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Abstract

The biased usage of synonymous codons affects translational efficiency of genes. We studied
codon usage patterns of genes that are perfectly conserved at the amino acid level among three
important mosquito vector species: Aedes aegypti (vector of dengue virus), Anopheles gambiae
(vector of malaria) and Culex quinquefasciatus (vector of lymphatic filariasis and West Nile
Virus). Although these proteins have same amino acid sequences, non-random usage of
synonymous codons is evident among the orthologous genes. The coding sequences of these genes
were simulated to generate random mutation sites to be further investigated for patterns of codon
bias. It was found that codon usage bias is significantly higher in genes that represented perfectly
conserved proteins than genes where variation was apparent at the amino acid sequence. Our
results suggest that genes coding for perfectly conserved proteins are highly biased with optimized
codons and may be under stringent translational selection in these vector species.
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1. Introduction

Usage of synonymous codons is non-random during decoding of genes to proteins. As a
result, specific codons are more frequently represented than other synonymous codons
during translation of genes. This is commonly referred to as codon usage bias or simply
codon bias. Whereas codon bias is widespread both in prokaryotes and eukaryotes, the
extent of bias is variable within and between species (Plotkin and Kudla 2011). Various
factors such as expression level, gene length, composition bias (%G+C content and GC
skew), recombination rates, and RNA stability are likely to influence the extent of codon
bias of genes (Akashi 1997; Powel and Moriyama 1997; Moriyama and Powell 1998;
Powell et al. 2003). Variations in codon optimization among genes provide differential
efficiency in the translation of genes. The selection associated with this process is
commonly termed as ‘translational selection’. Numerous reports have shown links between
codon bias and selection for translational efficiency (reviewed in Hershberg and Petrov
2008). It has been observed that the extents of biased usage of codons are often correlated
with the cognate tRNA gene copies in some species including mosquitoes (Rocha 2004,
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Behura et al. 2010; Behura and Severson 2011). Our recent studies have shown that genes
that are related to translation, energy metabolism and carbohydrate metabolism may be
under translational selection in Aedes aegyptiand Anopheles gambiae mosquitoes (Behura
and Severson 2011).

The Anopheles gambiae, Aedes aegypti and Culex quinquerasciatus mosquitoes are major
vectors malaria, dengue and lymphatic filariasis respectively. The genome sequences of the
three mosquito species have been completed (Holt ef a/., 2002; Nene et a/. 2007 and
Arensburger et al. 2010). These projects (www.vectorbase.org) have provided opportunities
to better understand structure, function and evolution of mosquito genes. In spite of recent
progresses in mosquito genomics, many critical aspects of gene structure and evolution are
not well studied in vector mosquitoes (Severson and Behura, 2012). In this study, we
analyze the codon bias patterns of genes that code for perfectly conserved proteins among
the three mosquito species. This is important because it may provide seminal information on
selection of perfectly conserved proteins pertaining to translational efficiency. Here, we
conduct genome-wide search to identify genes that code for perfectly conserved proteins
among the three species and investigate the patterns of codon usage patterns of the
orthologous genes. We perform simulation of coding sequences of these genes and show
that simulated gene sequences that are perfectly conserved at the protein level are associated
with significantly higher codon usage bias than genes that lack such conservation. Our
results suggest that genes coding for perfectly conserved proteins may be under differential
translational selection compared to genes that lack such evolutionary conservation at the
protein level.

2. Materials and Methods

2.1 Data

The orthologous relationships, percentage sequence identity as well as gene length of all
predicted coding genes of the three mosquito species were downloaded from VectorBase
(www.vectorbase.org) via data depository at Biomart. From these, genes were filtered using
the criteria that they are 1:1 orthologs among the three species and that they are 100%
similar at the protein level. The D. melanogaster orthologs (1:1) of these genes, if present,
were also obtained from Biomart for use as out-group in phylogenetic analyses.

2.2 Codon bias analysis

The codon counts as well as the codon context analyses of these genes were determined for
each species using the Anaconda Software (Moura et a/. 2007). Because the amino acid
sequences are exactly the same among the three species for these genes, variation in
cumulative frequencies of codons directly relates to the biased usage of synonymous codons
among species. The codon frequency was calculated as the proportion of the codon to the
total number of codons represented by the orthologous genes. For comparison of codon
contexts, frequency of each codon context was compared with the expected frequency. The
expected frequency was calculated from the total counts of each amino acid pair divided by
the product of codon degeneracy of the two amino acids. As the amino acid sequences are
conserved, the expected frequencies of codon sequences for each amino acid pair remains
unchanged among the three species. Thus, the ratio of observed to expected frequencies of
codon contexts shows the biased usage of synonymous codon pairs among the orthologous
genes.

The synonymous codon usage order (SCUO) was used as an index of measurement of
biased usage of codons. SCUOQ index is determined by comparing the observed entropy of
each amino acid site to the expected value, where the expected value of the entropy assumes
random usage of all synonymous codons of the amino acid (Zeeberg 2002). The SCUO
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index is suitable for performing comparative estimates of synonymous codon usage bias
within and between genomes as demonstrated by Wan et a/. 2004. We used CodonO
software (Angellotti ef al. 2007), available at http://www.sysbiology.org/CodonO, to locally
calculate synonymous codon usage order (SCUOQ) of each gene. The effective number of
codons (ENC) and base composition of codon sequences including GC and GC3 contents
were determined by using ‘codonw’ program (http://sourceforge.net/projects/codonwy/).

The paralogous copies of the A. aegypti genes were obtained from VetcorBase. The
expression data generated in A. aegypti during an earlier study (Behura et a/. 2011) was
used. The microarray expression data is publicly available at Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE16563. The UTR
(untranslated regions) sequences of genes were also downloaded from VectorBase. To
compare the regulatory elements of UTRs, we chose 4 genes (out of the 10 genes studied)
where both the 5" and 3" UTRs have been identified among the three species. The putative
regulatory elements in the UTR sequences were predicted by the UTRScan tool
(http://itbtools.ba.ith.cnr.it/utrscan).

2.3 Codon sequence simulation

The coding sequences of the individual orthologous genes were concatenated (5,511 bp
sequence). Prior to concatenating the gene sequences, the topologies of individual gene trees
were compared. Individual trees were generated by BayesPhylogenies 1.1 (Pagel and Meade
2004) using general time reversible model and the D. melanogaster as the out-group species.
Total 10,000 iterations were performed. The topology information of the individual trees
was assessed by BayesTree 1.3 program
(http://www.evolution.reading.ac.uk/BayesTrees.html). In each gene tree we consistently
observed 0.99 as the probability value of the most frequent topology. Similar topology was
obtained from individual trees as well as the tree generated from the concatenated genes
which agreed with the known phylogeny among mosquitoes and Drosophila (Arensburger et
al., 2010).

The concatenated sequences of each of the three species were used to simulate the coding
sequences. Simulation was performed using the ‘EvolveAGene 3’ program (Hall 2008). The
average number of changes per site of the orthologous genes was determined by using
DnaSP (Rozas et al. 2007) that was used as the average branch length in generating the
genealogy of the simulated sequences. The 0.016 probability value for selection of amino
acid replacement is considered as realistic intensity of such selection as suggested by Carroll
et al. (2007). Moreover, the dN/dS of pair-wise comparison of all the 1:1:1 orthlogous genes
identified from the three genome sequences (www.vectorbase.org) also shows a similar
median value (0.0156) among the three mosquito species. Although this value will change
among unrelated species, the evolved gene sequences from the simulation closely mimic
orthologous genes of closely related specie where dN/dS approximates to 0.016 (Carol et al.
2007).

The sequence relatedness of the simulated sequences with that of the observed data (the
concatenated codon sequences of the 10 genes of the three species) was confirmed by
phylogenetic methods implemented in MEGAA4 (Tamura et al. 2004). The phylogeny was
inferred using the Neighbor-Joining method (Saitou and Nei 1987). The evolutionary
distances were computed using the Maximum Composite Likelihood method (Tamura et al.
2004) and they were measured in the units of the number of base substitutions per site. The
multiple alignments were performed by Muscle program (Edgar 2010). DNA to protein
translation of sequences was also performed by MEGAA4. The simulated sequences were
separated into two groups; 1) sequences that translated to the same amino acid sequences
because of introduction of silent changes and 2) sequences that translated to amino acid
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sequences where site variation was produced. Then we compared the codon usage bias of
sequences that were perfectly conserved at the amino acid level with codon bias of genes
that were not perfectly conserved at the amino acid level.

We also performed another simulation of the coding sequences wherein the codon positions
were randomized. By doing this, we simulated the genes to have different composition of A,
T, G and C at 15t, 2"d and 3" positions of codons. The codon position shuffling was
performed using the R statistical package *seqinr’
(http://cran.r-project.org/web/packages/seqinr).

2.4. Evolutionary analysis of codon bias

We used BayesTraits Continous model (Pagel 1999) to perform regression between species
phylogenies and the variation of codon bias (as variable traits of ENC and GC3 content) of
the orthologous genes. The ENC and GC3 values were used as trait values against one
hundred trees phylogenies generated by BayesPhylogenies. The trees were rooted at D.
melanogaster gene. This particular analysis was performed with concatenated sequences of 9
genes (not the 10 genes) as one of the mosquito genes lacked orthology in D. melanogaster.
The tree scaling parameter ‘lambda’ was made fixed to either 0 or 1 to test whether codon
bias traits varied in correlated manner with trees. The maximum likelihood method
implemented in the Continuous program was used to infer whether lambda = 0 or lambda =
1 yielded significant differences in the likelihoods. This was determined by likelihood ratio
tests between the two models.

2.5 Statistical analysis

Results

All the statistical analyses were performed using R statistical packages. The codon usage
bias of perfectly conserved proteins and of proteins with sequence variation generated from
simulation analyses was compared by Tukey’s test in /R
(http://cran.r-project.org/web/packages/DTK/index.html). The default value of 0.05 was
used as the threshold significance level of the test. The Poisson logistic regression was
performed using ‘glm’ function in R. The ‘boot’ package was used to perform bootstrap
analysis of spearman correlation between codon bias and GC contents. The likelihood ratio
tests were performed by ‘Imtest’.

3.1. Differential codon bias of orthologous genes coding for perfectly conserved proteins

By analyzing a total of 47,475 predicted coding genes (AgamP3 + AaegL1 + CpipJ1 official
gene sets) of the three mosquito species, only 30 genes were identified in 10 ortholog (1:1:1)
trios that have same amino acid sequences among three species (Table 1). Multiple
alignments of the codon sequences of these ortholog trios show variation in codons in spite
of perfect conservation at the amino acid sequence level (Figure 1). Because the translated
amino acid sequences of these genes are same, this result indicates that the synonymous
codons are used with varying biases among the three species. For example, CUG is the most
frequent codon (rank-1) for coding Leu residues of these genes in A. gambiae but it is the
second and third most used codon (rank-2 and rank-3) in A. aegyptiand C. quinguefasciatus
genes, respectively (Figure 2). The variation is not due to difference in the amount of leucine
amino acids in these proteins (these proteins are perfectly conserved) but due to usage bias
of synonymous codons among these mosquitoes. Hierarchical clustering based on rank order
correlation of codons frequencies further shows that nearly 50% of codons are coordinately
used in a biased manner in these genes (Figure 3). The codon sequences of the genes further
show a characteristic feature of GC percentage among the 15t, 219 and 3 positions of
codons in these genes. The 3" position of codons has higher GC percent than the 15t and 2nd
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positions in each gene (Supplementary Figure 1). Because synonymous codons are mostly
variable at the 3 position, the elevated GC content is possibly associated with biased
usages of synonymous codons. The codon context frequencies are also variable among the
orthologous genes (Supplementary Figure 2), indicating that the conserved proteins are
biased in the usage of synonymous codon pairs. This is evident from differential usage of
synonymous codon pairs for each neighboring amino acid pair of the conserved proteins
among the three species (Supplementary Table 1).

3.2. Base composition and codon bias

We performed sequence simulation of the orthologous genes by reshuffling codon positions
(18, 2nd and 3" positions of codons) of the orthologous genes. The purpose of this
simulation was to determine the effect of base compositions on the biased usage the
synonymous codons. The results of bootstrap correlation analysis show significant
correlation (Spearman) between GC content at the third position and the effective number of
codons (ENC, a non-directional measure of codon bias) among the simulated sequences
(Rho=0.88, p<0.01and 95% C.I. ~ 0.8 — 1.0).

The ENC being a non-directional measure of codon bias, it is suitable for comparing
differential A/T versus G/C content of synonymous positions to determine the extent of
mutational bias and codon bias among genes (Vicario et al. 2007). To determine if ENC of
genes coding perfectly conserved proteins among the three mosquito species is affected by
differential G/C- and A/T- composition of the third positions of codons, we performed
generalized linear model fitting of each base at the third position (A3/ G3/ C3/ T3) as
predictor variable with ENC as the dependent variable by Poisson logistic regression (Table
2). Results show that different bases at the 3™ positions have differential effect on ENC of
the orthologous genes among the three mosquito species. However, it shows that G and/or C
at 3 positions have negative effect on ENC indicating that increase in the G/C content at
3" position will reduce ENC with differential magnitude (as indicated by the co-efficient of
regression). Off note, decrease of ENC indicates increase of codon bias (ENC values ranges
from 61 to 20 where ENC = 61 suggests no bias of codon usage and ENC = 20 means
maximum bias of codon usage). Thus, the regression analysis clearly suggests that GC
content at the silent positions positively influences biased usage of synonymous codons of
the genes among the three species a/beit with differential magnitude.

Our previous study on global codon bias pattern between A. aegyptiand A. gambiae
suggested that A. gambiae genes are associated with relatively higher codon bias than A.
aegypti (Behura et al. 2011). The correlation (Spearman ‘Rho’) between global GC
composition of the coding sequences and ENC is 0.72 in A. gambiae compared to only 0.55
and 0.6 of C. quinquefasciatusand A. aegypti genome respectively. To test that higher
codon bias may be related to higher global G/C bias, we performed likelihood ratio test of
two nested models where the general hypothesis relied that all the four bases at the 3
position affected ENC (ENC ~ A3s + T3s + G3s + C3s) whereas the special model
hypothesized that only A and T affected the codon bias (ENC ~ A3s + T3s). The results of
these model testing showed that the log-likelihoods of the second assumption (A/T affecting
ENC) are significantly higher (p < 2.2e716, df = 2) than that of the first assumption in each
of the three species. However, the Chi-square values of log-likelihood ratios (assuming
asymptotic distribution) are more than two-fold higher in the Culicinae species (A. aegypti
and C. quinguefasciatus) compared to the Angphelinae. This suggests that effect of A/T
changes in the third positions of codons is relatively more prominent in the Culicinae than in
Anophelinae. This may shift the balance between codon bias versus mutation bias more
towards codon bias in A. gambiaethan in A. aegyptiand in C. quinquefasciatus.
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3.3. Elevated codon usage bias of genes coding for perfectly conserved proteins

The simulation results of coding sequences show that genes that are perfectly conserved at
amino acid level are significantly different in the synonymous codon usage orders (SCUO)
from that of genes where protein products are not perfectly conserved. The Tukey’s test
showed statistically significant (p < 0.023) codon bias between the two gene groups
rejecting null hypothesis that both groups have similar codon usage (Figure 4). The perfectly
conserved proteins were found to have higher codon usage bias (> 10 fold) than proteins
lacking such property. There is, however, no significant difference in codon usage bias of
perfectly conserved proteins generated from the simulation data and the observed data (p =
0.61). Thus, these results suggest that perfectly conserved proteins are relatively more biased
in codon usage than genes that lack such property.

Studies have shown that genes that are highly biased in codon usages are expressed at higher
level than genes with low codon bias in A. aegyptiand A. gambiae mosquitoes (Behura and
Severson 2011). Thus, based on our simulation results described above, we hypothesized
that genes coding for perfectly conserved protein should have elevated expression than
genes that lack such property. To test this hypothesis, we identified paralogous copies of the
A. aegyptigenes studied in this analysis (Table 1) and compared the expression levels of
genes that code for perfectly conserved proteins in the other two mosquito species and
paralogous genes that lack such property (Supplementary Table 2). This was investigated
using the genome-wide microarray expression data generated for A. aegyptiin an earlier
study (Behura et al. 2011). We found that A. aegypti genes coding for conserved proteins
across the three mosquito species have consistently higher expression than the paralogous
genes whose protein products are not perfectly conserved across the three genomes. In some
cases, we found nearly 2-fold higher expression of gene (7.e. AAEL004269) coding perfectly
conserved protein (calcium-binding protein) than its paralogous copy (/. &. AAEL009327)
whose translational product is not perfectly conserved among the three mosquitoes.

We also investigated whether the genes whose protein products are perfectly conserved
among the species may contain some common UTR (untranslated regions) regulatory
elements that may dictate elevated expression of these genes. In spite of the fact that the
official genes of these mosquitoes are not comprehensively annotated for the UTR
sequences, we were able to identify 4 genes (out of the 10 genes studied) where both the 5
and 3" UTRs have been identified among the three species. We used these UTR sequences
to bioinformatically identify putative regulatory UTR elements among the orthologous
genes (Supplementary Table 3). We found several such elements when searched against a
public database of UTR elements using UTRScan tool (http://itbtools.ba.itb.cnr.it/utrscan).
However, these elements are not common among the orthologous genes suggesting that
regulation by UTR elements is unlikely to affect translational selection of these specific
genes across the three species.

3.4. Phylogenetic relationship of codon bias

We asked whether the observed bias of codon usages and its association with GC3 content is
an evolutionary effect of phylogeny of the mosquito species. To determine that we used
Drosophila melanogaster as an outgroup species to generate Bayesian phylogenies of the
orthologous genes (concatenated). A total number of 100 trees (rooted at D. melanogaster)
were analyzed by maximum likelihood method implemented in continuous regression model
(Pagel 1999) to test dependence/non-dependence of traits on phylogenies. The log
likelihoods of the individual trees were estimated at two values (0 and 1) of the tree-scaling
parameter ‘lambda’ (Supplementary Table 4). The parameter lambda reveals whether the
phylogeny correctly predicts the patterns of covariance among species on a given trait.
When the observed trait evolved independent of species phylogeny, this parameter takes the
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value 0. On the other hand, when traits are evolving according to the tree topology, lambda
takes the value of 1. The data shown in Supplementary Table 4 clearly shows that the
likelihood estimates are consistently higher among the trees when lambda = 0 compared to
lambda = 1. We performed likelihood ratio test between the two model estimates but found
no statistically significant difference in the log-likelihoods in any tree. This suggested that
codon bias and GC3 content may not be solely affected by species phylogeny. Whether there
is a bias in this intrinsic balance in codon bias dependency with species phylogeny, two
intermediate kappa values close to 0 and 1 (0.1 and 0.9 respectively) were used to further
estimate the log-likelihoods. The intermediate values of lambda are expected to overestimate
the variance of traits with species phylogeny (Pagel 1999). Thus, we expected that the
likelihood at lambda = 0.1 to be higher than the corresponding estimates at lambda = 0.
Also, likelihoods at lambda = 0.9 should be more than the estimates at lambda = 1. The data
in Supplementary Table 4 shows that the estimates are elevated when lambda shifts from 0
to 0.1 but such expectation is not observed when lambda shifts from 1 to 0.9. This indicates
that covariance of codon bias is biased more towards non-dependency than dependency with
the species phylogeny of these mosquitoes.

Discussion

Our current investigation addresses an important selection process (translational selection)
that may regulate the coding efficiency of perfectly conserved proteins among closely
related species. An earlier study by us showed that higher codon bias was associated with
higher expression of genes in mosquitoes suggesting possible role of codon usage bias in the
selection of translational efficiency of mosquito genes (Behura and Severson 2011).
Elevated codon usage bias is known to have association with translational selection based on
tRNA analysis (Rocha 2004). How perfectly conserved proteins are selected for translational
efficiency is also an important question. In this report, we show that genes coding for
perfectly conserved proteins are highly biased in codon usage patterns. Whether
translational selection is a cause or consequence of codon usage bias of such genes has not
been explicitly tested. However, we have shown indirect evidences based on expression data
of A. aegyptithat elevated codon bias is associated with higher expression level of genes.
The paralogous genes whose protein sequences are not perfectly conserved among the three
mosquito species are consistently expressed at lower level than genes coding for perfectly
conserved proteins. Our sequence simulation results suggest that the latter category of genes
(coding perfectly conserved proteins) is associated with elevated codon usage bias than
genes that lack this property. This indicates that optimized codons may result in increase in
translational efficiency of these genes. In mosquitoes, tRNA copies show significant
correlation with codon usage bias that suggests a role of codon bias in modulating
translational efficiency of mosquito genes (Behura and Severson 2011). However, it is
possible that translational selection may be achieved by interplay of other factors along as
well. For example, persistent negative correlation between codon bias and intron contents
has been observed suggesting a possible evolutionary link between the two factors in
eukaryotic species (Vinogradov 2001).

Our study further shows that usage bias of codon pair sequences (codon context) may have
an influential role on translational efficiency of these genes. Codon context is an important
feature of codon selection as the neighboring codons correspond to the A-site
(aminoacylation site) and P-sites (peptide synthesis site) of the ribosome during translation
(Buckingham 1994; Irwin et al. 1995; Moura et al. 2007, Tats et al. 2008).

The use of SCUO as a measure of non-randomness in the usage of synonymous codons is

appropriate for this study. SCUQO represents an accurate estimation of codon usage bias of
genes and also a useful index for comparison of codon bias within and between genomes
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(Wan et al. 2004, Angellotti et al. 2007). The A. aegypti genes showed relatively lower
codon usage bias than A. gambiae and C. quinquefasciatus orthologs. The evolution of
codon usage bias is most likely independent of the three mosquito species. The evolutionary
divergence time is estimated at 145-160 million years between Anophelinae and Culicinae
and 52-54 million years between Culexand Aedes genera (Arensburger et al. 2010).
However, phylogenetic inertia of codon bias is often described in some species including
fruit flies (Heger et al. 2007).

Our data shows significant differences in the synonymous codon usage bias of genes that
translate to perfectly conserved amino acid sequences from genes that code for proteins with
variation in the amino acid sequence. The coding sequences that represented perfectly
conserved proteins contain most of the optimized codons identified from whole genome
analysis (Behura and Severson 2011) unlike the coding sequences where sequence variation
was observed at the amino acid level (data not shown). The elevated usage of optimized
codons by genes coding for perfectly conserved proteins further suggests translational
efficiency of such genes. Whether translational selection of perfectly conserved proteins has
any functional significance in these vector species is yet to be discovered. However,
accumulating evidences suggest that de-optimization of codon sequences without altering
the protein sequences may have significant effect on organisms such as viruses (Mueller ef
al., 2006; Coleman et al., 2008). Our recent work on gene expression of A. aegyptito
dengue virus infection also suggested that several intrinsic features such as intron, gene
positions and sequence evolution along with codon usage bias have significant effect on
transcriptional responsiveness of the mosquito to infection (Behura and Severson 2012). It
was found from this study that codon bias has the most profound effect on gene expression
to dengue infection compared to any other sequence features.

The role of base substitution on biased usage of synonymous codons is explained
differentially by neutralist and selectionist theories (Hey 1999). While neutralist theory
explains base substitution of coding sequences on the basis of directional mutation pressure
and assumes neutral effect on such changes, the selectionist theory claims role of selective
forces that shape the base substitutions leading to codon bias. Our results from simulated
sequences (codon position reshuffling) show that A/T and G/C biased synonymous positions
are significantly different and that G/C significantly affects the extent of codon usage bias of
the genes. However, our logistic regression analysis clearly shows that A/T and G/C
composition have significantly different effect on the effective number of codons of the
genes. According to the selection-mutation-drift theory, codon bias of genes is evolved as a
result of balance between the forces of selection and mutation within finite populations
(Bulmer 1991). In this model, balance among mutation pressure, genetic drift, and weak
selection acts in favor of translationally superior codons. Thus, we think that the interplay
between mutational process and selective forces modulate the evolution of synonymous
codons among the three mosquitoes. In many cases, codon bias is primarily affected by
mutational processes and only secondarily by selective forces acting on coding sequences
(Chen et al. 2004, Rao et al. 2011). In general, mutations from a rare codon to a frequent
codon are beneficial for the organism, whereas mutations in the opposite direction are likely
to be deleterious. Assuming this mechanism to be true in the mosquito species, it is likely
that codon optimization of perfectly conserved proteins is beneficial for these mosquitoes.
Although the phenotypic benefit of this selection is not known in mosquitoes, literature
evidence suggests that biased usage of codons may have fitness benefit on the organism
(such as alcohol tolerance of fruit flies) (Carilini 2004). Although, further studies are
required to determine the functional role of codon selection in mosquitoes, the results of the
current study highlights the evolutionary significance of genetic variation of perfectly
conserved proteins in closely related species.
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AGAP005314 GTAAAGCTCAATAGTGGCGTCGATTACAGAGGAGTGCTTGCCTGTTTGGACGGCTACATG
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Figure 1.
Multiple alignments of amino acid sequences (top) and codon sequences (bottom) of
orthologous genes.

Infect Genet Evol. Author manuscript; available in PMC 2013 October 01.

Page 13



Rodriguez et al.

Culex quinquefasciatus

. ——=CUG-Leu

- e ARG-Lys

_ ——————-RAUC-Ile

Anopheles gambiae

Page 14

Aedes aegypti

—_ o ——AUG-Het
e ——== GAC-Asp
—_ e ———ARC-fsn
—_— ————-GCC-Ala
e - — ——CAG-G1n
S T _———-UUC-Phe
S ACC-Thr
T . —GUC-Yal
—_ T ~-G6C-G1y
—_— = 66Uy
_— o Te-sGUG-Val
= GAA-G1u

. o T ———-GAU-Aszp
"'“«..a:" ~=AAR=-Lys
e T ——— o —CGC-Ars
—_— S - ———-CAC-Hiz
—_—— e lUCG=Ser
- e _——~=ACG=Thr
— = G0G-Ala
= -~ TeCUC-Leu
—— —————GGA-G1y
= T ————-CGG-fArg
CCC-Pro

—_— = CCA=Pro
————— -AGC-Ser
- pm—— TT————-CGA-Arg
—_ _——-CUR-Leu
e ARU-Azn
— =T —-CAR-GIn
—_— e =T RGA-Arg
= T Tm==cT-rUAU-Tur
—— T ———-ACU-Thr
- T ——— _  — —-CAU-His
—_— T ———-AGG-Arg
UUA-Leu

Figure 2.
Rank order displacement map of codon usage frequency (cumulative) of the orthologous
genes among the three mosquitoes. The rank order of codon usages is shown in decreasing
order from top to bottom for A. gambiae and then compared with A. aegyptiand C.
quinquefasciatus genes (the lines indicate the relative rank order positions).
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AREL001673
AGAP005095
CPIJ016462
AREL011197
AGAP012990
CPIJ001218
AGAP000651
CPIJ009808
AREL 012686
CPIJ015157
AREL017161
AGAP007247
AREL 004269
CPIJ008222
AREL011087
AGAP010064
CPIJ015285
AREL 014831
CPIJ005859
AGAP001703
AREL014375
CPIJ009504
AGAP005314
AREL007065
AGAP012014
CPIJ004239
AGAP011761
AGAP009953
AREL006685
CPIJ000394

Hierarchical clustering pattern of codon usages among 30 genes coding perfectly conserved
proteins. The codons are listed in rows and genes are in columns. The clustering is based on
rank order of relative synonymous codon usage (RSCU) of each codon in each gene. Red
indicates preferred usage of a codon in the gene and black indicates rare usage of codon in

the corresponding gene.
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Figure4.

Phylogenetic (Neighbor-joining) tree analysis of observed and simulated coding sequences
of the genes. The observed genes are indicated by Agam, Cqui and Aaeg representing the
three mosquitoes. All other sequences represent simulated coding genes generated by the
EvolveAgene 3 program. The distance scale is shown at the bottom. On the right:
Comparison of codon bias (SUCO values on the Y-axis) of observed (shown by an upward
arrow) and the simulated sequences. The sequences shown by a solid horizontal arrow are
the simulated coding sequences that represented amino acid sequences without any
variation. The simulated sequences shown by a dashed horizontal arrow coded for proteins
where variation in the amino acid sequences were found. The significance values of
differences in codon bias are indicated above the graph.
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List of genes analyzed in the study. They are 1:1:1 orthologous genes that are predicted to code for perfectly
conserved proteins among the three mosquitoes.

Gene Name

Ortholog Trios (Agam/Aaeg/Cqui)

Actin

AGAP005095/ AAEL001673/ CP1J016462

LSM protein (RNA-binding protein)  AGAP005314/ AAEL017161/ CP1J015157
EF hand (calcium-binding protein) AGAP007247/ AAEL004269/ CP1J008222

RPS23
Adaptor protein 2

AGAP012990/ AAEL012686/ CP1J001218
AGAP001703/ AAEL014375/ CP1J009504

Actin AGAP000651/ AAEL011197/ CP1J009808
RNA polymerase (rpb10) AGAP011761/ AAEL014831/ CP1J005859
ARF (ADP ribosylation factor) AGAP012014/ AAEL007065/ CP1J004239
G-protein AGAP009953/ AAEL006685/ CP1J000394
RNA polymerase (rpb5) AGAP010064/ AAEL011087/ CP1J015285
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Logistic regression estimates of effect of base composition at silent positions on codon bias (effective number
of codons) of genes.

Estimate  std.error z-value Pr(>|z])
Aedes aegypti
T3s  0.021064 0.003002  0.702 0.483
C3s -0.499102 0.027579  -18.097 <2e-16
A3s  0.395321 0.025629  15.424 <2e-16
G3s 0.006531 0.000433  0.291 0.771
Culex quinquefasciatus
T3s 0.03675 0.00295 1.244 0.214
C3s -0.58019 0.02687 -21.591 <2e-16
A3s  0.53595 0.02752 19.473 <2e-16
G3s -0.25906 0.0224 -11.566 <2e-16
Anopheles gambiae
T3s  0.26042 0.03502 7.437 1.03e-13
C3s -0.4251 0.03404 -12.488 <2e-16
A3s  0.61248 0.03096 19.784 <2e-16
G3s -0.31529 0.02577 -12.234 <2e-16
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