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Abstract Codon usage bias can be a result of either muta-
tional bias or selection for translational efficiency and/or
accuracy. Previous data has suggested that nucleotide com-
position constraint was the main determinant of HIV codon
usage, and that nucleotide composition and codon usage
were different between the regulatory genes, tar and rev,
and other viral genes. It is not clear whether translational
selection contributed to the codon usage difference and how
nucleotide composition and translational selection interact to
determine HIV codon usage. In this study, a model of codon
bias due to GC composition with modification for the A-rich
third codon position was used to calculate predicted HIV
codon frequencies based on its nucleotide composition. The
predicted codon usage of each gene was compared with the
actual codon frequency. The predicted codon usage based
on GC composition matched well with the actual codon fre-
quencies for the structural genes (gag, pol and env). How-
ever, the codon usage of the regulatory genes (fat and rev)
could not be predicted. Codon usage of the regulatory genes
was also relatively unbiased showing the highest effective
number of codons (ENC). Moreover, the codon adaptation
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index (CAI) of the regulatory genes showed better adapta-
tion to human codons when compared to other HIV genes.
Therefore, the early expressed genes responsible for regula-
tion of the replication cycle, far and rev, were more similar
to humans in terms of codon usage and GC content than
other HIV genes. This may help these genes to be expressed
efficiently during the early stages of infection.

List of abbreviations

RSCU Relative synonymous codon usage
ENC  Effective number of codon

CAI Codon adaptation index

Introduction

As 20 amino acids and three stop codons are encoded by a
total of 64 codons in the genetic code, there is degeneracy
wherein codons up to 6 different codons can be synonymous.
Different species preferentially use some codons over others
to encode the same amino acid resulting in codon usage bias.
The frequency of different codon usage varies significantly
between different organisms and sometimes varies within
the same organism and even in the same operon [1]. Genes
can be poorly expressed when introduced into a heterologous
host species with a mismatched codon usage pattern. For
example, human proteins with a human codon usage profile
are poorly expressed in E.coli [2]. In order to increase the
expression of heterologous proteins, codon optimization has
therefore been widely used. A foreign gene is optimized to
have a codon usage bias matched with that of a chosen host
species. Several instances have shown dramatic increases in
the expression levels of codon optimized mammalian pro-
teins in bacteria and yeast. Also. many studies have shown
that humanized viral genes express better than wild type
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viral genes in human cells [3-6]. Codon optimization has
also been widely applied in recombinant protein production
and in DNA-based vaccine.

Theoretically, there are two major models proposed
that explain the codon usage bias: the translation related
model and the mutational model [7-11]. For translational
efficiency, the codon usage bias correlates with the corre-
sponding isoacceptor tRNA abundance. The isoacceptor
tRNA concentration tends to co-evolve with high frequency
codons in prokaryotes [2, 9]. Moreover, the rate of transla-
tion of mRNAs containing preferred codons was shown to
be faster than mRNAs containing rare codons [10]. Most
viruses have specific codon usage patterns, which do not
match those of their hosts [9, 11]. Mutational pressure has
been used to explain this phenomenon of codon usage bias
of virus. Nucleotide composition was/is believed to be the
major factor driving codon usage [8, 12, 13]. RNA edit-
ing mediated by the host immune response was found to
be a factor influencing bias in the nucleotide content of
viral genomes. For instance, APOBEC3G (apolipoprotein
B mRNA editing enzyme, catalytic polypeptide 3G) is a
cytidine (C) deaminase, which can catalyze deamination
of dCTP to dUTP during retroviral DNA synthesis. Con-
sequently, the deamination results in a guanosine to adeno-
sine (G-to-A) hypermutation in the viral plus-strand DNA
[14—16]. The guanosine (G)-to-adenosine (A) hypermutation
is a major driving force in retroviral codon usage, which
consequently prefers A at the third codon position. There-
fore, A-richness in RNA genomes was found to be a natural
property of the lentivirus family (e.g. it is 35-36% in HIV
genomes). In contrast, human genomes are GC rich, and this
GC content enhances gene expression in humans [17, 18].

The relationship between nucleotide composition and
codon usage bias was previously described in a general
model of codon bias due to GC content by Palidwor GA
et al in 2010 [19]. In this model, the frequency of each
codon can be calculated based on the GC content of the
third codon position (GC3) and this approach was validated
in prokaryotic, plant, and human genes. This provides a
quantitative measurement for the influence of GC content
on codon usage. If codon usage is only a result of nucleotide
composition constraint, codon usage should be accurately
predicted by this model. The codon usage bias of viruses
tends to be affected by both genome nucleotide composition
and functional selection for efficient infection in natural host
species. However, it is not clear how much each factor influ-
ences codon usage bias within different genes of the same
viral genome. This codon usage prediction model could be
a useful tool to understand these factors.

Data suggests that viral codon usage could be influ-
enced by the codon usage of the viruses’ respective host.
In the case of influenza viruses, which infect a broad range
of hosts, viruses from different host species {(e.g. from an
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avian or human host) showed different codon usage biases
[7]1. Moreover, after cross-species transmission, astrovi-
rus codon usage exhibited evolution in a direction towards
codon usage of the host species’ genes [20]. Arboviruses
such as dengue, chikungunya and Zika, which successfully
replicate and transmit in multiple hosts and vectors, display
various codon usage patterns that seem to balance in order to
maintain efficient replication and survival in multiple hosts
[21]. Therefore, the direction of codon usage adjustment of
particular virus genes can respond to the codon usage of
the host genome. Censequently, the evolution of both host
and pathogen are influenced at an individual and population
level, suggesting essentially that selective pressure can shape
codon usage bias [22].

In the HIV genome, the codon usage is not uniform
throughout the genome. A difference in codon usage
between individual genes of HIV has been observed previ-
ously [17, 23]. Codon usage of the regulatory genes, far and
rev, is obviously distinct from other genes and this difference
correlated with base composition, showing a low A content
and high G and C content within these two genes [17, 18].
To understand the driving force behind this codon usage
difference, we applied the previously published model of
codon bias due to GC content to evaluate the influence of
nucleotide composition on codon bias within these genes.

Materials and methods
Data acquisition

Complete genome sequences of 50 HIV-1, 13 HIV-2 and 23
SIV (lengths between 8719-10359 base pairs) were down-
loaded in FASTA format from the Los Alamos National
Laboratory (LANL) HIV Sequence Database (www.hiv.laal.
gov, Mar 2017) (Table S1). The sequences were selected
from various subtypes and CRFs (circulating recombinant
forms) in different geographical regions and years. Nine
HIV-1 genes (gag, pol, env, vif, tat, rev, vpr, vpu, nef) and
nine HIV-2 and SIV genes (gag, pol, env, vif, tat, rev, vpr,
vpx, nef) were obtained from the full length sequences using
Bioedit program and Gene Cutter (www.hiv.lanl.gov).

Codon usage prédiction

Predicted codon usage based on nucleotide composition was
calculated using formulas for a general model of codon bias
due to GC mutational bias, as previously described [19] as
well as formulas with some modification. The modification
reflected the A-rich third codon position of HIV genes lead-
ing to an imbalance between A and T. For codoens ending
with A or T, codon frequencies were adjusted by 2A/AT
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(o) or 2T/AT (), respectively. The formulas were modified
accordingly, as follows (Table 1):

Codon frequency measurement

Each gene within the HIV and SIV sequences was sub-
mitted to a web-based program for codon usage analysis
(http://www bioinformatics.org/sms/codon_usage.html)
[20]. The program generated codon tables containing the
number and frequency of each codon and compared the
frequencies of synonymous codons. The codon table for
each gene was compared with the predicted codon usage
generated from the modified formulas, as described above
(Table 1). Furthermore, nucleotide composition, relative
synonymous codon usage (RSCU) and effective number
of codons (ENC) for each gene were also calculated by
the CAlcal server, which is available at htip://ppuigbo.me/
programs/CAlcal/ [24]. Three stop codons (TAA, TAG and
TGA), Met (ATG), and Trp (TGG) were excluded from
the calculation since there are no synonymous codons.
Codon usage for each HIV gene was compared to a refer-
ence human codon table and codon usage for each SIVcpz

Table 1 Codon usage prediction using Palidwor’s and adjusted for-
mulas

Codons Palidwor's formulas Adjusted formulas

Two-codon

--A 1-—B* (1 - B)a

--T 1-B (1 —B)p

--Cor--G B B

Four-codon

--A 1 -B2 (1 = BY¥D«

--T 1-B2 (1 —ByY2).p

--Cand--G B2 B2

Isoleucine
ATA 1-B2-8 (1 - BY2 - B))xx
ATT 1-B2-B {(1 —BY(2 - B)).p
ATC B/2-B B/2-B

Arginine
AGA (I - BYf14B (1 = By¥1+B).a
CGA B(l - B)/1+B (B{l — BY/1+B).a
CGT B(l — B)/1+B (B(1 - BY1+B).p
AGG B(l - B)/1+B B(l - BY/1+B
CGG, CGC BY1+B B1+B

Leucine
TTA (1 -B)¥1+B ((1 - B)¥1+B).a
CTA B(l — B)/I+B (B(l — BY/14+B).&
CTT B(l — B)/1+B (B(1 - BY1+B).p
TTG B(l - B)/1+B B(l - BY1+B
CTG, CTC B +B B¥1+B

B = GC3 (GC content of the 3rd codon position)

and SIVsmm gene was compared to reference chimpanzee
and sooty mangabey codon tables, respectively, using the
CAI calculator on the CAlcal server to generate a codon
adaptation index (CAI) [25]. The reference codon usage
tables for human, chimpanzee and sooty mangabey were
obtained from the codon usage database (http://www.
kazusa.or.jp/codon/) [26].

Evolutionary trends of HIV codons

Patterns of codon evolution and selection among HIV
genes were investigated by counting codon changes at
each dichotomy in a phylogenetic tree. Fifty HIV-1 gene
sequences were aligned using the Bioedit program and
then phylogenetic trees were generated in PHYLIP version
3.695 (April, 2013). The bootstrap consensus tree inferred
from 1000 replicates is taken to represent the evolution
of the 50 sequences. Subsequently, phylogenetic analysis
by maximum likelihood was done using PAML version
4.9d (February, 2017). Model 0 from the Codeml menu
was used to generate internal node sequences which repre-
sented the ancestral sequences of the branches, The num-
bers and types of codon changes that were predicted to
occur at the dichotomy of each internal node were counted.
As A-richness at the third codon position is the main
characteristic of HIV codon usage, we classified codon
changes into two groups as “toward A-richness” and “away
from A-richness”. Accordingly, the codon changes were
separated into 4 groups based on changes to adenine (A)
at the third codon position from their immediate ancestral
sequences, specifically: (i) A to A, (1i) non-A to A, (iii)
A to non-A and (iv) non-A to non-A. The selection trends
of HIV-1 gag, tat and rev genes were analyzed using the
Toward A-richness ratio defined by the following formula:

Y (A0 A) + (non-Ato A)/
Z (A to non-A) + (non-A to non-A)

Statistical analysis

Statistical analysis was done using Prism software version
7.01 (June, 2016). The nine genes of HIV and SIV were
grouped into structural genes (gag, pol and env), regula-
tory genes (taf and rev), and accessory genes (vif, vpr, vpi/
vpx and ref). Group comparison was tested by one-way
ANOVA with Dunns’ post-test to examine the absolute
differences of predicted codon usage and actual codon
frequency and CAI values and considered significant at
p-value < 0.05.
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Results

An uneven effect of nucleotide composition
on the codon usage bias of HIV genes

A-richness within the RNA genome was found to be a natu-
ral property of the lentivirus family. However, it is not uni-
form throughout the viral genome because of a difference
in the nucleotide composition of each gene [23]. The lowest
A content and the highest G and C content were recorded
in the rar and rev genes [17]. It is not clear what caused this
difference. In a previously published model, codon usage of
organisms could be correctly predicted based on GC content
at the third codon position [19]. However, the model does
not take into account the AT imbalance and the A richness
of lentivirus genomes, thus the formulas were adjusted.

To estimate the effect of nucleotide composition on codon
usage bias, modified formulas corrected for the A richness
were used to predict the codon usage of HIV penes. The pre-
dicted codon usage was then compared with the actual codon
frequency. We analyzed all 9 HIV genes: structural genes
(gag, pol and env), regulatory genes {fat and rev), and acces-
sory genes (vif, vpr, vpu/vpx and nef). While the predicted
codon usage of the structural and accessory genes for both
HIV-1 and HIV-2, with both Palidwor’s original formulas
and the formulas modified for A richness, matched reason-
ably well with the actual codon usage, the codon usage cal-
culation from nucleotide compaosition failed to predict the
actual codon usage of the regulatory genes of both viruses
(Fig. 1). While this general trend is similar between HIV-1
and HIV-2, there are some differences between equivalent
genes from the two viruses. The nucleotide composition and
codon usage of HIV-2 env is relatively unbiased, whereas
HIV-1 env shows typical A-richness and a codon usage pat-
tern similar to those of other structural genes. In contrary,
the nucleotide composition of HIV-1 tat and rev is very neu-
tral resulting in flat lines for predicted coden usage, whereas
that of HIV-2 1ar and rev is less neutral (Fig. 1A, B).

To compare the degree of concordance between the pre-
dicted and actual codon usage among groups of the HIV
genes, absolute differences between predicted and actual
RSCU were analyzed. Structural genes exhibited the lowest
difference meaning that the codon usage of these genes was
the most accurately predicted, based on GC content. In con-
trast, the absolute differences in the regulatory genes was the
highest among HIV-1 genes, significantly higher than that of
the structural genes and accessory genes. This implies that
the codon usage of regulatory genes is less dependent on
nucleotide composition (Fig. 2A). The codon usage of regu-
latory genes might be driven by functional selection related
to the efficiency of translation in the host. Apart from the
nef gene, accessory genes also showed significantly higher
differences in predicted and actual RSCU when compared to
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structural genes, albeit slightly lower than that of the regula-
tory genes. The RSCU difTerence value of nef was compara-
ble to the group of structural genes and significantly lower
than that of vif and vpr (Fig. 2A).

Generally, HIV-2 also demonstrates a similar trend of
absolute differences between predicted and actual RSCU
among its nine genes. Codon usage of the structural genes
are also the most accurately predicted while the RSCU dif-
ferences among the regulatory genes are also the highest;
however, differences in some genes were found. While the
RSCU difference of gag was the highest among structural
genes in HIV-1, it is slightly lower than pel in HIV-2. Codon
usage of the env gene was the most accurately predicted
among the HIV-2 genes and was more predictable than that
of HIV-1, showing a lower difference in RSCU. In the regu-
latory genes, the RSCU differences of tar and rev showed
the same trend as that of HIV-1 but with lower levels of
differences. Nevertheless, accessory genes showed a differ-
ent pattern from that of HIV-1. The RSCU differences for
vpx and nef were the first and the second highest among the
accessory genes and were significantly higher than all the
structural genes. These two genes are comparable to the reg-
ulatory genes (Fig. 2B). Overall, the RSCU differences for
the HIV-2 genes were slightly lower than that of the HIV-1
genes indicating that the codon usage of HIV-2 genes could
be better predicted than for HIV-1 (Fig. 2A, B).

Although codon usage of the three structural genes
could be properly predicted by nucleotide composition,
some codons with A at the third codon position are more
frequently used than their predicted frequencies, especially
the AGA codon for Arginine. This over-representation sug-
gests a selective pressure favoring this codon. In contrast,
codon usage within the regulatory genes failed to be pre-
dicted based on nucleotide composition. Over-represented
codons in the structural genes with A at the third codon
position were also preferred by the regulatory genes, albeit
with lower frequencies. In addition AAC, ATC and CCT
codons for asparagine, isoleucine and proline, respectively,
were preferred in the regulatory genes but not in the struc-
tural genes (Fig. 1A). These codons are also preferred within
normal human codon usage patterns. Thus regulatory gene
codon usage might be linked to efficient replication in the
context of the virus within the host. The codon usages for the
accessory genes were partially predictable and this pattern
varies within this group.

As the second exons of raf and rev genes overlap with the
env ORF, only the first exons of both genes were analyzed,
in order to clarify whether the higher GC content and the
different pattern of codon usage within these two genes are
actual properties or an effect of the overlapping frame with
env, The first exon of tat and rev are 215 and 75 base pairs,
respectively. Although, the GC3 of tat exon 1 (43.32%) is
much lower than the full length (50.12%), the actual codon
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Fig. 1 Comparison of predicted A
codon usage and actual codon
frequency in the nine genes of -
HIV-1 (a) and HIV-2 (b}, Pre- BAE P X
dicted codon usage was calcu- N A

“ f x ";h f - l;: :"‘&f\. :\ A'ﬁ. '{:\C[-\n-} B -‘4""":5.; \""'-’-_I; .El'b-’/-\."i‘. - \jﬁ:}:‘,ﬁ .L'

lated by modified formulas from o
the model developed by Palid-
wor GA et al,, and is showed
with dashed lines while actual
codoen frequency is shown with
solid lines. The codon usage of
cach codon (X-axis) is demon-
strated as RSCU (Y-axis)

pol

env

tat

rev

vif

vpr

vpu

nef 3

Ly

[0 V-’ -

W et Do i

ey

FEESFISUEIISIPECIEEBSRERSEE

}-..-‘ie'-"\,: .\,/.‘:\'\ d%UAL!

@_ Springer



S. Phakaratsakul ct al,

Fig. 1 {(continued) B
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Fig.2 Absolute differences in predicied codon usage and aciual
codon frequency within the nine HIV-1 (a) and HIV-2 genes (b).
Three groups of nine genes (siructural, regulatory and accessory)

usage of fat exon | is further from significant prediction than
that of full length HIV-1 and more comparable to full length
HIV-2, suggesting that codon usage of the tar gene is truly
unpredictable by base composition (Fig. 2). Because the rev
exen | is very short and the result may be unreliable, we
did not analyze its codon usage. In addition, the third codon
position of faf exon 2 overlaps with the first codon position
of env and the third codon position of rev exon 2 overlaps
with the second codon position of env. The GC3 of tat and
rev are dramatically higher than that of GC1 and GC2 of env,
respectively, so the high GC3 of these genes is probably not
a result of the overlapping codon position (1 and 2) within
the env open reading frame.

The codon usage bias of each gene was also analyzed
for ‘effective number of codons® (ENC), which was intro-
duced by Frank Wright in 1990 [27]. The ENC ranges from
between 20 and 61. A value of 20 means an extreme bias as
Just one codon is used for each amino acid, whereas a value
of 61 means no bias, as all codons are used equally [27,
28]. ENCs were plotted against GC3 for each HIV gene to
analyze the effects of mutational pressure and naturzl selec-
tion (Fig. 3). ENC and GC3 plots for the regulatory and
accessory genes are more variable than those of the struc-
tural genes. In HIV-1, the ENC-GC3 plot for the regulatory
genes clusters separately from structural genes with high
ENC and GC3, and in fact overlaps with the accessory genes
(Fig. 3A). The high ENC and GC3 for the regulatory genes
(mean ENC and GC3: 51.9 and 48.46, respectively) infer
that these genes are relatively unbiased. On the other hand,
the codon usage of the structural genes has a higher bias
with a lower GC3 (mean ENC and GC3: 44.54 and 35.75,
respectively) (Fig. 3A). The ENC and GC3 of the accessory
genes are variable. Vpu shows the most bias and the lowest

*p<0.05

0.8 1 np<0'05

predicted codon usage
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Absolute difference of actualand @

HIV-2 gene

were analyzed using onc-way ANOVA with Dunns’ post-test for indi-
vidual comparisons and was considered significant at p < 0,05

GC3, whereas nef is the least bias and contains the high-
est GC3 among the accessory genes. In HIV-2, the ENC
and GC3 of the structural and accessory genes of HIV-2 are
generally higher than those of HIV-1, indicating lower levels
of codon bias, while HIV-2 tat and rev show comparable
levels of ENC and GC3 when compared to HIV-1 tat and
rev (Fig. 3B). Therefore the regulatory genes, faf and rev,
contain the highest GC3 and are the least bias, in terms of
codon usage, when compared to other HIV genes.
Furthermore the pattern of codon selection in evolution
of the regulatory genes was compared to gag, a representa-,
tive structural gene, using a “Toward A-richness’ ratio. The
number of codon changes at each internal node for these
genes was counted and grouped according to whether they
resulted in A-ending or non A-ending codons, and a Toward
A-richness ratio was calculated (Table 2). Codon changes
within the gag gene distributed evenly among the four
groups of codon changes. Since codons within the structural
genes are generally A-rich, this even distribution suggested
a lower rate of changes to A-ending codons and a relative
purifying selection for A-ending codons. On the other hand,
the regulatory genes zatf and rev had much lower frequen-
cies of mutations that resulted in A-ending codons and most
of the changes were non A-ending codons. This resulted in
markedly lower Toward A-richness ratios and suggested a
purifying selection for non A-ending codons. These data
further supported a difference in the evolution and selection
of codon usage among the different classes of HIV genes.

The level of codon adaptation to specific hosts

The similarity of codon usage between foreign genes and the
host genome is used to predict translation efficiency in host
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Fig. 3 Effective number of codons (ENC) and GC3 plots. The ENC-
values for the nine HIV-] (a) and HIV-2 (b) genes was plotied against
the proportion of GC at the third codon position (GC3). Three groups

cells. A widely used tool to quantify codon usage similarity
and predict translation efficiency is the codon adaptation
index (CAI). This is performed by measuring the similarity
between synonymous codon usage within a gene and the
synonymous codon frequencies of a reference database.
CAI ranges from zero to one, closer to one meaning fre-
quencies that match the reference database [29]. A CAI
analysis of HIV genes was performed, based on a reference
human codon table derived from 93,487 coding sequences
[26]. Analysis of the nine HIV-1 genes demonstrated that
the highest CAl was in the regulatory genes. This means
that codon usage of tar and rev genes is closer to humans
than the other HIV-1 genes (Fig. 4A). The codon usage of
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of nine genes (structural, regulatory and accessory) were analyzed.
The dashed lines indicate the average ENC and GC3 of cach group

the regulatory genes may need to be more compatible with
the human host in order to be expressed efficiently during
the early stages of infection. The CAIT of vif and vpr were
comparable to that of the structural genes. Vpu showed the
lowest CAI among the nine genes and ref exhibited the high-
est CAI within the accessory genes. In HIV-2, the CAI of
most genes was similar to HIV-1; however, vpx exhibited
the highest CAR (Fig. 4B). The CAI of SIVcpz and SIVsmm
was also investigated. The reference chimpanzee and sooty
mangabey codon tables were derived from 118 and 30 cod-
ing sequences, respectively, and showed a similar trend for
the CAT values as per HIV. The CAI of the regulatory genes
was significantly higher than that of the structural genes.
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Table 2 Number of codon changes (grouped according to A- and
non A-ending) in the gag, tar and rev genes along all the branches of
a phylogenetic trec

Gene X (AtoA) I (non-A
to A)

Z{Aw
non-A)

Z {non-A  Toward

o non-A) A-richness
ratio [X (A
to A)+ E
{non-A 1o
AYEZ(Ato
non-A) + X
{non-A to
non-A)]

237
40
34

210
35
31

245
23
42

237
115
131

0.927
0.543
0.376

sag
ta!

rev

In accessory genes, the vpur of SIVepz showed the lowest
CAlI, whereas the vpx of SIVsmm showed the highest CAT
(Fig. 4C, D). This pattern was similar to HIV-1 and HIV-2,
respectively.

The adaptation of viral codon usage to the host was
also compared between different hosts. Reference human,
chimpanzee or sooty mangabey codon tables were used to

Fig. 4 The codon adaptation *p<0.05

calculate the CAI of HIV-1/S1Vcpz and HIV-2/SIVsmm,
respectively (Fig. 5). Unexpectedly, using the reference
chimpanzee codon table, both HIV-1 and SIVcpz demon-
strated higher CAls than when using the reference human
codon table, meaning that the codon usage of HIV-1 and
51Vcpz may be more adapted to chimpanzees than human
(Fig. 5A,B). Similarly, using a reference sooty mangabey
codon table, both HIV-2 and SIVsmm demonstrated higher
CAls than the reference human codon table, inferring that
HIV-2 and SIVsmm may be more adapted to sooty mang-
abeys than humans (Fig. 5C, D). These data suggest that
the codon usage of HIV-1and HIV-2 have not moved closer
to humans than chimpanzees or sooty mangabeys, and that
SIVepz and SIVsmm prefer the codon usage of their origi-
nal hosts. The evolutionary time delineating SIV from HIV
may not be long enough for a relationship between HIV
codon usage to have been established.

Overall, the codon usage pattern did vary within the
HIV genome, The early expressed genes, tat and rev,
responsible for regunlation of the replication cycle were
more similar to humans in terms of codon usage and GC
content, than the other genes. This may help these genes
to be expressed more efficiently during the early stages of
infection,
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Fig. 5 Comparison of CAl calculated uvsing the different reference
host codon tables. The CAT of HIV-1 (a) and SIVcpz (b) genes was
compared to reference human and chimpanzee codon tables. The

Discussion

HIV has caused a global public health problem; one of the
main difficulties in coping with the epidemic is the extremely
high viral genetic variability resulting from rapid replica-
tion and an extremely high mutation rate [30]. Although the
main selective force for HIV evolution is host immunity,
functional selection and other constraints also contribute.
Understanding the biological components of viral genome
evolution will help us to better understand viral evolution
and diversity. Functionally, nucleotide composition and
codon usage are important components exhibiting biological
constraint on the viral genome. Nucleotide composition and
codon usage are interlinked and both can affect each other.
Theoretically, the difference in nucleotide compeosition and
codon usage between the regulatory and structural genes of
HIV could be caused by either uneven mutational bias along
the genome or functional selection on either nucleotide com-
position or codon translation efficient. It was previously
described in the selection-mutation-drift theory that the use
of synonymous codons in a gene is a balance between the
forces of mutation and selection [31]. A-richness is one of
the characteristics of nucleotide composition within HIV
genomes, a feature which is shared with most members of
the genus Lentivirus [18, 23]. This is a result of G-to-A
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hypermutation caused by APOBEC cytidine deaminase
enzymes, innate cellular anti-retroviral proteins [14—16].
On the other hand, A-to-G hypermutation can be caused
by RNA editing through the adenosine deaminase enzymes,
ADAR. RNA editing by ADAR has been shown in vari-
ous viruses including HIV-1 [32-35]. These editing mecha-
nisms, as well as the mutational bias of the viral reverse
transcriptase itself, dictate the viral genome’s nucleotide
composition. RNA editing by ADAR was shown to depend
on the target RNA sequence and secondary structure [36].
This suggests that hypermutation could be uneven along
the viral genome, which would result in different nucleotide
compositions in different genes or regions.

The nucleotide composition of viral RNA. can have func-
tional consequences. A previous study showed that local
variation in A-richness could affect the stability of the local
RNA structure. Reduction of A content in the gag-pol ORF
resulted in excessive stability of the viral RNA and had a
negative effect on reverse transcription resulting in a reduc-
tion in ¢cDNA synthesis [37]. Another study showed that
suppression of CpG dinucleotide content, to avoid silencing
through methylation, might influence HIV-1 genome com-
position [38]. The biased nucleotide composition of HIV-1
was also shown to be responsible for the induction of a type
I interferon response, whereas human codon optimized gag,
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pol and env RNA transcripts lost the ability to induce IFN-
o/f production [39]. These functional effects may act as
selective pressures to maintain optimal viral genome nucleo-
tide composition, consequently affecting viral codon usage.,
Considering the effect of translational selection on codon
usage, optimal codons are more frequently found in highly
expressed genes. These are believed to be translated more
rapidly and accurately than other synonymous codons {40,
41]. As HIV requires the host’s translational machinery to
translate their mRNA, host (RNA pools must be important
for viral replication, at least at the early steps. The distinct
codon usage of the regulatory genes might support the
level, rate and accuracy of translation. Tar and rev are early
viral gene products which contain more optimal codons for
expression in human than the other HIV genes. Thus this
might provide a benefit for HIV as these transcripts may
be rapidly translated at the early steps of genome replica-
tion, using tRNA pools in a way similar to the normal host
mRNAs. In addition, another study has suggested that there
could be alteration in the host’s t(RNA pool at the later stages
of infection to suit Jate gene transcript’s translation [42].
The nucleotide composition of the lentiviral genome is
strikingly stable over time, even in a highly variable virus
such as HIV, Between 1983 and 2009 the base composi-
tion varied less than 1%, per base position per isolate [18].
On the other hand, evidence of gradual adaptation of HIV-1
codon usage over a period of two decades since the early
phases of the epidemic have also been observed [17]. This
suggests adaptation of HIV-1 codon usage to the new human
host. The stability in the nucleotide composition suggests
that codon adaptation may have evolved under specific con-
straints. Although SIV has spent much longer in its natural
host, its adaptation to chimpanzee codon usage was found
to be comparable to that of HIV, with a similar pattern of
high adaptation in regulatory genes. This suggests that viral
adaptation of codon usage is counteracted by mutational
bias and other constraints acting on genome composition.
In addition, the codon usage of HIV-2 is less biased than that
of HIV-1 in the structural and accessory genes as indicated
by higher GC3s and ENCs, which resulted in a higher CAL
This implies that HIV-2 may be more adapted to humans.
This also applies to SIVcpz and SIVsmm, which are the pre-
decessors of HIV-1 and HIV-2, respectively. SIVsmm also
demonstrated higher CAI than SIVecpz in most of the struc-
tural and accessory genes. It is possible that the STVsmm and
HIV-2 lineage may be better adapted naturally to their hosts
than the SIVcpz and HIV-1 lineage. Alternatively, SIVepz
and HIV-1 may be more efficient in adjusting the tRNA pool
and translational machinery to suit their codon usage at the
later stages of infection, and thus are capable of having their
codon usage more deviated from that of their hosts. Never-
theless, the CAls of the regulatory genes of HIV-1 and HIV-
2{ SIVcpz and SIVsmm are comparable, which suggests that

there is a necessity to efficiently express the regulatory genes
at the early stages of infection in the context of a normal
cellular environment. Our data adds to the understanding
of interactions and driving forces that shape HIV genome
composition, codon usage and ultimately their evolution.
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