31.9 41.8 39.7 50.0 43.5 31.4 41.6 39.6
27.3 42.4 45.8 54.2 45.8 27.5 42.5 45.9
33.3 44.7 49.5 54.4 46.2 33.3 44.7 49.5
31.1 42.2 43.0 52.3 43.2 30.5 42.0 42.7
29.8 43.5 47.5 57.1 43.3 29.6 43.4 47.5
33.8 44.2 54.5 50.2 48.4 33.1 43.9 54.2
23.6 38.5 43.7 53.7 38.2 23.6 38.5 43.7
24.6 33.6 46.2 36.4 39.8 24.6 33.6 46.2
27.2 35.8 43.5 45.1 37.0 26.5 36.2 41.6
26.5 34.6 48.8 44.4 33.2 26.5 34.7 48.8
27.2 38.7 48.3 50.5 38.3 27.0 38.6 48.2
29.0 39.1 50.0 50.5 38.1 29.0 39.2 50.2
28.3 36.9 49.6 45.2 37.3 28.2 36.9 49.5
26.6 37.6 45.2 443 42.2 26.6 37.7 45.6
24.2 355 45.9 48.4 33.8 24.7 35.6 46.9
26.2 38.0 49.3 49.5 38.1 26.2 38.0 49.3
26.3 41.5 44.7 52.6 45.5 26.3 41.5 44.7
26.7 34.8 47.1 39.3 40.0 25.9 35.1 42.9
20.1 43.7 45.2 54.0 56.8 21.6 44.1 45.4
30.3 443 51.7 52.1 50.4 30.3 44.3 51.7
32.7 40.6 37.6 42.6 46.5 32.7 40.6 37.6
29.4 35.0 38.4 35.3 40.2 29.4 35.0 38.4
34.9 35.8 47.6 36.4 28.9 25.5 30.2 47.6
37.6 38.0 54.0 38.0 34.3 37.6 38.0 54.0
32.5 39.5 58.7 47.3 38.5 32.5 39.5 57.4
34.6 39.6 56.6 43.8 40.5 35.1 39.8 57.5

28.5 38.2 47.3 46.8 39.2 28.4 38.1 47.2

D GC,: WAL 45 1 AEBEIERY GC &4 GC content of the first base of codon; GC,: W5 2 EARIE Y GC &4 GC content of the second base of
codon; GCj: WL 3 R AL Y GC 3 GC content of the third base of codon; GC, : WL B GC A Total GC content of codon; ENC; L

T4 Effective number of codon. X: FJ{E Average.

SRS B WINE S & NEAR - U R 5 30N
2 ENC {H A28 A7 BB RN 34 {2 45 b B3, AR Ak 7
FRl 43931 4 37.4~59.8 .37.6 ~59.8 F137.6~59.8, #J{H
3R 47.2 47.3 F147.2, 3 FIAEY SRR SE N 4 rh
ENC {ERT 45 By 5EER 30047 38 .37 F138 />, o L4y
S 73.1% 71.2% F173.1% , BRI 3 FhAgd ok
AT DR 2 288 5 ol Y g - P 2 55
2.1.2 AXMSH X 3 FhLLA R S A R 4
) GC, .GC, .GC, .GC , Hl ENC {E#- 7 A k20 M, 45
R(F2)ER.6CH GC,MHEMEE (P<0.01) IEH

XKL GC, M GC, 5 GO H 2 I 35 TE A O, 3R W
3 TR A A L PR A 35 5 1 NS 2 B R4
PSRN B 3 I S A 1 RSS2 (AR 2
SRR, ENC 5 GC{HEM I 3 IEAHOC, 3R 3 R
Yy SRR LR 2 R 56 3 AV B Ik ) 4 T 2 T
fdFH A 4 1 09 52 i K ENC 5 GG, H 2 B 3%
(P<0.05) IEAH X, FRHUH 3 Tl 47 - S 44 56 [ 20 %% 1)
FHYE GC 75 1 0 25— {dt FH Dt 2P A S i 5K

2.1.3 ABX R L E T4 A E(RSCU) 447 £KBR
3RS T (UAG \UAA (UGA) il 2 /> 4 %5 7%
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T (AUG . UGG) , %4y 59 LTI RSCU fHEFT
BRI S E SR DR TINE 6 S AR o3 1L oIl S S TN
K2 2% 6519 RSCU {H 73 31 0.34~2.06.,0.33 ~
2.01H01 0.34 ~2.03, 3 FhHE 4 - 2 R 5L [X 4 2 & iR
(Leu) %M F UUA B RSCU {H 215 K, 22 &% ( Ser)
i AGC [ RSCU H 8 fie/)N, (HAGHEEMZ, B
Leu #f5F UUG 9 RSCU KT 1 41,3 Fiftint-4¢
RIERAH L G B C 45 A 25 T /9 RSCU {4/
F 1, 3R 3 M SRR SE R AL P DL G 88 C 45 R
W0 PR A 55 . 3 A W i SR AR D 4
RSCU R T 1 B394 29 />, R L6 %5451
A i d- PR Ao, Ry s i, b DL A S5
FIER S A 124, L) G RN T4
14, LA U 25 R B S 47 16 4, LA A 5 U 252
B A T 1 LN 96.6% , B 3 R 4 i 4 A i
PRI ZH B0 TR A A B U 25
2.2 HHELESHh

PR TS SR (1) R B ek 2ot g
IR0 2 A SE PR 21 %505 755 1 RIS 2 it GC
FIIE (GCL) 7 WA 32.4% ~55.0% . 32.8% ~
56.3%F1 32.7% ~55.4% , %555 3 (i AL M) GC &%
T(GC) 3 HH 21.4% ~37.3% .20.1% ~ 37.6% il
21.5%~37.6% ., M 1 7] WL, 3 Fis 4 i LA 3 R 241
BRI 43 5 DR e B v i 28, T 3 oot gy i A
DRI 2 8 5 ol FH D -1 52 B SRR B e, POCR (41
P2 FIAYE 2 - S A 35 D] 2 v 22 PRl %) [ 03 2R 25 (D

*2 FEEFHRIMALAMNEYHREEERLAZRF GC 2ENTYE
BFHREXES Y

Table 2 Correlation analysis on GC content of codon and effective
number of codon in chloroplast genomes of three species of mangroves
in Combretaceae!)

FESRATE IR ] AR O B

| <o - . _— . .
FEH%  Correlation coefficient between indexes of Laguncularia racemosa

Index
GC, GC, GCy GCy, ENC
GC, 1.000
GC, 0.468 1.000
GCy 0.194 0.142 1.000
GCy, 0.840 = 0.779 =%  0.504 ==  1.000
ENC 0.302 0.016 0.499 **  0.339 * 1.000
. LIMIZEHR BR ] 1 AH G R B
B Correlation coefficient between indexes of Lumnitzera littorea
Index
GC, GC, GCy GC, ENC
GC, 1.000
GC, 0.430 * = 1.000
GCy 0.050 0.007 1.000
GCy, 0.823 0.748 =+  0.397 **  1.000
ENC 0.261 -0.049 0.386 **  0.272 * 1.000

MR PRI BT 5 R AL

oy ey . - . .
EELD Correlation coefficient between indexes of Lumnitzera racemosa

Index
GC, GG, GC, GC,, ENC
GC, 1.000
GG, 0.461 #+  1.000
GCy 0.091 0.067 1.000
GC,y 0.823 s 0.775 %%  0.430 #*  1.000
ENC 0.235 -0.063 0.419 %% 0.253 * 1.000

DGC,: BT 1 AHZENY GC F 3 GC content of the first base of
codon; GC,: %M F 45 2 M GC & & GC content of the
second base of codon; GCj: WAL 3 AL ALY GC & i GC
content of the third base of codon; GC,;: WAL B GC A Total
GC content of codon; ENC: H %% ) F U Effective number of
codon. * ; P<0.05; =*=* . P<0.01.

®3 EEFH I MAMEYHREERAKNEXE X EBFERE (RSCU) S

Table 3 Analysis on relative synonymous codon usage ( RSCU) of chloroplast genomes of three species of mangroves in Combretaceae

AR RSCU {H NIEFEPIH RSCU {H
ﬁ%m —_— RSCU value of different species ﬁ%m —_— RSCU value of different species

Amino 6 don PreA LIz iz Amino 6 on LA a L
acid Laguncularia Lumnitzera Lumnitzera acid Laguncularia Lumnitzera Lumnitzera
racemosa littorea racemosa racemosa littorea racemosa

Ala GCU 1.89 1.89 1.88 Asp GAU 1.63 1.62 1.63

GCC 0.59 0.59 0.59 GAC 0.37 0.38 0.37

GCA 1.09 1.09 1.10 Cys UGU 1.53 1.52 1.50

GCG 0.43 0.43 0.43 UGC 0.47 0.48 0.50

Arg CGU 1.40 1.41 1.39 Gln CAA 1.55 1.53 1.55

CGC 0.36 0.39 0.37 CAG 0.45 0.47 0.45

CGA 1.45 1.40 1.40 Glu GAA 1.50 1.49 1.50

CGG 0.43 0.45 0.43 GAG 0.50 0.51 0.50

Arg AGA 1.74 1.70 1.77 Gly GGU 1.30 1.31 1.29

AGG 0.62 0.66 0.64 GGC 0.43 0.43 0.43

Asn AAU 1.56 1.54 1.55 GGA 1.64 1.61 1.63

AAC 0.44 0.46 0.45 GGG 0.63 0.65 0.65
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#4533 Table 3 ( Continued)

AR RSCU 16 AP RSCU A
ﬁ%i@ —— RSCU value of different species ’f\%?‘iﬁi — RSCU value of different species
Am?nu Codon Ak VAR Hizs Am}no Codon S /N ARy M
acid Laguncularia Lumnitzera Lumnitzera acid Laguncularia Lumnitzera Lumnitzera
racemosa littorea racemosa racemosa littorea racemosa
His CAU 1.52 1.50 1.50 CCG 0.51 0.57 0.56
CAC 0.48 0.50 0.50 Ser uCu 1.71 1.72 1.70
Ile AUU 1.50 1.50 1.49 ucc 0.93 0.96 0.97
AUC 0.61 0.62 0.60 UCA 1.18 1.11 1.16
AUA 0.89 0.88 0.90 ucG 0.58 0.57 0.56
Leu UUA 2.06 2.01 2.03 AGU 1.26 1.31 1.28
uuG 1.12 1.14 1.13 AGC 0.34 0.33 0.34
Cuu 1.25 1.24 1.26 Thr ACU 1.58 1.58 1.57
cuc 0.38 0.39 0.39 ACC 0.71 0.76 0.74
CUA 0.83 0.85 0.84 ACA 1.23 1.19 1.22
CuG 0.36 0.36 0.35 ACG 0.48 0.47 0.47
Lys AAA 1.52 1.48 1.51 Tyr UAU 1.64 1.63 1.64
AAG 0.48 0.52 0.49 UAC 0.36 0.37 0.36
Phe Uuu 1.33 1.30 1.33 Val GUU 1.46 1.46 1.47
uucC 0.67 0.70 0.67 GUC 0.50 0.50 0.51
Pro CCU 1.65 1.64 1.63 GUA 1.48 1.48 1.47
ccc 0.70 0.70 0.70 GUG 0.56 0.56 0.55
CCA 1.13 1.09 1.11
60 A 60 B ] 60 c .
50t o8 501 50 R
R R ¢ R . “o3N
;z 40t 4:),/ ;a 40k iﬁ 40k /‘—""/‘/
s O eon e
30 )Fé,29x+0,35 301 y=0.07x+0.41 301 3=0.15x+0.39
(R*=0.047, P>0.05) (R*=0.003, P>0.05) (R?*=0.012, P>0.05)
20 L L L | 20 L L L ) 20 L L L !
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

GCy/%

GG/%

GCy/%

GCy: B4 1 G 2 A% GC MY Average of GC content of the first and second bases of codon; GCy: %S4 3 ML GC i GC

content of the third base of codon.

A FiXA Laguncularia racemosa C. F. Gaertn.; B: ZLHZS Lumnitzera littorea (Jack) Voigt; C: M§Z= Lumnitzera racemosa Willd.

1 FEEFH 3 HAoMEYHREEEARN P IELE ST

Fig. 1 Neutral mapping analysis on chloroplast genomes of three species of mangroves in Combretaceae

FrfE £ %) 435115 0.29 .0.07 F10.15, 20 3 Fiii
Y-SR FE 00 GC, 5 GO 2 A G [HAR X
PEXIR R DL RS RIRI .3 Pk 4 it AR R 41
WA 1A 2 (L S A 3 AR Y A 2
T
2.3 ENC-plot 547

ENC—plot 7314558 (K 2) 8w AU B3 N 4
ARFEARE I ZE L S, R 2 5L R o AR et il 26
N7, HLEE B bR i 2 A e, UL 3 R A i i L

PRI 2 5 1 - foff P O G 32 B 28 AR s i /0N, 32 A SR
brites ALY/ NS
2.4 PR2-plot H#7

PR2-plot 23 Hr& 3 (18] 3) B . 3 FhAE 44
FEHTE 4 DN A 5] B Z B8R R b
O RVBGIE , AR 3 o 49 - St (A 5 DR 200 5% A foft FH 4
U1k A2 A SRIEPEFNIR AL 5728 py FL Rl FrOCAKR 41
HEZE T I SRR LI A T G,/ (G4+Cy) /T 0.5 1Y
SR BIA 22,23 F124 4, AL/ (A, +T,) /NF 0.5 (1)
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80 80 80

ENC
ENC
ENC

40 50 10 20 40 50 10 20

30 30
GCi/% GGCi/%

ENC. 3% 4L Effective number of codon; GCj: WL T4 3 AEBEIERY GC &4 GC content of the third base of codon.
A FiAR Laguncularia racemosa C. F. Gaertn.; B ZIMiZE Lumnitzera littorea ( Jack) Voigt; C: WiZ= Lumnitzera racemosa Willd.

B2 {FEFR 3 FhaOsEI SR E A ENC—plot 5#7

Fig. 2 ENC-plot analysis on chloroplast genomes of three species of mangroves in Combretaceae

0.5
G:/(G5+C5)

0.5
Gy/(G5+C5)

Ay, Ty,Cq,Gy: BIHERSTH 3 AREEA A T C A1 G & Contents of A, T, C and G of the third base of codon, respectively.

A FiKA Laguncularia racemosa C. F. Gaertn.; B: ZLH§ZS Lumnitzera littorea ( Jack) Voigt; C: B§Z= Lumnitzera racemosa Willd.

3 EEFH 3 FAMENMSEERHAR PR2-plot 531

Fig. 3 PR2-plot analysis on chloroplast genomes of three species of mangroves in Combretaceae

FEFHIA 31.34 F133 4, R 3 R ek 2.5 HMBBTFOH

L3505 158 3 (el F G WRE T C, i/ T AT e (T 4) B hiEARE 84
HISR =T AL BB 43 9 GCA . CGA ,AGA .GGA . UUG .

F4 FEEFHIBIMNEYHREERANSERZTBFIHY

Table 4 Optimal codon analysis on chloroplast genomes of three species of mangroves in Combretaceae'’

AHEER PLFEAR Laguncularia racemosa ZIMZE Lumnitzera littorea W2 Lumnitzera racemosa
Amino
acid C nl RSCUI n2 RSCU2 ARSCU C nl RSCUl n2 RSCU2 ARSCU C nl RSCUI n2 RSCU2 ARSCU

Ala GCU 23 1.80 40 225 -045 GCU 28 170 42 240 -0.70 GCU 48 1.79 42 240 -0.61
GCC 7 055 4 023 0.32  GCC 15 091 4 023 0.68 GCC 21 0.79 4 023 0.56
GCA= 15 1.18 17 0.96 0.22  GCA 14 08 16 091 -0.06 GCA= 27 1.01 16 0091 0.10
GCG 6 047 10 056 -0.09 GCG 9 055 8 0.46 0.09 GCG 11 041 8 046 -0.05
Arg CGU 15 060 23 251 -191 CGU 16 1.14 22 240 -1.26 CGU 30 083 22 240 -1.57
CGC 11 0.44 2 022 0.22 CGC 5 036 2 022 0.14 CGC 16 0.44 2022 0.22
CGA= 35 1.39 11 1.20 0.19 CGA= 21 1.50 11 1.20 030 CGA= 50 138 11 1.20 0.18
CGG 18 0.72 2022 0.50 CGG 5 036 3033 0.03 CGG 22 0.61 3033 0.28
AGA # 45 1.79 11 1.20 0.59 AGA= 27 1.93 11 1.20 0.73 AGA=* 63 1.74 11 1.20 0.54
AGG 27 1.07 6 0.65 0.42  AGG 10 0.71 6 0.65 0.06 AGG=* 36 1.00 6 0.65 0.35
Asn  AAU 106 151 39 1.44 0.07 AAU= 51 1.59 38 1.38 0.21 AAU= 143 155 39 1.42 0.13
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£i3R4 Table 4 ( Continued)

AR FIFEAR Laguncularia racemosa 27 Lumnitzera littorea #iZ=  Lumnitzera racemosa
Amino
acid C nl RSCUI n2 RSCU2 ARSCU C nl RSCUl a2 RSCU2 ARSCU C nl RSCUI n2 RSCU2 ARSCU

AAC 34 0.49 15 056 -0.07 AAC 13 041 17 0.62 -0.21 AAC 42 045 16 0.58 -0.13

Asp GAU 109 1.65 18 1.64 0.01 GAU 24 1.55 17 1.62 -0.07 GAU 132 1.62 17 1.62 0.00

GAC 23 035 4 036 -0.01 GAC 7 045 4 0.38 0.07 GAC 31 0.38 4 0.38 0.00

Cys UuGU 17 1.17 6 1.50 -0.33 UGU 8 1.23 6 1.50 -0.27 UGU 23 1.15 6 1.50 -0.35

UGC 12 0.83 2 0.50 0.33 UGC 5 077 2 0.50 0.27 UGC 17 0.85 2 0.50 0.35

Gln CAA 60 1.38 21 1.68 -0.30 CAA 19 1.19 22 1.63 -0.44 CAA 75 1.34 22 1.63 -0.29

CAG 27 0.62 4 0.32 0.30 CAG 13 0.81 5 037 044 CAG= 37 0.66 5 0.37 0.29

Glu GAA 80 1.22 36 1.60 -0.38 GAA 61 1.51 37 1.64 -0.13 GAA 113 1.28 37 1.64 -0.36

GAG 51 0.78 9 0.40 0.38 GAG 20 049 8 0.36 0.13  GAG 63 0.72 8 0.36 0.36

Gly  GGU 23097 31 172 -0.75 GGU 31 143 31 1.75 -0.32 GGU 46 1.14 31 172 -0.58

GGC 9 038 13 0.72 -0.34 GGC 7 032 12 068 -036 GGC 14 035 12 0.67 -0.32

GGA = 39 1.64 24 1.33 0.31 GGA= 33 1.52 23 1.30 0.22 GGA=* 65 1.6 24 1.33 0.27

GGG 24 1.01 4 0.22 0.79 GGG 16  0.74 5 0.28 0.46 GGG 37 091 5 0.28 0.63

His CAU 48 152 19 146 0.06 CAU 15 136 20 148 -0.12 CAU 59 155 20 1.48 0.07

CAC 15  0.48 7 054 -0.06 CAC 7 0.64 7 0.52 0.12 CAC 17 0.45 7 052 -0.07

Tle AUU 74 1.30 49 1.65 -0.35 AUU 44 1.33 50 1.69 -0.36 AUU 105 1.27 51 1.74  -0.47

AUC 44 0.77 18 0.61 0.16 AUC 23 0.70 17 0.57 0.13 AUC 65 0.79 16  0.55 0.24

AUA 53 093 22 074 0.19 AUA 32 097 22 074 0.23  AUA 78 094 21 0.72 0.22

Leu UUA 39 091 55 273 -1.82 UUA 34 2,02 54 263 -0.61 UUA 59 1.11 55  2.66 -1.55

UUG = 68 1.59 22 1.09 0.50 UUG 19 1.13 24 1.17  -0.04 UUG= 81 1.53 24 1.16 0.37

CUU= 60 140 22 1.09 0.31 CUU 16 095 22 107 -0.12 CUU=* 71 1.3 22 1.06 0.28

cuc 28 0.65 3 0.15 0.50 CUC 11 0.65 4 0.20 0.45 CUC 33 0.62 4 0.19 0.43

CUA 39 091 16  0.79 0.12 CUA 15 0.89 16 0.78 0.11 CUA 50  0.94 16 0.77 0.17

CUG 23 0.54 3 0.15 0.39 CUG 6 0.36 3 0.15 0.21 CUG 24 0.45 3 0.15 0.30

Lys AAA 93 1.26 30 1.50 -0.24 AAA 43 1.39 28 1.44  -0.05 AAA 121 1.29 28 1.44 -0.15

AAG 55 0.74 10 0.50 0.24 AAG 19 0.61 11 0.56 0.05 AAG 67 0.71 11 0.56 0.15

Phe Uuuu 83 1.06 44 1.28 -0.22 UUU 32 1.19 43 1.28 -0.09 UUU 95 1.07 43 1.30 -0.23

uucC 74 094 25 0.72 0.22 UUC 22 0.81 24 0.72 0.09 UUC 83 093 23 0.70 0.23

Pro CCU 28 1.27 17 148 -0.21 CCU 16 152 17 148 0.04 CCU 37 124 17 148 -0.24

CCC 17 0.77 7 0.61 0.16 CCC 10 0.95 6 0.52 0.43 CCC 25 0.84 6 0.52 0.32

CCA 27 1.23 17 1.48 -0.25 CCA 6 0.57 17 1.48 -091 CCA 32 1.08 17 1.48 -0.40

CCG 16 0.73 5 043 0.30 CCG 10 0.95 6 0.52 0.43 CCG 25 0.84 6 0.52 0.32

Ser ucu 67 170 24 1.67 0.03 UCU 19 154 25 170 -0.16 UCU 78 1.65 25 1.70 -0.05

ucc 48 1.22 8 0.56 0.66 UCC 10 0.81 9 0.61 0.20 UCC 52 1.10 9 0.61 0.49

UCA 46 1.17 18 1.26  -0.09 UCA 11 0.89 16 1.09 -0.20 UCA 53 1.12 17 1.16  -0.04

UcG 29 0.74 7 0.49 0.25 UCG 11 0.89 9 0.61 0.28 UCG 36 0.76 8 055 0.21

AGU 35 089 24 1.67 -0.78 AGU= 19 1.54 21 1.43 0.11 AGU 50 1.06 21 1.43 -0.37

AGC 11 0.28 5 035 -0.07 AGC 4 0.32 8 055 -0.23 AGC 14 0.30 8 055 -0.25

Thr ACU 27 1.16 27 1.89 -0.73 ACU 12 0.87 28 2.00 -1.13 ACU 38 1.16 28 2.00 -0.84

ACC 19 08 17 1.19 -0.37 ACC 16 116 16 1.14 0.02 ACC 30 092 16 1.14 -0.22

ACA = 31 1.33 13 091 0.42 ACA= 20 1.45 12 0.86 0.59 ACA= 41 1.25 12 0.86 0.39

ACG 16  0.69 0 0.00 0.69 ACG 7 051 0 0.00 0.51 ACG 22 0.67 0 0.00 0.67

Tyr UAU 62 1.57 27 1.54 0.03 UAU 33 1.57 26 1.53 0.04 UAU 85 1.53 26 1.53 0.00

UAC 17 0.43 8 046 -0.03 UAC 9 043 8 047 -0.04 UAC 26 047 8 047 0.00

Val GUU = 30 1.41 18 1.24 0.17 GUU 15 1.02 19 1.33  -0.31 GUU 39 1.25 19 1.31  -0.06

GUC 16  0.75 6 0.41 0.34 GUC 11 0.75 6 0.42 0.33 GUC 22 0.70 6 0.41 0.29

GUA 21 099 30 2.07 -1.08 GUA 23 1.56 28 196 -0.40 GUA 38 122 29 2,00 -0.78

GUG 18  0.85 4 0.28 0.57 GUG 10 0.68 4 0.28 0.40 GUG 26 0.83 4 0.28 0.55
DC, BT Codon; nl: fH Ik K %% T8 Codon number of high expression group; RSCUIL; 8 F k4L (A XS ] L8451 F BE Relative
synonymous codon usage of high expression group; n2: flRFIAZ (%% F 43 Codon number of low expression group; RSCU2: fIRFIAZ (I AHX[F]
T Relative synonymous codon usage of low expression group; ARSCU. & 335 2l 5 Ik 32 3k 41 AH X [R] S % 75 7 fifi JH B2 A9 22 1A

Difference of relative synonymous codon usage between high expression group and low expression group. * : LT Optimal codon.
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N Terminalia neotaliala

PiFKA Laguncularia racemosa

= 100 #6245 Lumnitzera racemosa
M4 Lumnitzera littorea
100 83 W~ Terminalia chebula
9 _|: T-SMi{ - Terminalia myriocarpa
100 ——————— Terminalia phillyreifolia
100 B Terminalia catappa

Combretum kraussii
100

0.01 ﬂ': Quisqualis indicum
LRI

KA F Quisqualis littorea

Genetic distance

A3 R ERE A E 2 452 The datums on the branches are bootstrap

values.

B4 EFrocl EERFIIHESFH 3 MAMEY SRR EMEY
HREREN

Fig. 4 Phylogenetic tree of three species of mangroves in Combretaceae
and other species of the same family based on rbcL gene sequence

INHHEA " Terminalia neotaliala

P Laguncularia racemosa
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T84 Terminalia myriocarpa
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Similarity coefficient
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Fig. 5 Phylogenetic tree of three species of mangroves in Combretaceae
and other species of the same family based on relative synonymous
codon usage of common protein coding sequence of chloroplast
genome
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