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Abstract 

Mitochondrial DNA (mtDNA) has formed the backbone of phylogeographic research for many years, 

however, recent trends focus on genome-wide analyses. One method proposed for calibrating 

inferences from noisy Next-Generation data, such as RAD sequencing, is to compare these results 

with analyses of mitochondrial sequences. Most researchers using this approach appear to be 

unaware that many Single Nucleotide Polymorphisms (SNPs) identified from genome-wide sequence 

data are themselves mitochondrial, or assume that these are too few to bias analyses. Here we 

demonstrate two methods for mining mitochondrial markers using RAD sequence data from three 

South African species of yellowfish, Labeobarbus. First, we use a rigorous SNP discovery pipeline 

using the program STACKS, to identify variant sites in mtDNA, which we then combine into 

haplotypes. Secondly, we directly map sequence reads against a mitochondrial genome reference. 

This method allowed us to reconstruct up to 98% of the Labeobarbus mitogenome. We validated 

these mitogenome reconstructions through BLAST database searches and by comparisons with 

cytochrome b gene sequences obtained through Sanger sequencing. Finally, we investigate the 

organismal consequences of these data including ancient genetic exchange and a recent 

translocation among populations of L. natalensis, as well as interspecific hybridisation between L. 

aeneus and L. kimberleyensis.  
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1. Introduction 

Mitochondrial DNA (mtDNA) sequencing has long been the mainstay of phylogeographic analysis in 

vertebrates due to the combination of high mutation rates, the absence of recombination and 

effectively haploid, uniparental inheritance (Avise, 1986; Avise et al., 1987; Bermingham & Avise, 

1986; Brown, George, & Wilson, 1979; Wilson et al., 1985). This fortuitous confluence of factors leads 

to rapid lineage sorting within populations and divergence among locations, thus making mtDNA 

sequences uniquely informative on geographic structure and population history (Avise, 1986; Avise 

et al., 1987; Avise, Bermingham, Kessler, & Saunders, 1984; Bermingham & Avise, 1986). However, 

mtDNA polymorphisms also contribute to variance in fundamental physiological and developmental 

components of fitness such as metabolic performance and age related disease (Avise et al., 1987; 

Ballard & Whitlock, 2004; Wallace, 2008). As a single recombinational locus it is difficult to separate 

effects of population history and geography from that of selection on standing variation in mtDNA 

(Ballard & Whitlock, 2004). 

More recently mtDNA has experienced resurging popularity as a well understood landmark in 

phylogeographic analyses, for comparison with genomic data from non-model species (e.g. Jeffries et 

al., 2016; Macher et al., 2015; Moura et al., 2014; Puckett, Etter, Johnson, & Eggert, 2015; Streicher 

et al., 2014). In contrast to mtDNA, mutations are less frequent in the nuclear genome and sorting of 

polymorphisms is slower (Brown, George, & Wilson, 1979; Funk & Omland, 2003; Wilson et al., 

1985). Consequently, most short genomic sequences show low variation and are relatively 

uninformative on population history and structure (Edwards & Bensch, 2009; Toews & Brelsford, 

2012). Although the use of large numbers of Single Nucleotide Polymorphisms (SNPs) effectively 

counters this, phylogeography generally uses both mitochondrial and nuclear markers (Avise, 2009; 

Edwards & Bensch, 2009). There has been a recent trend advocating the multilocus approach of 

using as many independent markers as possible, including both nuclear and extranuclear loci 
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(Bermingham & Moritz, 1998; Brito & Edwards, 2009; Edwards & Bensch, 2009). Although the use of 

genome-wide SNPs may appear to make mtDNA analysis irrelevant, the additional (maternal) 

perspective to the same complex evolutionary history can add levels of insight to an analysis, 

particularly in the event of cyto-nuclear discordance (Ballard & Whitlock, 2004; Brito & Edwards, 

2009; Toews & Brelsford, 2012; Zhang & Hewitt, 2003). Analysis of mtDNA between hybrids also 

allows inference of directionality of hybridisation (Avise, 1986). Additionally, bioinformatic filtering of 

Next Generation Sequencing (NGS) genomic datasets is complex and analyses of mitochondrial DNA 

contribute to validation of genome-wide genetic signal.  

Labeobarbus is a genus of hexaploid (± 150 chromosomes) (Oellermann & Skelton, 1990) 

freshwater fish distributed throughout Africa. Its position in the family Cyprinidae has been a matter 

of debate, although a recent phylogeny has placed the genus within the tribe Torini (Yang et al., 

2015). The hexaploid Torini are thought to have arisen in the late Miocene through hybridisation 

between a male tetraploid Torin and a female from the diploid genus Cyprinion, tribe Barbini 

(Tsigenopoulos, Kasapidis, & Berrebi, 2010; Yang et al., 2015).  Spontaneous chromosome duplication 

occurred within the gametes of this inter-tribal hybrid (Oellermann & Skelton, 1990). The 

Labeobarbus genome retains high levels of paralogy from this event, which must be taken into 

account during genetic analyses. Some authors (cf. Levin, 1983; Van de Peer, Mizrachi, & Marchal, 

2017; Zhan, Glick, Tsigenopoulos, Otto, & Mayrose, 2014) have hypothesised that increased ploidy 

levels may be a driver of adaptation to new environments due to the “extra degree of genetic 

freedom” experienced by polyploids. 

Currently seven species of Labeobarbus are recognized from South Africa, with Varicorhinus 

considered a synonym (Tsigenopoulos et al., 2010; Vreven, Musschoot, Snoeks & Schliewen, 2016; 

Yang et al., 2015). Members of this genus are known locally as yellowfish and are prized for game 

fishing, and serve as ‘flagship’ species indicative of river health (Skelton & Bills, 2008). Two of the 

most abundant species in the region are the KwaZulu-Natal yellowfish L. natalensis and the Orange-
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Vaal smallmouth yellowfish L. aeneus. The KwaZulu-Natal yellowfish are endemic to KwaZulu-Natal 

Province, whereas Orange-Vaal smallscale yellowfish are distributed widely across South Africa, 

primarily within the Orange-Vaal river system. Mitochondrial phylogeographic studies have shown 

that KwaZulu-Natal yellowfish consists of a number of lineages associated with separate drainage 

systems (Bloomer et al., 2007). Genome-wide SNP data are congruent with this, and separated the 

species into five major lineages: the Umfolozi, Tugela, Mbokodweni, Mkomaas and Umgeni 

populations (Stobie, Oosthuizen, Cunningham, & Bloomer, 2018). Orange-Vaal smallscale yellowfish 

are thought to hybridise with Orange-Vaal largemouth yellowfish L. kimberleyensis (Eccles, 1986; 

Gaigher, 1976; Mulder, van Vuuren, Ferreira, & van der Bank, 1990; van Vuuren, Mulder, Ferreria, & 

van der Bank, 1989). However, morphometrics, allozyme and mitochondrial DNA studies of 

introgression between these forms have been inconclusive (Bloomer et al., 2007). Our ongoing 

research, using genomic data, is aimed at resolving this. 

To investigate the phylogeography of these hexaploid species we analysed genome-wide SNPs 

complementing our previous analyses of mitochondrial sequences. Restriction-site Associated DNA 

(RAD) sequencing (Baird et al., 2008; Miller, Dunham, Amores, Cresko, & Johnson, 2007) has become 

a popular technique to obtain molecular markers distributed across an organism’s genome. Interest 

in the method has boomed exponentially since its inception, and it has been used in a wide array of 

applications (Andrews, Good, Miller, Luikart, & Hohenlohe, 2016; Davey et al., 2013; Davey et al., 

2011; Stobie et al., 2018).  

Double-digest RAD (ddRAD) is a variant of this technique that removes the need for random 

fragmentation by sonication. Instead ddRAD fragments the genome by digestion with two restriction 

enzymes, one with a commonly encountered recognition sequence and the other targeting a less 

frequent motif (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012). Fragments within a given size range 

with different recognition sequences at either end are then sequenced (Peterson et al., 2012). This 

method offers several advantages over traditional RAD sequencing: that it allows greater specificity 
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and repeatability in fragments sequenced, reduction in library preparation costs, it maximises 

coverage of both fragment ends, and it requires less genomic DNA (Peterson et al., 2012). However, 

this method also has several pitfalls, such as allele frequency estimation bias from restriction site 

mutations (Arnold, Corbett-Detig, Hartl, & Bomblies, 2013; Eaton, Spriggs, Park, & Donoghue, 2017), 

indels eliminating alleles from size-selection (DaCosta & Sorenson, 2014), and overrepresentation of 

particular genomic regions due to enzyme choice (DaCosta & Sorenson, 2014). 

A popular way to verify inferences from RAD data is to sequence other markers for independent 

analysis, such as one or more mitochondrial DNA fragments (Herrera, Watanabe, & Shank, 2015; 

Jezkova et al., 2015; Macher et al., 2015; Pante et al., 2015; Streicher et al., 2014). This allows one to 

show whether observed trends are corroborated by other markers, although in some cases a 

different pattern will emerge from mitochondrial sequences (e.g. Cruaud et al., 2014; Jezkova et al., 

2015; Macher et al., 2015; Puckett et al., 2015). Mito-nuclear discordance here may be indicative of a 

problem during the RAD data analysis or an evolutionary process responsible for the incongruity such 

as introgression (reviewed in Ballard & Whitlock, 2004). To our knowledge, few studies have 

attempted to mine the mitochondrial data present in RAD datasets for independent analysis (but see 

Marrano et al., 2017; Perry, Pederson, & Baxter, 2017; Pujolar et al., 2014; Terraneo, Arrigoni, 

Benzoni, Forsman, & Berumen, 2018; Truong et al., 2012). Here we compare results from our 

previous genome-wide SNP study of KwaZulu-Natal yellowfish (Stobie et al., 2018) with analyses of 

mitochondrial SNP markers mined from the ddRAD sequence data. This is supplemented with 

additional nuclear analyses for all species. We construct partial mitogenomes for each sample to 

investigate the evolutionary relationships within and between three Labeobarbus species. Finally, we 

validate these mitochondrial mappings by comparing them to Sanger sequences of a mitochondrial 

gene. 

 



7 
 

2. Materials and Methods 

2.1. Sampling and DNA extraction 

We used the 23 samples previously described in Stobie et al. (2018) for the KwaZulu-Natal yellowfish 

(L. natalensis), and an additional 39 samples from species in the Orange-Vaal system (24 L. aeneus 

and 15 L. kimberleyensis, hereafter referred to jointly as “Orange-Vaal yellowfish”). The Orange-Vaal 

samples were collected between January 2004 and October 2006 from ten localities in South Africa 

(Figure 1; Supporting Information Table S1). These localities represented areas of interest in the 

upper and lower Orange River, as described previously in Bloomer et al. (2007). Fin and muscle 

samples were stored in 96% ethanol at 4°C. DNA was extracted using the DNeasy Blood and Tissue 

Extraction Kit (Qiagen). DNeasy extractions were performed following the manufacturer’s protocol.  

 

Figure 1. Sampling locations across South Africa showing major river systems. Sampling localities in black 

correspond to KwaZulu‐Natal yellowfish, localities in grey are Orange‐Vaal yellowfish. This map was produced 

using qgis (QGIS Development Team, 2016. QGIS Geographic Information System. Open Source Geospatial 

Foundation Project. http://www.qgis.org/)  
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A GeneQuant™ pro RNA/DNA calculator spectrophotometer (Amersham Biosciences, Freiberg, 

Germany) and agarose gel electrophoresis were used to assess DNA concentration and quality. 

Samples were sent to Beijing Genomics Institute Hong Kong Co., Limited (BGI, Hong Kong) for 

screening by agarose gel electrophoresis and Qubit® 2.0 Fluorometer (Invitrogen) evaluation 

followed by ddRAD sequencing. Orange-Vaal yellowfish were sequenced in two independent 

batches, with a separate batch for the KwaZulu-Natal yellowfish (Supporting Information Table S1). 

 

2.2. Library preparation and sequencing 

High-quality DNA samples were sent to BGI for library preparation and sequencing. Samples were 

digested with the restriction enzymes MluCI and NlaIII following the double-digest paired-end 

protocol of Peterson et al. (2012). These enzymes were chosen as they were found to cut frequently 

throughout the genome of a wide range of species (Peterson et al., 2012). Each individual was tagged 

with a unique 4-8 base pair barcode, with five Orange-Vaal samples replicated as controls. These 

libraries were filtered for fragments between 300-500 bp and combined across individuals. 

Sequencing (90 bp paired-end) was done in a single lane of an Illumina HiSeq 2000 (Illumina Inc., 

USA) for the first Orange-Vaal batch, and in a single lane of an Illumina HiSeq 4000 (Illumina Inc., 

USA) for the other. The resulting reads were screened for poor quality (reads with more than 50% 

low quality bases i.e. quality value ≤ 5 (E)) and demultiplexed at BGI before being returned to us for 

further analyses. The reads were then trimmed to a consistent length of 80 bp after removing 

adapter and barcode sequences. 

 

2.3. Bioinformatic discovery of mitochondrial SNPs 

We apply two approaches to mining mitochondrial markers (pipeline summarized in Supporting 

Information File S1). Our first approach initially uses a SNP identification pathway to detect candidate 
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loci which are then screened using BLAST against a reference genome. CLC GENOMICS WORKBENCH 

7.0.4 (CLC Inc., Aarhus, Denmark), FASTQC (Andrews, 2010) and command line searches were used to 

assess quality, GC-content, and levels of error in the libraries of raw RAD data files. Paired reads were 

physically joined for SNP identification using a custom script (AST Papadopulos, personal 

communication), resulting in a single file per individual containing reads of 160 bp. Adapter pollution 

was removed using command line searches (GREP) with regular expressions (Stobie et al. 2018). 

Identification of homologous sequences and SNP identification were conducted using STACKS 1.44 

(Catchen, Amores, Hohenlohe, Cresko, & Postlethwait, 2011; Catchen, Hohenlohe, Bassham, Amores, 

& Cresko, 2013). The program PROCESS_RADTAGS was run with the additional flags -r (rescue RAD tags), 

-c (clean data) and -q (remove low-quality reads). Paired reads were retained for downstream 

processing. Following the STACKS parameter-testing method of Paris, Stevens, and Catchen (2017) we 

identified an optimal parameter set of (-m 5 -M 2 -n 2) for SNP identification in paired reads from 

KwaZulu-Natal yellowfish (Supporting Information Figures S1-S3, Table S3). For conformity, we 

adopted the same parameters for Orange-Vaal yellowfish. 

Once stacks had been built and SNPs identified, reads that had passed through this pipeline were 

then run through CLC MAIN WORKBENCH 6.9 (CLC Inc., Aarhus, Denmark) local BLASTN (Altschul et al. 

1997) against the mitogenomes of Hypselobarbus (H. jerdoni – NC_031587.1), Labeobarbus (L. 

intermedius – NC_031531.1; L. sp. Kongou – AP011324.1; L. sp. Lucien – AP011323.1), Neolissochilus 

(N. hexagonalepis – NC_026106.1 and KU553349.1; N. soroides – AP011314.1; N. stracheyi – 

NC_031555.1), Tor (T. khudree – NC_027617.1; T. mosal mahanadicus – KU870466.1; T. putitora – 

NC_021755.1 and AP011326.1; T. sinensis – NC_022702.1; T. tambroides – JX444718.1 and 

AP011372.1; T. tor – KR868704.1), and Varicorhinus (V. maroccanus – NC_031528.1). These taxa 

were chosen as they are most closely related to Labeobarbus and had at least one mitochondrial 

genome available at the time of writing. The search allowed low complexity regions to be filtered and 

used default parameters (word size = 11, match = 2, mismatch = -3, gap existence = 5, gap extension 
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= 2). Any hits identified by BLAST were screened for significance at a critical E-value of 1E-20 and for 

a hit length exceeding 60 base pairs. These reads were verified by using BLASTN through the NCBI 

web page (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to match against the entire GenBank nucleotide 

database.  

These candidate mitochondrial loci were included on a “whitelist”, which excludes all other loci 

from subsequent analysis, and run again through the POPULATIONS module of STACKS. The results were 

filtered to exclude loci containing at least one SNP in a heterozygous state as these would be 

indicative of either sequencing error, merging of loci, contamination or a nuclear encoded sequence 

of mitochondrial origin (NUMTs). These loci were similarly filtered to exclude duplicated SNPs arising 

from overlap between the forward and reverse reads of a pair. Output from this whitelisted dataset 

was exported in FASTA and GENEPOP formats. These files were modified to reflect the haploid nature 

of these markers. Individual haplotypes were generated by combining SNP alleles across all identified 

mitochondrial loci, these haplotypes were converted to NEXUS format using PGD SPIDER 2.0.7.2 

(Lischer & Excoffier, 2012) and imported into TCS 1.21 (Clement, Posada, & Crandall, 2000) to 

produce statistical parsimony haplotype networks with 95% connection limits. Collection limit 

constraints were further relaxed to join all haplogroups. We required samples to possess at least 20 

SNPs to be retained for the TCS network construction, as excessive amounts of missing data result in 

pairwise deletion of informative markers. 

The program BEAUTI 1.7.4 (Drummond, Suchard, Xie, & Rambaut, 2012) was used to generate 

XML files for use in BEAST 1.7.4 (Drummond et al., 2012) from the NEXUS files for both KwaZulu-Natal 

yellowfish and Orange-Vaal yellowfish. Default parameters were used. We chose a substitution 

model of HKY+G (Hasegawa, Kishino, & Yano, 1985) with empirical base frequencies to match our 

mitogenome mapping approach below. A Yule Process tree prior was used. The length of the chain 

was set to 10 x 106 steps with sampling every 1000 steps. Three replicates were obtained for this 

analysis then independently viewed in FIGTREE 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/) and 

http://tree.bio.ed.ac.uk/software/figtree/


11 
 

combined using LOGCOMBINER 1.7.4 (http://beast.community/logcombiner). The tree produced from 

this analysis was annotated using TREEANNOTATOR 1.7.4 (http://beast.bio.ed.ac.uk/TreeAnnotator) 

and viewed in FIGTREE. 

The abundance of organelle DNA is anticipated to result in much greater mitochondrial read 

depth relative to nuclear loci (Ekblom, Smeds, & Ellegren, 2014). The identification of mitochondrial 

loci allowed us to test the assumption that mitochondrial loci can be filtered from a RAD dataset by 

applying an upper read depth threshold. We calculated the number of mitochondrial RAD tags 

captured and the proportion of mitochondrial loci in a dataset of KwaZulu-Natal yellowfish (Read 1 

fragments, -M 3, -n 2, -r 0) as the minimum depth of coverage (-m) was increased from 3 to 100. 

 

2.4. Reference-based mitogenome assembly 

Our second approach to obtaining mitochondrial data was to directly map sequence reads to a 

reference mitogenome. Raw reads were filtered for quality, GC-content, adapter pollution, levels of 

error and degree of overlapping reads as per the previous approach above. Prior to merging of paired 

reads the data was imported to CLC GENOMICS WORKBENCH where overlapping paired reads were 

merged. Individual read files (both paired and merged together) were mapped in CLC GENOMICS 

WORKBENCH against the mitogenome of the East African L. intermedius, which is the most closely 

related reference. We included seven replicated samples (the same sample sequenced twice in 

separate runs with different barcodes) to assess consistency of results. We performed an in silico 

digestion of the L. intermedius reference mitogenome to estimate the expected proportion of the 

Labeobarbus mitochondrial genome covered by our sequence data (Supporting Information Table 

S2). In this analysis we considered both complete and uniformly incomplete restriction digestion. 

Complete digestion includes fragments in the 300 – 500 bp size range excluding those with internal 

restriction sites. Uniformly incomplete digestion includes all fragments in this range irrespective of 

internal restriction sites. Mappings used default parameters except for fraction length and similarity 

http://beast.community/logcombiner
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which were both set to 0.9. Non-specific mappings were ignored. Consensus mappings required a 

minimum depth of 3 reads and gaps were filled with Ns. Conflicts were resolved by voting for the 

most common nucleotide. Consensus sequences were exported in FASTA format. 

Consensus sequences were aligned using MAFFT 7.294 (Katoh & Standley, 2013) and imported 

into MEGA 6.06 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) for manual checking of the 

alignment. The alignment was exported in NEXUS format. Statistical parsimony haplotype networks 

were generated in TCS as above. Model checking was performed in MEGA to identify the optimal 

nucleotide substitution model for the dataset. The alignment was then exported into BEAUTI to 

produce the XML file for use in BEAST. The optimal available site heterogeneity model was HKY+G, 

which we used with empirical base frequencies. We independently ran a functionally-partitioned 

model-based method for each of the mitochondrial genes and found it gave similar results to the 

single-model unpartitioned dataset which we present here. We used a strict clock with a cyprinid 

rate for cytochrome b (cyt b) of 0.53% per lineage per million years (Dowling, Tibbets, Minckley, & 

Smith, 2002) which has previously been used for Labeobarbus (Tsigenopoulos et al., 2010) and other 

cyprinids (Jeffries et al., 2016). We specified a Yule Process tree prior with a chain of 50 x 106 MCMC 

steps, sampling every 5,000 steps. All other parameters were left at their default values. Three 

replicates were again repeated for this analysis, combined in LOGCOMBINER, annotated in 

TREEANNOTATOR and viewed in FIGTREE. We produced a phylogram in MRBAYES (Ronquist & 

Huelsenbeck, 2003) from the same input file but removing the outgroup, with the same substitution 

model, and 30 x 106 MCMC steps. All other parameters were retained at default values. Output was 

viewed in FIGTREE. 

 

2.5. Validation with Sanger sequencing 

Consensus sequences produced from the mitogenome mapping approach were compared against 

Sanger sequences for the cyt b gene. DNA was extracted for Sanger sequencing following the Chelex 
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protocol (Estoup, Largiader, Perrot, & Chourrout, 1996) for all samples of KwaZulu-Natal yellowfish. 

We sequenced cyt b using custom primers developed for this species (cytb-H – 5’-AGG GCA GGC TAA 

TTC TAG TG-3’ and cytb-L – 5’-GAA CCT TAA TGG CAA GCC TAC G-3’). Reactions contained 1 x PCR 

buffer, 0.5 U of SuperTherm Taq polymerase (Southern Cross Biotechnologies), 1.25 mM MgCl2, 0.1 

pmol forward and reverse primers (Whitehead Scientific), 0.06 mM dNTPs (Promega) and 50-100 ng 

of DNA. PCR conditions were 94°C for 2 minutes, followed by 35 cycles of 94°C for 30 seconds, 55°C 

for 30 seconds and 72°C for 30 seconds, ending in a final elongation step of 72°C for 15 minutes. 

Amplicons were precipitated with 4.55 volumes of absolute ethanol, 0.45 volumes of Sabax® water 

(Adcock-Ingram) and 0.1 volumes of 3 M NaAc. Precipitated products were sequenced in both 

directions using the PCR primers.  

Cycle sequencing was performed using the ABI PRISM BigDye Terminal Cycle Sequencing Ready 

Reaction Kit version 3.1 (Applied Biosystems) following the manufacturer’s protocols. Approximately 

50-100 ng of DNA was used with 1 µl of BigDye reaction mix, 1x BigDye Sequencing Buffer and 0.32 

pmol of forward or reverse primer. Sequences were produced on an ABI 3130 automated sequencer 

(Applied Biosystems) and visualised as well as assembled in CLC MAIN WORKBENCH. 

Mitogenome mappings were trimmed to the corresponding area of cyt b and then aligned with 

the Sanger sequences in MEGA. Pairwise distances were computed between the ddRAD and Sanger 

sequence for each sample, including replicates. Sequencing error was calculated as a proportion of 

nucleotide sites aligned across both approaches. 

 

2.6. Nuclear SNP comparison 

We mined nuclear SNP datasets from the RAD data to provide a comparison for our mitochondrial 

results. This was done using the STACKS pipeline similarly to our initial approach above, but using only 

Read 1 fragments. We selected the parameters -m 3, -M 3, -n 2 for the KwaZulu-Natal yellowfish and 

-m 3, -M 2, -n 1 for the Orange-Vaal yellowfish. The parameter --max_locus_stacks was set to 7 to 
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take into account hexaploidy of these species (Stobie et al. 2018). The POPULATIONS module was 

executed without specifying a predefined population, -r was set to 0.8, with a minor allele frequency 

filter to remove singletons (--min_maf = 0.03 for KwaZulu-Natal yellowfish and 0.015 for Orange-Vaal 

yellowfish), and a blacklist of mitochondrial loci found in the same manner as above using CLC MAIN 

WORKBENCH and BLASTN was specified. This resulted in 665 SNPs for KwaZulu-Natal yellowfish and 

984 for Orange-Vaal yellowfish. Output files were edited to produce XML files for BEAST as described 

above. The same models and parameters were used to assist comparability between results. As for 

the mitochondrial analysis, three replicate analyses were combined in LOGCOMBINER, and then viewed 

in FIGTREE. A comparison to determine the effect of retaining mitochondrial SNPs was also performed 

in the same way, but excluding the blacklist used. This approach used 679 and 988 SNPs respectively. 

 

3. Results 

3.1. Raw sequence data 

Illumina 90PE sequencing of the first Orange-Vaal batch resulted in around 83.5 million reads over 11 

individuals, with an average of 7,587,820 raw reads per individual (Table 1). In contrast, the second 

Orange-Vaal batch consisted of almost 336 million reads across 28 individuals (four of which were 

replicated). The average number of reads per sample in this batch was 10,494,963 reads. Filtering of 

each batch for adapter pollution and quality resulted in a significant drop in read count (Table 1). 

Using command line searches, we confirmed that all read pairs started with CATG (NlaIII) and ended 

with AATT (MluCI), which is a requirement for STACKS. The Q20 percentage and GC-content of the 

Orange-Vaal libraries were slightly higher to that observed for KwaZulu-Natal yellowfish (Table 1). In 

addition, the second Orange-Vaal batch also has higher GC-content and better base quality scores 

than either of the other two libraries. Further investigation of this difference showed that the 

prevalence of repetitive elements may partially account for this difference. 
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Table 1 Summary statistics from initial analysis of RAD sequencing data 

Library Raw reads Filtered reads Q20 (%) GC (%) 

KwaZulu-Natal 152,941,120 113,883,800 97.10 – 97.95 38.5 – 40.8 

Orange-Vaal 1 83,466,022 79,133,404 97.76 – 98.15 39 – 40 

Orange-Vaal 2 335,838,822 335,325,196 98.40 – 98.85 42 – 44 

Total 572,245,964 528,342,400   

 

3.2. STACKS-based mitochondrial SNP discovery 

We found 102 putative mitochondrial SNPs in the KwaZulu-Natal yellowfish dataset (1.70%) and 98 

putative mitochondrial SNPs in the Orange-Vaal yellowfish dataset (0.08%). The mitochondrial 

location of these SNPs was supported by BLASTN searches. A number of these SNP loci (12 and 13, 

respectively from each dataset) included heterozygous individuals and were removed. This is 

potentially indicative of either sequencing error, erroneous merging of paralogous loci, 

contamination or the presence of NUMTs. Duplicated SNPs originating from overlapping sequences 

were also identified and removed (14 and 19, respectively). After filtering we retained 77 

mitochondrial SNPs, out of a total of 5,991 SNPs (1.29%) in KwaZulu-Natal yellowfish, and 66 

mitochondrial SNPs out of 117,183 in total (0.06%) from the Orange-Vaal yellowfishes. 

Haplotype networks obtained using mitochondrial SNPs from the STACKS pipeline (Figures 2-3) 

show a general division into species and catchment-associated populations. We recovered the 

previously identified populations of  KwaZulu-Natal yellowfish (Stobie et al., 2018), as well as a novel 

split within the southernmost population, with separate haplogroups in the Mkomaas and 

Umzimkhulu River catchments (Figure 2). The Mkomaas haplogroup was the most divergent from 

other lineages, while the Umzimkhulu lineage had the highest divergence among haplotypes within a 

haplogroup. Haplotypes from the Orange-Vaal yellowfishes split into two major haplogroups, roughly 
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corresponding to each species (Figure 3), but with some ‘misplaced’ individuals, where assignment to 

an mtDNA lineage conflicted with phenotypic identification of the fish.  

 

Figure 2: Haplotype network produced from 77 polymorphic mitochondrial SNPs identified using the STACKS 
pipeline in KwaZulu-Natal yellowfish. Boxes indicate 95% connection limits (three steps). 
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Figure 3: Haplotype network from 66 polymorphic mitochondrial SNPs identified using the STACKS pipeline in 
Orange-Vaal yellowfish. Boxes indicate 95% connection limits (three steps). A maximum of ten connecting steps 
were required to join all haplotypes. 

 

The Yule Process phylogenetic trees (Supporting Information Figure S4) produced based on the 

STACKS-based approach show contrasting results between the KwaZulu-Natal yellowfish and the 

Orange-Vaal yellowfish. The KwaZulu-Natal yellowfish tree shows structuring by populations broadly 

matching those identified using nuclear SNPs (Stobie et al. 2018). The one exception here is the 

separation of the Umzimkhulu lineage as seen in the haplotype network. The Orange-Vaal yellowfish 

showed no substructure below the species level, and three samples which were morphologically 
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identified as Orange-Vaal smallmouth yellowfish clustered with high support in the Orange-Vaal 

largemouth side of the tree. Some nodes received low support, likely due to the relatively few 

markers used in this approach. However, most major divergences were well-supported. 

The number of mitochondrial RAD tags retained in datasets declined as the depth of coverage 

requirement is increased (Supporting Information Figure S5A). This appears to be a fairly uniform loss 

(although the greatest difference in this dataset is between -m = 3 and -m = 5) until only 20 of the 72 

mitochondrial tags are retained at -m = 100. The proportion of mitochondrial tags increases over this 

scale (Supporting Information Figure S5B) from 0.009% at -m = 3 to 5.95% high at -m = 90 before 

declining slightly again at -m = 100. 

 

3.3. Reference-based mitogenome assembly 

In total, 467,848 reads were mapped to the L. intermedius mitogenome across all individuals (~0.1% 

of all reads). In silico restriction digestion of the L. intermedius mitogenome gave an expected 80% 

coverage, if uniformly incomplete restriction digestion is prevalent in the data. This seems a fair 

estimate as the average mitogenome coverage per individual was found to be 66% (range of 44-83%) 

indicating a high level of partial digestion. This is supported by the presence of internal restriction 

sites within 9.54% mapped reads. Chimaeric coverage, combining mapped reads across all 

individuals, yielded 98% of the mitogenome. Imposing a minimum depth of three reads at a site 

reduced the average coverage to 54% (range = 15-76%) and yielded 536 SNPs for downstream 

analyses. Estimates incorporating the possibility of complete digestion yielded an expected coverage 

of only 22%. 
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Figure 4: Haplotype network produced from consensus mitochondrial genome sequences found by mapping 
read data of 25 KwaZulu-Natal yellowfish samples against the L. intermedius reference mitogenome. Two 
replicate pairs are included and indicated by grey-bordered filled dots with shades of purple indicating pairs. 
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Figure 5: Haplotype network for the 44 Orange-Vaal yellowfish produced using consensus mitochondrial 
genome sequences found by mapping read data against L. intermedius. Five replicate pairs are included and 
indicated by grey-bordered dots with shades of purple indicating the pairs. 

 

Haplotype networks from mitogenome mapping of KwaZulu-Natal and Orange-Vaal yellowfish 

(Figures 4-5) were consistent with previous studies (Bloomer et al., 2007; Stobie et al., 2018) and 

with the STACKS-based approach of haplotype inference from filtered mitochondrial SNPs. However, 

the mapping approach yielded finer resolution of haplotype differences and greater divergence 

among populations, as more data is generated by mapping reads directly to a reference genome. This 

also suggests that the mapping approach retained many SNPs that were excluded by our STACKS SNP 

discovery pipeline - as shown by the difference in total mitochondrial SNPs found between 

approaches. For KwaZulu-Natal yellowfish, haplogroups were separated by a large number of 
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mutations with relatively few mutations separating haplotypes within populations (Figure 4). Both 

replicates from this dataset yielded identical sequences. The situation for the Orange-Vaal 

yellowfishes is more complex, with lower diversity overall, forming two to three clusters, broadly 

split into the two species (Figure 5). However, five individuals morphologically assigned to Orange-

Vaal smallmouth yellowfish carried haplotypes from the Orange-Vaal largemouth yellowfish 

haplogroup. Three of these samples matched those from the STACKS-based SNP approach - the 

remaining two dropped out of this analysis due to excess levels of missing data. Two of the five 

replicated samples from this dataset yielded identical sequences, with haplotypes from the other 

three replicates differing by one to two nucleotide differences. Minor differences among haplotypes 

from the same biological sample were expected, as the sequences used to generate these results are 

not identical, due to variation in coverage and depth among replicates. 

The Bayesian Yule Process chronogram (Figure 6), produced from the mapped mitogenome 

sequences, splits these South African yellowfish into KwaZulu-Natal yellowfish and Orange-Vaal 

lineages first, with further subdivision into the six populations of KwaZulu-Natal yellowfish and the 

two Orange-Vaal species, Orange-Vaal smallmouth and largemouth yellowfish. We did not observe 

any further clustering by locality for the Orange-Vaal yellowfishes, which was surprising given the 

geographic distance between the upper Orange sampling site near Aliwal North and the remaining 

sampling sites in the lower Orange river, more than 1000 km downstream. The lower Orange 

sampling sites are also located downstream of Augrabies Falls, a well-known biogeographic barrier 

(Skelton, 1986). Most internal nodes are supported by high posterior probabilities. The use of a cyt b 

divergence rate allowed us to tentatively date divergence between the species used in this analysis. 

We estimated that divergence between the ancestors of L. intermedius and the South African lineage 

occurred around 5.85 mya, with KwaZulu-Natal yellowfish splitting from the Orange-Vaal yellowfish 

1.71 mya and subsequent division between Orange-Vaal yellowfish occurring around 1.43 mya. 

Populations within KwaZulu-Natal yellowfish diverged between 0.36-1.56 mya. This calibration 
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suggests more recent coalescence within the Orange-Vaal yellowfish lineages – around 0.46 mya 

within Orange-Vaal largemouth yellowfish and 0.28 mya within Orange-Vaal smallmouth yellowfish.  

 

Figure 6: Bayesian Yule Process chronogram based on partial mitogenome reconstructions for 69 Labeobarbus 
samples (including seven replicate samples indicated by paired purple dots). The reference mitogenome of the 
East African L. intermedius was used as outgroup. Populations and species identified in this analysis are 
indicated by the coloured bar on the side. Colours of the KwaZulu-Natal yellowfish populations match those 
described in Stobie et al. (2018). Grey bars indicate 95% highest posterior densities (HPD) intervals for nodes 
with posterior probability support of 0.95 or higher. The grid scale indicates divergence dates in millions of 
years. 
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The Bayesian phylogram produced in MRBAYES from these data (Figure 7) supported our previous 

findings with each species forming a monophyletic cluster, and clear substructure within KwaZulu-

Natal yellowfish. Most internal nodes on the tree were strongly supported. All replicates either 

clustered together or clustered within groups with low posterior probability support for separation. 

 

Figure 7: Phylogram produced in MRBAYES from partial mitogenome reconstructions. Different yellowfish 
populations identified in this study are indicated by the coloured bar. Replicate pairs are represented by paired 
purple dots. Nodal probability support values equal to or exceeding 0.95 are indicated by a *. 

 

3.4. Comparison with Sanger sequencing 

Sequences were obtained for all specimens of KwaZulu-Natal yellowfish (23 samples) for 928 bp of 

cyt b. This allowed us to compare 4,919 base pairs that were obtained in both the Sanger sequencing 

and mitogenome mapping approaches in 27 pairwise comparisons due to our inclusion of replicated 

samples. Of these 4,919 bases, we found only two errors, which occurred in the same individual from 
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the same read mapping, giving an estimated error rate of 0.04% across all comparisons with a 

maximum error rate of 0.68% within that individual.  

 

3.5. Nuclear SNP phylogeny 

The 665 nuclear SNPs for KwaZulu-Natal yellowfish and 984 SNPs for Orange-Vaal yellowfish were 

used to produce a pair of phylogenetic trees (Supporting Information Figure S6). These trees 

demonstrated very similar results to those obtained using the mined mitochondrial data, but with 

several key differences - namely that the Umzimkhulu lineage of KwaZulu-Natal yellowfish was 

subsumed within the Mkomaas lineage and is no longer distinct as has also been shown elsewhere 

(Stobie et al. 2018), and only one sample of Orange-Vaal yellowfish now appears to be introgressed. 

All other samples which had been identified to have an incongruent mitochondrial assignment 

compared to their morphological assignment seem to have a nuclear genotype supporting the 

morphological assignment. Mito-nuclear discordance appears to be occurring within these species. 

The comparison of phylogenies produced from nuclear datasets to determine the effect of 

retaining mitochondrial SNPs showed subtle differences between trees, particularly for the KwaZulu-

Natal yellowfish (Supporting Information Figure S7). The Umzimkhulu lineage which was 

incorporated into the Mkomaas using only nuclear SNPs was again found to be completely distinct 

once just 14 mitochondrial SNPs were retained in this analysis. The support values across the 

KwaZulu-Natal tree were also improved. 

 

4. Discussion 

In this study we have presented two approaches to mine mtDNA markers from RAD sequencing data. 

These informative mitochondrial polymorphisms are typically excluded from population genomic 
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analyses by filters for Hardy-Weinberg expectations of individual heterozygosity or by high coverage 

thresholds. RAD sequencing of two additional species of Labeobarbus has improved our 

understanding of diversity and speciation in this genus, with mitochondrial haplotype reconstruction 

and analysis adding insights that were not apparent from nuclear sequences alone, in particular 

when there is mito-nuclear discordance. Furthermore, our results show that it is more effective to 

extract mtDNA markers from NGS data than to re-sequence one or more mitochondrial markers, 

such as cyt b. Finally, we verified mitogenome data by comparing these to Sanger sequences of cyt b 

and contrasted nuclear and mitochondrial signal. 

 

4.1. Sequencing and mapping 

Previously we reported a higher than expected coverage of the nuclear genome from mapping RAD 

sequencing reads to the Cyprinus carpio nuclear genome (Stobie et al., 2018). In the present study, 

we found coverage of the mitochondrial genome was only slightly greater than expected from in 

silico digestion of the L. intermedius mitogenome assuming uniformly incomplete restriction 

digestion. The in silico digestion is based on a single reference sequence, but by using consensus 

across samples we were able to reconstruct a near-complete Labeobarbus mitogenome for each 

species. This increase in consensus coverage arises through point mutations that introduce the 

restriction enzyme recognition sites into new genomic regions while other mutations erase 

restriction sites elsewhere. The proportion of mitochondrial to nuclear reads estimated from our 

data is comparable to that found in studies of birds (Oswald, Overcast, Mauck, Andersen, & Smith, 

2017) and far exceeds the proportion of mitochondrial DNA within the total genome. The average 

mitogenome mapping coverage is lower than the estimate produced by in silico digestion assuming 

incomplete enzyme digestion. The sequence coverage here falls between that expected for complete 
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digestion and uniformly incomplete digestion. The presence of targeted restriction sites within some 

sequence reads confirmed some degree of partial digestion. 

Sample quality and library preparation influence the depth and coverage of genomic sequencing 

data but these artefacts have less impact on mitogenome mapping. The second Orange-Vaal 

yellowfish dataset included a greater quantity of data, giving greater depth and coverage than the 

other two batches combined. This may influence whole genome SNP comparisons, but due to the 

abundance of the comparatively small mitochondrial genome, this discrepancy appeared to have 

minimal impact here. This is shown by our comparable coverage across species and samples. 

Variation in depth and coverage across samples is unlikely to drastically influence biological signal 

due to the stochasticity from which uneven sequencing arose (Eaton et al., 2017). Repetitive 

elements are abundant in the nuclear dataset and may have affected mean GC content in this library. 

Variation in GC content and quality among batches of samples could also be due to unrecognised 

differences in library preparation. Differences between libraries can occur using RAD sequencing 

(Andrews et al., 2016), however we have accounted for this by the strict filtering criteria used in our 

analyses and do not anticipate this having any impact on our results. 

 

4.2. STACKS-based mitochondrial SNP identification 

We identified a relatively large proportion of mitochondrial SNPs through our STACKS-based pipeline.  

Mitochondrial SNPs comprised 1.29% of all SNPs identified in KwaZulu-Natal yellowfish and 0.06% of 

all SNPs in the Orange-Vaal yellowfish. The difference in the proportion of mitochondrial SNPs 

between species reflects variation in coverage and depth among sequence libraries, in particular the 

greater depth of the second batch of Orange-Vaal yellowfish data, resulting in many more SNPs 

passing the stringent filters in our pipeline. 
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The size of the mitochondrial genome led us to expect fewer mitochondrial SNPs, relative to the 

complete genome. In general, the higher diversity of mitochondrial sequences would make these less 

likely to be recognised as homologues. Also, mitochondrial SNP genotypes would be called as 

alternate homozygotes within different individuals, leading to a discrepancy between observed and 

expected heterozygosity. However, the comparative abundance of mitogenome reads appears to 

have resulted in high coverage across samples which may not share nuclear SNPs due to sequencing 

depth limitations. These markers are therefore likely to pass through a STACKS pipeline, although, 

given the rapid sorting of mtDNA, these markers may subsequently be excluded as FST outliers 

(Gleason & Burton, 2016; Stobie et al., 2018). 

Our assessment of mitochondrial read prevalence as minimum required coverage is increased 

provides evidence that although mitochondrial RAD tags are generally present at a higher coverage 

than nuclear markers (as shown by the increase in proportion of mtDNA tags as -m increases), merely 

using a high read coverage criteria will not result in the exclusion of all mtDNA tags. We demonstrate 

this by the decline in number of mtDNA tags as -m is increased. Although the sample space to find 

mtDNA tags is reduced, some tags are also lost. This suggests that studies intending to remove or 

isolate mtDNA loci should employ additional methods as we have here. 

The mitochondrial SNPs passing through the STACKS pipeline provided variation exceeding that 

expected from resequencing a single mitochondrial gene. Haplotype networks and Yule Process 

phylogenetic trees produced from these mitochondrial SNPs split populations of each species, 

although some Orange-Vaal haplogroups clustered in a different group to that expected on 

morphologically assignment. This could result from incorrect morphological assignment of some 

individuals, from mitochondrial introgression, or from sharing of ancestral polymorphisms. 

Hybridization is believed to occur between these two species (Gaigher, 1976; Eccles, 1986; van 

Vuuren et al., 1989; Mulder et al., 1990), therefore we believe that mitochondrial introgression is a 

likely explanation. Our nuclear comparison adds an additional level of complexity here by showing 
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that all but one of these samples possesses nuclear genotypes concordant with the morphological 

assignment. This by itself demonstrates the practicality of this approach in identifying mito-nuclear 

discordance. These results should allow us to unravel the complex interplay between these sympatric 

species. 

 

4.3. Organismal inferences from mitogenome mapping 

Haplotype networks produced from the mapping approach reveal similar results but with more 

variability and greater resolution than the STACKS-based approach. Comparison of mitochondrial 

analyses with results from genome-wide SNP analyses also contributed to our interpretation of 

population structure in Labeobarbus. Results from mitochondrial haplotypes and nuclear SNPs 

(Stobie et al., 2018) are concordant in splitting KwaZulu-Natal yellowfish into groups by drainage 

system. We observed relatively few mutations separating samples within populations of KwaZulu-

Natal yellowfish. Yellowfish from the Umzimkhulu system carry a distinct mitochondrial lineage, as 

suggested in a previous study of mitochondrial control region sequences (Bloomer et al., 2007). 

These individuals were not distinguished from the Mkomaas population using nuclear RAD SNPs 

either here or in a previous study (Stobie et al., 2018). This may be indicative of a recent divergence 

that is not yet evident from sorting of nuclear polymorphisms, or irregular gene flow between 

populations which has allowed fixation of mitochondrial haplotypes despite sharing of nuclear alleles 

(Stobie et al., 2018). Alternatively, because we did not sample the southernmost limit of the 

distribution, the Mtamvuna River, it is possible that a population in this area possesses the distinct 

mtDNA lineage. Samples from the adjacent Umzimkhulu system may reflect mitochondrial 

introgression from this unsampled lineage. Despite this, allowing just 14 mitochondrial loci to be 

retained in the phylogeny produced from nuclear SNPs resulted in the clear split between these 

lineages, as well as improved support across the KwaZulu-Natal yellowfish tree. This suggests that 

filtering of mitochondrial SNPs from “nuclear” SNP datasets may be important in certain scenarios. 
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Samples of KwaZulu-Natal yellowfish from the Umgeni drainage carried a distinct haplogroup, 

which contrasts with our previous inference, based on analyses of nuclear RAD data, that this 

population is an admixture between Northern and Southern lineages (Stobie et al., 2018). 

Additionally, a single sample from the upper Umgeni system (Lions River) differed from those 

elsewhere in this system and could not be distinguished genetically from fish in the Tugela system, 

both in our mitochondrial and nuclear RAD analyses. This indicates a translocation event from the 

Mooi River (Tugela population) into the upper Lions River (Umgeni system), as a result of the Mooi-

Mgeni Transfer Scheme (MMTS) (Hunter, 2009). The MMTS has been operational since 2003, with 

some earlier infrequent transfers (Hunter, 2009). Overall the results from the Umgeni suggest archaic 

admixture, a period of isolation, sufficient for the development of a unique mitochondrial lineage, 

and more recent human facilitated translocation via an interbasin transfer scheme. Although our 

lower Umgeni samples do not show evidence of recent admixture, these samples were collected by 

members of the Yellowfish Working Group during 2003-2006, therefore we do not know the current 

extent of introgression into the Umgeni population.   

Haplotype reconstruction from SNPs and analyses based on mitogenome mapping revealed five 

samples of Orange-Vaal yellowfish clustering into a haplogroup that differed from that expected 

from morphological assignment. These individuals were morphologically classified as Orange-Vaal 

smallmouth yellowfish but in this analysis their mitochondrial haplotypes were found to cluster with 

those from Orange-Vaal largemouth yellowfish. This could be due to biological reasons we are 

currently investigating. 

The species that was selected for mapping, L. intermedius, is somewhat distantly related to South 

African yellowfish, as expected given geographic separation and the history of southward radiation of 

this genus throughout the African continent (Tsigenopoulos et al., 2010). Consequently, we observed 

a long branch connecting it to the three South African Labeobarbus in our Bayesian constant 

coalescent chronogram. We tentatively dated the node of the common ancestors between L. 
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intermedius and the South African lineage as occurring around 5.9 mya, which fits with the proposed 

theory of invasion of Africa by early Labeobarbus in the Late Miocene (Tsigenopoulos et al., 2010). 

The same node based on cyt b divergence alone was previously estimated at 4.23 mya 

(Tsigenopoulos et al., 2010). The different node ages may be due to differences between using 

partial mitogenome reconstructions as opposed to a single gene. Divergence within the South African 

lineage occurs from around 1.71 mya, which is close to the proposed invasion of the ancient Orange 

River system by the common ancestor of South African smallscale yellowfishes 2-3 mya (Skelton, 

2001) and is also concordant with the previous work using cyt b (Tsigenopoulos et al., 2010). 

 

4.4. Sanger sequencing validation 

Comparison of our mitogenome mapping approach with Sanger sequences revealed only two 

discrepancies, giving an estimated error rate of 0.04%. This shows that some mistakes are 

incorporated in the mapping approach, but these are relatively rare. The success of this approach is 

also influenced by divergence between the source organism and reference. We found greater error 

when we used N. hexagonalepis as our reference mitogenome for mapping (data not shown). 

However, the use of strict mapping parameters coupled with visual inspection of inconsistencies 

should remove most problematic areas from a mitogenome mapping. This allows one to extract 

useful mitochondrial sequences from data that are typically filtered to exclude all but the nuclear 

genome. 

 

5. Conclusion 

In this paper we have presented a novel approach to mining RAD data for mitochondrial sequences 

that can be isolated and analysed independently, potentially validating nuclear RAD SNP results or 

identifying genomic processes responsible for discordance, such as introgression. We identified these 
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markers using two different methods: a rigorous SNP discovery pipeline and direct mapping of 

sequence reads to a reference mitogenome. Both methods involved basic initial processing of reads 

for adaptor pollution and quality control. Our SNP discovery pipeline involved additional filters aimed 

at recognising common allelic variants within individuals and populations. Mitochondrial SNPs were 

confirmed using BLAST. Our mapping approach uses more of the raw data giving high coverage, 

averaging 54% of the mitogenome per sample and 98% coverage for a chimaeric consensus across 

southern African Labeobarbus, and finer resolution of mitochondrial haplotype variation than the 

SNP pipeline. However, the success of this approach depends on a suitable mitogenome reference. 

Finally, this approach also appears robust to variation in genome sequence quality and coverage.  
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