
1. Background

Most amino acids are encoded by multiple triplets

of nucleotides (i.e., synonymous codons) that differ in

the third codon position (1) or rarely in the second

codon position (2). Usage of synonymous codons for a

given amino acid is not at equal frequencies both with-

in and between genomes (2-5). Different organisms

exhibit species specific preference towards a subset of

synonymous codons for coding particular amino acids

(3, 6). This non random usage of synonymous codons

is referred as SCUB and is an essential characteristic

of both prokaryotic and eukaryotic genomes (2). 

Though synonymous mutations are generally neu-

tral or silent due to no change in amino acid sequence,

SCUB are reported to have profound effects on gene

expression and function (7-10). Population genetic

studies suggested that mutational biases due to

nucleotide compositional constraints or weak selection

on specific codons might be contributing to SCUB

(10-12). Many studies confirmed that SCUB is higher

in genomic regions on which substantial purifying

selection acts at amino acid level (10-13). Highly

expressed genes experience stronger SCUB than genes

with low expression (4). Moreover, evolutionarily con-

served protein coding regions show stronger SCUB

(14). However, the role of various physiological
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Background: Most of the amino acids are encoded by more than one codon, termed as synonymous codons. Synonymous

codon usage is not random as it is unique to species. In each amino acid family, some synonymous codons are preferred

and this is referred to as synonymous codon usage bias (SCUB). Trends associated with evolution of SCUB and factors

influencing its diversification in plastomes of genetically distinct Oenothera plastomes have not been investigated so far.

Objectives: In the present study, major forces that shape SCUB in Oenothera plastomes and putative preferred codons in

the protein coding genes (PCG) of plastomes were identified. 

Materials and Methods: To unravel various features of SCUB across selected Oenothera plastomes, commonly used

codon usage indices such as relative synonymous codon usage (RSCU), synonymous codon usage order (SCUO), effec-

tive number of codons (ENC) and codon adaptation index (CAI) were calculated. Correspondence analysis (COA) on

RSCU was performed to identify various characteristics of SCUB across different PCG in Oenothera plastomes.

Spearman’s rank correlation analysis was adopted to correlate nucleotide contents, codon usage indices and major axes of

COA to find out critical parameters in shaping SCUB.

Results: Mutational bias due to compositional constraints played crucial role in shaping SCUB as T3 and GC3 contents

were in strong negative correlation with all axes of COA. Nevertheless, significant negative correlations between axis 1

and 3 with ENC and CAI respectively, in all species, and narrow distribution of GC contents in neutrality plot, indicate the

role of natural selection. Hydropathy score of proteins was found to be influencing SCUB in O. glazioviana as it showed

strong negative correlation with axis 2.

Conclusion: We concluded that mutational pressure coupled with weak selection influenced SCUB in the examined plas-

tomes of Oenothera. In addition, all examined species of Oenothera exist as disjunct populations in different parts of North

America and these populations might have experienced genetic drift as random mutations in small populations that have

been fixed over a period of time.
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processes that contribute to SCUB in protein coding

regions of genomes has remained elusive (10). 

Contributing major forces on SCUB fall into three

categories: (i) nucleotide compositional constraints

(15), (ii) translational elongation rate optimization by

natural selection, and (iii) a balance between mutation-

al pressure, selection and genetic drift in a finite popu-

lation (11, 16, 17). Other contributing factors include

interaction between codons and anticodons (18), effi-

cacy of replication (19) and usage of codon pairs (20). 

A plastid genome of higher plants comprises of 80

protein coding genes (PCGs), 4 rRNA genes and 30

tRNA genes (21). Since most proteins in the chloro-

plast are essential for photosynthesis, protein coding

regions of chloroplast are highly conserved in higher

plants, although a few exceptions exist (22, 23). In

plastidic genome, mutational pressure favours high

representation of A/T and it appears to be the major

factor shaping SCUB (24 - 26). However, codon usage

of psbA gene is found to be highly correlated with the

corresponding t-RNA population in the chloroplast,

indicating the possible influence of selection for trans-

lational efficiency on psbA. Previous studies on SCUB

and variety of factors influencing its diversification in

chloroplast genome, revealed that even though muta-

tional bias is predominant, selection on codon usage

cannot be nullified. A recent finding suggested that

intron evolution and DNA methylation could be con-

sidered as potential factors that frame SCUB in land

plants (27).

The angiosperm genus Oenothera (Family:

Onagraceae) is commonly distributed in South Africa

(28) and North America (29). Genus Oenothera is con-

sidered to be well suited for understanding the various

molecular aspects of speciation process as it is

amongst well-characterized plant genera (30). The

genus Oentothera has been regarded as an ideal model

to study evolution of plant genomes (particularly plas-

tids), since substantial information about its systemat-

ics and genetics are available (30). In Oenothera, plas-

tome-genomes are highly incompatible. However, fer-

tile plants have been evolved due to (i) the exchange of

plastids and nuclei between species, and (ii) the

exchange of individual chromosome or complete hap-

loid set between species (30).

2. Objectives
Plastid genomes of 5 Oenothera sp. have been

completely sequenced (30) and revealed that all plas-

tomes are genetically distinct due to wide nucleotide

substitution, small insertions, deletions and repetitions

(30). In addition, phylogenetic analysis proved that

these plastomes differ from common ancestral origin

of vascular plants by a 56 kb inversion within the large

single copy region (30). These findings suggested

Oenothera plastomes as most suitable candidates to

explore SCUB as well as the factors influencing its

diversification. Basic features of molecular evolution

can be identified by determining evolutionary patterns

at synonymous sites in codons.  Hence, in the present

study, major objectives were i) investigation of trends

associated with synonymous codon usage in 5 distinct

Oenothera plastomes to obtain an insight into the

major forces that shape SCUB and ii) identification of

putative preferred codons in the PCG of plastomes that

helps to optimize heterologous gene expression.

Correlation analysis of various codon usage indices

provided a better understanding about the pattern of

SCUB in the plastomes. Identification of putative opti-

mal codons would certainly pave the way for develop-

ing transplastomic Oenothera sp. for enabling evolu-

tionary biologists to study underlying molecular mech-

anisms behind plant genome evolution.

3. Materials and Methods

3.1. Sequence Data and Nucleotide Compositions
Complete nucleotide sequences of all 5 plastomes

of Oenothera sp. viz., Oenothera argillicola,

Oenothera biennis, Oenothera elata, Oenothera
glazioviana and Oenothera parviflora were retrieved

from National Centre for Biotechnology Information

(NCBI) website and details were presented (Table 1).

PCGs of each genome were extracted and coding

sequences (CDS) that contain less than 300 codons

were excluded in order to avoid sampling errors.

Integrity of the CDS was evaluated by examining the

presence of initiation and termination codons at appro-

priate places without any internal stop codons.

Duplicate sequences were removed from the dataset.

Thus, final data set for analysis contained 54 CDS for

O. argillicola, O. biennis, O. elata and O. parviflora
and 53 CDS for O. glazioviana.

Overall and local nucleotide compositions (i.e.,

nucleotide contents at 1st, 2nd and 3rd codon positions)

were calculated for each CDS. Spearman’s rank corre-

lation analysis was used to reveal the correlations

between overall and silent base contents such as A3,

T3, G3 and C3 to unravel intrinsic properties of SCUB.

3.2. Indices of Codon Usage 
3.2.1. Relative Synonymous Codon Usage (RSCU)

RSCU value of each codon was calculated to study

the trend associated with SCUB in PCGs of Oenothera
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plastomes. RSCU value has been extensively used to

study codon usage of PCGs in various genomes as it is

independent of amino acid composition. RSCU values

were calculated using the following equation (31).

RSCU:

If RSCU value of a particular codon is greater than 1,

it indicates the biased codon usage (31). 

3.2.2. Effective Number of Codons (ENC)
ENC of particular gene has been widely used in

codon usage research to measure the extent of SCUB

of that particular gene (32). ENC can vary from 20

(strictly biased; 1 codon for 1 amino acid) to 61 (no

bias; all synonymous codons are used equally for each

amino acid family). It is considered as an effective

method to measure SCUB because it is independent of

gene length (32). Preference towards particular codons

in each amino acid family due to either selection or

mutational pressure reduces the value of ENC. If ENC

value of a gene is 35 or less, that particular gene can be

considered as highly biased and vice versa. Expression

levels of highly biased genes have been considered as

high. 

Expected ENC value under no selection can be cal-

culated for any value of GC3 as per the equation (32)

Where s = GC3

A plot between calculated ENC value of each CDS

and its corresponding GC3 value was developed for all

Oenothera sp. to provide an understanding of the

influence of GC compositional constraints in shaping

SCUB. If majority of genes are grouped on or just fall

below the left/right hand side of the expected GC3

curve, GC3 compositional constraints will be suggest-

ed as the major force that determine SCUB (32). If

majority of genes are grouped considerably below the

expected GC3, selection may be the significant force in

shaping SCUB (32).

3.2.3. Codon Adaptation Index (CAI)
CAI is used to measure the extent of SCUB towards

a subset of codons in each amino acid family of a

given gene on the basis of preferred codons (transla-

tionally optimal) (33) in highly expressed genes such

as ribosomal proteins and translational elongation fac-

tors. CAI is a good indicator of the level of expression

as it takes into account all 59 synonymous codons in a

quantitative manner (33). CAI value of a gene may

vary from 0 to 1, a lower value indicates less SCUB

(low expression level) and higher value close to 1 indi-

cates higher SCUB (high expression level) for a given

gene. In the present study, ribosomal protein coding

genes of each Oenothera species were used as the ref-

erence set of highly expressed genes for finding out

CAI values for corresponding species (34).

(33)

Where wn = relative adaptness of nth codon, L = num-

ber of codons

3.2.4. Synonymous codon usage order (SCUO)

SCUO is used for quantitative evaluation of rela-

tionship between GC composition at each codon posi-

tion and SCUB for a gene and it is computed as per the

equation (35)

Tukey test was used to analyse the differences in

SCUB within genomes and the Wilcoxon two-sample

test was used to compare the SCUB across five plas-

tomes. 
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Observed frequency of a codon

Expected frequency of the particular codon provided

E(ENC)= 2 + s + {29/[s2 + (1 - s)2 ]}

CAI= exp 1/L ∑ lnwn

L

n=1

SCUO = 1 + p/2 log 2 (p/2) + {(1-p)}log 2{(1-p)}
2 2

Organism GenBank Accession

number 

Number of

PCGs 

Average GC1 Average  GC2 Average GC3 Average ENC 

Oenothera argillicola 
Oenothera biennis 
Oenothera elata 
Oenothera glazioviana 
Oenothera parviflora

EU262887.1  

EU262889.1

AJ271079.3   

EU262890.1

EU262891.1

54 

54

54

53 

54

47.92  

47.85

47.85

48.06

47.85

39.93

39.61

40.01

39.97

40.01

31.69

31.57

31.56

31.70

31.56

48.91

48.92

48.90

48.93

48.90

Table 1. Oenothera species and their average local GC composition and ENC values



3.3. Correspondence Analysis (COA)

COA was performed to study the various character-

istics of SCUB across different PCG in each

Oenothera plastome (36) based on RSCU values (37,

38). All PCGs were plotted in a 59 dimensional vector

space based on the usage of 59 synonymous codons.

Each PCG is regarded as a 59 dimensional vector and

RSCU value of each codon is represented as a dimen-

sion (39). Major variations in the trend associated with

synonymous codon usage were explained by the first

axis with subsequent axes explaining diminishing

amounts of variance (40). Spearman’s rank correlation

analysis was used to reveal correlations between vari-

ous codon usage indices described above and major

axes of COA as this method of correlation is independ-

ent of any kind of distributional assumptions (41).

3.4. Identification of Putative Optimal Codons
To identify putative optimal codons/ preferred

codons, 10% of PCG located on both extremes left and

right of axis 1 of COA were chosen to form 2 data sets

(42). For each of the 59 synonymous codons, Chi

square test was applied to the 2 ×2 table that was con-

structed from the above 2 data sets. First row of the

table contains observed frequencies of a codon and the

second row contains total frequency of other synony-

mous alternatives of that particular codon (41). 

3.5. Cluster Analysis
Cluster analysis on RSCU values (39) was per-

formed in order to understand the grouping of

Oenothera species according to the codon usage. In

cluster analysis, a 5×59 matrix was generated in which

rows and columns correspond to pooled RSCU values

of 59 codons and five Oenothera species, respectively.

Clustering of Oenothera species occurred based on the

RSCU values by unweighted pair group average clus-

tering using Euclidean distance.

3.6. Bioinformatic and Statistical Softwares 
Total base compositions and base compositions at

each codon positions were calculated by using MEGA

version 5.2.2 (43). Dambe version 5.3.31 (44) was

used to find out RSCU values. Online version of

codonW (45; http://mobyle.pasteur.fr/cgi-

bin/portal.py) was used to estimate ENC, hydropathy

score (a number indicating hydrophobic/hydrophilic

properties of side chain of an amino acid) and aro-

maticity (frequency of aromatic amino acids) values.

CAI values were calculated by using CAI calculator 2

(46). CodonO (47) was employed to compute SCUO

values (35). All kinds of statistical analysis including

correspondence analysis and cluster analysis were car-

ried out using PAST version 2.12 (48) and the signifi-

cance was measured at 5% level.

4. Results

4.1. Intrinsic Properties of Synonymous Codon Usage
Total and synonymous nucleotide contents were

estimated. In the plastomes of O. argillicola, AT con-

tent was higher than GC content. Among the silent

base contents, viz., A3, T3, G3, and C3 (A, T, G and C

contents at 3rd codon position), T3 was noted to be

higher than all others with a mean and standard devia-

tion (SD) of 36.64 and 4.78, respectively. Lowest

nucleotide content at silent site was noted to be C3

with a mean and SD of 14.54 and 3.36, respectively.

Spearman’s rank correlation analysis revealed strong

positive correlations between A and A3, T and T3, G

and G3, and C and C3. Whereas significant negative

correlations were observed between other heteroge-

nous nucleotide contents (Table 2). Strong negative

correlation between A and T3 and vice versa suggested

the possible influence of AT at silent sites (AT3) in

shaping SCUB of PCGs in O. argillicola plastomes.

Additionally, high positive correlations of GC3 with G,

C and GC contents indicated GC compositional con-

straints might also be present. However, no correlation

existed between GC3 and any of A/T contents.  These

complex correlations revealed that nucleotide compo-

sitional constraints play a crucial role in framing

SCUB across PCGs in O. argillicola plastomes.

Similar patterns of correlations were identified in other

4 Oenothera plastomes examined (Table 2). 

4.2. GC Composition Influences  on SCUB
GC composition has been regarded as an important

force that shape codon and amino acid usages (49).

Total GC content and GC composition at 3 codon posi-

tions of all selected PCGs of Oenothera plastomes

were calculated and a dot plot was produced with

respective SCUO values (Figure 1). Strong linear but

negative correlations were found between SCUO and

variables such as GC3 (r = -0.495, p < 0.01), GC1 (r =

-0.442, p < 0.01) and GC (r = -0.353, p < 0.01). Among

these variables, dependency of SCUO on GC3 (SCUO

= 0.008 (GC3)+0.481) was noticed as stronger as

revealed by the highest correlation between them. To

study the influence of overall GC on local composi-

tions, linear correlation analysis was performed  for

GC with all local GC contents. GC was linearly corre-
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lated with GC1 (r = 0.840, p < 0.01), with GC2 (r =

0.613, p < 0.01) and with GC3 (r = 0.560, p < 0.01).

Whereas GC3 was in high correlation with GC1 (r =

0.471, p < 0.01) but not with GC2 (r = - 0.138).

Similarly, GC1 was also found not correlated with

GC2. Similar pattern of linear correlations were also

observed in other Oenothera species. These results

suggested that overall GC content, GC1 and GC3 influ-

enced SCUB in all examined Oenothera plastomes.

Thus, mutational pressure has significant role in dictat-

ing SCUB across PCGs in Oenothera plastomes.

Difference in SCUB among five species of Oenothera
was compared by Wilcoxon two-sample test and the

result was indicative of no significant difference in

SCUB between any two species.

4.3. Features of Overall and Strand Specific Relative
Synonymous Codon Usage

Overall and strand specific synonymous codon

usage were examined (Table 3). In 18 synonymous

families of amino acid, A and T ending codons were

used more frequently than G and C ending codons,

indicating an AT-rich nature of plastomes. Most of the

3, 4 and 6 fold degenerate amino acid families were

observed to use T ending codons except Gly and Arg.

Strand specific codon usage bias was observed for 6

fold degenerate amino acid Arg in all Oenothera sp.

except O. elata. For Arg, codon usage was biased

towards CGT in minus strand for all species whereas

in plus strand, codon usage was biased towards CGA

in O. biennis, O. glazioviana and O. parviflora.

However, both CGT and CGA were used at equal fre-

quencies to code Arg in minus strand encoded genes.

Four fold degenerate amino acid Val used GTA most

often in all plus strand encoded genes whereas all

minus strand encoded genes used GTT most frequent-

ly (Strand specific codon usage). Chi-square analysis

on codon count of 10% genes distributed on extreme
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Axes A3 T3 G3 C3 GC3

O. argillicola

O. biennis

O. elata

O. glazioviana

O. parviflora

A

T

G

C

GC

A

T

G

C

GC

A

T

G

C

GC

A

T

G

C

GC

A

T

G

C

GC

0.699**

-0.508**

-0.172

-0.049

-0.167

0.719**

-0.519**

-0.165

-0.056

-0.182

0.711**

-0.513**

-0.175

-0.053

-0.186

0.704**

-0.526**

-0.145

-0.062

-0.172

0.711**

-0.513**

-0.175

-0.053

-0.186

-0.689**

0.801**

-0.253

-0.138

-0.246

-0.689**

0.808**

-0.242

-0.154

-0.231

-0.691**

0.810**

-0.253

-0.158

-0.240

-0.689**

0.818**

-0.269

-0.169

-0.261

-0.691**

0.810**

-0.253

-0.158

-0.240

0.126

-0.282*

0.468**

-0.168

0.246

0.097

-0.270*

0.470**

-0.202

0.240

0.100

-0.271*

0.488**

-0.211

0.246

0.104

-0.289*

0.496**

-0.191

0.274**

0.100

-0.271*

0.488**

-0.211

0.246

-0.192

-0.114

0.253

0.492**

0.423**

-0.191

-0.104

0.219

0.497**

0.405**

-0.194

-0.101

0.226

0.503**

0.411**

-0.159

-0.109

0.194

0.525**

0.394**

-0.194

-0.101

0.226

0.503**

0.411**

-0.127

-0.245

0.527**

0.345*

0.562**

-0.145

-0.235

0.497**

0.338*

0.548**

-0.133

-0.238

0.511**

0.330*

0.549**

-0.112

-0.246

0.498**

0.356**

0.561**

-0.133

-0.238

0.511**

0.330*

0.511**

Table 2. Spearman’s rank correlation analysis between overall base composition and base composition at silent site in
plastomes of five Oenothera species



left  and extreme right of axis 1 revealed 5 statistically

over represented codons (i.e., putative optimal codons)

in O. argillicola  (i.e., GCT, GAA, CAT, AAT and

CCT), 1 in O. biennis (CGA), 4 in O. elata (i.e., TGT,

AAT, GTT and GTA), 7 in O. glazioviana (i.e., GAT,

TTT, CAT, AAT, CCT, CGT and TCT) and 2 in O.

parviflora (i.e., GCT and GTA). All putative optimal

codons used A/T ending codons only. 

4.4. Quantification of SCUB
ENC has been used as a reliable tool in SCUB

analysis as it is effective for short genes and for

skewed usage of amino acids (32). ENC value of a

gene clearly demonstrates SCUB in a range from

extreme bias to minimal bias. Plotting ENC values of

genes against corresponding GC3 values displays

major characteristics of synonymous codon usage pat-

terns of PCGs in a genome. In this study, majority of

protein coding genes were grouped on the left hand

side of the expected GC3 curve in all chosen

Oenothera sp. (Figure 2). Hence, GC3 compositional

constraints might influence SCUB across PCGs in
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viana and E: O. Parviflora



Nair R.R. et al.

Iran J Biotech. 2014;12(4):e1156
64

O. argillicola
RSCU

O. biennis
RSCU

O. elata
RSCU

O. glazioviana
RSCU

O. parviflora
RSCU

AA Codon All (+) (-) All (+) (-) All (+) (-) All (+) (-) All (+) (-)

A

A

A

A

C

C

D

D

E

E

F

F

G

G

G

G

H

H

I

I

I

K

K

L

L

L

L

L

L

N

N

P

P

P

P

Q

Q

R

R

R

R

R

R

S

S

S

S

S

S

T

T

T

T

V

V

V

V

Y

Y

GCT

GCG

GCC

GCA

TGT

TGC

GAT

GAC

GAG

GAA

TTT

TTC

GGT

GGG

GGC

GGA

CAC

CAT

ATT

ATA

ATC

AAA

AAG

CTA

CTC

CTG

CTT

TTA

TTG

AAC

AAT

CCA

CCC

CCT

CCG

CAA

CAG

AGA

AGG

CGA

CGC

CGG

CGT

AGC

AGT

TCA

TCC

TCG

TCT

ACC

ACA

ACG

ACT

GTT

GTG

GTC

GTA

TAC

TAT

1.637

0.651

0.697

1.014

1.447

0.553

1.508

0.492

0.604

1.396

1.277

0.723

1.251

0.830

0.488

1.431

0.566

1.434

1.476

0.919

0.606

1.463

0.537

1.093

0.619

0.567

1.722

1.222

0.778

0.499

1.501

1.034

0.886

1.438

0.643

1.490

0.510

1.372

0.628

1.449

0.539

0.499

1.513

0.584

1.416

0.920

0.910

0.602

1.567

0.797

1.227

0.506

1.470

1.376

0.604

0.591

1.429

0.411

1.589

1.627

0.651

0.735

0.987

1.372

0.628

1.572

0.428

0.666

1.334

1.231

0.769

1.172

0.865

0.496

1.467

0.553

1.447

1.535

0.861

0.604

1.370

0.630

0.994

0.704

0.562

1.740

1.171

0.829

0.468

1.532

1.008

0.968

1.402

0.621

1.430

0.570

1.344

0.656

1.464

0.569

0.502

1.464

0.524

1.476

0.989

0.905

0.615

1.492

0.753

1.288

0.529

1.429

1.310

0.639

0.601

1.450

0.387

1.613

1.577

0.625

0.696

1.101

1.459

0.541

1.438

0.562

0.624

1.376

1.244

0.756

1.275

0.889

0.422

1.414

0.565

1.435

1.381

0.978

0.642

1.509

0.491

1.205

0.574

0.562

1.659

1.198

0.802

0.561

1.439

1.101

0.822

1.434

0.643

1.537

0.463

1.363

0.637

1.481

0.497

0.488

1.535

0.675

1.325

0.891

0.933

0.558

1.618

0.796

1.283

0.473

1.448

1.426

0.619

0.535

1.419

0.451

1.549

1.63

0.651

0.703

1.015

1.443

0.557

1.478

0.522

0.598

1.402

1.284

0.716

1.251

0.821

0.482

1.446

0.564

1.436

1.474

0.920

0.606

1.476

0.524

1.098

0.613

0.575

1.714

1.219

0.781

0.488

1.512

1.043

0.901

1.431

0.626

1.497

0.503

1.372

0.628

1.464

0.521

0.496

1.518

0.591

1.409

0.931

0.896

0.607

1.566

0.807

1.217

0.502

1.474

1.391

0.617

0.567

1.425

0.414

1.586

1.629

0.647

0.731

0.993

1.377

0.623

1.530

0.470

0.654

1.346

1.250

0.750

1.173

0.854

0.481

1.492

0.560

1.440

1.530

0.864

0.606

1.395

0.605

1.001

0.693

0.569

1.736

1.170

0.830

0.457

1.543

1.008

0.961

1.412

0.618

1.438

0.562

1.363

0.638

1.483

0.550

0.500

1.467

0.527

1.473

0.990

0.906

0.621

1.483

0.760

1.270

0.528

1.442

1.335

0.646

0.569

1.450

0.393

1.607

1.561

0.636

0.707

1.096

1.448

0.552

1.424

0.576

0.638

1.362

1.237

0.763

1.278

0.862

0.431

1.429

0.551

1.449

1.380

0.978

0.642

1.509

0.491

1.207

0.575

0.569

1.649

1.196

0.804

0.552

1.448

1.116

0.864

1.407

0.613

1.542

0.458

1.343

0.657

1.500

0.473

0.482

1.545

0.684

1.316

0.911

0.905

0.557

1.627

0.814

1.259

0.473

1.454

1.438

0.644

0.532

1.386

0.453

1.547

1.626

0.657

0.703

1.015

1.443

0.557

1.477

0.523

0.596

1.404

1.283

0.717

1.245

0.827

0.479

1.448

0.563

1.437

1.476

0.921

0.603

1.472

0.528

1.095

0.611

0.577

1.717

1.218

0.782

0.495

1.505

1.032

0.892

1.445

0.632

1.501

0.499

1.373

0.627

1.463

0.515

0.496

1.526

0.597

1.403

0.931

0.892

0.608

1.569

0.807

1.220

0.500

1.472

1.392

0.618

0.571

1.419

0.417

1.583

1.644

0.638

0.727

0.991

1.405

0.595

1.539

0.461

0.650

1.350

1.281

0.719

1.174

0.848

0.479

1.500

0.539

1.461

1.528

0.885

0.587

1.396

0.604

0.993

0.684

0.557

1.766

1.194

0.806

0.457

1.543

1.008

0.931

1.448

0.612

1.459

0.541

1.366

0.634

1.469

0.544

0.495

1.493

0.517

1.483

0.974

0.912

0.591

1.523

0.732

1.268

0.536

1.464

1.356

0.644

0.556

1.444

0.369

1.631

1.561

0.636

0.707

1.096

1.448

0.552

1.424

0.576

0.638

1.362

1.237

0.763

1.278

0.862

0.431

1.429

0.551

1.449

1.380

0.978

0.642

1.509

0.491

1.207

0.575

0.569

1.649

1.196

0.804

0.552

1.448

1.116

0.864

1.407

0.613

1.542

0.458

1.343

0.657

1.500

0.473

0.482

1.545

0.684

1.316

0.911

0.905

0.557

1.627

0.814

1.259

0.473

1.454

1.438

0.644

0.532

1.386

0.453

1.547

1.631

0.649

0.708

1.012

1.441

0.559

1.481

0.519

0.595

1.405

1.284

0.716

1.245

0.836

0.478

1.441

0.565

1.435

1.474

0.920

0.606

1.474

0.526

1.106

0.612

0.567

1.715

1.212

0.788

0.492

1.508

1.037

0.892

1.440

0.631

1.498

0.502

1.370

0.630

1.456

0.532

0.497

1.516

0.586

1.414

0.937

0.902

0.600

1.561

0.796

1.237

0.504

1.464

1.388

0.617

0.558

1.437

0.424

1.576

1.627

0.639

0.740

0.993

1.372

0.628

1.541

0.459

0.652

1.348

1.248

0.752

1.162

0.879

0.480

1.478

0.559

1.441

1.527

0.867

0.606

1.397

0.603

1.009

0.688

0.576

1.727

1.161

0.839

0.460

1.540

1.014

0.966

1.412

0.608

1.436

0.564

1.350

0.650

1.472

0.570

0.494

1.464

0.531

1.469

0.999

0.908

0.609

1.484

0.736

1.306

0.534

1.424

1.324

0.640

0.564

1.471

0.400

1.600

1.564

0.634

0.711

1.090

1.448

0.552

1.425

0.575

0.631

1.369

1.241

0.759

1.275

0.881

0.420

1.424

0.555

1.445

1.383

0.974

0.643

1.503

0.497

1.210

0.576

0.553

1.660

1.189

0.811

0.557

1.443

1.099

0.843

1.424

0.634

1.545

0.455

1.345

0.655

1.493

0.480

0.489

1.538

0.670

1.330

0.909

0.916

0.559

1.616

0.812

1.283

0.464

1.440

1.436

0.639

0.515

1.409

0.459

1.541

1.641

0.650

0.699

1.010

1.439

0.561

1.497

0.503

0.599

1.401

1.287

0.713

1.256

0.819

0.486

1.438

0.566

1.434

1.480

0.917

0.603

1.485

0.515

1.094

0.610

0.571

1.725

1.222

0.778

0.496

1.504

1.041

0.888

1.452

0.618

1.501

0.499

1.368

0.632

1.454

0.529

0.514

1.503

0.589

1.411

0.925

0.915

0.598

1.562

0.804

1.219

0.500

1.477

1.385

0.618

0.568

1.429

0.413

1.587

1.632

0.642

0.732

0.995

1.368

0.632

1.551

0.449

0.656

1.344

1.247

0.753

1.195

0.841

0.491

1.473

0.555

1.445

1.539

0.859

0.602

1.412

0.588

0.997

0.699

0.573

1.731

1.171

0.829

0.462

1.538

1.008

0.968

1.409

0.614

1.447

0.553

1.350

0.650

1.478

0.559

0.526

1.436

0.524

1.476

0.989

0.911

0.615

1.486

0.762

1.262

0.53

1.446

1.328

0.648

0.582

1.442

0.393

1.607

1.580

0.632

0.703

1.085

1.448

0.552

1.438

0.562

0.642

1.358

1.243

0.757

1.272

0.869

0.429

1.429

0.562

1.438

1.385

0.975

0.640

1.510

0.490

1.203

0.564

0.558

1.675

1.199

0.801

0.561

1.439

1.112

0.838

1.448

0.603

1.537

0.463

1.343

0.657

1.478

0.481

0.490

1.551

0.684

1.316

0.899

0.936

0.550

1.615

0.810

1.264

0.468

1.459

1.434

0.642

0.517

1.408

0.449

1.551

Table 3. Overall and strand specific relative synonymous codon usage values of examined PCGs of selected Oenothera plas-
tomes



Oenothera plastomes. However, some genes were

located considerably below the expected GC3 curve

indicating the possible influence of some other force

such as natural selection in framing SCUB. No signif-

icant correlation was observed between GC3 and GC12

in neutrality plot (Figure 3). This suggested that

intragenomic GC mutational bias on GC content at all

codon position is low, which in turn indicates high

conservation of GC content. Furthermore, narrow dis-

tribution of GC contents was observed in neutrality

plot, revealing the role of selection in framing SCUB.

Association between A, T and G, C was analyzed using

parity rule 2 (PR2) bias plot and noticed that A and T

contents were used more proportionally than G and C

contents (Figure 4). 

4.5. Various Factors Affecting SCUB
The COA on RSCU values of PCGs in 5 Oenothera

plastomes was carried out and positions of PCGs along

first 4 axes are given in Figure 5. The first 4 axes

accounted for 34.59%, 34.76%, 34.66%, 35.57% and

34.49% of total variation in O. argillicola, O. biennis,

O. elata, O. glazioviana and O. parviflora, respective-

ly. No single major explanatory axis was found to

detail variations in all the chosen plastomes.

Significant negative correlations were found between

Nair R.R. et al.
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Figure 2. Quantification of SCUB. ENC Vs GC3 plot of A: O. argillicola B: O. biennis C: O. elata D: O. glazioviana and
E: O. Parviflora



axis 1 and indices, indicating gene expression levels

such as ENC and CAI in all chosen species (Table 4).

Axis 4 was in high negative correlation with ENC in

O. argillicola and O. parviflora. Another index of level

of gene expression, viz., CAI was positively correlated

with axis 4 of O. argillicola and was negatively corre-

lated with axis 2 of O. glazioviana. Significant corre-

lations of various axes of COA with gene expression

indices such as ENC and CAI suggested the influence

of gene expression levels in the SCU variation across

PCGs in Oenothera plastomes. No correlations were

observed between any of the 4 axes of COA and gene

Nair R.R. et al.
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Figure 3. Correlation analysis between GC12 and GC3. Neutrality plot of A: O. argillicola B: O. biennis C: O. elata D: O.
glazioviana and E: O. Parviflora



length or aromaticity. In O. glazioviana, hydropathy

score was in significant negative correlation with axis

2, but no such correlation was observed in any other

Oenothera sp. Strong negative correlation between T3

content and axis 2 in all Oenothera sp. indicated its

high influence on SCU variations. Interestingly, GC3

content was in strong negative correlation with axis 3

in all chosen species and was in positive correlation

with axis 4 in O. elata. This suggested that GC3 and T3

influences SCU variations considerably in all exam-

ined PCGs of Oenothera plastomes. Correlation analy-

sis between first 4 axes of COA and RSCU value of 59

synonymous codons revealed certain significant nega-

tive correlations in all chosen species, i.e., axis 1 with

GCC , TGC, GAT, GGG, CAT, AAT, CCC, CCG, AGA and

TCG and axis 2 with TGC, GGT, CAT, CTT, TTG, AGA,

CGT and GTT (Table 5). Though correlations existed

between other 2 axes (i.e., axes 3, 4) and RSCU value

of certain codons, it was observed to be species specif-

ic. These results pointed out that mutational pressure

Nair R.R. et al.
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Figure 4. Parity rule 2 bias plot. PR2 bias plot of A: O. argillicola B: O. biennis C: O. elata D: O. glazioviana E: O.
Parviflora



combined with weak selection might be acting on the

PCGs of all Oenothera plastomes to cause SCUB.

Cluster analysis revealed no major differences in syn-

onymous codon usage across genetically distinct

Oenothera plastomes as all Oenothera speciesformed

only one cluster (Figure 6).

5. Discussion

All preferred codons were found to use A/T ending

codons in Oenothera plastomes as plastid chromo-

somes are AT rich (5, 40). Mutational pressure towards

or against GC composition determine the ATGC com-

positions of a genome (40, 50). In all examined

Oenothera plastomes, AT3 (AT content at silent sites)

is expected to be an important factor in SCU variation

across PCGs. However, strong positive correlations

existed between GC3 and individual G/C contents.

This suggested that GC3 may also be considered as one

of the possible factors. This can be explained by

extremely low GC3 that influences SCU considerably

(32). Therefore, high AT3 (∼ 68.10%) and low GC3 (∼
31.70%) can be regarded as the major factors behind

SCU variation in Oenothera plastomes similar to what

has already been reported in Coffea arabica (5),

Populus alba (51), and in both Nicotiana tabacum and

Oryza sativa (26). Moreover, point mutations, repeti-

tions, insertions/ deletions and inversions were report-

ed to contribute to base compositional changes in

Oenothera (30). The impact of these mutations may

reflect in SCU variations across PCGs in Oenothera

Nair R.R. et al.
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Figure 5. Variations in codon usage. Correspondence analysis of A: O. argillicola B: O. biennis C: O. elata D: O. glazio-
viana and E:S O. Parviflora



plastomes.   

Influence of GC composition on SCU was further

elucidated by correlation analysis between SCUO and

GC composition at each codon positions. Apparent lin-

ear relationship was found between overall GC con-

tent, GC1 and GC3 of all examined PCGs. As observed

in grass models (40), we herein noticed that GC3 was

the dominant factor in framing SCUB in Oenothera sp.

This result suggested mutational pressure as signifi-

cant driving force of SCU variations in Oenothera sp.

ENC Vs GC3 plot also confirmed the role of GC com-

position on SCUB as most of the PCGs lie on or just

below the expected curve. However, grouping of some

genes considerably below the expected curve points

Nair R.R. et al.
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Axes A3 T3 G3 C3 GC3 ENC CAI Gravy Aromaticity Length

O. argillicola

O. biennis

O. elata

O. glazioviana

O. parviflora

Axis 1

Axis 2

Axis 3

Axis 4

Axis 1

Axis 2

Axis 3

Axis 4

Axis 1

Axis 2

Axis 3

Axis 4

Axis 1

Axis 2

Axis 3

Axis 4

Axis 1

Axis 2

Axis 3

Axis 4

-0.121

0.247

0.122

0.095

-0.051

0.251

0.130

-0.197

-0.060

0.272*

0.158

-0.186

-0.006

0.232

0.251

0.105

-0.037

0.258

0.081

-0.042

0.162

-0.458**

0.111

0.095

0.111

-0.458**

0.089

0.062

0.112

-0.475**

0.047

0.036

0.089

-0.502**

-0.018

0.053

0.158

-0.392**

0.095

0.081

-0.157

-0.004

-0.197

-0.414**

-0.181

-0.045

-0.127

0.062

-0.173

-0.028

-0.113

0.094

-0.187

0.055

-0.124

-0.278*

-0.163

-0.091

-0.042

-0.332*

0.216

0.337*

-0.094

0.104

0.209

0.370**

-0.158

0.192

0.220

0.333*

-0.114

0.178

0.194

0.340*

-0.155

0.025

0.101

0.330*

-0.186

0.240

0.109

0.192

-0.302*

-0.194

0.053

0.215

-0.332*

0.266

0.073

0.220

-0.296*

0.279*

0.024

0.289*

-0.364**

-0.212

-0.045

0.180

-0.297*

-0.041

-0.274*

0.150

-0.149

-0.377**

-0.325*

0.159

-0.127

-0.074

-0.319*

0.187

-0.078

-0.029

-0.281*

0.251

-0.086

-0.245

-0.363**

0.106

-0.048

-0.288*

-0.101

-0.172

0.138

0.286*

-0.073

-0.211

0.164

-0.140

-0.082

-0.198

0.143

-0.157

-0.056

-0.272*

0.184

0.264

0.056

-0.217

0.115

0.178

0.156

-0.195

0.199

0.262

0.151

-0.150

0.197

0.074

0.137

-0.211

0.148

0.041

0.081

-0.276*

0.096

0.146

0.206

-0.091

0.134

0.221

-0.038

-0.205

0.055

-0.024

-0.042

-0.191

-0.004

0.144

-0.061

-0.239

-0.008

0.155

-0.105

-0.217

-0.074

-0.074

-0.053

-0.150

0.047

0.015

-0.012

0.069

-0.078

-0.148

-0.028

0.056

-0.064

0.057

-0.008

0.047

-0.047

0.054

-0.064

0.085

-0.056

-0.052

-0.057

0.107

-0.091

-0.031

Table 4. Spearman’s rank correlation analysis between four axes of COA and various codon  usage indices

O. argillicola O. biennis O. elata O. glazioviana O. parviflora

Codon Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2

GCC

TGC

GAT

GGG

CAT

AAT

CCC

CCG

AGA

TCG

GGT

CTT

TTG

CGT

GTT

-0.578**

-0.465**

-0.317*

-0.345*

-0.361**

-0.301*

-0.401**

-0.359**

-0.270*

-0.500**

0.070

-0.038

-0.054

0.114

-0.217

0.116

-0.350**

-0.217

0.279*

-0.306

-0.078

0.264

-0.085

-0.312*

0.158

-0.304*

-0.302*

-0.509**

-0.767**

-0.325*

-0.540**

-0.520**

-0.387**

-0.316*

-0.383**

-0.311*

-0.426**

-0.371**

-0.206

-0.464**

0.101

-0.035

-0.041

0.075

-0.188

0.268*

-0.313*

-0.193

0.259

-0.331*

-0.029

0.309*

-0.009

-0.301*

0.100

-0.300*

-0.271*

-0.481**

-0.768**

-0.285*

-0.525**

-0.521**

-0.409**

-0.298*

-0.383**

-0.349**

-0.402**

-0.368**

-0.188

-0.477**

0.080

-0.031

-0.043

0.050

-0.190

0.312*

-0.298*

-0.195

0.276*

-0.303*

0.019

0.376**

0.017

-0.226

0.119

-0.295*

-0.247

-0.483**

-0.750**

-0.295*

-0.459**

-0.566**

-0.423**

-0.228

-0.484**

-0.358**

-0.332

-0.318*

-0.189

-0.480**

0.055

0.058

-0.097

-0.082

-0.118

0.368**

-0.220

-0.202

0.323*

-0.252

0.048

0.454**

0.072

-0.131

0.119

-0.316*

-0.218

-0.434**

-0.765**

-0.302*

-0.590**

-0.497**

-0.340*

-0.389**

-0.330*

-0.308*

-0.509**

-0.332*

-0.253

-0.476**

0.171

0.019

-0.006

0.158

-0.107

0.150

-0.316*

-0.157*

0.184

-0.346*

0.009

0.171

-0.158

-0.350**

0.008

-0.326*

-0.393**

-0.530**

-0.765**

-0.321*

Table 5. Major codons having significant correlations with first two axes of COA in all examined Oenothera species



out the influence of weak selection. In addition, neu-

trality plot showed narrow distribution of GC and no

correlation was found between GC3 and GC12. Slope

of the GC12 Vs GC3 plot was close to 0, indicating the

role of specific evolutionary pressure (i.e., selection

pressure) in shaping SCUB. Thus, selection against

mutational pressure may be acting on the PCGs at

Oenothera plastomes, and intragenomic GC mutation-

al bias on GC content was small similar to other plas-

tomes (52). In a single stranded DNA, Chargaff’s 2nd

parity rule states that a almost equals T and G almost

equals C (53, 54). However, PR2 bias plot analysis

confirmed the deviation from Chargaff’s 2nd parity

rule in organellar DNA as A and T contents were used

more proportionally than G and C contents in

Oenothera plastomes. 

Strand specific codon usage bias was observed in

Oenothera plastomes: 6- and 4-fold degenerate amino

acid for Arg and Val, respectively. This may be due to

the intrinsic efficiencies of individual codons (55) and

may not be correlated with translation efficiencies.

Though 5 species of Oenothera are closely related,

number of putative optimal codons varied for each

species (i.e., 1 to 7). All optimal codons used A/T at

their ending position as observed in C. arabica (5), T.

aestivum and H. vulgare (40). Thus mutational bias

can be regarded as a major factor for SCU variations in

Oenothera plastomes (24). If other selection pressures

are absent, this mutational bias towards A/T ending

codons would certainly increase the RSCU value of

synonymous/T ending codons to more than 1 (40).

The COA on RSCU values of Oenothera plastomes

revealed no single major explanatory axis to explain

the total variations. This pointed out that apart from the

2 major forces behind SCUB, viz., mutational bias and

natural selection, some other factors may be acting on

the PCGs to cause SCUB. Similar observation was

found in pooid grass models (40). CAI and ENC val-

ues have been proven as reliable indices for measuring

the level of gene expression (32, 42). First axis of

COA was in significant negative correlation with all

examined species of Oenothera (P < 0.01). This sug-

gested clearly that gene expression level also has con-

siderable influence in SCU variation across PCGs.

Influence of gene expression levels on SCUB in plant

genes was recently reported in Zea mays (56) and also

in Oncidium ramsey (34).  Significant negative corre-

lations of axis 2 with T3, and axis 3 with GC3 in all

Oenothera species suggest the influence of T3 and GC3

contents in framing SCUB. Though no correlation was

observed between length/ aromaticity and various axes

of COA in all species, hydropathy score was in signif-

icant negative correlation with second axis in O.

Glazioviana. This suggests the role of hydropathic

character of proteins in SCU variations as observed in

O. ramsey (34) and in grass models (40). Moreover,

certain codons were found to have significant negative

correlation with axes 1 and 2 in all species. Among

them, more than 60% of codons contained pyrimidine

at the 3rd positions. These results suggested that muta-

tional pressure combined with weak selection dictates

SCU in all examined PCGs of Oenothera plastomes. 

All examined plastomes belong to the subsection

Euoenothera (biennis group) (29). Interestingly, high

degree of phenotypic variation was observed among

members of biennis group across various disjunct pop-

ulations in different places of North America (29).

Thus, small disjunct populations of Oenothera sp. are

expected to experience genetic drift since random

mutations in small population lead to random fixation

over a period of time (57). Unexpected evolutionary

changes are considered as a result of random process

such as genetic drift rather than natural selection (59).

We conclude that the present finding would certain-

ly facilitate studies on plant genome evolution as

Oenothera sp. are considered to be suitable for study-

ing compartmental co-evolution (30). Moreover, puta-

tive optimal codons for each species were identified

and those codons can be used for optimization of het-

erologous gene expression by introducing point muta-

tions (56).
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Figure 6. Cluster analysis. Dendogram showing the extent
of divergence of RSCU values of five Oenothera plastomes
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