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Abstract: Ebola hemorrhagic fever is a serious and often deadly illness that affects primates, especially humans. Ebola virus disease (EVD) is very
deadly and has no widespread treatment, making it one of the most lethal zoonotic infections. The viral genome is approximately 19 kb in length,
non-segmented, linear, and negative single-stranded (—SS) RNA. The Ebola virus (EBOV) genome contains seven genes: glycoprotein (GP),
nucleoprotein (NP), L, and VP (VP30, VP24, VP35, VP40), which encode GP, NP, RNA polymerase, and viral proteins. When we modified
the DNA sequence by codon adaptation, we noted considerable increases in the codon adaptation index (CAI) and GC content when
compared with that of the natural-type strain. On average, the NP gene in the modified DNA exhibited a 3.14-fold increase (equivalent to
213.5%) in CAI and a 1.2-fold increase (19.17%) in GC content. Similarly, the GP gene showed a 3.57-fold increase (257.14%) in CAI and a
1.16-fold increase (16.56%) in GC content. Furthermore, the modified DNA resulted in a 3.44-fold increase (244.8%) in CAI and a 1.22-fold
increase (22.5%) in GC content for the VP35 gene, a 4.34-fold increase (334.8%) in CAI and a 1.26-fold increase (26.04%) in GC content
for the VP30 gene, and a 3.84-fold increase (284.6%) in CAI and a 1.2-fold increase (21.2%) in GC content for the VP40 gene. The VP24
gene exhibited a 3.84-fold increase (284.61%) in CAI and a 1.23-fold increase (23.3%) in GC content, while the L gene showed a 3.84-fold
increase (284.61%) in CAI and a 1.23-fold increase (23%) in GC content. The results obtained illustrate that modified genes can boost
expression in a host organism without producing truncated proteins. Furthermore, GP and NP are considered as promising candidates for an

EBOV vaccine, as they possess immunogenic properties and can stimulate an immune response.
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1. Introduction

The Ebola virus (EBOV) genome is approximately 19 kb in length,
linear, non-segmented, and negative single-stranded (—SS) RNA [1].
EBOV is a zoonotic filovirus that possesses an envelope. It has been
classified into five species: Zaire ebolavirus (ZEBOV), Tai Forest
ebolavirus (formerly known as Cote d’Ivore), Bundibugyo
ebolavirus, Sudan ebolavirus, and Reston ebolavirus (it is widespread
in the Western Pacific region and is extremely deadly to primates
other than humans) [2]. Furthermore, two other genera are included
in the Filoviridae family, Cuevavirus and Marburgvirus (http://www.i
ctvonline.org/virusTaxonomy.asp). Ebola hemorrhagic fever (Ebola
HF) is primarily spread among humans via direct physical contact
with animal tissues or bodily fluids. Engaging in activities like
processing and eating animal meat, as well as consuming
contaminated water and bat droppings, is often associated with
infections transmitted to humans. EBOV is usually spread by direct
contact with contaminated bodily fluids through skin breaches or
mucous membrane exposure [3]. The primary source of infection
during an epidemic is coming in contact with either sick individuals
or human corpses. However, fruit bats, which are asymptomatic
carriers of the virus, are thought to be a naturally occurring reservoir
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and hence considered the animal reservoir of EBOV. Isolates of
filoviruses obtained from fruit bats exhibit a higher level of genetic
diversity [4, 5]. On November 21, 2014, the WHO stated that the
continuing Ebola HF outbreak has resulted in 15,351 confirmed or
probable cases, with 5,459 recorded deaths. Liberia, Guinea, and
Sierra Leone are among the nations that have been most severely
affected by the pandemic (http://apps.who.int/iris/bitstream/10665/
144117/1/roadmapsitrep_21Nov2014_eng.pdf?ua=1).

The EBOV’s virion maintains a consistent diameter of
approximately 80 nm, while its length varies within the range of 970
1200 nm. However, when grown in cell culture, it exhibits a marked
pleomorphism that can extend up to 14,000 nm [6]. The EBOV
genome contains seven structural proteins encoding genes. These
proteins are as follows, in 3’-5’ order: nucleoprotein (NP),
glycoprotein (GP), matrix protein (VP24), protein VP30, polymerase
cofactor (VP35), matrix protein (VP40), and RNA-dependent RNA
polymerase (L). The virion core contains an un-segmented, linear, and
negative-sense RNA molecule. This RNA is coiled and interacts with
the NP, VP30, VP35, and polymerase (L) proteins. The nucleocapsid
is helical and encircled by a layer of unique GP spikes measuring 10
nm in length. The aforementioned GPs play an important function in
the virus’s infectivity because they facilitate virus entrance and
contribute to its immunogenicity. They are targeted by immune cells
and are therefore considered important in vaccine development. The
viral matrix proteins VP24 and VP40 are located in between EBOV’s
outer envelope and nucleocapsid. The viral proteins VP35 and VP24
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are key factors in virulence because they act as antagonists to type I
interferon (IFN), inhibiting its action [7, §].

The initial stage of viral replication involves adhering to the cell
membrane of the host and entering the cell’s interior. Although the
exact mechanisms are not completely understood, it has been proven
that GP spikes play a function in aiding virions’ entrance into host
cells, potentially through processes similar to macropinocytosis [9].
Additionally, VP30 has been identified as crucial for the re-initiation
of transcription of subsequent genes during viral replication [10]. Due
to its essential role in these processes, VP30 presents an intriguing
target for potential antiviral therapies [11]. The assembly of viral
nucleocapsids requires the availability of matrix proteins VP24, VP35,
and NP. Silencing the expression of matrix protein (VP24) prevents
the discharge of viruses, and it also leads to diminished transcription
and translation of VP30 in VP24-deficient viral particles [12].
Furthermore, the highly produced VP40 matrix protein contributes
significantly to the production of new virus particles. It is closely
linked to the endosomal pathway and the process of virus
development from the host cell [13].

In regions with tropical climates, where several febrile illnesses
can present similar symptoms to Ebola virus disease (EVD), it is very
important to consider testing for or providing empirical treatment for
parasitic diseases (such as Plasmodium spp.), viral diseases, and
bacterial diseases (such as Salmonella typhi) [14, 15]. Given the
present COVID-19 pandemic caused by the SARS-CoV-2 virus, it
is becoming increasingly important to research the specific
characteristics of the EBOV that may heighten its potential for
causing a worldwide pandemic in the future.

Currently, two licenced vaccines, a two-dose combination of
Zabdeno (Ad26.ZEBOV) and Mvabea (MVA-BN-Filo), and Ervebo
(recombinant vesicular stomatitis virus (rVSV)-ZEBOV) are being
utilized for EBOV [16]. Codon optimization of DNA is a valuable
technology used for enhancing the production of foreign proteins.
This technique involves modifying the nucleotide sequence of a gene
of interest to improve its translational efficiency in a different species,
such as transforming a plant sequence into a human sequence or a
human sequence into bacterial or yeast sequences [17].

The objective of our study was to optimize the codon level of all
seven genes of EBOV in Escherichia coli (E. coli) using computational
methods. This optimization aimed to achieve higher expression levels of
the desired proteins while maintaining their antigenicity and functional
activity, which were identical to their native counterparts. By optimizing
the DNA codons of the studied genes, we can increase the expression of
these proteins, ensuring their efficient and increased production for
purposes such as immunodiagnostics and immunotherapy, without
introducing changes to their amino acid sequences.

2. Materials and Method

2.1. Collection of sequence

The nucleotide sequences of different variants of the EBOV were
obtained from the NCBI-GenBank. The sequences were identified by
their accession numbers: KY786027.1, MG572235.1, F1968794.1,
MHI121167.1, KY008770.1, and MT742157.1 (http://www.ncbi.
nlm.nih.gov).

2.2. Analysis and optimization of codons

The online PHP application called Optimizer (http://genomes.
urv.es/OPTIMIZER/) [18] is a useful tool to anticipate and
enhance the expression of a gene in a heterologous gene

expression host. Using E. coli str. K-12 substr. MG1655 as a
reference host, Optimizer was used to optimize and calculate the
codon adaptation index (CAI), G & C composition, and A &T
composition of the generated sequences of DNA. This strain of
E. coli is often used for heterologous expression of genes. CAI
values were calculated for each gene in the six different variants.

2.3. Data evaluation

The statistical evaluation of the genes was conducted using
Microsoft Excel 2021 software. Mean, standard deviation, and
range calculations were performed on the gene data. The data
were grouped in a table, and a graph was generated to illustrate
the comparison between CAI values of natural-type and enhanced
gene sequences for various EBOV variants.

2.4. Nucleotide sequence alignment

The seven genes’ nucleotide sequences from variants KY786027.1,
MG572235.1, FJ968794.1, MHI21167.1, KY008770.1, and
MT742157.1 were aligned using Optimizer. The alignment was
performed between the natural-type sequences and the corresponding
modified sequences for each gene.

3. Results

The present study aimed to address this need by employing DNA
codon optimization to produce sufficient quantities of proteins in the
desired host. In our study, the CAI of the codon-modified sequences
of DNA was found to be greater than that of the sequences of
natural-type DNA. The CAIL, GC% (percentage of guanine and
cytosine), and AT% (percentage of adenine and thymine) for the
natural-type NP gene varied among the six different variants,
ranging from 0.3 to 0319, 454 to 469, and 53.1 to 54.6,
respectively. The average values (+ standard deviation) for CAI,
GC%, and AT% were 0.309 (£0.0065), 46.15 (+0.668), and 53.83
(£0.668), respectively. On the other hand, the GC% and AT%
frequencies in the modified DNA ranged from 53.8 to 55.9 and 44.1
to 46.2, respectively, with average values (+ standard deviation) of
55.01 (£0.685) and 44.98 (+0.685). Notably, the CAI for the
modified DNA was 1 for all six variants, indicating an enhanced
translational efficiency of the codon-modified sequences.

Upon comparing the average values of the CAI, AT content, and
GC content of the NP gene across all six variants, notable differences
were observed between the modified DNA and the natural-type
sequences. The modified DNA exhibited significantly higher values
for GC and CAI content, with increases of 1.2 times (19.17%) and
3.14 times (213.5%), respectively, compared to the mean values of
the natural-type sequences. Conversely, the modified DNA displayed
a reduction of 16.4% in the mean AT content compared to the
natural-type sequences (Table 1). To visually represent the variations
in CAI values among the studied variants, a graph was generated,
plotting CAI numeric representations along the y-axis and the
number of variants along the x-axis (Figure 1). Furthermore, an
alignment was performed on the nucleocapsid gene sequences of
both the codon-modified sequences and natural-type sequences, as
illustrated in Supplementary Figure 1.

In the case of the VP35 gene, the CAL AT content, and GC content
in the natural-type sequences of the six different variants ranged from
0.269 to 0.309, 41 to 46.8, and 53.2 to 59, respectively. The average
values (+SD) were 0.29 (+0.013) for CAI, 44.78 (£1.996) for GC
content, and 5521 (+1.996) for AT content (Table 2). Upon
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Table 1. The expression intensity of the NP gene from the Ebola virus in E. coli for the natural-type and codon-modified sequences

Ebola virus variants Natural-type DNA Modified DNA
(GenBank accession no.) CAI GC% AT% CAI GC% AT%
KY786027.1 0.319 46.9 53.1 1 55.2 44.8
MG572235.1 0.311 46.9 53.1 1 55.2 44.8
FJ968794.1 0.312 46.4 53.6 1 54.9 45.1
MHI121167.1 0.305 454 54.6 1 53.8 46.2
KY008770.1 0.3 45.5 54.5 1 55.9 44.1
MT742157.1 0.311 459 54.1 1 55.1 44.9
N 6 6 6 6 6 6
Min. 0.3 454 53.1 1 53.8 44.1
Max. 0.319 46.9 54.6 1 55.9 46.2
Mean + SD 0.309 + 0.0065 46.15 + 0.668 53.83 + 0.668 1.00 + 0.00 55.01 + 0.685 44.98 + 0.685
1.2
1 1 1 1 1 1
x 1
o}
°
£
= 0.8
o
F=
8 0.6
=%
3
< 0.4 0.319 0.311 0.312 0.305 0.3 0311
5
o
KY786027.1 MG572235.1 FJ968794.1 MH121167.1 KY008770.1 MT742157.1
B CAI (Natural-type DNA) 0.319 0.311 0.312 0.305 0.3 0.311
H CAl (Modified DNA) 1 1 1 1 1 1

H CAl (Natural-type DNA)

Ebola Virus Variants

® CAl (Modified DNA)

Figure 1. Graph showing a comparison between the natural-type and modified DNA for nucleoprotein (NP) gene

optimization, the frequencies of GC and AT content in the respective
DNA sequences ranged from 51.4 to 56.4 and 43.6 to 48.6, with
average values (+SD) of 54.86 (£1.949) and 45.13 (£1.949),
respectively. The CALI for the modified DNA was 1 for all six variants.

When the mean values of CAIL GC content, and AT content for the
VP35 gene in all six variants were compared, the modified DNA had
considerably higher values. The modified DNA’s average CAl and GC
content was calculated to be 3.44 (244.8%) and 1.22 (22.5%) times
greater, respectively, than the natural-type sequences’ corresponding
mean values. The average AT content in the modified DNA, on the
other hand, was reduced by 18.25% when contrasted with the
natural-type sequences (Table 2). A graph was created to show these
data (Figure 2). Both the natural-type and codon-modified VP35
gene sequences were aligned, as shown in Supplementary Figure 2.
For the VP40 gene, the CAIL, GC content, and AT content in the
natural-type sequences of the six different variants ranged from
0.246 to 0.278, 45.7 to 48.6, and 51.4 to 54.3, respectively. The
average values (£SD) were 0.263 (£0.014) for CAI, 47.13 (£1.169)
for GC content, and 52.86 (£1.169) for AT content (Table 3). After
codon optimization, GC and AT frequencies in the respective DNA
sequences ranged from 56.6 to 57.7 and 42.3 to 43.4, with average
values (+SD) of 57.12 (+£0.36) and 42.88 (+0.360), respectively. The
CAL for the modified DNA was 1 for all six variants.

Upon comparing the average values of CAl, GC content, and AT
content for the VP40 gene in all six variants, it was observed that the
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values of the modified DNA were considerably greater. The modified
DNA’s mean CAI and GC content was calculated to be 3.84
(284.6%) and 1.2 (21.2%) times greater, respectively, than the natural-
type sequences’ corresponding mean values. The average AT content
in the modified DNA, on the other hand, was reduced by 18.88%
when compared to the natural-type sequences (Table 3). To visualize
these findings, a graph was created (Figure 3). Both the natural-type
and codon-modified VP40 gene sequences were aligned, as shown in
Supplementary Figure 3. It is worth mentioning that codon
optimization did not result in any changes to the VP40 gene’s amino
acid sequence.

The natural-type GP gene exhibited a range of 0.26-0.295 for CAL
46-46.8 for GC content, and 53.2-54 for AT content across the six
different variants. The average values (+SD) were 0.28 (£0.0123) for
CAL 46.48 (£0.279) for GC content, and 53.52 (£0.279) for AT content
(Table 4). After codon optimization, the GC and AT frequencies in the
respective DNA sequences ranged from 53 to 55.4 and 44.6 to 47, with
average values (+SD) of 54.18 (x0.813) and 4582 (£0.813),
respectively. The CAI for the modified DNA was 1 for all six variants.

Upon comparing the average values of CAI, GC content, and AT
content for the GP gene in all six variants, it was observed that the values
of the modified DNA were considerably greater. The modified DNA’s
mean CAI and GC content was found to be 3.57 (257.14%) and 1.16
(16.56%) times higher, respectively, than the natural-type sequences’
corresponding average values. The average AT content in the
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Table 2. The expression intensity of the VP35 gene from the Ebola virus in E. coli for the natural-type and codon-modified sequences

Ebola virus variants Natural-type DNA Modified DNA
(GenBank accession no.) CAI GC% AT% CAI GC% AT%
KY786027.1 0.299 44.8 552 1 56.1 43.9
MG572235.1 0.3 455 54.5 1 56.4 43.6
FJ968794.1 0.289 44.8 55.2 1 53.8 46.2
MH121167.1 0.297 46.8 53.2 1 56.2 43.8
KY008770.1 0.269 41 59 1 514 48.6
MT742157.1 0.309 45.8 54.2 1 553 44.7
N 6 6 6 6 6 6
Min. 0.269 41 53.2 1 514 43.6
Max. 0.309 46.8 59 1 56.4 48.6
Mean + SD 0.29 £ 0.013 44.78 + 1.996 55.21 £ 1.996 1.00 £ 0.00 54.86 + 1.949 45.13 £ 1.949
1.2
1 1 1 1 1 1
1
x
O]
°
£ o038
c
o
& 06
a
3
§ 04 029 0.3 0.289 0.29 0.269 0-309
o
o
0
KY786027.1 MG572235.1 FJ968794.1 MH121167.1 KY008770.1 MT742157.1
H CAI (Natural-type DNA) 0.299 0.3 0.289 0.297 0.269 0.309
B CAI (Modified DNA) 1 1 1 1 1 1

B CAIl (Natural-type DNA)

Ebola Virus Variants

B CAl (Modified DNA)

Figure 2. Graph showing a comparison between the natural-type and modified DNA for VP35 gene

Table 3. The expression intensity of the VP40 gene from the Ebola virus in E. coli for the natural-type and codon-modified sequences

Ebola virus variants Natural-type DNA Modified DNA

(GenBank accession no.) CAI GC% AT% CAI GC% AT%
KY786027.1 0.278 48.2 51.8 1 57 43
MG572235.1 0.27 48.6 514 1 57 43
FJ968794.1 0.266 47.6 524 1 56.6 43.4
MHI121167.1 0.275 46.5 53.5 1 57.2 42.8
KY008770.1 0.246 46.2 53.8 1 57.7 423
MT742157.1 0.246 45.7 543 1 57.2 42.8
N 6 6 6 6 6 6
Min. 0.246 45.7 514 1 56.6 42.3
Max. 0.278 48.6 543 1 57.7 43.4
Mean + SD 0.263 £ 0.014 47.13 £ 1.169 52.86 + 1.169 1.00 + 0.00 57.12 £ 0.36 42.88 £ 0.360

modified DNA, on the other hand, was reduced by 14.38% when
contrasted with the natural-type sequences (Table 4). To visualize
these findings, a graph was created (Figure 4). As demonstrated in
Supplementary Figure 4, the GP gene sequences of both the natural-
type and codon-modified sequences were aligned. The goal of codon
optimization is to improve translational efficiency and thereby boost
the immunogenicity of epitope-based vaccinations. Modifying the

codon bias of gene sequences thus has potential as a method for
controlling gene expression.

The natural-type VP30 gene exhibited a range of 0.225-0.261 for
CAl, 39.4-45.3 for GC content, and 54.7-60.6 for AT content across
the six different variants. The average values (£SD) were 0.236
(£0.012) for CAI, 43.05 (£2.617) for GC content, and 56.95
(£2.617) for AT content (Table 5). After codon optimization, the
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KY786027.1 MG572235.1 FJ968794.1 MH121167.1 KY008770.1 MT742157.1
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H CAI (Natural-type DNA)  ® CAl (Modified DNA)

Figure 3. Graph showing a comparison between the natural-type and modified DNA for VP40 gene

Table 4. The expression intensity of the GP gene from the Ebola virus in E. coli for the natural-type and codon-modified sequences

Ebola virus variants Natural-type DNA Modified DNA
(GenBank accession no.) CAI GC% AT% CAI GC% AT%
KY786027.1 (sGP) 0.275 46.8 532 1 53 47
MG572235.1 0.276 46 54 1 54.7 453
FJ968794.1 0.286 46.7 53.3 1 554 44.6
MHI121167.1 0.26 46.5 53.5 1 53.8 46.2
KY008770.1 0.288 46.5 53.5 1 54.1 45.9
MT742157.1 0.295 46.4 53.6 1 54.1 459
N 6 6 6 6 6 6
Min. 0.26 46 53.2 1 53 44.6
Max. 0.295 46.8 54 1 55.4 47
Mean + SD 0.28 £ 0.0123 46.48 + 0.279 53.52 £ 0.279 1.00 £ 0.00 54.18 £ 0.813 45.82 + 0.813
1.2
1 1 1 1 1 1

s 1

°

£

= 0.8

o

F=

S 06

o

3

< 04

= 0.275 0.276 0.286 0.26 0.288 0.295

o

KY786027.1 MG572235.1 FJ968794.1 MH121167.1 KY008770.1 MT742157.1
M CAI (Natural-type DNA) 0.275 0.276 0.286 0.26 0.288 0.295
M CAl (Modified DNA) 1 1 1 1 1 1

Ebola Virus Variants

M CAIl (Natural-type DNA)  ® CAIl (Modified DNA)

Figure 4. Graph showing a comparison between the natural-type and modified DNA for the glycoprotein (GP) gene

GC and AT frequencies in the respective DNA sequences ranged from  modified DNA was 1 for all six variants. When comparing the
48.5 to 57.1 and 42.9 to 51.5, with average values (+SD) of 54.26  mean values of CAI, GC content, and AT content for the VP30
(£3.322) and 45.73 (£3.322), respectively. The CAI for the gene in all six variants, it was evident that the values of the
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modified DNA were considerably higher. The modified DNA’s
average CAI and GC content was calculated to be 4.34 (334.8%)
and 1.26 (26.04%) times greater, respectively, than the natural-type
sequences’ corresponding mean values. The mean AT content in
the modified DNA, on the other hand, was reduced by 19.7% when
compared to the natural-type sequences (Table 5). Both the natural-
type and codon-modified VP30 gene sequences were aligned, as
shown in Supplementary Figure 5. To visualize these findings, a
graph was created (Figure 5).

The natural-type VP24 gene demonstrated a range of 0.256-0.289
for CAI 41.9-44.3 for GC content, and 55.7-58.1 for AT content across
the six different variants. The average values (£SD) were 0.26 (£0.012)
for CAI, 43.06 (+0.973) for GC content, and 56.93 (+0.973) for AT
content (Table 6). Following codon optimization, the GC and AT
frequencies in the respective DNA sequences ranged from 52.4 to
54.2 and 45.8 to 47.6, with average values (£SD) of 53.1 (+0.745)
and 46.9 (£0.745), respectively. The CAI for the modified DNA was
1 for all six variants. When contrasting with the mean values of CAIL
GC content, and AT content for the VP24 gene in all six variants, it
was observed that the values of the modified DNA were considerably
greater. The modified DNA’s average CAI and GC content was found
to be 3.84 (284.61%) and 1.23 (23.3%) times higher, respectively,
than the natural-type sequences’ corresponding average values. The
average AT content in the modified DNA, on the other hand, was

reduced by 17.61% when compared to the natural-type sequences
(Table 6). Both the natural-type and codon-modified VP24 gene
sequences were aligned, as shown in Supplementary Figure 6. To
visualize these findings, a graph was created (Figure 6). As a result of
codon optimization, the VP24 gene’s amino acid arrangement
remained unchanged.

The natural-type L gene exhibited a range of 0.23-0.382 for
CAlI 39.6-40.6 for GC content, and 59.4-60.4 for AT content
across the six different variants. The average values (+SD) were
0.26 (£0.057) for CAIL 39.98 (+£0.386) for GC content, and 60
(£0.430) for AT content (Table 7). Upon codon optimization, the
GC and AT frequencies in the respective DNA sequences ranged
from 32.3 to 53.7 and 46.3 to 67.7, with average values (£SD) of
49.18 (+8.374) and 50.816 (£8.374), respectively. The CAI for
the modified DNA was 1 for all six variants.

When the mean values of CAIL GC content, and AT content for the
polymerase gene in all six variants were compared, the modified DNA
had considerably higher values. The modified DNA’s average CAl and
GC content was calculated to be 4.016 (301.6.0%) and 1.34 (34.673%),
respectively, times higher than the natural-type sequences’ respective
mean values. The average AT content in the modified DNA, on the
other hand, was reduced by 22.924% as compared to the natural-
type sequences (Table 7). As illustrated in Figure 7, a graph
reflecting these comparisons was created. As shown in

Table 5. The expression intensity of the VP30 gene from the Ebola virus in E. coli for the natural-type and codon-modified sequences

Ebola virus variants Natural-type DNA

Modified DNA

(GenBank accession no.) CAI GC% AT% CAI GC% AT%
KY786027.1 0.234 453 54.7 1 57.1 429
MG572235.1 0.235 44.6 554 1 56.4 43.6
FJ968794.1 0.23 45.1 54.9 1 56.1 439
MHI121167.1 0.261 394 60.6 1 48.5 51.5
KY008770.1 0.231 40.1 59.9 1 52.1 479
MT742157.1 0.225 43.8 56.2 1 55.4 44.6
N 6 6 6 6 6 6
Min. 0.225 394 54.7 1 48.5 42.9
Max. 0.261 453 60.6 1 57.1 51.5
Mean + SD 0.236 + 0.012 43.05 + 2.617 56.95 + 2.617 1.00 + 0.00 54.26 + 3.322 45.73 +3.322
1.2
1 1 1 1 1 1
x 1
[}
e}
£ o8
c
'O
s 06
Q
©
2 04
g 0.234 0.235 0.23 0.261 0.231 0.225
o
0
KY786027.1 = MG572235.1  FJ968794.1 = MH121167.1  KY008770.1  MT742157.1
m CAI (Natural-type DNA) 0.234 0.235 0.23 0.261 0.231 0.225
® CAl (Modified DNA) 1 1 1 1 1 1

B CAIl (Natural-type DNA)

Ebola Virus Variants

H CAl (Modified DNA)

Figure 5. Graph showing a comparison between the natural-type and modified DNA for the VP30 gene
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Table 6. The expression intensity of the VP24 gene from the Ebola virus in E. coli for the natural-type and codon-modified sequences

Ebola virus variants Natural-type DNA Modified DNA
(GenBank accession no.) CAI GC% AT% CAI GC% AT%
KY786027.1 0.261 42.9 57.1 1 52.6 474
MG572235.1 0.264 42.5 57.5 1 52.4 47.6
FJ968794.1 0.256 42.6 57.4 1 52.4 47.6
MHI121167.1 0.256 443 55.7 1 54.2 45.8
KY008770.1 0.261 41.9 58.1 1 53.4 46.6
MT742157.1 0.289 442 55.8 1 53.6 46.4
N 6 6 6 6 6 6
Min. 0.256 41.9 55.7 1 52.4 45.8
Max. 0.289 443 58.1 1 54.2 47.6
Mean + SD 0.26 +0.012 43.06 + 0.973 56.93 + 0.973 1.00 + 0.00 53.1 £0.745 46.9 + 0.745
1.2
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Figure 6. Graph showing a comparison between the natural-type and modified DNA for VP24 gene
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Table 7. The expression intensity of the L gene from the Ebola virus in E. coli for the natural-type and codon-modified sequences

Ebola virus variants Natural-type DNA Modified DNA

(GenBank accession no.) CAI GC% AT% CAI GC% AT%
KY786027.1 0.248 39.9 60.1 1 53.2 46.8
MG572235.1 0.25 39.6 60.4 1 53.1 46.9
FJ968794.1 0.239 40.3 59.7 1 53.7 46.3
MHI121167.1 0.249 39.8 60.2 1 53.6 46.4
KY008770.1 0.25 39.7 60.3 1 52.8 47.2
MT742157.1 0.23 40.6 594 1 50 50
N 6 6 6 6 6 6
Min. 0.23 39.6 594 1 50 46.3
Max. 0.25 40.6 60.4 1 53.7 50
Mean + SD 0.243 + 0.0081 39.98 + 0.386 60 + 0.430 1.00 £ 0.00 52.73 £ 1.379 47.26 + 1.379

Supplementary Figure 7, the polymerase gene sequences of both the
natural-type and codon-modified sequences were aligned.

4. Discussions

Codon optimization is a widely used technique aimed at
optimizing protein expression by overcoming constraints related to
codon usage. This approach involves modifying the DNA sequence
to optimize codon selection, thereby enhancing gene functionality,
improving protein expression levels, reducing production costs, and
facilitating drug development. Codon optimization finds application
in various contexts, including animal testing, the removal of stop
codons, and the improvement of gene functionality and protein
expression levels. It is a common expression technique employed to
enhance protein levels. This is achievable because of the degeneracy
of the genetic code, which permits multiple synonymous codons to
encode most amino acids. The choice of codons significantly
impacts protein expression levels, leading to the widespread use of
codon optimization in bioproduction and i vivo nucleic acid
medicinal applications.

Studies have demonstrated the substantial potential of codon
optimization to significantly increase protein expression, with some
reports indicating improvements exceeding 1000-fold [19]. However,
the majority of studies show more modest increases in protein
expression levels. Unexpectedly, synonymous codon mutations have
also been leveraged to finely adjust expression by de-optimizing. For
instance, in the case of bispecific antibodies, de-optimizing one of
the light chain genes resulted in improved antibody production [20].
DNA-based immunity has shown promise in human trials for HIV
infection. In one study, adapting the codon usage of the HIV gag
protein through a DNA vaccination resulted in a gene expression
increment by 10-fold compared to the natural-type sequence [21].
Gene optimization has proven beneficial in various therapeutic
applications, particularly when a protein is produced in vivo
following gene delivery. This method is currently widely employed
across various applications [18]. Gene optimization affects numerous
molecular mechanisms, encompassing transcription and translation,
resulting in elevated product yield and activity [22]. In addition to
enhancing protein expression levels, codon usage analysis has found
applications in metagenomic studies. For example, frequency
analysis of codon usage has been employed to ascertain the host
range of RNA virus genomes in high-temperature acidic
metagenomes, irrespective of their bacterial, archaeal, or eukaryotic
origins [23].

In this study, we calculated the mean values of CAI, AT, and
GC content for all EBOV variants. We compared these values
with the corresponding values obtained for the modified DNA

sequences. The results concluded that the sequences of modified
DNA had noticeably different and greater values compared to
their respective natural-type variants for all genes. Upon analyzing
the NP gene of all six variants, the modified DNA sequences
exhibited significantly higher CAI values. In the modified DNA,
the CAI of the NP gene was increased by 3.14-fold (213.5%).
Similarly, the CAI values in the modified DNA were enhanced by
3.44-fold (244.8% increase) for the VP35 gene, 3.84-fold (284.6%
increase) for the VP40 gene, and 3.57-fold (257.14% increase) for
the GP gene. The VP30 gene showed an increase of 4.34-fold
(334.8% increase), while the VP24 gene showed an increase of
3.84-fold (284.61% increase). Additionally, the L gene exhibited
an increase of 3.84-fold (284.61% increase).

These findings indicate that the optimization of DNA sequences
led to significantly higher CAI values for various EBOV genes,
indicating improved codon usage and potentially enhanced gene
expression. Additionally, the study observed a rise in the proportion
of GC content in modified DNA sequences compared to natural-type
sequences. The GC content of the NP gene in the modified DNA
showed an average increase of 1.2-fold (an increase of 19.17%).
Likewise, the GC content in the modified DNA of VP35 and VP40
increased by 1.22-fold (an increase of 22.5%) and 1.2-fold (an
increase of 21.2%), respectively. The VP24 gene exhibited an
increase of 1.23-fold (an increase of 23.3%), and the L gene
demonstrated a similar increase of 1.23-fold (23% increase).
However, the AT content in all genes remained notably lower
compared to natural-type sequences. Likewise, the in silico codon
optimization approach has been applied across various
microorganisms, including Mycobacterium  tuberculosis  [24],
influenza A virus [25], SARS-COV-2 [26], Nipah virus [27], and
others. EBOV survivors’ humoral responses largely target the
surface GP, and the existence of anti-GP neutralizing antibodies has
been linked to protection against EBOV infection. The EBOV
surface GPs GP1, 2 are important for host cell adhesion and fusion
and are the principal target of neutralizing antibodies.

Several vaccine candidates are currently being developed to prevent
EVD by utilizing the EBOV GP and NP to elicit a defensive immune
response in preclinical animal models. Two vaccine strategies that
have shown promise in preventing EVD include rVSV-based vaccine,
which uses a modified vesicular stomatitis virus (VSV) vector to
express the ZEBOV surface GP. The vaccination is called rVSVG-
ZEBOV-GP. It has been used in preclinical research and has been
granted WHO prequalification. This vaccine has demonstrated
effectiveness in preventing EBOV infection. Adenovirus and modified
vaccinia Ankara (MVA) vector-based vaccine. Adenovirus and
modified vaccinia Ankara (MVA) vector-based vaccine employs an
adenovirus type 26-vectored vaccine containing the ZEBOV GP
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(Ad26.ZEBOV), followed by a booster dose of a MVA virus strain
(MVA-BN-Filo). This sequential immunization strategy has also
gained WHO prequalification status and has demonstrated promising
effects in EVD prevention [28-31]. These vaccine candidates
have been used in response to recent Ebola outbreaks and are
considered important tools in controlling and preventing the spread of
the EBOV. In clinical trials conducted by the Partnership for Research
on Ebola Vaccinations (PREVAC) collaboration, promising results
were observed with the rVSVG-ZEBOV-GP vaccine and the
Ad26.ZEBOV-MVA-BN-Filo combination. The rVSVG-ZEBOV-GP
vaccine, a single-dose option, is recommended for reactive ring
vaccination among individuals at high risk of EBOV infection during
epidemics. The Ad26.ZEBOV-MVA-BN-Filo combination, a two-
dose regimen, is recommended for individuals at low to moderate risk
of EBOV infection [32]. GP and NP, known for their immunogenic
properties, are suitable vaccine candidates against EBOV.

Utilizing codon optimization can enhance gene expression in cells,
yielding high titers for large-scale vaccine production. Nevertheless, this
process may pose challenges, necessitating a thorough understanding of
codon usage patterns within the target host or expression system. To
overcome these challenges, conducting in vitro analyses and
experimental validation is crucial, complementing in silico studies to
guarantee the safety and efficacy of biotech therapeutics.

5. Conclusions

In conclusion, the development of vaccines based on GP or NP,
combined with codon optimization and immunology-based studies,
offers great promise in combating EBOV infection. This approach
can facilitate the production of effective vaccines at an industrial
scale. However, it is essential to address the challenges associated
with codon optimization to ensure the safety and efficacy of
resulting vaccines. While there are several applications for codon
optimization in the development of recombinant protein therapeutics
and nucleic acid treatments, it is vital to examine potential obstacles.
Reports suggest that synonymous codon changes introduced during
optimization may impact protein conformation, stability, and
function, as well as increase in immunogenicity. Such alterations
could have unintended consequences, including reduced efficacy or
association with certain diseases. To overcome the constraints
brought on by codon bias, the current study, however, focuses on
optimizing codons to improve the expression of seven EBOV genes
in E. coli. Increased GC and CAI content in the modified sequences
suggested that E. coli might overexpress them. Based on this study
and previous research on immunogenicity, GP and NP are promising
candidates for an EBOV vaccine, as they possess immunogenic
properties and can stimulate an immune response. The subsequent
phase involves in vitro validation of the findings from the in silico
study, assessing the degree of overexpression attained by the
modified sequences, and evaluating their safety and efficacy in
eliciting an immune response. Successful validation could lead to
further development of these modified genes on an industrial scale
for immunodiagnostic tools and immunotherapeutic. It is crucial to
emphasize that rigorous testing is essential to confirm the findings
and ensure the safety and potency of potential vaccines. These
endeavors will aid in the advancement of efficient immunodiagnostic
and immunotherapeutic approaches to combat EBOV infections,
offering optimism for managing this lethal illness.
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