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Abstract
Tilapia lake virus (TiLV) is a novel single-stranded RNA virus that is considered a threat to 
the universal tilapia industry. Recombinant technology proved to apply to different viruses 
and does not require handling live viruses. The present study developed a recombinant 
protein from segment 4 of TiLV with the aim of developing an immunological detection 
method for the virus. For this purpose, the complete coding sequence of segment 4 of the 
virus was optimized, amplified, and cloned in pET-28a( +), a prokaryotic expression vector, 
and the TiLV segment 4 construct (pET-seg4) was developed. The recombinant protein was 
expressed in BL21-competent Escherichia coli by isopropyl-β-D-thiogalactopyranoside 
(IPTG) induction. The successful expression of the recombinant protein was confirmed 
by SDS-PAGE. The polyclonal antibody (PAb) raised against the recombinant protein was 
used for the indirect enzyme-linked immunosorbent assay (ELISA) development to detect 
TiLV in the pooled kidney and mucus samples. The coating concentrations for the recom-
binant protein and the TiLV-positive samples were standardized as 3.125 µg and 6.25 µg, 
respectively, and the optimum polyclonal antibody dilution was found as 1:800. The diag-
nostic sensitivity and diagnostic specificity of the assay were 82.35% and 100%, respec-
tively. The recombinant protein developed in this study provided a better understanding 
of raising a codon-optimized protein and its use in developing an indirect ELISA test for 
TiLV, which can also be used as a recombinant vaccine for immunizing tilapia.
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Introduction

Aquaculture is a sector growing at a faster pace than other food animal sectors of the world 
and plays a pivotal role in global food demand, in addition to nutritional security and socio-
economic welfare. The United Nations predicts the world population to outreach 8.5 billion 
by 2030 (United Nations Department of Economic and Social Affairs Population Division 
2019). Tilapia, which belongs to the family Cichlidae, contributes 10% (6.4 mt) of the 
world aquaculture production, of which 8% by Nile tilapia (FAO 2018) has the potential 
to supply sufficient food and nutrition in an environmentally and economically sustainable 
manner. The tremendous growth in aquaculture with high stocking density increased the 
transmission of viruses between organisms, leading to the discovery of many aquaculture 
viruses. TiLV is an emerging viral disease responsible for substantial economic loss and 
mass mortality, reaching 90% in severe cases (Fathi et al. 2017; Surachetpong et al. 2017). 
The emergence of TiLV infection, the first-ever significant disease of tilapia, has put the 
global tilapia industry at risk (Jansen et al. 2018). Eyngor et al. (2014) first reported the 
virus from Israel, and subsequently, the virus was reported from Ecuador (Ferguson et al. 
2014), Columbia (Kembou Tsofack et al. 2017), Egypt (Fathi et al. 2017; Nicholson et al. 
2017), Thailand (Surachetpong et al. 2017; Dong et al. 2017a, b), and recently in India with 
more than 85% mortality (Behera et al. 2018). Recently, in India, co-infection of TiLV with 
another novel pathogen (Tilapia parvovirus) has been reported (Rajendran et al. 2023).

TiLV is an enveloped virus possessing negative-sense, single-stranded RNA with 10 
segments (Eyngor et  al. 2014; Bacharach et  al. 2016; Surachetpong et  al. 2017) with a 
diameter ranging from 55 to 100 nm (Ferguson et al. 2014; Eyngor et al. 2014; Surachet-
pong et al. 2017). The 10 segments each have an open reading frame (ORF); each segment 
has a size range of 456 to 1641 nucleotides with a total genome size of 10.323 Kbp (Bacha-
rach et al. 2016). Criollo-Joaquin et al. (2019) reported a 12% structural homology between 
the segment 4 hypothetical protein of TiLV and the influenza A virus neuraminidase (NA) 
protein. Recently, the virus has been classified as Tilapia tilapinevirus, the only species in 
the monotypic genus Tilapinevirus, the only genus in the family Amnoonviridae (ICTV 
2018). Currently, TiLV sequences available in the GenBank database (https:// www. ncbi. 
nlm. nih. gov/ genba nk/) are from Ecuador, Egypt, India, Israel, Malaysia, Tanzania (Lake 
Victoria), Thailand, and Uganda (Lake Victoria). Currently, two whole-genome sequences 
are available, one from Israel (Bacharach et al. 2016) and the other from Thailand (Sura-
chetpong et al. 2017). Also, the complete coding sequences of TiLV have been reported by 
Subramaniam et al. (2019).

Available information about the virus is at an infant stage where most functional pro-
teins encoded by each segment and their antigenic properties are not yet known and under-
stood. Most of the diagnostic tests available for TiLV are based on molecular detection, cell 
culture isolation of the virus, or novel techniques of histopathological lesion scoring (Val-
salam et al. 2024). Only a few methods based on immunoassay are available for detecting 
TiLV infection so far (Hu et al. 2020). In a cohabitation challenge study in red hybrid tila-
pia, the survivors developed protective immunity against segment 4 of TiLV (Tattiyapong 
et al. 2020). In a further study using bioinformatics, genetics, and biochemical tools, the 
segment 4 of TiLV was identified as a nucleoprotein (NP) with the essential properties for 
the replication of the negative-sensed RNA genome (Abu Rass et al. 2022). Fulfilling the 
desired characteristics on its immunogenicity and identification as a NP, the current study 
chose segment 4 as a target for the development of recombinant protein. The recombinant 
protein from the selected gene segment of TiLV can be utilized as a positive control for 

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
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diagnostic test development, including ELISA and also has the potential as a vaccine can-
didate in further research on TiLV by testing its immunogenicity in the host. However, 
developing a recombinant protein requires the adequate expression of the selected heterolo-
gous protein in the prokaryotic expression host. The expression of the selected gene from 
segment 4 of TiLV is hampered in the prokaryotic expression system because of codon 
bias, a phenomenon when the codon usage of the heterologous protein differs from that of 
the bacterium. Hence, the current study provides the method of developing a codon-opti-
mized recombinant protein of TiLV from its segment 4 as it shows homology with the NA 
protein of another virus. This method of developing the recombinant protein by biomolecu-
lar engineering provides a way of constructing the proteins artificially (using engineered 
codons) in the laboratory setting without the actual involvement of the virus but fulfilling 
various applications in diagnostics and vaccination. The developed recombinant protein is 
further used for the TiLV diagnosis in the fish kidney and mucus samples using the poly-
clonal antibody (PAb) raised against it in the current study. The ELISA-based immunologi-
cal detection assays are advantageous by bypassing all upstream and downstream process-
ing of molecular detection methods.

Materials and methods

Ethical approval, bacterial strain, and plasmid

The permission numbers for the present study by the Institute Animal Ethics Committee 
(IAEC) and Institutional Biosafety Committee are F.No. CIFE/IBSC/2022-23 and CIFE-
03-2019, respectively. HiPurA™ Escherichia coli BL21(DE3) competent cells were pro-
cured from HiMedia, India, and were used as a host strain. Plasmid pET-28a( +) was used 
as an expression vector procured from Allianz BioInnovation.

Retrieval of segment 4 sequences of TiLV ORF from GenBank and sequence analysis

All available isolates of the TiLV segment 4 gene (complete coding sequence) were 
retrieved from the National Center for Biotechnology Information (NCBI). The differ-
ent isolates of this segment were analyzed using bioinformatics tools such as standard 
nucleotide alignment (BLAST) and multiple sequence analysis clustalΩ (Omega) (Sievers 
et  al. 2011). Antigenicity prediction of TiLV segment 4 was made by the PREDICTED 
ANTIGENIC PEPTIDES program (http:// imed. med. ucm. es/ Tools/ antig enic. pl). For struc-
ture validation, the Ramachandran plot was generated from the amino acid sequence of 
TiLV-seg4 by SWISS-MODEL Interactive Workspace (https:// swiss model. expasy. org/ inter 
active). Secondary structure composition was generated from the amino acid sequence of 
TiLV segment 4 by the PredictProtein program (https:// predi ctpro tein. org/).

Optimizing rare codons of E. coli within the TiLV gene to enhance protein 
expression

Codon usage bias was analyzed for the TiLV segment 4 gene (MK392375.1) nucleotide 
sequence to make it compatible for expression by the E. coli expression host. This was 
done using the Rare Codon Analysis tool (GenScript, USA) (https:// www. gensc ript. com/ 

http://imed.med.ucm.es/Tools/antigenic.pl
https://swissmodel.expasy.org/interactive
https://swissmodel.expasy.org/interactive
https://predictprotein.org/
https://www.genscript.com/tools/rare-codon-analysis
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tools/ rare- codon- analy sis). After codon usage analysis, a 1065 bp-long construct contain-
ing codon-optimized TiLV segment 4 gene sequence was synthesized by GenScript (Pis-
cataway, NJ USA) company. The optimized sequence was further used to clone the pET-
28a( +) expression vector and transform E. coli BL21(DE3) competent cells.

PCR of TiLV segment 4, Restriction enzyme (RE) digestion and purification

The codon-optimized segment 4 gene of TiLV was amplified using the primers in Table 1. 
The PCR conditions include initial denaturation for 2 min at 94 °C, followed by 35 cycles 
of denaturation at 94 °C (30 s), annealing at 51 °C for 60 s, and extension at 72 °C for 30 s, 
with a final extension step of 7 min at 72 °C. The PCR amplicon was cleaned using the 
GeneJET Gel Extraction Kit (Thermo Scientific, USA) and digested with NdeI and XhoI 
enzymes (FastDigest Thermo Scientific) in a reaction volume of 20 μL by adding segment 
4 gene (up to 1 μg), 10 × FD buffer (2 μL), NdeI (1 μL), XhoI (1 μL), and nuclease-free 
water, and the mixture was incubated overnight (30 °C) in a water bath. After a short spin, 
the enzymes were inactivated at 65 °C for 5 min. The pET-28a( +) vector was digested with 
NdeI (1 μL) and XhoI (1 μL). The insert and the vector were purified after digestion, and 
the concentration of the fragments was analyzed using the NanoDrop spectrophotometer 
(Thermo Scientific).

Cloning in expression vector and transformation of HiPurA™ BL21(DE3) competent 
cells

The RE digested and purified insert (segment 4) and pET-28a( +) vector were ligated using 
the T4 DNA ligase (Thermo Scientific, USA) in a 20-µL total reaction volume. The reac-
tion mixture was incubated at 16 °C overnight in a water bath and used to transform E. coli 
BL21(DE3) competent cells. The transformation was performed following the manufactur-
er’s instruction for E. coli BL21(DE3) competent cells (HiMedia, India). Briefly, the tubes 
containing BL21(DE3) competent cells were thawed on ice, and 100 µL was dispensed into 
another tube to which 50 ng of the recombinant plasmid (pET-seg4) was added, and the 
mixture was retained on ice for 30 min, followed by a heat shock for 45 s at 42 °C in the 
water bath and placed on ice for 2 min. To the mixture, 0.9 mL of SOC media was poured 
and incubated for 1 h at 37 °C, and 100 µL was spread on LB (Luria–Bertani)-kanamycin 
(50 µg/mL) plates and incubated at 37 °C overnight. The segment 4 gene was cloned into 
the pET-28a( +) expression vector (Allianz BioInnovation, India).

Plasmid purification and confirmation of TiLV insert in pET‑28a( +) by RE digestion

The pET-seg4 plasmid was isolated using GeneJet Plasmid Miniprep Kit (Thermo Sci-
entific, USA) as per the manufacturer’s protocol. Briefly, the positive colony from the 
culture plate was inoculated in LB kanamycin broth and grown overnight. The culture 
was harvested and resuspended in 0.2 mL of resuspension buffer; lysis solution (0.2 mL) 
was added and mixed by inverting gently. A neutralization solution of 0.35  mL was 
added and centrifuged (12,000 rpm for 5 min). The supernatant from this mixture was 
transferred to the GeneJet spin column and centrifuged (1 min at 12,000 rpm). The wash 
solution (0.5 mL) was added and centrifuged (12,000 rpm for 1 min), and the step was 
repeated. The column was transferred to another micro-centrifuge tube and eluted with 

https://www.genscript.com/tools/rare-codon-analysis
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30 μL of elution buffer. A 20-μL reaction was prepared for RE digestion using NdeI and 
XhoI for the plasmid DNA (pET-seg4) (1 μg). The mixture was analyzed on 1% agarose 
gel and documented by the gel documentation system (GENESYS, USA).

Expression of protein in HiPurA™ BL21(DE3) cells

The hypothetical protein of the inserted gene was expressed in E. coli BL21(DE3) cells 
by isopropyl β-D- 1-galactopyranoside (IPTG) induction. Briefly, the E. coli BL21(DE3) 
cells containing the pET-seg4 were cultured in 10 mL of LB broth (50 µg/mL of kana-
mycin) and incubated at 37  °C overnight (180  rpm). The cells were transferred to a 
fresh medium and incubated at 37 °C for a few hours (h) to reach an OD value of 0.8 at 
600 nm. Expression was stimulated by adding IPTG to a final concentration of 10 mM 
(not added to the sample, which served as non-induced control); cultures were further 
grown with continuous shaking (180 rpm) overnight at 15 ºC. The cells were harvested 
at three points: 5, 8, and 12 h post-induction by centrifugation at 6000 rpm for 10 min.

SDS‑PAGE analysis of expressed protein (Laemmli 1970)

The expression of the recombinant segment 4 proteins was confirmed by SDS gel elec-
trophoresis. The induced cells were harvested after discarding the supernatant; the cells 
were resuspended in cell lysis buffer. The samples were boiled (5–10  min at 100  °C) 
and loaded in sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). The electro-
phoresis unit ran at 55 mA under constant voltage till the sample crossed stacking gel, 
and the current was increased to 150 mA and allowed to run through the resolving gel. 
Proteins within the gel were fixed by soaking in methanol solution for 1 h, then soak-
ing in Coomassie dye overnight on the rocking platform and destained for background 
removal.

Recombinant protein purification

The NiNTA protein purification method was adapted from Gupta et al. (1999). Briefly, 
the pellet was taken from 1 L of culture and resuspended in 25 mL of buffer (300 mM 
sodium chloride, GuHCl 6 M, and sodium phosphate 0.1 M, pH 7.8). The content was 
stirred (room temperature—RT, 30 min), centrifuged (30 min, 10,000 × g at 4 °C), and 
the supernatant was mixed (RT, 30 min) with 50% Ni–NTA (4 mL). The content was 
loaded into the column and washed with buffer (300  mM NaCl, sodium phosphate 
0.1 M, pH 7.8, and 8 M urea). The Ni–NTA resin-containing protein was washed with 
urea gradient (8 to 0 M) in buffer (sodium phosphate 0.1 M, pH 7.8, and 300 mM NaCl), 
and further washing was done using buffer (500 mM NaCl and sodium phosphate 0.1 M, 
pH 6.0) and the protein was eluted with a gradient of Imidazole (0–400 mM) in buffer 
(sodium phosphate 0.1  mM, pH 7.0, and 10% glycerol). The protein was dialyzed 
against 1 L chilled PBS (pH 7.4) in a rocking platform overnight at 4 °C with the change 
of PBS solution every 3–4 h. Using the BSA standard curve method, the protein concen-
tration was measured using an EPOCH2 reader (BioTek).
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PAb production against TiLV‑seg4 recombinant protein and agar gel 
immunodiffusion test (AGID)

The study employed a male 2.0-kg New Zealand white rabbit that was maintained at the 
animal house of the ICAR-Central Institute of Fisheries Education in Mumbai. Freund’s 
complete adjuvant (FCA) and Freund’s incomplete adjuvant (FIA) were utilized for the pri-
mary and booster immunizations, respectively, with the TiLV-seg4 protein in a 1:1 (V/V) 
ratio. Subcutaneous administration of the antigen was used at 200 µg antigen per animal; 
vaccination and booster shots were administered (Leya et al. 2021), and serum was taken. 
For the AGID test, 1.2% agarose gel was prepared with 8% NaCl in a glass slide (Valsalam 
et al. 2023); the center well was filled with the recombinant protein, the surrounding wells 
received the serum, and the slide was incubated in a humid box at RT for 48 h.

Western blot analysis of recombinant protein

To ensure the expressed recombinant protein of segment 4 western blot was generated, the 
protein was separated by SDS-PAGE and transferred to nitrocellulose membrane (Sigma) 
using the semi-dry electroblotting (trans-blot SD semi-dry transfer cell, Bio-Rad) appa-
ratus. Blocking was done overnight at 4  °C using the blocking buffer (5% non-fat dried 
milk in PBS buffer containing 0.05% Tween 20, PBST). The membrane was washed thrice 
in PBST and incubated with the PAb (1:500) in the blocking buffer for 1 h at RT. After 
repeating the washing steps, the membrane was incubated for 1 h at RT with the anti-rabbit 
IgG conjugated with HRP (horseradish peroxidase) (1:6000 dilution). After final washing, 
the membrane was treated with DAB (3,3ʹ-diaminobenzidine).

Indirect ELISA test development

For developing the protocol of indirect ELISA test (Lin 2015; Kohl and Ascoli 2017) for 
specific antigen detection, the standardization of the procedure was done by checkerboard 
titration of the PAb dilution (dilution range from 1:200 to 1:1600) and coating recombi-
nant protein dilution (dilution range from 1.56 to 25 µg); here, the recombinant protein was 
coated as antigen. Further standardization was done for the detection of TiLV antigen in 
tissue samples by another checkerboard titration of the PAb dilution (dilution range from 
1:200 to 1:1600) and the TiLV-positive tissue sample dilution (50 µg and 1.56 µg). At this 
step of standardization, for the validating ability of PAb for TiLV detection in infected tis-
sues, the tissue homogenate previously detected as TiLV positive by using the reverse tran-
scription-polymerase chain reaction (RT-PCR) was used. Further validation of the devel-
oped assay (for finding the diagnostic sensitivity and specificity) was done by testing the 
pooled (three in one) samples of the tilapia kidney (10 pools along with a blank negative 
control and goldfish kidney homogenate as tissue-negative control) and tilapia mucus (8 
pools) samples by both RT-PCR and indirect ELISA.

The detailed ELISA protocol was as follows. In a 96-well ELISA plate (Greiner Bio-
One), the wells were coated with the recombinant protein/tissue homogenate in the coating 
buffer and incubated overnight at 4 °C. The plate was washed thrice with washing buffer 
(PBST 0.01 M PBS, pH 7.2, 0.05% Tween 20). The unbound sites were blocked with BSA 
(5% bovine serum albumin, Genetix Biotech Asia Pvt. Ltd.) for 1 h at 37 °C, and washing 
was repeated as mentioned above. The PAb treatment was given for 1 h at 37 °C, and wash-
ing was done three times. The anti-rabbit IgG HRP conjugate treatment was given for 1 h 
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at 37 °C. After the final washing for about four times, the colorimetric detection was done 
using 100 µL TMB (3,3ʹ, 5,5ʹ-tetramethylbenzidine). The data were investigated using the 
Statistical Package for Social Sciences (IBM SPSS 22).

Result

Sequence analysis, antigenicity prediction, and structure validation of TiLV 
segment 4 protein

Multiple sequence alignment (CLUSTAL Ω) of the complete coding sequence of the seg-
ment 4 gene showed 100% similarity between two Israeli isolates, while other isolates have 
96–97% similarity at the nucleotide level, as shown in Supplementary Fig.  1. The anti-
genicity prediction of the amino acid sequence of the segment 4 gene showed an average 
antigenic propensity of 1.0362 and 15 antigenic determinants available in the sequence, as 
shown in Supplementary Fig. 2. The Ramachandran plot and secondary structure compo-
sition for the hypothetical protein validated the protein structure, as shown in Figs. 1 and 
2. The desired results obtained in Figs. 1 and 2 showed the functional significance of the 
conformation of the selected protein to determine the structure of recombinant segment 4 
protein produced in E. coli for successful expression. The Ramachandran plot showed the 
dense array of right-handed α helix; a moderate array of parallel, anti-parallel, and right-
twisted β sheets was found with only a few amino acids showing a left-handed α helix. The 
result showed the antigenicity being primarily located in the favored region of α-helix and 
β-sheet. Most of the protein part consisted of loops followed by helices and strands. The 
presence of interconnecting loops confirms the possibility for the recombinant protein to be 
produced in the native conformation.

Codon optimization of segment 4 nucleotide sequence

Since a heterologous host was used to express the protein, codon optimization was done by 
deleting rare codons within the selected segment and replacing them with another codon 
that the expression host prefers to use for the same amino acid. A 1065-bp long codon-
optimized artificial TiLV-seg4 gene was synthesized by GenScript company, as shown in 
Supplementary Fig. 3 (A) after codon usage analysis in the heterologous prokaryotic host 
(E. coli). The codon adaptation index (CAI) of the original gene in the desired expression 
host was 0.33, which was optimized to the CAI value of 0.97 in synthesized nucleotide 
intended for better expression of the desired gene. The optimized findings are shown in 
Supplementary Fig. 3 (B).

Cloning in pET‑28a( +) vector and expression in HiPurA™ BL21(DE3) cells

The synthesized codon-optimized TiLV-seg4 was amplified using primer pair (TiLV4-F 
and TiLV4-R) and RE digested; the expected size of the PCR product, i.e., 1065 bp for seg-
ment 4, was visualized in 1% agarose gel, as shown in Supplementary Fig. 4. Similarly, the 
pET-28a( +) vector was digested and ligated with the gene segment of interest to develop 
the pET-seg4 gene construct. A schematic representation of the cloning process is shown 
in Supplementary Fig. 5. The positive clones were selected, and the clone was confirmed 
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by RE digestion of the plasmid to release 1065 bp segment 4 of the TiLV gene from the 
5369-bp pET-28a( +) vector (Fig. 3). The segment 4 gene encoding a hypothetical protein 
was expressed as a recombinant protein using the expression vector in E. coli BL21(DE3) 
competent cells. SDS-PAGE was used to analyze the induced and uninduced samples 
with different induction periods, and the result showed a noticeable band corresponding 
to 35 kDa in the induced sample with a 12-h induction period. No protein was observed at 
a similar position for uninduced and induced samples with a 5- and 8-h induction period 
(Fig. 4). The protein was purified, and the yield was measured as 20 mg/L, which was low.

AGID and indirect ELISA test development using the PAb raised 
against the recombinant protein

The immune reactivity of the raised TiLV-seg4 PAb with the recombinant protein is 
shown by the line of precipitation in the AGID test (Fig. 5). The successful expression 

Fig. 1  Ramachandran plot generated from the amino acid sequence of TiLV-seg4 generated by SWISS-
MODEL Interactive Workspace
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of the segment 4 recombinant protein is confirmed by corresponding western blot as 
shown in Fig. 6. The optimized concentration of the recombinant protein per well for 
ELISA detection was 3.125 µg at 1:800 PAb dilution (Fig. 7). Similarly, the optimum 
RT-PCR positive tissue concentration for ELISA detection was estimated as 6.25  µg 
per well at 1:800 PAb dilution (Fig.  8). The developed assay was employed to detect 
TiLV in the pooled samples (kidney and mucus). The goldfish kidney homogenate as 
a negative tissue control showed no reactivity with PAb. The cutoff (mean of negative 
control + 3 × standard deviation) was calculated (Classen et  al. 1987) as 0.0751, and 
the results showed that 8/10 pools were positive in the kidney tissue (Fig.  9) and 6/8 
pools were positive in the mucus samples (Fig. 10), indicating 80% and 75% positive 
rate in the kidney and mucus samples, respectively. To assess the diagnostic sensitivity 
and specificity of the developed test, the results were compared with the RT-PCR test. 

Fig. 2  Secondary structure 
composition generated from the 
amino acid sequence of TiLV 
segment 4 by PredictProtein 
program

Fig. 3  Agarose gel electropho-
resis (1%) showing RE digestion 
(Nde I and Xho I) of pET-seg4 
showing the release of 1065 bp 
segment 4 of TiLV gene from 
5369 bp pET28 vector confirm-
ing the cloning. L: 1065 bp seg-
ment 4 gene released from 5.3 kb 
pET-28a( +) vector; M: gene 
ruler 1 kb DNA ladder (Thermo)
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The diagnostic sensitivity and diagnostic specificity of the current test were 82.35% and 
100%, respectively (Table 2).

Discussion

Disease diagnosis is a pivotal step in disease prevention, and developing a rapid diagnos-
tic tool is a requisite for health management in aquaculture. Of the different disease pre-
vention methods, vaccination stands out as one of the most effective and efficient meth-
ods compared to other preventive measures (Bedekar et  al. 2020). Recombinant protein 
vaccines are one of the recent approaches in vaccinology that can elicit both humoral and 

Fig. 4  SDS-PAGE (10% Tris-glycine) showing the expression of 35 kDa recombinant protein (segment 4); 
M-prestained protein marker (BLUeye-GeneDireX); UI1, 2, 3 un-induced samples of 5, 8, 12 h; I1, I2, I3 
induced samples 5, 8, and 12 h post-induction with 10 mM IPTG; I4: purified protein (̴ 35 kDa)

Fig. 5  Agarose gel immunodiffusion test: The line of precipitation is seen between healthy 1 (recombinant 
protein) and well 2 (PAb); wells 3 and 4 are prebleed and nonspecific rabbit sera, respectively
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cell-mediated immune responses when administered with a suitable adjuvant. Also, recom-
binant protein vaccines are suitable against viral diseases as they do not require handling 
live viruses (Kumari et al. 2018). To develop the recombinant protein, segment 4 of TiLV 
was selected as a model sequence as it was reported to have 12% structural homology with 
NA protein (transmembrane protein) of influenza A virus capsid (Criollo-Joaquin et  al. 
2019) and is believed to be a potential antigen of the virus. This structural homology may 
be due to the highly mutant viral capsid protein but maintaining a conserved domain within 
a subtype. Contrastingly, an analysis of the TM (transmembrane) domain by PSIPRED 
software showed that segment 4 does not have any transmembrane helix region (Acharya 

Fig. 6  Western blot detection of 
recombinant segment 4 protein 
(̴ 35 kDa) of TiLV using PAb. 
Lane M: ladder; lanes 1 and 2: 
segment 4 recombinant protein

Fig. 7  Indirect ELISA detection limits of the recombinant protein of segment 4 with various dilutions of the 
protein and PAb. Mean ± SE
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et  al. 2019). Mikalsen et  al. (2005) findings indicated that the viral capsid proteins of 
hemagglutinin esterase (HA) and NA are antigens against isavirus and influenza virus. 
Koren and Nylund (1997) explained that the NA played a vital role in virus replication 

Fig. 8  Indirect ELISA detection limits of TiLV in RT-PCR positive fish tissue extracts (pool of the kidney, 
liver, brain) with various tissue homogenates and PAb dilutions. Mean ± SE

Fig. 9  Application of the indirect ELISA test for detecting TiLV in pooled (three in one) kidney samples 
of tilapia (number of pools = 10). The OD values along the Y-axis represent the mean absorbance, and the 
values above the cutoff line are considered positive. Tissue homogenate from goldfish was used as a non-
specific control for the test. Samples are represented as M ± SD



6010 Aquaculture International (2024) 32:5997–6015

1 3

by releasing virion particles from infected cells by breaking down the sugars that bind the 
mature virion particles. Eichelberger et al. (2018) suggested that NA enzymes may be an 
excellent option for developing vaccines against Orthomyxovirus as antibodies against NA 
bind to conserved domains of virus subtypes, which protect against heterologous viruses. 
These reports further increased the probability of segment 4 coding for a significant anti-
gen of TiLV.

All available isolates (complete coding sequence) of segment 4 were retrieved from 
NCBI, and their similarities were analyzed using CLUSTAL Ω with a resultant sequence 
similarity of 96–87%. Phylogenetic analysis showed that the segment 4 gene of TiLV 
presents significant evolutionary proximity with the Dhori virus, an orthomyxovirus 
(Acharya et  al. 2019). In a previous study by Pulido et  al. (2019), it was found that the 
genome sequence of TiLV of the Peruvian isolate is 96.89–97.13%, similar to that of the 
Israeli isolates. As per the sequence analysis using programs like SWISS-MODEL, PRE-
DICTED ANTIGENIC PEPTIDES (Kolaskar and Tongaonkar 1990), and PredictProtein, 
the selected gene was expected to code for a significant viral antigen and is thus suitable 

Fig. 10  Application of the indirect ELISA test for detecting TiLV in pooled (three in one) mucus samples 
of tilapia (number of pools = 8). The OD values along the Y-axis represent the mean absorbance, and those 
above the cutoff line are considered positive. Samples are represented as M ± SD

Table 2  Diagnostic sensitivity 
and specificity of the indirect 
ELISA

a Diagnostic sensitivity of indirect ELISA vs RT-PCR = 42 of 51 or 
82.35%; diagnostic specificity of indirect ELISA vs RT-PCR = 3 of 3 
or 100%

Indirect  ELISAa RT-PCR
Positive ( +) Negative ( −) Total

Positive ( +) 42 0 42
Negative ( −) 9 3 12
Total 51 3 54
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for cloning and production of recombinant protein. All the antigenic propensity values 
greater than 1.00 are considered potential antigenic determinants that can elicit an anti-
body response (Hasan et  al. 2013), and the current study found the value for segment 4 
as 1.0362, which confirms the immunogenic potentiality of the hypothetical protein. “The 
capability to foresee epitopes from amino acid sequence data alone is potentially benefi-
cial, even though only a single determinant can be predicted with assurance for any given 
molecule” (Hopp and Woods 1981). Segment 4 showed the availability of 15 antigenic 
determinants, proving the future utility as a recombinant vaccine candidate.

The Ramachandran plot predicts the protein’s structural stereochemical property by 
ψ–ϕ main-chain torsion angles, and for a successful vaccine candidate, secondary structure 
characters play an essential role. The most common secondary structures of this hypotheti-
cal protein are helices and β-sheets where the antigenicity is predominantly positioned. In 
a previous study, a similar plot was generated for ROP16 for identification as a vaccine 
against Toxoplasma gondii; 84.64% of the amino acid residues were located in the favored 
region (Ghaffari et al. 2020). A recent study by Acharya et al. (2019) showed that all the 
fourteen predicted ORFs of the TiLV genome, including segment 4 ORF, consist of resi-
dues liable to be an alpha-helix and beta-sheet. The secondary structure generated using 
PredictProtein (Bernhofer et al. 2021) by analyzing the amino acid sequence of segment 4 
showed that the hypothetical protein is composed mainly of loops followed by the second-
ary structures helix and strand, respectively. The loops play a chief role in the conforma-
tional changes occurring in diverse domains of the protein by connecting the helices and 
strands (Papaleo et al. 2016).

The segment 4 gene sequence showed a low CAI value (0.33) for expression in E. coli, 
which may lead to a feeble expression by the host and requires a CAI value > 0.8. Hence, 
the sequence was optimized, resulting in a CAI of 0.97, which has a high expression 
level. In a previous study by Kathwate (2022), after codon optimization, a CAI of 1.0 was 
achieved for good probable expression of the vaccine in E. coli K12. Rare codons in E. coli 
signify less than 2–8% of their corresponding codon partners (Sahdev et al. 2008). Kane 
(1995) observed that clusters of codons such as AUA, AGG/AGA, CUA, CGA, and CCC 
can decrease the quality and quantity of expressed proteins. Goldman et al. (1995) further 
pointed out that introducing rare codons incompatible with heterologous host genome dur-
ing recombinant protein expression prompts the reduction in overall expression rate lev-
els. The codon optimization enhances protein expression by > 1000-fold (Mauro 2018). 
A previous study revealed that codon optimization significantly enhances the expression 
of the gene that codes for the F2 domain located within the erythrocyte binding antigen 
(EBA-175) of Plasmodium falciparum (Yadava and Ockenhouse 2003). Apart from the 
CAI value, the GC content of segment 4 was also optimized to prolong the half-life of the 
mRNA.

In a recent study, Criollo-Joaquin et al. (2019) successfully inserted the segment 4 gene 
(predicted NA gene) into the expression plasmid vector pCMV. The present study used a 
pET-28a( +) vector for cloning and expressing segment 4 of TiLV. The pET-28a( +) vector 
was also used (Rodiansyah et al. 2022) for cloning and overexpression of “staphylococcal 
enterotoxin B gene synthetic (SEBsyn)” as a therapeutic component against cancer cells. In 
this study, a band of approximately 35 kDa was observed for induced samples taken 12 h 
post-induction. This approximate band size confirmed recombinant protein expression, as 
the expected protein size for segment 4 was around 39 kDa when estimated using the DNA 
to Protein program (http:// insil ico. ehu. es/ trans late/).

The ELISA-based immunological detection tests can be employed with the advantages 
of avoiding all the upstream (RNA extraction, purity check, and cDNA synthesis) and 

http://insilico.ehu.es/translate/
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downstream (agarose gel electrophoresis) processes used for molecular detection, where the 
downstream processing is reduced as in the case of qRT-PCR; the cost required for testing 
mass scale sampling is affordable and less in ELISA than molecular testing (Valsalam et al. 
2023). Various ELISA-based detection techniques were developed by previous researchers for 
the diagnosis of several pathogens, for example, ELISA to detect Pasteurella piscicida in cul-
ture and in “spiked” fish tissue (Bakopoulos et al. 1997), rapid detection of fish rhabdoviruses 
by ELISA (Dixon and Hill 1984), and rapid detection of VHSV (viral hemorrhagic septice-
mia virus) in fish by ELISA (Olesen and Jørgensen 1991). A recombinant protein (S8)–based 
indirect ELISA test for anti-tilapia lake virus IgM detection in sera was earlier developed (Hu 
et al. 2020). The present study portrayed the possibility of using recombinant protein from 
segment 4 of the virus as a possible means of diagnostic test development. Another recombi-
nant protein from TiLV segment 8 (VP20) was tested as a vaccine candidate in tilapia, and the 
findings showed that the recombinant protein, along with the corresponding DNA vaccine, 
was more effective compared to the separate administration (Zeng et al. 2021).

The segment 5 and 6 proteins  (S5196-272 and  S6200-317) of TiLV were expressed in E. coli 
and proved to be a potential vaccine candidate for Nile tilapia (Lueangyangyuen et al. 2022). 
A specific 36-kDa protein band from segment 4 of TiLV was immunogenic in the survivors 
of TiLV-infected tilapia by Tattiyapong et al. (2020). The potential of the current recombinant 
protein (segment 4) needs to be further tested to prove the above findings. The ELISA test in 
the present study showed a very sensitive cutoff for effectively identifying the diseased fish. 
An indirect ELISA test earlier developed for the TiLV detection using the TiLV-Ab raised 
against the whole viral proteins showed 92.3% and 89.7% positive rates in the tested pools of 
mucus and kidney, respectively (Valsalam et al. 2023), whereas the TiLV-seg4 PAb in the cur-
rent study resulted in 75% and 80% positive rates in the mucus and kidney pools, respectively, 
with high specificity. The study was conducted to investigate the suitability of anti-segment 
4 PAb for detection of the TiLV antigen in tissue homogenate (protein concentration ranging 
from 50 to 1.56 µg). At present, the protocol developed is for a qualitative test; however, the 
assay can be upgraded for the quantitative detection (protein concentration) of the virus by 
establishing the reference standards of known virus copy number and recombinant protein.

Conclusion

The pET-seg4 containing codon-optimized synthetic TiLV-seg4 was successfully expressed 
in BL21(DE3) competent E. coli cells by IPTG induction and analyzed by SDS-PAGE. 
The segment 4 recombinant protein (35 kDa) of TiLV can be used as a positive control for 
developing various immunodiagnostic methods for virus detection and can be tested as a 
recombinant vaccine for immunizing tilapia. The application of the recombinant protein as 
a tool for the ELISA test development is shown in the present study.
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