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ARTICLE INFO  ABSTRACT   
  

 
 
 

The genome availability for cichlid species of the subfamily Pseudocrenilabrinae, including 
Oreochromis niloticus can help develop robust molecular tools to address questions related to the 
conservation and management of O. niloticus in its invasive range and O. mossambicus in its natural 
range. The objectives of this study include (1) identifying the best candidate orthologous genes 
among Pseudocrenilabrinae using gene ontology and a dedicated filtering strategy, (2) mining coding 
sequences for these candidate genes from O. niloticus reference genome, and (3) in-silico testing of 
the gene-capture custom panel for Pseudocrenilabrinae. Combining a literature survey and sequence 
mining from the Genbank database based on 14 ontologies, we identified 2,040 candidate genes. We 
excluded genes not annotated in the O. niloticus genome, without orthologue in the Human Genome, 
with exons smaller than 300 bp, that were on scaffolds that failed to map to a chromosome or 
presented gaps in the alignment. The coding sequence of remaining 247 genes was mined from the O. 
niloticus genome and transferability across available species of Pseudocrenilabrinae was successful 
(coverage ~99%). This panel represents an important molecular resource for the family and should 
open new perspectives for the assessment of introgressive hybridisation between O. niloticus and O. 
mossambicus. 
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INTRODUCTION 
 
 

The publication of five cichlid genomes within the subfamily 
Pseudocrenilabrinae (Haplochromis (Astatotilapia) burtoni, 
Maylandia zebra, Neolamprologus brichardi, Oreochromis 
niloticus, and Pundamilia nyererei; Brawand et al. 2014) 
make the development of low cost genomic molecular 
resource possible (Conte et al. 2017; Jaser et al. 2017; Lind et 
al. 2017). Besides, a growing number of studies have used 
available reference genomes to target candidate genes of 
interest in flatfishes, Nile tilapia and Rainbow trout (Van Bers 
et al. 2012; Xia et al. 2014; Neto et al. 2019;  Mwaura et al. 
2023; Atta et al. 2022). A large number of SNPs have already 
been detected in O. niloticus, including some belonging to 
candidate genes and genomic regions involved in pathways 
under selection (Van Bers et al. 2012; Palaiokostas et al. 2013; 
Xia et al. 2015; Ciezarek et al. 2022;  

 
Mwaura et al. 2023). SNP panels have also been developed in 
farmed O. niloticus for the determination of complex genetic 
traits (Yáñez et al. 2020; Wenne, 2023). It should then be 
possible to make use of these fully sequenced genomes of 
cichlid species to identify candidate SNPs in a related 
nonmodel species like Oreochromis mossambicus. Exon 
capture is an approach used to capture single-copy coding 
sequences across a range of species either wild or 
domesticated (Bi et al. 2012; Li et al. 2013; Hughes et al. 
2021). It requires the available genomic resource of one of the 
species as a reference (Hodges et al. 2007). It has been used to 
investigate evolution in cichlids using phylogenomic 
approaches (Ilves and Lopez-Fernandez, 2014; Ilves et al. 
2018; Jiamei et al. 2019), to identify candidate genes 
associated with diseases (Cosart et al. 2011), or to identify 
fitness traits in the wild (Cosart et al. 2011; Roffler et al. 
2016).  
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It has been applied in phylogenetic and evolution studies on 
cichlids (Ilves and Lopez-Fernandez 2014; Song, et al. 2017). 
It is yet to be used to study introgressive hybridization, which 
is a major problem for O. mossambicus in the south-eastern 
region of Africa. It would be ideal to design an automated, 
inexpensive, and reliable molecular tool with a broad range of 
applications in cichlid breeding programs, especially when 
native species are under threat of genetic extinction (Bradbeer 
et al. 2019; Tibihika et al. 2020; Mojekwu et al. 2024). Using 
exome capture methods, the amount of genomic data (exon 
sequences) is smaller than when using data from full genomes, 
which makes it easier to manipulate and analyse. Moreover, 
there is higher confidence in the data as the coverage becomes 
very high with a smaller number of markers. Finally, as these 
regions express segments of the genome that code for proteins, 
exons are generally highly conserved, which highly reduces 
the chance of missing genotypes, even when the target species 
are phylogenetically distant from the focal species (Cosart et 
al. 2011; Mason et al. 2011). The aim of the study is to design 
an exome gene capture panel that would work within the 
cichlid subfamily Pseudocrenilabrinae, and help us address the 
question of introgressive hybridization between O. 
mossambicus and O. niloticus. To achieve this, we used the 
genomic resource available for the genus Oreochromis (O. 
niloticus reference genome, and O. mossambicus 
transcriptome data) to address three objectives: (1) identifying 
multiple candidate orthologous genes among 
Pseudocrenilabrinae using gene ontology search  from 
literatures and mining of the NCBI gene database ; (2) mining 
coding sequences for these candidate genes from O. niloticus 
reference genome; 3) in-silico testing of the  gene-capture 
custom panel for transferability of these markers across the 
cichlid subfamily Pseudocrenilabrinae . This genomic tool will 
help, among other things, with the detection of introgressed 
genes within the Pseudocrenilabrinae subfamily in the cichlid 
family. 
 

MATERIALS AND METHODS 
 
Identification and Data capture of potential target genes: 
Our initial approach was to identify potential target genes from 
the Genbank database and literature searches of previous 
studies. In the NCBI gene database, the gene ontology (GO) 
and functional search term used was (Oreochromis niloticus 
[orgn]) (“term”) combined to GO search terms that included 
Carbohydrate metabolism, Cold, Disease, Drug resistance, 
Growth, Heat shock, Lipid metabolism, Protein metabolism, 
Salt, Sex, Stress. Other search terms in the database were 
included for Conserved single copy, Regulators and, 
Ubiquitous, sorted in our spreadsheet with the prefix “Z-“ 
(Table 1). From the literature search, additional genes for 
comparability across vertebrates were added and tagged as “V-
”. These were comprised of genes previously studied in O. 
mossambicus (Cnaani et al. 2007; Hiroi et al. 2005) and  genes 
previously used in vertebrate phylogenies (Brawand et al. 
2014). The metadata recovered from the NCBI Gene database 
was as follows: Gene (name) abbreviation, Gene ID, 
description, GO keywords (used in searches) or comparative 
source (Orenil1.1), Chromosomal Scaffold, Sequence ID, 
coordinates & genomic span, Number of annotated 
orthologues (for the human equivalent), Number of exons, 

CDS length in first 15 exons, first 15 exons start and 
endpoints, lengths of each of the first 15 exons (Table S.1).  
 
Filtering targets: Several steps were followed to obtain single 
copy loci with orthologues across vertebrates. These steps 
include: (a) Including only fully annotated genes from 
Orenil1.1 genome assembly (#PRJNA59571) with a verified 
human orthologue (i.e. different from the form LOCXXXX), 
with theexceptions of genes included for comparative reasons 
tested through Blast and confidently identified as single copy; 
(b) Excluding genes with fewer than 50 annotated vertebrate 
orthologues out of a total of 709 (available on NCBI as of [3rd 
December 2015]; (c) Excluded genes found on scaffolds that 
failed to map to a chromosome of Orenil1.1; (d) Excluded 
genes with smaller than 300 bp of CDS. The remaining 
candidate genes were then sorted by length of the first exon 
(Table S.1). 
 
Conservation across vertebrate taxa: Danio, Xenopus, 
Gallus & Homo For the design of the BED file of variant sites 
and for identifying conserved regions to target (300 bp 
segments), tests to verify the conservation across cichlid fish 
and vertebrates were performed following three approaches: 1) 
BLAST algorithm, 2) Mapping to four cichlid fish genomes, 
3) Mapping to four other vertebrate genomes. Target exons 
were BLASTed against the NCBI nucleotide database to check 
for errors in assembly coordinates and exon annotation. The 
results were saved in MEGA 7 (Kumar et al. 2017). Then 
aligned the target Orenil1.1 exon sequence against cichlid fish 
genomes and four other vertebrates (Danio, Xenopus, Gallus 
& Homo). All the target exon alignments were checked to 
verify their reading frame. Furthermore, the sequence 
coordinates on NCBI (nucleotide) were checked; with 
coordinates and alignment adjusted/extended/reduced as 
needed for coding. The condition for the reference sequence 
was the absence of gaps in alignments. If any alignments 
showed the presence of gaps in Orenil1.1, it was corrected for 
the reading frame when possible (to be inframe) and saved as 
<gene_Orenil Xbp gap.mas>. The Orenil1.1 gap codon were 
then deleted from the alignment but left any gaps in other 
species. This modified alignment was saved as <gene.mas>. 
The variable nucleotides (nVar), variable amino acids 
(AAvar), and sites with a gap (Gaps_bp) were recorded in the 
excel data file. All alignments were also saved in FASTA 
format <gene.fas>. We designed several procedures for 
checking alignments and genome coordinates of targets and 
specifying variants across the alignments (details in Table 
S.1). 
 
Checking target annotations in other cichlid genomes: 
Initial attempts to align targets across vertebrates failed to 
identify conserved regions to target (300 bp segments). 
Subsequently, all target sequences were aligned across all five 
available cichlid genomes. The input made in NCBI 
(nucleotide) were, the coordinates for the target exon (small to 
large) and the coding strand (reverse complement or not) to 
check if the resulting sequence is annotated as a coding 
sequence. Then, blast by clicking the Run BLAST Under 
Analyse this Sequence on the right-hand side (RHS) to go to a 
new page, blast was against nucleotide nr/nt database (for all 
species or optionally Pseudocrenilabrinae to restrict hits to 
related organisms) using default parameters. Followed by a 
Search for sequences from the five-reference species 
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(Pseudocrenilabrinae) according to Brawand et al. (2014): 
Pundamilia nyererei (Lake Victoria), Maylandia zebra (Lake 
Malawi), Astatotilapia [=Haplochromis] burtoni (Riverine 
East African, Malagarasi, etc.), Neolamprologus brichardi 
(Lake Tanganyika), Oreochromis niloticus (Riverine – 
Nile/Niger systems) in phylogenetic order as successive sister 
groups. Where there are multiple RNA variants, select the best 
match (first on the list).  
 

RESULTS AND DISCUSSION 
 
Identification of target genes and CDSs: Our search based 
on databases and previous studies (Brawand et al. 2014; 
Cnaani et al. 2007; Hiroi et al. 2005) helped identify a total of 
2,040 potential target genes, which represent 14 Ontologies 
(Table 1). These genes have been associated with specific 
adaptation and susceptibility (Cold (14), Disease (63), Drug 
resistance (17), Growth (487), Heat shock (160), Salt (7), Sex 
(27), Stress (49)), have been shown to be involved in various 
metabolic pathways (Carbohydrate metabolism (65), Lipid 
metabolism (129), Protein metabolism (476)), or have been 
linked to various functions and structure throughout the 
genome (Conserved single copy (81), Regulators (431), 
Ubiquitous (19)). Additional genes were included for 
comparability across vertebrates ranging from O. mossambicus 
(3) to vertebrate phylogenies (12). Filtering steps excluded 
1,224 genes that were not fully annotated and without a human 
orthologue. We also excluded 107 genes that were unmapped 
to scaffolds and genes that were annotated in fewer than 50 
vertebrate genomes. We finally excluded gene predictions 
found in the Orenil1.1 genome assembly but without a human 
orthologue (only fully annotated genes, not of the form 
LOCXXXX). This was done to overcome the issues of stop 
codon caused by poor genome annotation (Jiamei et al. 2019) 
and paralogue (Li et al. 2012) which can lead to difficulty in 
identifying open reading frame(s) (ORF). Exceptions involve 
slc12a2, sox14  genes studied in O. mossambicus and 12 genes 
for vertebrate phylogenies, included for comparative reasons 
but were all initially confirmed througth BLAST search. This 
search excluded possible paralogues to confidently target 
single copy genes (Yuan et al. 2016). There were 260 target 
genes left after removing 449 genes that had any exon with a 
CDS below 300bp (CDS <300 bp). Exceptions concern two 
target genes with short exon lengths (foxred1 and itbp3 with 
exon lengths 255 and 273, respectively) that were kept to 
compensate for the low representation of target genes on 
chromosome LG10 (Table 1). The final 247 gene targets were 
obtained after removing 13 genes with sites that were highly 
variable > 6%, noncoding, or with the presence of gaps. The 
percentage distribution of target genes on the chromosomes of 
the reference genome of Oreochromis niloticus showed the 
presence of more than one gene on each chromosome (Figure 
1). Majority of the target genes (67%) were distributed to 15 
chromosomes while the remainder (33%) were distributed 
among nine chromosomes. The selected 247 genes were 
represented with an ideogram which showed that the number 
of genes ranged from three for LG3 to 21 for LG7 (Figure 2). 
Targeted genes for disease  resistance/susceptibility were 
found on eight chromosomes while genes for drug resistance 
were only present on LG10 and, LG5 (Table 2). Genes for 
growth were present on all the chromosomes except LG3 and 
LG8.  

 
 

Figure 1. The percentage distribution of target genes on the 
chromosomes of the reference genome of Oreochromis niloticus. 
Majority of the target genes (67%) were distributed to 15 
chromosomes while the remainder (33%) were distributed among 
nine chromosomes.LG7 (9%) has the highest percentage of the 
target genes while LG3 has the least number of target genes 
 
However, some of the genes for growth also represents other 
ontologies for Conserved single copy), Disease, Regulator, 
Sex determination, Stress and vertebrate phylogeny (Table 2). 
Some of the genes represents more than one ontologies as the 
number of genes associated with each ontology is indicated on 
Table 2; Heat shock (23), Protein metabolism (35), Protein 
metabolism/Carbohydrate (11), Protein metabolism /Lipid 
(16), Protein metabolism /Regulator (2), Salt tolerance (2), Sex 
determination (10), Stress (8), genes found in O.mossambicus 
(sox14 and slc12a2) for comparability, Vertebrate Phylogeny 
(8), Conserved single copy (7), Regulator (12), Ubiquitous (7),  
and Ubiquitous/ Regulator (11). 
 
The study by Jiamei et al. (2019) suggested that more 
appropriate annotation of the tilapia genome should be 
performed to ascertain if targeted exons are coding regions or 
not. To only keep guenuine CDS in thepresent panel, we only 
selected genes that were fully annotated with more than 50 
annotated vertebrate orthologues. This has also helped us 1) 
checking if the CDSs are inframe, 2) verify the coordinates of 
the targeted exons in NCBI (See Table 3 protocols), and 3) 
eliminate selected sequences that are untranslated or 
duplicated. Paralogue genes could be erroneously used as 
orthologs, especially with phylogenomic data, and there is no 
set method to validate loci orthology assembled from Next 
Generation Sequence (NGS) (McCormack, et al. 2013; 
Chakrabarty, et al. 2017). However, recent studies were able 
to eliminate potential paralogues by finding the best reciprocal 
hits between assembled contigs and a reference genome of 
Oreochromis niloticus with the Perl script reblast.pl. (Yuan et 
al. 2016; Atta et al. 2022).  
 
Conservation across vertebrates: BLAST searches from the 
Orenil 1.1 query often failed to find matches in Danio, 
Xenopus, Gallus, and Homo genomes. Our primary reference 
genome was Oreochromis niloticus (Cichlidae: 
Pseudocrenilabrinae) Orenil1.1 (GCA_000188235.2 from 
Broad Institute, USA). After filtering, a single exon coding 
sequence (each ~300 bp) was selected from each of the 247 
genes. The selected exons must be atleast 300bp upwards, with 
exceptions of two genes foxred1 (255bp) and ltbp3 (273bp) 
included to increase the coverage of LG10.  
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Figure 2. Ideogram illustrating the distribution of the 247 selected target genes on the 23 chromosomes of O. niloticus 
 

 
 

Figure 3 (a). Alignment of the sequences of .gene abcg4 (Drug resistance)  LG10, from Oreochromis niloticus with the four 
reference species (Pseudocrenilabrinae; after Brawand et al. 2014). (b).Translation of the gene into protein-coding sequences to 

verify that they are in-frame and without gaps 
 

Table 1. Potential target gene ontologies captured in the O. niloticus genome (#PRJNA59571). “Z-“ is a prefix used for other 
search terms. V- is a tag used for genes added for comparability across vertebrates 

 
S/N Gene ontology Initial 

Number of 
genes 
checked 

Single copy Genes 
with orthologues 
across vertebrate  

Unplaced 
genes 
(UNK) 

Genes with an exon > 
300 bp CDS exceptions 
to 2 genes in LG10 
after filtering 

Removed genes with high 
variable sites >6%, 
noncoding and gaps 

Final Targets 
captured 
 

1 Carbohydrate metabolism 65 34 5    
2 Cold tolerance 14 9 2    
3 Disease 63 26 0 11  11 
4 Drug resistance 17 6 1 2  2 
5 Growth 487 191 22 83  4  79 
6 Heat shock 160 88 17 25 2 23 
7 Lipid metabolism 129 60 6    
8 Protein metabolism  476 242 33 67 3  64 
9 Salt tolerance 7 2 0 2  2 
10 Sex determination 27 17 2 12 2 10 
11 stress 49 19 3 8  8 
12 Z- Conserved single copy 81 35 6 8 1 7 
13 Z- Regulators 431 59 7 14 1 13 
14 Z- Ubiquitous 19 28 3 18  18 
15 V- O. mossambicus 3   2  2 
16 V- Vertebrate phylogeny  12   8  8 
Total 2040 816 107 260 13 247 
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Figure 4. Output example of the Ion AmpliSeq Designer
highest coverage
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Designer website. We illustrate various amplicons for which we selected high specificity,

coverage of 99.86% for the solution ID IAD97843_197 (highlighted in blue) 
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Table 2. The number of targets genes captured on each chromosome in the O. niloticus genome and gene names withmore than one ontology, details at supplementary Table S.1. 

 
S/N Gene ontology Number of  

target Genes 
Chromosomes  Gene names with more than one ontology* 

 
1 Disease 

resistance/susceptibility 
11 LG6, LG8-24, LG9, LG11, LG14, 

LG15, LG18 and LG22 
Disease (lrp11) *, 
Growth(whsc1) *, 
 ice1,bace1,phldb1,Ica5,npc1,gpnmb,pkd2,pkd, rab11fip3, and kiaa1462 

2 Drug resistance 2 LG10 and,LG5 abcg4 and ppp4r1 
3 Growth 79 Present in all except LG3 and LG8 Conserved single copy (gas2l1, gas2l3) *, 

 Disease (whsc1) * 
Regulator (nr4a2) * 
Sex determination (amh) * 
Stress(osgin2) *,  
Vertebrate phylogeny(prlr, tyr) *,  

4 Heat shock 23 Present in all except LG1, LG2, LG4, 
LG9, LG10, LG22, LG23 

dnajc28,hspb8, 
dnajb5,hsp90b1,mlh1,hspa13,serpinh1,hsp90ab1,hspd1,hspbap1,pms1,dnajb9,dnajc6,dnajb4,gorasp1,mlh3,dnajc22,hspa12b,dnajc14, 
dnajb1,dnajc25,dnajc21,pms2, 

5 Protein metabolism (35)  
/Carbohydrate  
/Lipids 
/Regulator 

64 Present in all except LG17 Carbohydrate (11) *,  
Lipids (16) *,  
Regulator (2 )(srf  andmef2a) * 

6 Salt tolerance 2  LG14 sik2 and  sik3 
7 Sex determination 10 LG2, LG3, LG4, LG9,LG11,LG15, 

LG16-21, LG17, LG19 
sox4,sox7,sox21,sox2,sox11,asxl2,sox3,dmrta1,sox10,sox17 

8 Stress 8 LG5, LG7, LG8-24, LG12, LG13, 
LG17, LG19, LG20 

Heat shock (dnaaf2)*  
wscd2,rel,wink1,wink3,oser1,herpud 1,wnk4, 

9 Conserved single copy 7 LG2, LG4, LG12, LG13,LG16-21, 
LG17 

specc1l,ehbp1,lmo7,nav3,smtnl1,limch1,micall2 

10 Regulators 13 LG2, LG7, LG11, LG12, LG14, 
LG15, LG16-21, LG18, LG20, LG22, 
LG23 

nr0b2,mef2d,mef2c,pgr,ccnl1,hmbox1,ccnt2,cables1,ccnjl,ccnt1,ehmt2,mef2b,brf2 

11  Ubiquitous 18 LG1, LG5, LG6, LG7, LG9, LG11, 
LG12, LG14, LG16-21, LG17, LG20, 
LG8-24, 

Regulator (eomes,tbx20,tbx1,tbx5,tbx2,tbx4,tbr1,tbx15,tbx22,tbx3,tbx21) *, 
infatc3,irf8,creg1,irf5,nfatc2,irf6,irf9 

12 O. mossambicus 2 LG7 and  LG23 sox14 and slc12a2 
13 Vertebrate phylogeny  8 LG1, LG16-21, LG7, LG19, LG20, 

LG23, LG8-24 
mc1r,cxcr4,slc8a3,rhodopsin,pomc,rag1, rag2,g6p 

Total 247   
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Hence, the selected exons ranged from 255-2571bp, 
distributed across the primary reference genome, and 
representing a total of around 154,335bp (Table S.1). The 
target sequences could not be recovered from these study 
models, making it difficult to align  sequences of the study 
models with the Oreochromis niloticus genome to verify the 
utility of the marker across vertebrates. This is surprising since 
designed primers from a single reference species have been 
successful in capturing sequences that are orthologs across 
divergent sets of species (Hedtke et al. 2013; Ilves et al. 2018; 
Jiamei et al. 2019; Atta et al. 2022). 
 

Conservation among cichlids: For the comparative genomic 
approach, the reference genome of several cichlid species of 
the subfamily Pseudocrenilabrinae have been used. These 
includes the species Neolamprologus brichardi (NeoBri1.0; 
GCA_000239395.1), Haplochromis (Astatotilapia) burtoni 
(AstBur1.0; GCA_000239415.1), Pundamilia nyererei 
(PunNye1.0; GCA_000239375.1), Maylandia zebra 
(M_zebra_UMD1; GCA_000238955.3), all generated in a 
previous study on the radiation of African cichlids (Brawand 
et al. 2014). All targets were highly conserved across the five 
reference genomes of cichlids and the fraction of sites that are 
variable across these exons (average variable sites) were 3.3%.  
For each of the five species and 247 targeted genes, the 
FASTA file was downloaded, combined, and aligned in 
MEGA 7 (Figure 3; Table S.2). Targets were selected from the 
conserved region across five cichlid genomes to avoid data 
from non-coding flanking regions and problems of alignment 
difficulty, which probably increase the chance of success of 
the panel design. The further away the sequences are from the 
conserved core region, the higher the polymorphism (Faircloth 
et al. 2012). This conservative procedure also addresses some 
issues raised when using whole-genome sequencing data such 
as collecting and processing SNPs data that occur in 
noncoding regions (Brown and Lemmon 2007; Fan et al. 
2011; Jiamei et al. 2019). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Custom Panel Design: The panel was designed using the 
Ampliseq website www.lifetechnologies.com/ 
ampliseqcustom) by uploading the reference genome Orenil1.1 
together with the list of specified target exons including 500bp 
flanking regions and a BED file. The BED file is the list of 
exons with the start (ExonTa), and end coordinates (ExonTz). 
From the output the best amplicon panel provided 
(IAD97843_197) had high specificity standard DNA solutions  
a panel size of 188.56 kb, covering 99.86% of the target 
sequencesand divided into 689 amplicons. These would be 
split into two pools (~350 & 339) and with standard DNA 
amplicon ranging between 125-375 bp (Figure 4).The 
amplicons was checked using in-silico PCR available from 
UCSC websites (https://genome.ucsc.edu/) to test the design 
against a range of customs and our standard reference genome. 
This was done to test the transferability of the markers across 
other families of cichlid but was only successful for the 
Pseudocrenilabrinae. Steps for the captured data on variance 
across the alignment are in the protocol (Table 3) and saved on 
the Spreadsheet (Table S.1), with sequence data in Table S.2. 
 
Application for the conservation of O. mossambicus in its 
natural habitats: The Oreochromis niloticus genome, a major 
invasive species involved in the threat on Oreochromis 
mossambicus due to aquaculture utilization represents an 
excellent resource (Marr et al., 2017; Bills, 2019). The 
existence of this genome allowed the accurate mining of 
coding sequences with exact exon coordinates of genes with 
known functions (Brawand et al. 2014). Selecting multilocus 
genes from its genome will be more efficient in detecting the 
presence of those genes in other species and address 
introgressive hybridization (Ciezareket al. 2022). SNPs have 
been used to discriminate between tilapia species and analyse 
hybridization. Several studies have shown that SNPs has been 
applied to detect hybrids, capture the genetic diversity in  
diverse populations of both wild and aquaculture Oreochromis 
species (Joshi et al. 2018; Syaifudin et al. 2019; Peñaloza et 

Table 3.  Protocol for checking alignments and genome coordinates of targets 
 

A        Finding the Reference Genome sequence 
1.Record the coordinate of the target gene in the O. niloticus reference genome in NCBI. 
2.Record the coordinate of the nucleotide sequences of the CDS in the FASTA format for the target exons, ensuring its functionality. Save this fasta 
sequence as. fas or. mas. 

B Check the translation frame of the target fragment and update coordinates 
1.Open the saved NCBI fasta sequence in MEGA alignment explorer, translate to Protein Sequences using the Standard Genetic Code Table, confirm if 
it is in Frame (in a frame: the first triplet is the first codon) and if the initial or final AA sequences positions are not ambiguous (or had?), otherwise 
correct the target exon coordinates for the frame. 
2.After correcting the selected region coordinates, check that the translated sequence matches that in the GenBank record and correct the exon 
boundaries in the record datasheet (decrease start coordinates CDS#a, and/or increase end coordinate CDS#z). 

C Finding homologues in selected relatives with BLAST 
1.BLAST against NCBI Genomes database (all species or optionally Pseudocrenilabrinae to restrict hits to related organisms) using default parameters. 
Harvest hits to the selected comparative genomes and If there are multiple hits for a species, choose only the first of these (the best match, lowest E 
value) as this is evidence for gene duplication. Copy each FASTA format sequence and paste these as new sequences in the MEGA alignment.  
2.If no hit was found on one or more of the target taxa, BLAST against the Refseq genomic or Change the Database to nucleotide collection (nr/nt). 
There will often be multiple transcript variants; choose the first of these from the target species (best match). 

D Searching directly for genomic sequences of this CDS in a related species  
1. Alternatively, go directly for the genomic sequence of this gene (if it is annotated), check the first CDS feature and calculate whether the exon length 
roughly matches our reference target in MEGA and adjusts the coordinates to match ends. 
2. Copy the FASTA sequence and paste this into our alignment panel. 

E Alignment of related sequences in MEGA 
1.For closely related sequences initial alignment is best done by eye or use either Clustal or Muscle algorithms. Translate the sequence without any 
gaps and are in a frame. 
2.Save the alignment session in MEGA as <genename.mas> (e.g. “dnajb1.mas”) and export in a FASTA format as <genename.mas> (e.g. 
“dnajb1.mas”). 

F Capturing data on variance across the alignment 
1.Record the number of variable nucleotide sites, gap sites and variable AA sites from the MEGA data explorer.  

 I have now finished checking this gene! Hence this was done for all the selected genes targets.This was the protocol used in this chapter for alignment, 
nucleotide database check for errors in assembly, coordinates, exon annotation and variance alignment. 
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al. 2020; Yáñez  et al. 2020). However, some of the 
techniques like RAD and SNP arrays, applied in these studies 
are either showing under-representation of heterozygotes 
(Davey et al. 2013) or limited comparative applicability across 
with cumbersome SNP selection criteria (Davey et al. 2013; 
Robledo et al. 2018). Recent study using genome wide SNPs  
established hybridization between farm and native  species of 
Oreochromis in Tanzania (Ciezareket al. 2022). Though, the 
study was limited to a country’s geographical location as some 
of the genus diversity from other native areas such as the  O. 
mossambicus was not captured on the SNP panel.  The 247 
genes captured in this study will be a molecular resource in 
addressing introgressed genes of Oreochromis niloticus into 
the O. mossambicus in South Africa where the former has 
been invasive (D’Amatoet al. 2007; Moralee et al. 
2000;Deines et al. 2014; Mashaphu et al. 2024;  Mojekwu et 
al. 2024). Our panel targeted only a single copy of fully 
annotated genes with more than 50 annotated vertebrate 
orthologues and checked if the CDS of the exons captured are 
in the right coordinates. Eliminating selecting sequences that 
are paralogues, which could be mistakenly used as orthologs 
since there was no set method to validate loci orthology 
assembled from Next Generation Sequence (NGS) at the start 
of this project (McCormack, et al. 2013; Chakrabarty, et al. 
2017). However, current studies have applied bioinformatics 
pipelines to address the challenges of paralogues (Yuan, et al. 
2019; Hughes, et al. 2021; Ciezarek et al. 2022). Secondly, 
our targets were selected from the conserved region across five 
cichlid genomes to avoid data from non-coding flanking 
regions giving more credence to the panel designed. This 
conservative procedure also addresses some issues raised 
when using whole-genome sequencing data such as collecting 
and processing SNPs data that occur in noncoding regions 
(Brown and Lemmon 2007; Fan et al. 2011; Jiamei et al. 
2019). Perhaps, our targets can be applied to other 
Oreochromis species and broadly across other cichlids.The 
captured targets will also serve as a good tool for more panel 
design to detect O. niloticus genes in both wild and cultured 
stocks. Hence, the determination of diversity across wild 
stocks and safeguarding pure refugial areas will be of 
importance to ecologists, conservation biologists, and the 
aquaculture industry. There is still a lot to do but this panel 
produced synthetic amplicons with high coverage and 
specificity, that will give improved, efficient results using 
NGS (Figure 4). 
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